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Fix a finite group G. We study �SO;G
2 and �U;G2 , the unitary and oriented bordism groups of smooth G–

equivariant compact surfaces, respectively, and we calculate them explicitly. Their ranks are determined
by the possible representations around fixed points, while their torsion subgroups are isomorphic to the
direct sum of the Bogomolov multipliers of the Weyl groups of representatives of conjugacy classes of all
subgroups of G. We present an alternative proof of the fact that surfaces with free actions which induce
nontrivial elements in the Bogomolov multiplier of the group cannot equivariantly bound. This result
permits us to show that the 2–dimensional SK–groups (Schneiden und Kleben, or “cut and paste”) of the
classifying spaces of a finite group can be understood in terms of the bordism group of free equivariant
surfaces modulo the ones that bound arbitrary actions.

55N22, 57R75, 57R77, 57R85

1 Introduction

Equivariant bordism groups have been a subject of ongoing research since the 1960s. Conner, Floyd,
Landweber, Stong, Smith and tom Dieck, among others, laid the foundations for the extraordinary
homology and cohomology theories obtained from equivariant bordism, and found many interesting
properties of these groups. Given a finite group G, a particularly important problem is the explicit
calculation of the oriented and complex G–equivariant bordism groups of a point, since they provide the
coefficients for the theories. This turns out to be a complicated task.

Explicit calculations of the equivariant bordism groups for finite abelian groups (see Landweber [19],
Ossa [26] and Stong [34]) led some to expect that, at least in the unitary case, equivariant bordism groups
are always a free module over the unitary bordism ring for any finite group G; see Rowlett [28, page 1],
May [21, Chapter XXVIII.5] and Greenlees and May [12, Conjecture 1.2]. This belief was confirmed
for general abelian groups (see Löffler [20] and [21, Chapter XXVIII, Theorem 5.1]) and for metacyclic
groups [28], and therefore it was conjectured that for any finite group this was the case. This conjecture
remained dormant for some years and it was recalled Uribe in his 2018 ICM Lecture [35], where he
named it “the evenness conjecture in equivariant unitary bordism”.
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When the evenness conjecture holds true for a group G, it implies that the G–equivariant unitary bordism
ring is torsion-free. In particular, any unitary manifold with a free action of a finite group that generates a
torsion class in the unitary bordism group of free actions would bound equivariantly. This has always
been the first step for proving the evenness conjecture, namely, to construct explicit equivariant manifolds
whose boundaries are the desired generators of the equivariant unitary bordism groups of free actions.

In the case of surfaces, the evenness conjecture would imply that all oriented surfaces with orientation-
preserving free actions bound equivariantly (note that if an oriented surface with orientation-preserving
free action does not bound equivariantly, then the class of the difference of this surface with G–times the
quotient surface induces a nontrivial torsion class in the reduced G–equivariant unitary bordism group).
Domínguez and Segovia [9] showed that indeed this is the case for abelian, dihedral, symmetric and
alternating groups. Nevertheless, it fails to be true in general. It has been recently shown that there is an
obstruction class for an oriented surface with an orientation-preserving free action to bound equivariantly
(see Samperton [29; 30]), and this obstruction class lies in the Bogomolov multiplier of the group; see
Bogomolov [3] and Kunyavskiı̆ [18]. The Bogomolov multiplier of a finite group consists of the classes
of the Schur multiplier H 2.G;C�/ that vanish once restricted to any abelian subgroup; the homological
version of the Bogomolov multiplier is the quotient of the second integral homology of the group by the
classes generated by 2–dimensional tori; see Moravec [22]. This result implies that indeed there are torsion
classes in the equivariant unitary bordism groups, and therefore that the evenness conjecture in equivariant
unitary bordism is false in general. The evenness conjecture might then be restated instead as a classification
question, namely which finite groups satisfy the evenness conjecture in equivariant unitary bordism?

We focus on the calculation of the oriented and the unitary G–equivariant bordism groups for compact
surfaces. We use the fixed-point construction methods developed by Rowlett [27] to determine the rank of
the equivariant bordism groups, and then use the explicit generators of the equivariant bordism groups for
adjacent families in dimension 3 in order to determine which equivariant surfaces bound. In Theorem 4.3
we present a generalization to all finite groups of the result shown by Samperton in [29] which states that
the obstruction class for equivariantly bounding an oriented surface with free action is the element in the
Bogomolov multiplier of the group that the surface defines. The Conner–Floyd spectral sequence will then
allow us to determine the torsion group in the equivariant bordism group of surfaces. Our main result is:

Theorem 4.4 Let G be a finite group and TorZ.�
G
2 / the torsion subgroup of the unitary or oriented

G–equivariant bordism of surfaces �G2 . Then there is a canonical isomorphismM
.K/

zB0.WK/Š TorZ.�
G
2 /;

where .K/ runs over all conjugacy classes of subgroups of G, WK D NGK=K and zB0.WK/ is the
homology version of the Bogomolov multiplier of the group WK .

With the torsion group in hand, we describe explicitly in Theorem 4.5 the G–equivariant bordism groups
of surfaces, unitary and oriented.
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Since there are infinitely many groups with nontrivial Bogomolov multipliers, we conclude that there are
infinitely many groups which do not satisfy the evenness conjecture in equivariant unitary bordism. On
the other hand, there are also infinitely many groups G whose G–equivariant unitary bordism group of
surfaces is a free abelian group, thus implying that these groups may still satisfy the evenness conjecture
for equivariant unitary bordism.

We use our previous calculations to interpret which equivariant surfaces bound in terms of the SK–relation
(cutting and pasting from the German Schneiden und Kleben). The study of invariants under cutting and
pasting started with the characterization by Jänich [15; 14] of invariants with the additive properties of the
Euler characteristic and the signature, and it was further developed with the introduction of the SK–groups
of a space by Karras, Kreck, Neumann and Ossa [17]. The SK–groups of a space can be understood as the
groups of equivalence classes of manifolds with continuous maps to the space subject to the equivalence
relation given by cutting and pasting. The 2–dimensional SK–groups of BG can be understood in terms
of cutting and pasting surfaces with free G–actions. The SK–groups of BG were studied in [17] and were
identified by Neumann in [24, Theorem 2] with the second integral homology group of BG modulo the toral
classes (as far as we know this is the first reference where the homological Bogomolov multiplier appears).

We conclude with the study of two explicit groups, of order 64 and 243, whose Bogomolov multipliers
are nontrivial. We sketch why both groups possess nontrivial Bogomolov multipliers and give explicit
homomorphisms from the fundamental group of a genus-2 surface to both groups that define the desired
surfaces with free actions that do not bound equivariantly. These constructions allow us to give explicit
generators for the torsion subgroup of the equivariant unitary bordism groups for both groups.

2 Preliminaries

2.1 Equivariant bordism

Let G be a finite group and consider compact manifolds endowed with smooth actions of the group G
preserving either the orientation or the unitary (tangentially stable almost complex) structure.

Recall that a tangentially stable almost complex G–structure over the G–manifold M consists of a
G–equivariant complex vector bundle � over M such that TM˚Rk Š � as G–equivariant real vector
bundles and k is some natural number; here G acts trivially on the stabilized part Rk . Two tangentially
stable almost complex structures are identified if they become isomorphic as complex vector bundles
after stabilization with further G–trivial C summands.

With this definition at hand, if K is a subgroup of G, then the fixed-point set MK is endowed with a
canonical tangential stable almost complex WK–structure with WK WDNGK=K. This follows from the
isomorphism of WK–equivariant real bundles

(1) �K Š .TM˚Rk/K Š .TMjMK /K ˚Rk D T .MK/˚Rk

and the fact that �K becomes a WK–equivariant complex vector bundle over MK .

Algebraic & Geometric Topology, Volume 24 (2024)
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Now, as NGK–equivariant real vector bundles, we have the isomorphism

(2) �jMK Š TMjMK ˚Rk Š T .MK/˚ �.MK ;M/˚Rk Š �K ˚ �.MK ;M/;

where �.MK ;M/ denotes the normal bundle of the embedding MK ,!M . Since both �jMK and �K are
NGK–equivariant complex vector bundles over MK , the normal bundle �.MK ;M/ is naturally endowed
with the structure of an NGK–equivariant complex vector bundle. The fact that the normal bundles of the
fixed points MK are endowed with complex structures plays an important role in the study of tangentially
stable almost complex G–structures.

Tangentially stable almost complex G–structures are also called G–equivariant unitary structures, and
the equivalence classes of manifolds under the bordism relation in the realm of G–equivariant unitary
structures is called the G–equivariant unitary bordism group.

Following the notation of Stong [34], denote by �G� either the bordism ring �SO;G
� of G–equivariant

oriented manifolds or the bordism ring�U;G� ofG–equivariant unitary (tangentially stable almost complex)
manifolds. Whenever the upper script SO or U is not specified, it means that the construction and results
apply to both homology theories.

For the explicit definitions of both unitary and oriented equivariant bordism rings see [34, Section 2], and for
the properties of the tangentially stable almost complex manifolds defining the unitary equivariant bordism
groups, including the ones presented above, see [21, XXVIII, Section 3; 13, Section 2; 2, Section 5].

2.2 Equivariant bordism for families

The study of the equivariant bordism groups led Conner and Floyd to restrict their attention to manifolds
with prescribed isotropy groups [4; 5]. The allowed isotropy groups are therefore organized in families of
subgroups of G which are closed under conjugation and under taking subgroups. For any such family of
subgroups F there is a classifyingG–space EF for actions whose isotropy groups lie on F . ThisG–space
is characterized by its properties on fixed-point sets, namely, the fixed-point set EFH is contractible
whenever H 2 F and empty otherwise. The construction of EF can be carried out in such a way that an
inclusion of families F 0 � F induces a G–cofibration EF 0!EF [8, Section 1.6].

The equivariant bordism groups �G� fF ;F 0g for a pair of families F 0 � F are the bordism groups of
G–equivariant compact manifolds with boundary .M; @M/ such that the isotropy groups of M lie in F
and the isotropy groups of its boundary @M lie in F 0. Following [7, page 310] one may define the bordism
of groups for a pair of G–spaces .X;A/ and a pair of families by

(3) �G� fF ;F
0
g.X;A/ WD�G� .X �EF ; X �EF 0[A�EF/;

or, equivalently, using a more geometrical description [34].

Algebraic & Geometric Topology, Volume 24 (2024)
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2.3 Long exact sequence for families

Whenever three families are related by the inclusions F 00�F 0�F there is induced a long exact sequence
in bordism [5, Theorem 5.1]

(4) � � � !�G� fF
0;F 00g !�G� fF ;F

00
g !�G� fF ;F

0
g
@
�!�G��1fF

0;F 00g ! � � � :

2.4 Conner–Floyd spectral sequence

More generally, associated to the families F0�F1� � � � �FkDF there is a spectral sequence converging
to �Gn fFg, whose filtration is

(5) Fp�
G
n fFg WD Im.�Gn fFpg !�Gn fFg/:

This spectral sequence is usually called the Conner–Floyd spectral sequence, its first page is given by

(6) E1p;q Š�
G
pCqfFp;Fp�1g;

and the differentials are induced by the boundary maps. The first page of this spectral sequence might
be difficult to calculate, but whenever the pair of families Fp�1 � Fp are adjacent (see below for the
definition), fixed-point methods together with the classification of the normal bundles can make them
computable in terms of nonequivariant bordism groups.

2.5 Equivariant bordism for adjacent families

A pair of families F 0 � F are called adjacent whenever they differ by the conjugacy class .K/ of a
subgroup K, in other words F � F 0 D .K/. A manifold .M; @M/ in �Gn fF ;F 0g is cobordant to the
G–equivariant tubular neighborhood of the fixed-point set of all the subgroups of G conjugate to K (all
isotropy groups in the complement of the tubular neighborhood belong to F 0; the explicit bordism can
be found in [5, Lemma 5.2]). The fixed points MK of K become a free WK WD NGK=K space and
the G–equivariant tubular neighborhood can be reconstructed from a specific WK–equivariant twisted
bundle over MK by extending the NGK space to a G space. Hence, if MK is of dimension n � k
and MK=WK is connected, its tubular neighborhood can be recovered from a map MK ! CNGK;K.k/

where CNGK;K.k/ is aWK–space which classifies the NGK–equivariant tubular neighborhoods of rank k
around K–fixed points [35, (2.5)]. In the unitary case there is a decomposition in terms of nonequivariant
unitary bordism groups [35, Theorem 2.8]

(7) �U;Gn fF ;F 0g WD
M
2k�n

�Un�2k.CNGK;K.k/�WK
EWK/;

and a similar one in the case of oriented bordisms [1, Theorem 2.11] This localization theorem will
become very useful in what follows once we apply it for the study of the equivariant bordism groups of
surfaces.
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2.6 G–fixed points

For every subgroup K of G denote by AK the family of all subgroups of K and its conjugates in G,
and denote by PK the family AK � .K/ of all proper subgroups of K, and its conjugates in G. The
localization map at the fixed points of the whole group action

(8) �G� !�G� fAG;PGg

together with the decomposition into nonequivariant bordisms groups presented in (7), has been a powerful
tool for determining the equivariant bordism groups for abelian groups (see for instance [6; 20; 13]). In
this particular case, the bordism groups �G� fAG;PGg are isomorphic to the nonequivariant bordism
groups of products of complex Grassmannians in the unitary case, and of products of real, complex and
quaternionic Grassmannians in the oriented case.

2.7 Rowlett spectral sequence

We still need another spectral sequence suited for understanding the equivariant bordism groups of pairs
of families. This spectral sequence was constructed by Rowlett in [27, Proposition 2.1], whence its
name. Consider a pair of families F 0 � F that are also families of subgroups of the normal subgroup
K of G and .M; @M/ in �Gn fF ;F 0g. Then it is easy to see that the classifying map M=K! EWK of
the free WK DG=K action of the quotient induces an isomorphism of bordism groups �G� fF ;F 0g

Š
�!

�G� fF ;F 0g.EWK/ by mappingM to the compositionM!M=K!EWK ; the inverse is simply induced
by the map EWK!�. The space EWK can be constructed as a CW–complex whose n–skeleton .EWK/

n

is constructed from .EWK/
n�1 by attaching a finite number of copies ofWK�Bn withWK acting trivially

on the n–dimensional balls. One may filter �G� fF ;F 0g.EWK/ by the images under the inclusion of the
skeletons �G� fF ;F 0g..EWK/

n/, and therefore one obtains a spectral sequence converging to �G� fF ;F 0g
whose first page becomes

(9) E1p;q Š�
G
pCqfF ;F

0
g..EWK/

p; .EWK/
p�1/ŠHp..EWK/

p; .EWK/
p�1/˝WK

�Kq fF ;F
0
g;

and whose second page is

(10) E2p;q ŠHp.WK ; �
K
q fF ;F

0
g/;

where the action of an element of WK on a K–manifold M consists of the same manifold M endowed
with the conjugate K–action. The zeroth column consists of the WK–coinvariants

(11) E20;q Š .�
K
q fF ;F

0
g/WK

;

and the edge homomorphism

(12) �Kq fF ;F
0
g ŠE10;q!E20;q!E10;q!�Gq fF ;F

0
g

is simply the extension homomorphism factorizing through the coinvariants

(13) �Kq fF ;F
0
g ! .�Kq fF ;F

0
g/WK

!�Gq fF ;F
0
g given by M 7!M �K G:
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In characteristic zero the spectral sequence collapses on the zeroth column of the second page. Since
in characteristic zero the invariants and the coinvariants are isomorphic, we conclude that the extension
homomorphism induces an isomorphism

(14) �K� fF ;F
0
g
WK ˝Q Š

�!�G� fF ;F
0
g˝Q:

In order to find the torsion classes in �G� we will construct the inverse map of the isomorphism (14) for
every pair of adjacent families of groups. This map will be simply given by the localization at fixed points
and will be the subject of the next section.

3 Localization at fixed points

For every subgroup K of G let us define the fixed-point homomorphism

(15) fK ı r
G
K W�

G
� !�K� fAK;PKg

as the composition of the restriction homomorphism rGK W�
G
� !�K� with the localization atK–fixed points

(16) fK W�
K
� !�K� fAK;PKg:

The composition fKırGK takes aG–manifold and maps it to the tubular neighborhoodN of theK–invariant
points MK . Since on the complement of N in M there are no points with isotropy K, the tubular
neighborhood N and M become cobordant in �K� fAK;PKg [5, Lemma 5.2]. Since NGK acts on the
normal bundle N of MK , the localization at K–fixed points lands in the WK–fixed submodule. Therefore
the fixed-point homomorphism becomes

(17) fK ı r
G
K W�

G
� !�K� fAK;PKg

WK :

Also, for every pair of families of subgroups in G, we have the localized fixed-point homomorphism

(18) �� W�
G
� fF ;F

0
g !

M
.K/�F�F 0

�K� fAK;PKg
WK :

This homomorphism applied to the pair of adjacent families fAK;PKg, composed with the edge homo-
morphism of the Rowlett spectral sequence (13), gives us the maps

(19) �K� fAK;PKgWA
!�G� fAK;PKg

�
�!�K� fAK;PKg

WA :

In characteristic zero, this composition is an isomorphism and therefore we obtain the isomorphism

(20) �� W�
G
� fAK;PKg˝Q Š

�!�K� fAK;PKg
WA ˝Q;

which becomes the inverse of the map in (14) for adjacent families.

Applying the Conner–Floyd spectral sequence, we see that the fixed-point homomorphism (18) in
characteristic zero becomes an isomorphism, and therefore we quote:

Theorem 3.1 [27, Theorem 1.1] The fixed-point homomorphism in characteristic zero is an isomorphism

(21) ��˝Q W�G� ˝Q Š
�!

M
.K/

�K� fAK;PKg
WK ˝Q:
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We would like to remark that the rational isomorphism obtained in Theorem 3.1 by localizing on fixed
points holds in general for any rational G–equivariant homology theory whose coefficients form a rational
G–Mackey functor [11, Theorem A.16; 32, Corollary 3.4.28].

3.1 Kernel of fixed-point homomorphism

In the unitary case, the equivariant bordism group �U;K� fAK;PKg is isomorphic to the unitary bordism
group of a disjoint union of products of complex Grassmannians [35, Theorem 2.8]. Therefore, the group
�
U;K
� fAK;PKg is a free �U� –module on even-dimensional generators. Hence, by Theorem 3.1, we

obtain the following result:

Lemma 3.2 The group of torsion elements in �U;G� is isomorphic to the kernel of the fixed-point
homomorphism � of (18):

(22) TorZ.�
U;G
� /D Ker.�U� /:

Whenever a group G satisfies the evenness conjecture in equivariant unitary bordism, the fixed-point
homomorphism �U� is automatically a monomorphism. This is the case for abelian [20] and metacyclic [28]
groups. In the next section we will show that there are groups G such that the kernel of the fixed-point
homomorphism is not trivial in dimension 2, thus defining torsion elements in �U;G2 . This fact refutes
the evenness conjecture in the general case.

In the oriented case there are many torsion classes in the bordism ring �SO
� , all of order 2 [36; 33].

Therefore we will be mainly interested in the torsion classes of the equivariant bordism group �SO;G
�

which are trivial under the fixed-point homomorphism �SO
� .

A very interesting and more general question associated to the equivariant oriented case is the following:

Are there G–equivariant oriented manifolds whose bordism class vanishes under the fixed-
point homomorphism �SO which do not bound equivariantly?

In the next section we answer this question for dimension 2. The 3–dimensional case (with its interesting
application to Chern–Simons theory) remains open for the interested reader.

Note that the equivariant bordism group �SO;K
� fAK;PKg is in general more difficult to calculate than

the unitary one. On the one hand, the fixed-point set MK need not be orientable, and on the other, the
normal bundles are classified by products of real, complex and quaternionic Grassmannians.

Since we are mainly interested in the 2– and 3–dimensional bordism groups, we know that all fixed
points are of real codimension 0 or 2 in the unitary case because the normal bundles are endowed with a
complex structure, see (2), and 0, 2 or 3 in the oriented case, because there are no 1–dimensional real
representations preserving the orientation. Here the real codimension of the fixed points matches the real
dimension of the representation of the respective isotropy group.

In the case that the fixed points are of real codimension 2, the normal bundle is of complex dimension 1
in the unitary case and of real dimension 2 in the oriented case. Since the 2–dimensional oriented
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representations can be parametrized by the 1–dimensional complex representations, we may denote by
Irr1C.K/ the set of 1–dimensional nontrivial irreducible complex representations of the group K. The
complex conjugation map on Irr1C.K/ acts freely on the representations of complex type Irr1C.K/C and
acts trivially on the representations of real type Irr1C.K/R. Denote by Irr1C.K/C=conj the quotient of
representations of complex type by complex conjugation and by Irr3R;SO.K/ the set of 3–dimensional
irreducible real representations of K in the category of oriented representations.

Proposition 3.3 Let K be a finite group. Then the relative oriented equivariant bordism groups are

�
SO;K
2 fAK;PKg D

� M
Irr1

C.K/C=conj

Z

�
˚

� M
Irr1

C.K/R

Z=2

�
;(23)

�
SO;K
3 fAK;PKg D

M
Irr3

R;SO.K/

Z=2;(24)

and the relative equivariant unitary bordism groups are

�
U;K
2 fAK;PKg D�U2 ˚

M
Irr1

C.K/

Z;(25)

�
U;K
3 fAK;PKg D 0:(26)

Proof Let us begin with the relative oriented equivariant bordism groups. Any manifold M in
�SO:K
� fAK;PKg is equivalent in the bordism group to the normal bundle N around the fixed-point set

MK [5, Lemma 5.2]. Whenever M is connected, of dimension 2 and M ¤MK , this normal bundle is
classified by a map

(27) MK
!

G
Irr1

C.K/

BU.1/;

where the K action on the bundle around the point is encoded by the irreducible representation (here we
are using that SO.2/ŠU.1/). Note that whenever V is a nontrivial 1–dimensional complex representation,
the unit ball B.R˚ V / bounds the union of B.V / and B.V /, where V denotes the representation V
with reverse orientation. This implies that in the relative oriented bordism group �K;SO

2 fAK;PKg we
have the equation B.V /CB.V / D 0. Hence whenever V is of complex type, and therefore V is not
isomorphic to V , the relative oriented bordism group �K;SO

2 fAK;PKg counts the difference between
the number of K–fixed points with normal bundle isomorphic to V and the number of K–fixed points
with normal bundle isomorphic to V ; these are the integral invariants. If V is of real type, and hence
V is isomorphic to V , the ball B.R˚V / bounds B.V / twice, and the relative oriented bordism group
�
K;SO
2 fAK;PKg counts the parity of the number of points with normal bundle isomorphic to V ; these

are the Z=2 invariants. This argument proves (23).

For the 3–dimensional case, the codimension-2 fixed points become circles, and since �SO
1 .BU.1//D 0,

we conclude that we only need to focus our attention on the isolated points of the K action. Around
each isolated fixed point of the action we obtain a 3–dimensional real and oriented representation V

Algebraic & Geometric Topology, Volume 24 (2024)
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of K. This representation is irreducible in the category of oriented representations even though it may
be not irreducible as a real representation. Note that the splitting of the representation as the product
of two nonoriented representations implies that one must be a sign representation and the other must
factor through a dihedral representation in O.2/. Hence the product of these two representations will be
equivalent to a representation that factors through an oriented dihedral representation in SO.3/ which is
irreducible in the category of oriented representations. Now, the unit ball B.R˚V / bounds B.V / twice
because V and V are isomorphic. Therefore we can conclude that the isomorphism (24) counts the parity
of the number of fixed points of K with the prescribed representation on its normal bundle.

The relative unitary bordism groups are much simpler. The 3–dimensional case (26) is trivial because
both �U3 and �U1 .BU.1// are trivial. The 2–dimensional case (25) detects half of the first Chern number
of the surface whenever the action is trivial, and it counts the number of fixed points with prescribed
representation on their normal bundle. Here we are using that the isomorphism �U2

Š
�! Z is given by the

assignment Œ†� 7! 1
2
c1.†/ where c1.†/ is the first Chern number of the surface.

As a consequence of the previous result, the 2–dimensional bordism classes of interest have no isolated
fixed points for any subgroup K of G.

Corollary 3.4 The torsion subgroups of both unitary and oriented equivariant bordism of surfaces are
respectively isomorphic to the kernels of the associated fixed-point homomorphism ,

(28) TorZ.�
U;G
2 /D Ker.�U2 / and TorZ.�

SO;G
2 /D Ker.�SO

2 /:

Therefore the equivariant bordism groups Ker.�SO
2 / and Ker.�U2 / are generated by G–surfaces without

isolated K–fixed points for any subgroup K of G; in the unitary case it is moreover required that the
surfaces have trivial first Chern number.

Proof Proposition 3.3 shows that the relative oriented and unitary bordism groups �K2 fAK;PKg
are torsion-free for all subgroups K of G, except in the oriented case whenever K has 1–dimensional
complex representations of real type; such representations come from nontrivial elements in Hom.K;Z=2/.
Whenever a closed oriented surface † has one K–fixed point whose normal bundle has the structure of a
nontrivial element in Hom.K;Z=2/, the connected component of such a K–fixed point has an induced
action of Z=2. Since the Euler characteristic of the connected component is even, the number of fixed
points of this Z=2–action must also be even. Hence the original action of K on this connected component
must have an even number of fixed points, and all of them will have isomorphic complex representation
of real type on the normal bundles.

The previous argument shows that the image of the fixed-point homomorphism is torsion-free in both
oriented and unitary cases. Therefore by Theorem 3.1, we can conclude that the torsion classes are
generated by G–equivariant manifolds without isolated K–fixed points for any subgroup K of G, and in
the unitary case it is furthermore required that the underlying surface has trivial first Chern number.
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The presence of the platonic groups A4, S4, A5 or the dihedral groups D2k as subgroups of a general
groupG makes the understanding of the bordism group�SO;G

3 more interesting. We need first a definition:

Definition 3.5 Let M be a G–manifold (oriented or unitary). Define the ramification locus of the
G–action as the space

(29) M WD
[
K�G
K¤f1g

MK ;

where MK denotes the space of fixed points of the subgroup K.

Let us start with the dihedral groups:

Proposition 3.6 The equivariant bordism groups �SO;D2k

3 are generated by equivariant manifolds whose
fixed points are all of codimension 0 or empty. In particular , the fixed-point homomorphism �SO

3 is trivial.

Proof Take M a closed oriented D2k–equivariant manifold such that M=D2k is connected. Let us first
assume that no element inD2k besides the identity acts trivially (we could always take the induced action on
M of the groupD2k=L, whereL is the subgroup that acts trivially and considerM as aD2k=L–equivariant
manifold). Hence the ramification locus M is the union of 1–dimensional and 0–dimensional manifolds.

Whenever the fixed-point set MD2k is nonempty, it will consist of a finite number of isolated points. We
will argue that the number of fixed points with isomorphic normal representations is even, thus implying
that the image of the localization map (16) at D2k–fixed points

(30) fD2k
W�

SO;D2k

3 !�
SO;D2k

3 fAD2k;PD2kg

is trivial, and moreover that the fixed-point set MD2k could be removed with an equivariant cobordism
by attaching handles around pairs of fixed points with isomorphic normal representation.

If x belongs to MD2k , we claim that there is another fixed point x0 2 MD2k , such that both have
isomorphic representations of D2k on their normal neighborhoods. The reason for this is the following.
Consider the class Œx� 2M=D2k on the quotient of the ramification locus M . The connected component
of the fixed-point set of the cyclic subgroup Z=k around x defines a path on the quotient M=D2k with
the class Œx� at one end. Since M=D2k is compact, the other end of this path ends at the class of the
point Œx0�, where we have chosen x0 to be on the same connected component as x on the fixed-point
set MZ=k . The D2k representations around x and x0 are isomorphic because their restrictions to the
group Z=k give representations with opposite orientations.

Note that whenever k > 2, the points x and x0 are different. When k D 2 it could be the case that x D x0,
and if this were the case, around Œx� in M=D2k we would have a loop (the path we defined above from
x to x0 D x) and an extra path leaving from it. Following this third path from x, we will reach another
point x00, which will be different from x.
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We just have shown that the fixed points in MD2k come in pairs with isomorphic representations. If the
isomorphic representation is V and B.V / denotes the unit ball in V , this pair of points could removed by
the bordism that adds the handle Œ0; 1��B.V / on the normal neighborhoods of the pair of points.

The previous construction could be carried out on all the fixed points of the conjugacy classes of subgroups
which are of dihedral type, and therefore we see thatM is equivariantly cobordant to a manifoldM 0 whose
fixed points of its dihedral subgroups are empty. Hence the ramification locus M 0 is a 1–dimensional
manifold, and therefore �SO

3 .ŒM �/D �SO
3 .ŒM 0�/D 0.

We could then choose as generators of �SO;D2k

3 manifolds without 0– and 1–dimensional fixed points.

Propositions 3.3 and 3.6 imply that the fixed-point homomorphism �SO
3 is trivial on subgroups isomorphic

to cyclic or dihedral groups. Nevertheless, the fixed-point homomorphism may be nontrivial when
evaluated on subgroups isomorphic to the platonic groups A4, S4 and A5. To understand the image of
�SO
3 for the platonic groups, we first need to define the blowup of a representation.

Definition 3.7 Let V be a finite-dimensional real G–representation. The blowup .V / of V is the total
space of the bundle of real lines P .V / of V ,

(31) .V / WD f.v; L/ 2 V �P .V / j v 2 Lg;

endowed with the natural G action: g � .v; L/ WD .gv; gL/. Denote by B..V // and S..V // the unit
ball and sphere bundles of .V /, respectively.

Note that the sphere bundle of .V / and the sphere of the representation S.V / are canonically isomorphic:

(32) � W S.V / Š�! S..V //; v 7! .v; hvi/:

So one may glue B.V /, where V is V with the opposite orientation, to B..V // along their boundary,

(33) Y.V / WD B.V /[� B..V //;

thus constructing a closed oriented G–manifold.

What is interesting about the blowup is that, for faithful 3–dimensional oriented real representations V ,
the blowup .V / only contains points with cyclic or dihedral isotropy groups. This is a key fact that will
be used in what follows.

Proposition 3.8 Let G be a finite subgroup of SO.3/. Then the fixed-point homomorphism �SO
3 is only

nontrivial on subgroups isomorphic to the platonic groups A4, S4 and A5. Moreover , its restriction

(34) �SO
3 W�

SO;G
3 !

M
.K/

K platonic

�
SO;K
3 fAK;PKgWK

is surjective.

Proof Let .K/ be a conjugacy class of subgroups of G with K isomorphic to any of the platonic
groups A4, S4 or A5. Denote by VK the 3–dimensional real representation induced by the symmetries
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of the respective platonic solid. Note that VK is isomorphic to the representation with the reverse
orientation VK , and therefore the closed oriented K–manifold Y.VK/ defined in (33) is diffeomorphic
to B.VK/[� B..VK//. Note furthermore that �K3 fAK;PKg Š Z=2 since VK is the only irreducible
representation of dimension 3.

The localization map at K–fixed points of (16)

(35) fK W�
SO;K
3 !�K3 fAK;PKg Š Z=2

maps Y.VK/ to the normal bundle of itsK–fixed points Y.VK/K . Since the blowup .VK/ has noK–fixed
points, Y.VK/KDB.VK/K and the fixed-point set consists of only one point. Hence fK.Y.VK//DB.VK/
with ŒB.VK/� the generator of the group �SO;K

3 fAK;PKg.

The commutativity of the diagram

(36)

�
SO;K
3

iGK
//

fK

��

�
SO;G
3

fKır
G
K

��

�
SO;K
3 fAK;PKg

i
NG K

K

// �
SO;K
3 fAK;PKgWK

where iLH W�
H
� !�L� given by ŒM � 7! ŒL�HM� is the induction map for the inclusion of groupsH �L,

implies that the manifold fK ı rGK .G �K Y.VK// generates the group �SO;K
3 fAK;PKgWK .

Note that whenever K ¤ K 0, we have .G �K Y.VK//K
0

D ∅. Therefore we conclude that the images
under �SO

3 of the G–manifolds G �K Y.VK/, where .K/ runs over the conjugacy classes of platonic
subgroups of G, provide the desired surjectivity.

Let us see the previous result in an example. Let G D A5 and take the A5–manifolds Y.VA5
/ and

A5 �A4
Y.VA4

/ in �SO;A5

3 . The images under �SO
3 of these two manifolds in

(37) �
SO;A5

3 fAA5;PA5g˚�SO;A4

3 fAA4;PA4g Š Z=2˚Z=2

are .1; 1/ and .0; 1/, respectively. The surjectivity of (34) follows.

3.2 Surfaces without isolated fixed points for any subgroup

Let F be a family of subgroups in G. Then denote by �G2 fFg the subgroup of �G2 fFg generated by
manifolds without isolated K–fixed points for all K 2 F , and whose underlying first Chern number is
zero in the unitary case. Since Corollary 3.4 also implies that

(38) �G2 fFg D Ker.�2j�G
2 fFg

/D TorZ.�
G
2 fFg/;

we may study the properties of �G2 restricted to families.
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Lemma 3.9 Let fF ;F 0g be an adjacent pair of families differing by the conjugacy class .K/ of the
subgroup K � G. Then the canonical map of bordism groups for families �G2 fF

0g !�G2 fFg fits into
the split exact sequence

(39) �G2 fF
0
g !�G2 fFg ! z�2.BWK/! 0;

with z�2 the reduced bordism groups.

Proof A generator in �G2 fFg not in the image of �G2 fF
0g is represented by a G–connected manifold

M such that the fixed-point set MK is a closed nonempty surface without boundary, and such that there
is a G–equivariant homomorphism G �NGKM

K Š�!M given by Œ.g;m/� 7! gm. The closed surface
MK is endowed with a free action of the group WK , thus producing a unique map up to homotopy
MK=WK ! BWK . The induction map

(40) z�2.BWK/!�G2 fFg given by L 7!G �NGK L

produces the desired section.

For the unitary case we need only to see that the first Chern number of M is zero, if and only if the first
Chern number of MK is zero, if and only if the first Chern number of MK=WK is zero.

Here we have used the isomorphism

(41) z�U2 .BWK/Š Ker.�U2 .BWK/!�U2 /;

where the forgetful map �U2 .BWK/! �U2 simply takes a framed bordism Œ†! BWK � and maps it
to Œ†�. The kernel consists of framed surfaces whose underlying first Chern number is zero. In the
oriented case z�SO

2 .BWK/D�
SO
2 .BWK/.

4 Bounding equivariant surfaces

In this section we present our main result, which is the calculation of the groups �G2 . To do this we use
the Conner–Floyd spectral sequence of Section 2.4 associated to the families of subgroups

(42) f1g D F0 � F1 � � � � � Fl DAG;

where all the pairs are adjacent, ie Fj �Fj�1 D .Kj / for some conjugacy class of subgroups .Kj /, and
such that the conjugacy classes .Kj / span all conjugacy classes of subgroups of G (and hence l C 1 is
the number of conjugacy classes of subgroups of G).

We may filter the group �G2 by the subgroups

(43) Fp�
G
2 WD Im.�G2 fFpg !�G2 /

whose associated graded groups are the quotients

(44) Grp�G2 D Fp�
G
2 =Fp�1�

G
2 :
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The commutative diagram with exact rows

(45)

�G3 fAG;Fp�1g //

��

�G2 fFp�1g //

��

�G2

�G3 fAG;Fpg // �G2 fFpg // �G2

together with the result of Lemma 3.9 implies that the following sequence is exact:

(46) �G3 fAG;Fpg
@
�! z�2.BWKp

/! Grp�G2 ! 0:

We therefore need to understand the image of the boundary map

(47) �G3 fAG;Fpg
@
�! z�2.BWKp

/

in order to determine the groups Grp�G2 .

Note that the image of the boundary map (47) is equivalent to the image of the boundary map

(48) �
WKp

3 fAWKp
; f1gg @�! z�2.BWKp

/:

This follows from the fact that the manifolds of interest will have trivial actions of the groups in the
conjugacy class .Kp/, and then one follows the same argument as presented in Lemma 3.9. Therefore we
obtain the following result:

Lemma 4.1 Consider the associated graded groups Gr��G2 of �G2 induced by the families of subgroups
presented in (42). Then

(49) Grp�G2 Š Coker.�
WKp

3 fAWKp
; f1gg @�! z�2.BWKp

//:

Hence we need to understand which surfaces with free actions equivariantly bound.

4.1 Bounding free actions on surfaces

It turns out that the only free actions on surfaces that equivariantly bound are those on which the quotient
surface is a torus. This result is originally due to the second author [29; 30] whenever the group G does
not contain any subgroup isomorphic to the platonic groups A4;S4; A5 or to the dihedral groups D2k ,
and it motivated our investigation. Here we will produce an alternative proof, generalizing it for all finite
groups. Let us first recall the definition of the Bogomolov multiplier of a finite group.

The cohomology group H 2.G;C�/ determines the isomorphism classes of central C� group extensions
of G, and therefore complex irreducible projective representations of the group G define elements in
H 2.G;C�/. Schur [31] extensively studied this cohomology group, and therefore it was called the Schur
multiplier of G [16].

Bogomolov [3] defined the subgroup B0.G/ of the Schur multiplier consisting of all elements which
vanish when restricted to all its abelian subgroups:

(50) B0.G/D
\

A�G abelian

Ker.resGA WH
2.G;C�/!H 2.A;C�//:
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The interest in this group comes from, among other things, a result Bogomolov [3, Theorem 3.1] which
states that whenever the field of G–invariants CŒG�G of the rational field CŒG� is rational over C, the
Bogomolov multiplier of the group G vanishes.

Using the fact that for finite groups H 2.G;C�/ŠH2.G;Z/, Moravec [22] showed that the Bogomolov
multiplier group B0.G/ is isomorphic to the group

(51) zB0.G/ WDH2.G;Z/=M0.G/;

where M0.G/ is the subgroup of H2.G;Z/ generated by the images

(52) Im.H2.Z�Z;Z/!H2.G;Z//

of all homomorphisms Z�Z!G. This homology version of the Bogomolov multiplier was then used
to calculate B0.G/ for several types of finite groups [22].

In this homological form, the Bogomolov multiplier appeared much earlier in [24] in connection with
SK–groups (cutting and pasting of manifolds) and in [25] as SK1 in algebraic K-theory.

Using now the fact that there are canonical isomorphisms

(53) z�U2 .BG/ Š�!�SO
2 .BG/ Š�!H2.BG;Z/;

we present a generalization of a result which was established by the second author in [30]. First we need
a lemma:

Lemma 4.2 Let † be an oriented surface with free G–action that bounds equivariantly. Then † can
be extended to an oriented G–manifold whose ramification locus is a 1–dimensional manifold (all the
isotropy groups are all cyclic).

Proof Let M be an oriented G–manifold whose boundary is the surface with free G–action †. Take a
point x in the ramification locus M and denote by Gx its isotropy group. Since the G–action is free on
the boundary, the action of Gx on the normal neighborhood of x must induce an injective homomorphism
Gx! SO.3/. Hence Gx must be isomorphic to a cyclic group, a dihedral group or any of the platonic
groups A4, S4 or A5. Whenever Gx is cyclic, x is a smooth point in the ramification locus M , because
locally Gx acts by rotations. Whenever Gx is neither trivial nor cyclic, x is a singular point on the
ramification locus. Simply note that the irreducible and oriented 3–dimensional representations of the
dihedral and the platonic groups have the origin as a singular point. Therefore the obstruction for the
ramification locus M to be a 1–dimensional manifold is the presence of points whose isotropy groups are
isomorphic to the dihedral or the platonic groups (A4, S4 and A5). Our goal is to modify M to build a
new manifold without any such isotropies.

We briefly outline the overall strategy of our desingularizing process. There are three steps:

(i) Perform the blowup construction on the normal neighborhoods of the points whose isotropies are
isomorphic to either A5, S4 or A4; this produces a new manifold M 0 with the same boundary as M and
no points with A5, S4 or A4 isotropy.
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(ii) In M 0, “cancel” as many pairs of distinct orbits of a given dihedral isotropy type possible; our
cancellation method results in a manifold M 00 that is equivariantly cobordant to M 0, relative to the
boundary †. By canceling as many pairs as possible, we guarantee that for the action of G on M 00, a
given conjugacy class of a dihedral subgroup of G occurs on at most one orbit in M 00.

(iii) The final step is the hardest. If x is a point in M 00 with dihedral isotropy Gx �G that is maximal,
we show that the action of G on G �x possesses an “involutive” element g such that yD gx¤ x, g2xD x,
Gy DGx and g commutes with a preferred rotation � 2Gx . We then classify the possibilities for hGx; gi,
and build an appropriate equivariant handle that desingularizes the orbit G � x. Inductively applying this
construction to all dihedrally stabilized points, we arrive at our desired manifold M 000. In fact, this is
oversimplifying; we must return to (ii) once at some point in this process, but the basic idea is as described.

Let us expand on (i). Take a point x 2M whose isotropy Gx is isomorphic to A5 (we will start with
the larger isotropy first). Let Nx be a normal Gx–neighborhood of x such that Nx \g �Nx D∅ for all
g 2G �Gx , and let

(54) � W B.VGx
/ Š�!Nx

be aGx–equivariant diffeomorphism with VGx
the faithful representation ofGx around x. TakeG �Nx as a

G–equivariant neighborhood around the orbitG �x and note that � induces aG–equivariant diffeomorphism
G �Gx

B.VGx
/ Š�!G �Nx . Construct the blowup B..VGx

// presented in Definition 3.7 and note that
the sphere bundles are Gx–diffeomorphic to the boundary of Nx:

(55) S..VGx
//Š S.VGx

/ Š�! @Nx :

Cut G �Nx from M and glue G �Gx
B..VGx

// along the boundary using the diffeomorphism � . Define
the new G–manifold

(56) M 0 WD .M �G �Nx/[@.G�Nx/G �Gx
B..VGx

//

and note that M 0 has the same boundary as M , but with the property that inside @Nx there are no more
points with isotropy isomorphic to A5. Cutting and pasting the blowups for every point with isotropy
isomorphic to A5 produces a manifold without points whose isotropy is isomorphic to A5. Then a similar
blowup procedure is carried out for points with isotropy isomorphic to S4, and then to points with
isotropy isomorphic to A4. The resulting manifold M 0 has the same boundary as M , but it does not
contain points with isotropy isomorphic to A5, S4 or A4. The only isotropies that appear on M 0 are
cyclic or dihedral groups. This concludes (i). (We note for the interested reader that M and M 0 are not
necessarily relatively cobordant, even though they do have the same boundary.)

For (ii), suppose x and y are two points in M 0 with equal dihedral stabilizers Gx D Gy such that x
and y are not in the same G orbit, but the representation of Gx on a regular neighborhood of x is
equivalent to the representation of Gy DGx on a regular neighborhood of y. Call this representation V .
Choose local charts around x and y such that the angle of rotations of the elements in Gx agree in both
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charts to the angles of rotations in V . Now simply attach an equivariant 4–dimensional handle of the
form Œ0; 1�� .G �Gx

B.V // to the equivariant neighborhood of fx; yg. Note that the only points in this
handle with noncyclic isotropy are those in G � fx; yg. Thus, the cobordant 3–manifold (where the open
G–equivariant regular neighborhood of G � fx; yg is replaced with the vertical boundary of our handle)
has fewer points with isotropy isomorphic to dihedral groups. Iterate this procedure, attaching such an
equivariant handle anytime we see a pair x and y with the same isotropy group Gx DGy , isomorphic
local representations, and y …G � x, until there are no more such pairs. Call the resulting manifold M 00.
Of course, since these handle attachments occur away from @M 0 D†, M 00 still has boundary †. More
precisely, M 0 and M 00 are equivariantly bordant relative to †.

Step (iii) is the most involved. Let x be a point inM 00 with dihedral isotropyGxŠD2k . Define the setƒx
of points y in M 00 such that Gy DGx and whose local representations on regular neighborhoods around y
and x, respectively, are isomorphic. By construction, if y is any other point in this set, then y 2G �x. In fact,
ƒx DNG.Gx/ �x and ƒx is bijective with the group NG.Gx/=Gx . Our goal now is to build a G–handle
that allows us to cancel the singularities in the single orbitG �x with one another in pairs in aG–equivariant
fashion. In particular, we will need to show that jG � xj is even and admits a G–invariant matching.

Let us first show that there is an element g 2NG.Gx/ such that its projection on NG.Gx/=Gx has order
two. This g will allow us to define y WDgx such that xDgy. We proceed by induction down the subgroup
lattice of G and through the different isomorphism classes of faithful local representations of these point
stabilizers. Let x be any point in M 00 whose stabilizer Gx ŠD2k is maximal among all dihedral point
stabilizers in M 00 (with respect to subgroup inclusion) and consider the restricted action of just Gx on M 00.

If k > 2, let � 2Gx be an element of order k and take its fixed-point set .M 00/� . Note that this fixed-point
set is a disjoint union of embedded circles. The group Z2 ŠGx=h�i acts on .M 00/� and the set of fixed
points is precisely ƒx . The Euler characteristic of .M 00/� being zero implies that ƒx has an even number
of points. Since jƒxjD jNGx

.Gx/=Gxj, the groupNGx
.Gx/=Gx has an element of order 2, and therefore

we may choose g 2NGx
.Gx/ as a lift of this element of order 2. If y WD gx, then by construction xD gy.

If k D 2, then there is only one isomorphism class of local representations. Let

�Gx
D fp 2M 00 j StabGx

.p/¤ f1gg

be the ramification locus of this action. Then �Gx
is a properly embedded topological graph. Because the

action of Gx on @M 00 D† is free, �Gx
\† is empty, and so in particular every vertex in this graph has

valence 6. The quotient graph �Gx
=Gx resides in the quotient manifold M 00=Gx , and its vertices are in

bijection with the vertices of �Gx
, and hence in bijection with the points in ƒx . The vertices of �Gx

=Gx

all have valence 3. Since twice the number of edges equals three times the number of vertices, we see
that each connected component of �Gx

=Gx has an even number of vertices, and hence the same is true
for each connected component of �Gx

. Note that this implies jƒxj D jNGx
.Gx/=Gxj is even. Now, as

in the previous paragraph, we again choose g 2NGx
.Gx/ lifting an element of order 2 in NGx

.Gx/=Gx

and take y WD gx with x D gy.
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In both cases k > 2 and kD 2, note that g2 2Gx , and therefore the conjugation action of g on Gx squares
to an inner automorphism of Gx . This is especially helpful when k D 2, ie when Gx ŠD4 Š Z2 �Z2,
since in this case Inn.Gx/ D 0, and we can conclude that g acts on Gx by an automorphism of order
either 1 or 2 (never 3).

We now specify a preferred “rotation subgroup generator” of Gx . When k D 2 and g conjugates Gx by a
nontrivial automorphism (necessarily of order 2, as just discussed above), then we take � in Gx to be the
unique nontrivial element of Gx fixed by conjugation with g. If g conjugates Gx trivially and there is not
a loop in �Gx

=Gx at x, then we take � to be an arbitrarily chosen element of Gx; if there is a loop at x,
then we take � to correspond to the unique element in Gx that does not stabilize points in the preimage of
the interior of the loop (here the preimage can be taken with respect to �Gx

! �Gx
=Gx). When k > 2,

our preferred � is given essentially for free: pick either one of the two nontrivial elements of Gx with
minimal (unsigned) rotation angle (in its action on Nx) and call it � .

With these choices for � , in either the k D 2 or k > 2 case we may parametrize Gx as Gx D
h�; ˛ j �k D ˛2 D 1; ˛�˛ D ��1i Š D2k for some arbitrarily chosen “reflection” ˛ in Gx . We also
know that g commutes with � whenever k D 2 (because of how we picked �), but when k > 2 it may
be that g�g�1 D ��1 since the local representations around x and y are isomorphic. If this were the
case, replace g by ˛g and note that ˛g commutes with � . Therefore we have found g 2NG.Gx/ with
gx D y ¤ x, gy D x and g�g�1 D � .

This in turn implies the following essential facts:

� When k > 2, no matter how � conjugates Gx , we must have that g2 D � l for some 0� l � k� 1.

� When k D 2, � must conjugate Gx D f1; �; ˛; �˛g Š D4 by an automorphism that leaves �
invariant. Thus � either commutes with all of Gx , or else swaps ˛ and �˛.

– If g swaps ˛ and �˛, notice that g does not commute with ˛ or ˛� , and hence g2 (which does
commute with g) cannot equal ˛ or ˛� . In other words, when g acts nontrivially on Gx , then
we must have g2 D 1 or g2 D � .

– If g commutes with all of Gx , then in principle g2 might equal any element of D4. We will
see below that in fact the only possibility is g2 D 1 2D4.

Consider the group

(57) K WD StabGfx; yg D StabNG.Gx/fx; yg D h�; ˛; gi:

Notice that by construction, if h is any element of G such that hx D y, then in fact h 2 K. (This is
because hxD gx implies g�1h2Gx DGy , and hence g�1h2Gx and so h2 gGx �K.) In other words,
we can build a G–equivariant matching on the orbit G �x by taking fx; yg to be one pair in the matching,
and inducing up to the entire orbit; the stabilizer of any edge in this matching is then conjugate to Gx .
Therefore, if we can build a K–equivariant handle that allows us to desingularize the action of K on
Nx tNy , then we may induce this to a well-defined G–equivariant handle that desingularizes the action
of G on the entire orbit G �Nx .
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We will now classify the possibilities for how K acts on Nx tNy , and build nonsingular handles for
each possibility. This will involve some casework, some of which depends on the integer k � 2 such that
Gx ŠD2k , and our success depends critically on the established fact that g commutes with � .

Notice that K sits in an exact sequence

(58) 1!Gx!K!K=Gx! 1;

where K=Gx D hg modGxi D Z2. Recall that equivalence classes of such extensions can be placed
in (noncanonical) bijection with the following pairs of data: homomorphisms f W Z2 ! Out.Gx/
such that a certain canonically associated class in H 3.Z2IZ.Gx// vanishes, together with a class
! 2H 2

f
.Z2IZ.Gx//, where Z2 acts on the coefficients Z.Gx/ in a manner induced by f .

However, not all homomorphisms f W Z2! Out.Gx/ will be pertinent to our situation, because (except
in the case k D 2 and g commutes with Gx), we already know that g2 D � l for some 0� l � k� 1. Let
us use some group cohomology to constrain the possibilities for K when k > 2.

If k is odd, then Z.Gx/D f0g, and so H 2.K=GxIZ.Gx//D f0g and there is only one thing K could
possibly be given that g2 D � l , namely

(59) K D h�; ˛; g j �k D ˛2 D 1; ˛�˛ D ��1; g�g�1 D �; g˛g�1 D ˛� l ; g2 D � li

where 0� l � k� 1.

If k > 2 is even, then Z.Gx/D h�k=2i Š Z2 and the action of K=Gx on the coefficients Z2 must be
trivial no matter what l is; therefore H 2.K=GxIZ.Gx//Š Z2 and we should expect two nonequivalent
extensions for a given l . These are precisely:

K� D h�; ˛; g j �
k
D ˛2 D 1; ˛�˛ D ��1; g�g�1 D �; g˛g�1 D ˛� l ; g2 D � li;

K� D h�; ˛; g j �
k
D ˛2 D 1; ˛�˛ D ��1; g�g�1 D �; g˛g�1 D ˛� lC.k=2/; g2 D � li;

where 0� l � k� 1.

If k D 2, rather than use group cohomology to give an upper bound on the possibilities for K, we simply
list the six known possibilities so far:

K1Dh�; ˛; g j �
2
D˛2D1; ˛�˛D�; g�g�1D�; g˛g�1D˛�; g2D1i

Dh˛; g˛ j .g˛/4D˛2D1; ˛.g˛/˛D.g˛/�1iŠD8;

K2Dh�; ˛; g j �
2
D˛2D1; ˛�˛D�; g�g�1D�; g˛g�1D˛; g2D�iŠZ2�Z4;

K3Dh�; ˛; g j �
2
D˛2D1; ˛�˛D�; g�g�1D�; g˛g�1D˛; g2D˛iŠK2;

K4Dh�; ˛; g j �
2
D˛2D1; ˛�˛D�; g�g�1D�; g˛g�1D˛; g2D�˛iŠK2;

K5Dh�; ˛; g j �
2
D˛2D1; ˛�˛D�; g�g�1D�; g˛g�1D˛�; g2D�iDK� .for lD1/ŠD8;

K6Dh�; ˛; g j �
2
D˛2D1; ˛�˛D�; g�g�1D�; g˛g�1D˛; g2D1iDK� .for lD0/ŠZ2�Z2�Z2:

Each group has order 8 as needed, so no further constraints are required to specify K, beyond which of
the two possible automorphisms fixing � we have g act on Gx by, and which element �2 2Gx is.
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All of the above listed possibilities for K are based on naive algebra. An algebraic classification of the
possibilities for K is not immediately equivalent to a geometric classification of the different possible
faithful representations of these K with K ! IsoC.B3 t B3/, which are, after all, what we need to
desingularize. In particular, we will see that K1 and K2 (and therefore K3 and K4) in the case k D 2
have no faithful representations into IsoC.B3 tB3/.

To understand how these possible abstract structures of the extension K relate to the geometry of the
action of K on Nx tNy Š B3 tB3, we parametrize so that Gx acts on each copy of B3 � R3 in the
same standard way:

�.x; y; z/D
�

cos
�
2�l

k

�
x� sin

�
2�l

k

�
y; sin

�
2�l

k

�
xC cos

�
2�l

k

�
y; z

�
;(60)

˛.x; y; z/D .x;�y;�z/:(61)

Here 0 < l < k and l is coprime with k.

Note that this standard action ofD2k onB3 is unique up to a sign, meaning any two faithful representations
D2k! SO.3/ that have � acting by rotation angle ˙2�l=k are related by a conjugacy in SO.3/. With
this, we see that the equivalence class of an isometric action ofK onNxtNy — when it exists — is entirely
determined (in the relevant sense, namely, up to conjugation by IsoC.Nx tNy/) by the representation of
Gx on either component, and the diffeomorphism affected when g swaps Nx and Ny .

We will now show that none of K1–K4 in the k D 2 case above are geometrically realizable. It suffices
to show this for K1 and K2. In both cases, we assume without loss of generality that � and ˛ act on
B3 tB3 in the standard way shown above.

For K1 the only possibilities for g are g.x; y; z/ D .�y; x; z/, g.x; y; z/ D .y;�x; z/, g.x; y; z/ D
.�y;�x;�z/ or g.x; y; z/D .y; x;�z/, since g must leave the z–axis fixed and swap the x– and y–axes.
The first two contradict g2 D 1. The second two contradict that g commutes with ˛.

For K2, since g commutes with all three generators, it leaves each axis fixed, and the possible actions are
exactly g.x; y; z/D .x;�y;�z/, g.x; y; z/D .�x; y;�z/ or g.x; y; z/D .�x;�y; z/. None of these
squares to � .

Finally, we will show that all remaining K are geometrically realizable while simultaneously achieving
our most important goal: a description of the desingularizing handle we are after for each possibility.

For each of them, we may define a faithful 4–dimensional real representation of K D h�; ˛; gi as follows:

�.x; y; z; t/D
�

cos
�
2�l

k

�
x� sin

�
2�l

k

�
y; sin

�
2�l

k

�
xC cos

�
2�l

k

�
y; z; t

�
;(62)

˛.x; y; z; t/D .x;�y;�z; t/;(63)

g.x; y; z; t/D
�

cos
�
�j

k

�
x� sin

�
�j

k

�
y; sin

�
�j

k

�
xC cos

�
�j

k

�
y;�z;�t

�
:(64)

Here j D l if k is odd, and j D l or lC
�
1
2
k
�

if k > 2 is even and K DK� or K DK�, respectively. For
the groups K5 and K6 we take j D 1 and j D 2, respectively. Note that we are continuing to assume
(without loss of generality) that � is the element in Gx that acts on Nx as rotation by the angle 2�l=k.
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Clearly .x; y; z; t/ is a fixed point of g only if z D t D 0. In the two cases with k D 2, for K5 we have

g.x; y; z; t/D .�y; x;�z;�t /(65)

and for the group K6 we have

g.x; y; z; t/D .�x;�y;�z;�t /;(66)

so other than the zero point .0; 0; 0; 0/, g has no fixed points at all in R4. Thus .x; y; 0; 0/¤ .0; 0; 0; 0/ is
a fixed point of g only if k > 2 and j D l D 0. Nontrivial powers of � never share a nonzero fixed point
with g, as � acts freely on the plane z D t D 0. We conclude that any nonzero point in the z D t D 0
plane has either a trivial stabilizer, a cyclic stabilizer generated by an element of Gx , or a stabilizer of
the form h�p˛; gi Š D4 for some 0 � p � k � 1, and moreover, this third case can only occur when
k > 2 and j D l D 0. This last fact — that noncycle stabilizers occur in this plane only when k > 2— is
essential to the remainder of our argument.

Now consider the action of K on the unit sphere S3 �R4, ie on

S3 D f.x; y; z; t/ 2R4 j x2Cy2C z2C t2 D 1g:(67)

The isotropy group of both .0; 0; 0;�1/, and .0; 0; 0; 1/ is the dihedral group Gx D h�; ˛i ŠD2k and
g swaps these two points. Moreover, every other point in S3 n f.0; 0; 0;�1/; .0; 0; 0; 1/g has either
trivial or cyclic isotropy, with some minor exceptions: when k > 2 and j D l D 0 there are points in
S3 n f.0; 0; 0;�1/; .0; 0; 0; 1/g with isotropy isomorphic to D4. Denote by W a small K–equivariant
ball around the union of .0; 0; 0;�1/ and .0; 0; 0; 1/ and remove it from S3. Attach the G–equivariant
handle G �K .S3nW / to the boundary of the G–equivariant normal neighborhood of G � x on M . For
k > 2, the resulting 3–manifold has fewer points with dihedral isotropy D2k , although it may create new
points with D4 isotropy. Attach the handles inductively for all dihedral isotropies isomorphic to D2k with
k > 2 (picking maximal such isotropies at every step) and all isomorphism classes of faithful irreducible
representations, and arrive at a manifold whose isotropies are only cyclic or dihedral of order 4. Now
repeat step (ii) of the proof to arrive at a manifold with only cyclic isotropies and dihedral isotropies of
order 4 with, moreover, the property that for any x and y with Gx DGy ŠD4, we know x and y are in
the same G orbit. Finally, return to step (iii) and desingularize any remaining D4 isotropies as we did in
the case with k > 2. Since the handles we have constructed for the D4 singularities have no noncyclic
isotropies on their interior, attaching them to the remaining D4 singularities gives our final manifold M 000

with only cyclic isotropies.

We are now ready to show which surfaces with free G–actions bound equivariantly.

Theorem 4.3 Let G be a finite group. Then the oriented and unitary equivariant bordism of surfaces
with free G–actions fits into the exact sequence

(68) �G3 fAG; f1gg
@
�! z�2.BG/! zB0.G/! 0:
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Proof Let us first show that the image of the boundary map consists of toral classes in H2.BG;Z/, that
is, homology classes coming from the image of maps of tori S1 �S1! BG.

Let M be a 3–dimensional G–manifold (oriented or unitary) whose boundary @M has a free G–action;
in the oriented case take M as shown in Lemma 4.2. Note that if the ramification locus M is not empty,
then it is a smooth oriented 1–dimensional manifold; in the unitary case this follows from the fact that
fixed points of all nontrivial subgroups can only have complex codimension 0 or 1.

If M is empty then M has a free G action and therefore the boundary surface .@M/=G bounds. If M is
not empty we may consider the G–equivariant tubular neighborhood N of M in M . The manifolds N
and M define the same bordism class, since on M �N the action of G is free, and therefore @M and @N
are cobordant. The tubular neighborhood N is homeomorphic to the unit ball bundle B� of the normal
bundle � of M in M . The sphere bundle S� defines the S1–principal bundle S1! S�!M , and since
every circle bundle over the circle is topologically a torus, the sphere bundle S� is homeomorphic to a
disjoint union of 2–dimensional tori. Hence @N is a disjoint union of 2–dimensional tori, and its quotient
@N=G is a torus (since M=G is connected and �.@N=G/D �.@N/=jGj). Hence we have now proved
that the image of the boundary map @ of (68) consists only of toral classes in H2.BG;Z/.

Now let us show the converse, namely that any toral class in H2.BG;Z/ lies in the image of the boundary
map of (68). Take any toral class defined by a homomorphism ' WZ�Z!G and denote byA WD'.Z�f0g/
and C WD '.f0g �Z/ the cyclic subgroups of G that define the toral class. Denote by a WD '.1; 0/ and
c WD '.0; 1/ the generators of A and C , respectively.

Let NGA be the normalizer of A in G and note that C is a subgroup of the normalizer. Denote by �
and N� the homomorphism � W Z!NGA, �.n/ WD cn and the homomorphism to the quotient N� W Z!WA.
Consider the irreducible representation � W A! U.1/, �.a/ WD e2�i=jAj, and define the U.1/ extension of
WA by the exact sequence of groups

(69) U.1/! U.1/�ANGA!WA;

where U.1/�ANGA is defined by the equivalence relation .��.˛/; g/� .�; ˛g/ for all ˛ 2A, � 2 U.1/
and g 2NGA.

Consider the homomorphism Q� WZ!U.1/�ANGA, Q�.n/ WD Œ.1; �.cn//�, and note that its classifying map

(70) BQ� W S1! B.U.1/�ANGA/

factors through the classifying map BN� W S1! BWA.

Let E WD .BQ�/�E.U.1/�ANGA/ be the pullback of the universal bundle and note two things. First, E is
a principal U.1/�ANGA–bundle over the circle S1, and therefore it is a surface. Second, the canonical
homomorphism

(71) NGA! U.1/�ANGA given by g 7! Œ.1; g/�
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induces a free action of NGA on E. Now it is straightforward to notice that the homology class of the
surface E=NGA! BNGA! BG in z�2.BG/ agrees with the homology class defined by B'�ŒS1 �S1�.

We still need to show that the surface E equivariantly bounds. Take the quotient F DE=U.1/ and note
that F is homeomorphic to .BN�/�EWA; hence F is the principal WA–bundle over the circle that N� defines
(see the following commutative diagram):

(72)

U.1/
**

U.1/�ANGA

��

))

U.1/�ANGA

**
U.1/

**

WA

��

��
WA

��
E

))

��

// E.U.1/�ANGA/
++

F //

��

��
EWA

��

S1
BQ�

// B.U.1/�ANGA/
**

S1
BN�

// BWA

ThenE is a principalU.1/–bundle overF , and therefore we may take the associated complex vector bundle

(73) C!C �U.1/E! F:

The unit bundle D.C �U.1/E/ is a unitary manifold endowed with the action of NGA, whose boundary,
the sphere bundle S.C �U.1/E/, is homeomorphic to E:

(74) @.D.C �U.1/E//D S.C �U.1/E/ŠE:

Therefore we have just proved that

(75) ŒG �NGAD.C �U.1/E/�
@
�! ŒE=NGA�D B'�ŒS

1
�S1�;

thus showing that any toral class in z�2.BG/ equivariantly bounds.

Now we can put the pieces together to understand the torsion of the equivariant bordism group of surfaces.

4.2 Torsion of the equivariant bordism group of surfaces

By Corollary 3.4,

(76) �G2 D Ker.�2/D TorZ.�
G
2 /:

Let us now determine explicitly these torsion subgroups.

Theorem 4.4 Let G be a finite group. Then there is a canonical isomorphism

(77)
M
.K/

zB0.WK/Š TorZ.�
G
2 /;

where .K/ runs over all conjugacy classes of subgroups of G, WK D NGK=K and zB0.WK/ is the
homology version of the Bogomolov multiplier of the group WK .
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Proof Denote by Gr� TorZ.�
G
2 / the associated graded groups of the G–equivariant, unitary or oriented,

bordism groups of surfaces that are induced by the Conner–Floyd spectral sequence of the families of
subgroups of (42). Lemma 4.1 and Theorem 4.3 imply that

(78) Grp TorZ.�
G
2 /Š

zB0.WKp
/;

and since all consecutive pairs of families are adjacent, we obtain the graded isomorphism

(79) Gr� TorZ.�
G
2 /Š

M
.K/

zB0.WK/:

Now, for a fixed conjugacy class of subgroups .K/, the canonical map

(80) z�2.BWK/!�G2 given by †=WK 7!G �NGK †;

which sends the quotient space of a surface † by the free WK–action to the surface with G–action whose
isotropy groups lie in .K/, factors through zB0.WK/, thus producing a canonical homomorphism

(81) zB0.WK/!�G2 :

Bundling up all these homomorphisms we obtain a canonical map

(82)
M
.K/

zB0.WK/! TorZ.�
G
2 /

which becomes an isomorphism since it is compatible with the graded isomorphism (79).

In particular, if G is a group whose Bogomolov multipliers vanish for all groups WK with K a nontrivial
subgroup, then TorZ.�

G
2 /Š

zB0.G/. This is the case whenever G is one of the smallest p–groups with
nontrivial Bogomolov multiplier. In the last section we present two p–groups of this kind.

We are now ready to provide an explicit calculation of the unitary and oriented equivariant bordism group
of surfaces. Assembling Theorems 3.1 and 4.4, and Proposition 3.3, we obtain the following result:

Theorem 4.5 Let G be a finite group. Then the unitary and oriented equivariant bordism of surfaces
canonically decompose as follows:

�
U;G
2 Š

M
.K/

�
zB0.WK/˚�

U
2 ˚

� M
Irr1

C.K/

Z

�WK
�
;(83)

�
SO;G
2 Š

M
.K/

�
zB0.WK/˚

� M
Irr1

C.K/C=conj

Z

�WK
�
:(84)

Here .K/ runs over the conjugacy classes of subgroups of G, WK is the Weyl group NGK=K, Irr1C.K/ is
the set of 1–dimensional nontrivial irreducible complex representations of K endowed with the natural
WK action , and Irr1C.K/C=conj denotes the representations of complex type modulo complex conjugation.
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5 2–Dimensional SK–groups of classifying spaces

Jänich in [15; 14] started the study of the characterization of invariants with the additivity property of the
Euler characteristic and the signature under cutting and pasting of manifolds.

Karras and Kreck in their diploma thesis extended the ideas of Jänich to cutting and pasting in the bundle
situation. The book [17] presented and simplified these results with the definition of the SK–groups
of a space (cutting and pasting groups from the German Schneiden und Kleben). Later Neumann [24]
completely calculated the 2–dimensional SK–groups of a space in terms of what is now known as the
Bogomolov multiplier of its fundamental group. We recall in this section the main results of [17; 24] that
allow us to relate the SK–relation with the equivariant bordism relation on surfaces with free actions.

The Schneiden und Kleben groups SK�.X/ of a space are defined as the Grothendieck group of the
semigroups obtained by defining the SK–equivalence on the class of continuous maps from oriented
n–dimensional manifolds to X [17].

The SK–relation is defined as follows: given .Mi ; fi / with fi W Mi ! X , we say that .M1; f1/ and
.M2; f2/ are related by cutting and pasting along @N if M1 DN [� �N

0, M2 DN [ �N
0 and there

are homotopies f1 jN' f2 jN and f1 jN 0' f2 jN 0 .

The Schneiden und Kleben bordism groups SKn.X/ of a space are defined as the quotient of the oriented
bordism groups by the equivalence relation generated by the SK–relation:

(85) SK�.X/D�SO
� .X/=� :

The group SK2.BG/ can be interpreted as the bordism group of surfaces with free G–actions modulo the
SK–relations.

The following results summarize the main properties of the SK–relation [17, Lemmas 1.5 and 1.6].

(i) Any f W S1!X is zero in SK1.X/.

(ii) If M fibers over Sn with fiber F , then for any f WM !X , in SK�.X/,

(86) ŒM; f �D ŒSn;��ŒF; f jF �:

(iii) If ŒM2; f2� is obtained from ŒM1; f1� by surgery of type .kC 1; n� k/, then in SK�.X/

(87) ŒM1; f1�C ŒS
n;��D ŒM2; f2�C ŒS

k
�Sn�1;��:

Now, if I� denotes the subgroup of SK�.X/ generated by the spheres with constant maps to X , which is
isomorphic to the integers, we have:

Theorem 5.1 [17, Theorem 1.1] For a connected space X , there is the exact sequence

(88) 0! I�! SK�.X/! SK�.X/! 0;

which is moreover split. The map 1
2
.�� �/ W SKn.X/! ZŠ In gives the splitting.

The groups SK�.X/ fit into short exact sequences whose middle terms are the oriented bordism groups.
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Theorem 5.2 [17, Theorem 1.2] Let Fn.X/ be the submodule of �SO
n .X/ generated by all elements

which have a representative that fibers over S1. Then Fn.X/ fits into the short exact sequence

(89) 0! F�.X/!�SO
� .X/! SK�.X/! 0:

This theorem follows from the observations that any manifold that fibers over S1 gives a class that is
zero in SK�.X/, and that the kernel of the homomorphism �SO

� .X/! SK�.X/ consists of mapping
tori. The key lemma for the opposite inclusion asserts that if .M1; f1/ is obtained from .M2; f2/ by
cutting and pasting along N , then in �SO

� .X/ the class of .N [� �N 0; f1/� .N [ �N 0; f2/ is equal to
the mapping torus of the diffeomorphism of @N , ��1 ı . Any mapping torus fibers over S1 and any
fibration over S1 is a mapping torus.

In dimensions 0 and 1 the groups SKn.X/ are trivial. In dimension 2 the oriented manifolds that fiber
over the circle are tori. Therefore by Theorem 5.2 we obtain the following result:

Theorem 5.3 [24, Theorem 2] Let G be a discrete group. Then the 2–dimensional SK–group of BG is
isomorphic to the Bogomolov multiplier of G:

(90) SK2.BG/Š zB0.G/:

Reinterpreting the SK–groups of BG in view of our previous results, we know by Theorem 4.3 that
an element of SK2.BG/ is zero whenever the associated G–cover of the surface is the boundary of a
3–dimensional manifold with a G–action. By Theorem 5.2, SK2.BG/ Š Z˚ zB0.G/, and therefore a
surface †! BG is zero in the group SK2.BG/ whenever the Euler characteristic of † is 0 and the
G–cover z† of † is the boundary of a 3–dimensional manifold with a G–action.

It would be interesting to explore the relation of this work with the higher-dimensional SK–groups of
classifying spaces.

6 Small groups with nontrivial Bogomolov multiplier

We conclude this work by presenting some explicit examples of groups with nontrivial Bogomolov
multiplier which induce nontrivial torsion subgroups in the equivariant bordism groups of surfaces. Some of
the calculations were done with the help of the Homological Algebra Programming package for GAP [10].

6.1 2–Group of size 64

The smallest groups with nontrivial Bogomolov multiplier are 2–groups of order 64. There are nine of
them, and all are in the same isoclinism class. By [23, Theorem 1.2] they all have isomorphic Bogomolov
multipliers, and in this case it is the group Z=2. Among the nine isoclinic groups we chose to study
the group

(91) C8 ÌQ8;
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which is the semidirect product of the group of quaternions Q8 with the cyclic group C8 of order 8; this
group is denoted by

SmallGroup(64,182)

in the GAP small groups library. Consider the presentations Q8 D ha; b j a2 D b2; aba�1 D b�1i and
C8 D hc j c

8 D 1i, and the action of Q8 on C8 given by the equations

(92) ac D c3; bc D c5 and .ab/c D c7:

Since H 2.C8;C�/D 0DH 2.Q8;C�/, we know by the Lyndon–Hochschild spectral sequence that

(93) H 2.C8 ÌQ8;C�/ŠH 1.Q8;H
1.C8;C

�//:

Define yC8 WDHom.C8;C�/DH 1.C8;C�/ and let yC8 D h� j �8 D 1i with �.c/D e2�i=8. Take the first
two terms of the complex C �.Q8; yC8/,

(94) yC8
ı
�!Map.Q8; yC8/;

and note that

(95) ı.�k/.a˙/D ��2k; ı.�k/.b˙/D �4k; ı.�k/..ab/˙/D �2k and ı.�k/.a2/D �0:

On the other hand, take the 1–cocycle F WQ8! yC8 defined by the equations

(96) F.a˙/D �2; F .b˙/D �0; F ..ab/˙/D �2 and F.a2/D �0;

and note that F does not bound but F 2 D ı.�2/. We have therefore that

(97) H 1.Q8; yC8/Š hŒF � j ŒF
2�D 0i Š Z=2:

Now any abelian subgroup of C8ÌQ8 splits as a semidirect product of abelian groups C ÌA with C �C8
and A �Q8. Since A can only be Z=4 or Z=2, it is now straightforward to check that ŒF �jCÌA D 0.
Hence ŒF � is the generator of the Bogomolov multiplier of C8 ÌQ8 and

(98) �
U;C8ÌQ8

2 Š�
SO;C8ÌQ8

2 Š Z=2:

Finally, with the explicit description of F we can define a surface †2 of genus 2 which defines the
generator of z�U2 .B.C8 ÌQ8//. Consider the presentation of the fundamental group of the surface

(99) �1.†2/D hx; y; z; w j Œx; y�Œz; w�D 1i

and define the assignment

(100) ˆ W �1.†2/! C8 ÌQ8; x 7! a; y 7! c; z 7! ab; w 7! c;

which induces a surjective homomorphism since

(101) ˆ.Œx; y�Œz; w�/D aca�1c�1.ab/c.ab/�1c�1 D c3c�1c7c�1 D c0:

The homomorphism ˆ induces a map Bˆ W†2! B.C8 ÌQ8/, and from the construction above of F ,
we deduce that Bˆ�Œ†2� generates the group H2.B.C8 ÌQ8/;Z/.
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Hence the surface

(102) z† WD .Bˆ/�E.C8 ÌQ8/

is a unitary surface with a free action of C8 ÌQ8 which does not equivariantly bound.

By Theorem 4.4, the class of z† is the generator of the torsion subgroup of �SO;C8ÌQ8

2 :

(103) TorZ�
SO;C8ÌQ8

2 D hŒz†�i Š Z=2:

To make sure that the first Chern number vanishes, we take the bordism class

(104) Œz†�� Œ.C8 ÌQ8/�†2� 2�U;C8ÌQ8

2 Š Z=2;

and by Theorem 4.4 we conclude that this is indeed the generator of the torsion subgroup of �U;C8ÌQ8

2 :

(105) TorZ�
U;C8ÌQ8

2 D hŒz†�� Œ.C8 ÌQ8/�†2�i Š Z=2:

6.2 3–Group of size 243

The smallest 3–groups with nontrivial Bogomolov multiplier are of order 243, and the three of them are
isoclinic with Bogomolov multiplier the group Z=3. We chose to study the group

(106) G WD .C9 ÌC9/ÌC3;

which is defined by the presentation

(107) G D ha; b; c j a3 D c3; a9 D b9 D 1; Œa; b�D c8b6; Œb; c�D a3; Œa; c�D b3c6i:

The left C9 is generated by c, the right C9 by b, and the C3 by ab; their corresponding actions are

(108) bcb�1 D c4; .ab/b.ab/�1 D c8b7 and .ab/c.ab/�1 D cb3:

This group corresponds to the small group

SmallGroup(243,30)

in the small groups library of GAP [10].

The second page of the Lyndon–Hochschild spectral sequence has for terms

(109) H 2.C9 ÌC9;C�/C3 D 0; H 1.C3;H
1.C9 ÌC9;C�//D Z=3 and H 2.C3;C

�/D 0;

where the middle term encodes the information of the Bogomolov multiplier.

Consider the surface †2 of genus 2 as in (99), and define the assignment

(110) ˆ W �1.†2/! .C9 ÌC9/ÌC3; x 7! a; y 7! b6; z 7! c; w 7! b;

which induces a surjective homomorphism since Œa; b6�D a3, Œc; b�D a6 and

(111) ˆ.Œx; y�Œz; w�/D Œa; b6�Œc; b�D 1:
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The map Bˆ W†2! B..C9 ÌC9/ÌC3/ generates the Bogomolov multiplier, and therefore the surface
z† WD .Bˆ/�E..C9ÌC9/ÌC3/ generates the torsion subgroup of the equivariant oriented bordism group
of surfaces

(112) TorZ�
SO;.C9ÌC9/ÌC3

2 D hŒz†�i Š Z=3:

In the unitary case,

(113) TorZ�
U;.C9ÌC9/ÌC3

2 D hŒz†�� Œ.C9 ÌC9/ÌC3 �†2�i Š Z=3:

Then z† is a surface of genus 486 with a free action of .C9ÌC9/ÌC3 which does not equivariantly bound.

Acknowledgements

Ángel was partially supported by grant INV-2019-84-1860 from the Fondo de Investigaciones de la
Facultad de Ciencias de la Universidad de los Andes. Samperton is supported by NSF grant DMS 2038020.
Segovia is supported by cátedras CONACYT, Convocatoria PAEP-2018 and Proyecto CONACYT ciencias
básicas 2016, 284621. Uribe acknowledges and thanks the continuous support of the Alexander Von
Humboldt Foundation and of CONACYT through project CB-2017-2018-A1-S-30345-F-3125. We are
indebted to Prof. Peter Landweber for reading earlier versions of this work and for suggesting changes
which have improved the paper. Thank you Prof. Landweber.

References
[1] A Ángel, A spectral sequence for orbifold cobordism, from “Algebraic topology: old and new”, Banach

Center Publ. 85, Polish Acad. Sci. Inst. Math., Warsaw (2009) 141–154 MR Zbl

[2] A Ángel, J M Gómez, B Uribe, Equivariant complex bundles, fixed points and equivariant unitary bordism,
Algebr. Geom. Topol. 18 (2018) 4001–4035 MR Zbl

[3] F A Bogomolov, The Brauer group of quotient spaces of linear representations, Izv. Akad. Nauk SSSR Ser.
Mat. 51 (1987) 485–516 MR Zbl In Russian; translated in Math. USSR-Izv. 30 (1988) 455–485

[4] P E Conner, E E Floyd, Differentiable periodic maps, Ergebnisse der Math. 33, Academic, New York
(1964) MR Zbl

[5] P E Conner, E E Floyd, Maps of odd period, Ann. of Math. 84 (1966) 132–156 MR Zbl

[6] T tom Dieck, Bordism of G–manifolds and integrality theorems, Topology 9 (1970) 345–358 MR Zbl

[7] T tom Dieck, Orbittypen und äquivariante Homologie, I, Arch. Math. (Basel) 23 (1972) 307–317 MR Zbl

[8] T tom Dieck, Transformation groups, de Gruyter Stud. Math. 8, de Gruyter, Berlin (1987) MR Zbl

[9] J E Domínguez, C Segovia, Extending free actions of finite groups on surfaces, Topology Appl. 305 (2022)
art. id. 107898 MR Zbl

[10] GAP Group, GAP: groups, algorithms, and programming (2021) Version 4.11.1 Available at https://
www.gap-system.org

Algebraic & Geometric Topology, Volume 24 (2024)

http://dx.doi.org/10.4064/bc85-0-10
http://msp.org/idx/mr/2503524
http://msp.org/idx/zbl/1170.57027
http://dx.doi.org/10.2140/agt.2018.18.4001
http://msp.org/idx/mr/3892237
http://msp.org/idx/zbl/1408.19005
http://mi.mathnet.ru/im1306
http://msp.org/idx/mr/903621
http://msp.org/idx/zbl/0641.14005
https://doi.org/10.1070/IM1988v030n03ABEH001024
http://dx.doi.org/10.1007/978-3-662-41633-4
http://msp.org/idx/mr/176478
http://msp.org/idx/zbl/0125.40103
http://dx.doi.org/10.2307/1970515
http://msp.org/idx/mr/203738
http://msp.org/idx/zbl/0156.22001
http://dx.doi.org/10.1016/0040-9383(70)90058-3
http://msp.org/idx/mr/266241
http://msp.org/idx/zbl/0209.27504
http://dx.doi.org/10.1007/BF01304886
http://msp.org/idx/mr/310919
http://msp.org/idx/zbl/0252.55003
http://dx.doi.org/10.1515/9783110858372.312
http://msp.org/idx/mr/889050
http://msp.org/idx/zbl/0611.57002
http://dx.doi.org/10.1016/j.topol.2021.107898
http://msp.org/idx/mr/4339642
http://msp.org/idx/zbl/1478.57027
https://www.gap-system.org
https://www.gap-system.org


Oriented and unitary equivariant bordism of surfaces 1653

[11] J P C Greenlees, J P May, Generalized Tate cohomology, Mem. Amer. Math. Soc. 543, Amer. Math. Soc.,
Providence, RI (1995) MR Zbl

[12] J P C Greenlees, J P May, Localization and completion theorems for MU–module spectra, Ann. of Math.
146 (1997) 509–544 MR Zbl

[13] B Hanke, Geometric versus homotopy theoretic equivariant bordism, Math. Ann. 332 (2005) 677–696 MR
Zbl

[14] K Jänich, Charakterisierung der Signatur von Mannigfaltigkeiten durch eine Additivitätseigenschaft, Invent.
Math. 6 (1968) 35–40 MR Zbl

[15] K Jänich, On invariants with the Novikov additive property, Math. Ann. 184 (1969) 65–77 MR Zbl

[16] G Karpilovsky, The Schur multiplier, Lond. Math. Soc. Monogr. (N.S.) 2, Oxford Univ. Press (1987) MR
Zbl

[17] U Karras, M Kreck, W D Neumann, E Ossa, Cutting and pasting of manifolds: SK–groups, Math. Lect.
Ser. 1, Publish or Perish, Boston, MA (1973) MR Zbl

[18] B Kunyavskiı̆, The Bogomolov multiplier of finite simple groups, from “Cohomological and geometric
approaches to rationality problems” (F Bogomolov, Y Tschinkel, editors), Progr. Math. 282, Birkhäuser,
Boston, MA (2010) 209–217 MR Zbl

[19] P S Landweber, Equivariant bordism and cyclic groups, Proc. Amer. Math. Soc. 31 (1972) 564–570 MR
Zbl

[20] P Löffler, Bordismengruppen unitärer Torusmannigfaltigkeiten, Manuscripta Math. 12 (1974) 307–327
MR Zbl

[21] J P May, Equivariant homotopy and cohomology theory, CBMS Reg. Conf. Ser. Math. 91, Amer. Math.
Soc., Providence, RI (1996) MR Zbl

[22] P Moravec, Unramified Brauer groups of finite and infinite groups, Amer. J. Math. 134 (2012) 1679–1704
MR Zbl

[23] P Moravec, Unramified Brauer groups and isoclinism, Ars Math. Contemp. 7 (2014) 337–340 MR Zbl

[24] W D Neumann, Manifold cutting and pasting groups, Topology 14 (1975) 237–244 MR Zbl

[25] R Oliver, SK1 for finite group rings, II, Math. Scand. 47 (1980) 195–231 MR Zbl

[26] E Ossa, Unitary bordism of abelian groups, Proc. Amer. Math. Soc. 33 (1972) 568–571 MR Zbl

[27] R J Rowlett, The fixed-point construction in equivariant bordism, Trans. Amer. Math. Soc. 246 (1978)
473–481 MR Zbl

[28] R J Rowlett, Bordism of metacyclic group actions, Michigan Math. J. 27 (1980) 223–233 MR Zbl

[29] E Samperton, Schur-type invariants of branched G–covers of surfaces, from “Topological phases of matter
and quantum computation” (P Bruillard, C Ortiz Marrero, J Plavnik, editors), Contemp. Math. 747, Amer.
Math. Soc., Providence, RI (2020) 173–197 MR Zbl

[30] E G Samperton, Free actions on surfaces that do not extend to arbitrary actions on 3–manifolds, C. R.
Math. Acad. Sci. Paris 360 (2022) 161–167 MR Zbl

[31] I Schur, Über die Darstellung der endlichen Gruppen durch gebrochen lineare Substitutionen, J. Reine
Angew. Math. 127 (1904) 20–50 MR Zbl

[32] S Schwede, Global homotopy theory, New Math. Monogr. 34, Cambridge Univ. Press (2018) MR Zbl

Algebraic & Geometric Topology, Volume 24 (2024)

http://dx.doi.org/10.1090/memo/0543
http://msp.org/idx/mr/1230773
http://msp.org/idx/zbl/0876.55003
http://dx.doi.org/10.2307/2952455
http://msp.org/idx/mr/1491447
http://msp.org/idx/zbl/0910.55005
http://dx.doi.org/10.1007/s00208-005-0648-0
http://msp.org/idx/mr/2181767
http://msp.org/idx/zbl/1073.55006
http://dx.doi.org/10.1007/BF01389831
http://msp.org/idx/mr/231399
http://msp.org/idx/zbl/0164.24501
http://dx.doi.org/10.1007/BF01350617
http://msp.org/idx/mr/253360
http://msp.org/idx/zbl/0201.25701
http://msp.org/idx/mr/1200015
http://msp.org/idx/zbl/0619.20001
http://msp.org/idx/mr/362360
http://msp.org/idx/zbl/0258.57010
http://dx.doi.org/10.1007/978-0-8176-4934-0_8
http://msp.org/idx/mr/2605170
http://msp.org/idx/zbl/1204.14006
http://dx.doi.org/10.2307/2037572
http://msp.org/idx/mr/296969
http://msp.org/idx/zbl/0232.57023
http://dx.doi.org/10.1007/BF01171078
http://msp.org/idx/mr/348776
http://msp.org/idx/zbl/0282.57022
http://dx.doi.org/10.1090/cbms/091
http://msp.org/idx/mr/1413302
http://msp.org/idx/zbl/0890.55001
http://dx.doi.org/10.1353/ajm.2012.0046
http://msp.org/idx/mr/2999292
http://msp.org/idx/zbl/1346.20072
http://dx.doi.org/10.26493/1855-3974.392.9fd
http://msp.org/idx/mr/3240441
http://msp.org/idx/zbl/1327.14099
http://dx.doi.org/10.1016/0040-9383(75)90004-X
http://msp.org/idx/mr/380837
http://msp.org/idx/zbl/0311.57007
http://dx.doi.org/10.7146/math.scand.a-11885
http://msp.org/idx/mr/612696
http://msp.org/idx/zbl/0433.16022
http://dx.doi.org/10.2307/2038101
http://msp.org/idx/mr/293666
http://msp.org/idx/zbl/0215.52603
http://dx.doi.org/10.2307/1997988
http://msp.org/idx/mr/515553
http://msp.org/idx/zbl/0404.57026
http://projecteuclid.org/euclid.mmj/1029002359
http://msp.org/idx/mr/568643
http://msp.org/idx/zbl/0442.57016
http://dx.doi.org/10.1090/conm/747/15045
http://msp.org/idx/mr/4079751
http://msp.org/idx/zbl/1447.57026
http://dx.doi.org/10.5802/crmath.277
http://msp.org/idx/mr/4384330
http://msp.org/idx/zbl/1486.57032
http://dx.doi.org/10.1515/crll.1904.127.20
http://msp.org/idx/mr/1580631
http://msp.org/idx/zbl/35.0155.01
http://dx.doi.org/10.1017/9781108349161
http://msp.org/idx/mr/3838307
http://msp.org/idx/zbl/1451.55001


1654 Andrés Ángel, Eric Samperton, Carlos Segovia and Bernardo Uribe

[33] R E Stong, Notes on cobordism theory: mathematical notes, Princeton Univ. Press (1968) MR Zbl

[34] R E Stong, Complex and oriented equivariant bordism, from “Topology of manifolds” (J C Cantrell, C H
Edwards, Jr, editors), Markham, Chicago, IL (1970) 291–316 MR Zbl

[35] B Uribe, The evenness conjecture in equivariant unitary bordism, from “Proceedings of the International
Congress of Mathematicians, II” (B Sirakov, P N de Souza, M Viana, editors), World Sci., Hackensack, NJ
(2018) 1217–1239 MR Zbl

[36] C T C Wall, Determination of the cobordism ring, Ann. of Math. 72 (1960) 292–311 MR Zbl

Departamento de Matemáticas, Universidad de los Andes
Bogota, Colombia

Department of Mathematics, University of Illinois at Urbana-Champaign
Urbana, IL, United States

Current address: Mathematics Department, Purdue University
West Lafayette, IN, United States

Instituto de Matemáticas, UNAM Unidad Oaxaca
Oaxaca, Mexico

Max Planck Institut für Mathematik
Bonn, Germany

Current address: Departamento de Matemáticas y Estadística, Universidad del Norte
Barranquilla, Colombia

ja.angel908@uniandes.edu.co, eric@purdue.edu, csegovia@matem.unam.mx,
bjongbloed@uninorte.edu.co

https://sites.google.com/site/bernardouribejongbloed/

Received: 30 April 2022 Revised: 13 February 2023

Geometry & Topology Publications, an imprint of mathematical sciences publishers msp

http://msp.org/idx/mr/248858
http://msp.org/idx/zbl/0181.26604
http://msp.org/idx/mr/273644
http://msp.org/idx/zbl/0281.57024
https://www.mathunion.org/fileadmin/ICM/Proceedings/ICM2018/ICM-2018-vol2-ver1-eb.pdf
http://msp.org/idx/mr/3966806
http://msp.org/idx/zbl/1450.55001
http://dx.doi.org/10.2307/1970136
http://msp.org/idx/mr/120654
http://msp.org/idx/zbl/0097.38801
mailto:ja.angel908@uniandes.edu.co
mailto:eric@purdue.edu
mailto:csegovia@matem.unam.mx
mailto:bjongbloed@uninorte.edu.co
https://sites.google.com/site/bernardouribejongbloed/
http://msp.org
http://msp.org


ALGEBRAIC & GEOMETRIC TOPOLOGY
msp.org/agt

EDITORS

PRINCIPAL ACADEMIC EDITORS

John Etnyre
etnyre@math.gatech.edu

Georgia Institute of Technology

Kathryn Hess
kathryn.hess@epfl.ch

École Polytechnique Fédérale de Lausanne

BOARD OF EDITORS

Julie Bergner University of Virginia
jeb2md@eservices.virginia.edu

Steven Boyer Université du Québec à Montréal
cohf@math.rochester.edu

Tara E Brendle University of Glasgow
tara.brendle@glasgow.ac.uk

Indira Chatterji CNRS & Univ. Côte d’Azur (Nice)
indira.chatterji@math.cnrs.fr

Alexander Dranishnikov University of Florida
dranish@math.ufl.edu

Tobias Ekholm Uppsala University, Sweden
tobias.ekholm@math.uu.se

Mario Eudave-Muñoz Univ. Nacional Autónoma de México
mario@matem.unam.mx

David Futer Temple University
dfuter@temple.edu

John Greenlees University of Warwick
john.greenlees@warwick.ac.uk

Ian Hambleton McMaster University
ian@math.mcmaster.ca

Matthew Hedden Michigan State University
mhedden@math.msu.edu

Hans-Werner Henn Université Louis Pasteur
henn@math.u-strasbg.fr

Daniel Isaksen Wayne State University
isaksen@math.wayne.edu

Thomas Koberda University of Virginia
thomas.koberda@virginia.edu

Christine Lescop Université Joseph Fourier
lescop@ujf-grenoble.fr

Robert Lipshitz University of Oregon
lipshitz@uoregon.edu

Norihiko Minami Yamato University
minami.norihiko@yamato-u.ac.jp

Andrés Navas Universidad de Santiago de Chile
andres.navas@usach.cl

Thomas Nikolaus University of Münster
nikolaus@uni-muenster.de

Robert Oliver Université Paris 13
bobol@math.univ-paris13.fr

Jessica S Purcell Monash University
jessica.purcell@monash.edu

Birgit Richter Universität Hamburg
birgit.richter@uni-hamburg.de

Jérôme Scherer École Polytech. Féd. de Lausanne
jerome.scherer@epfl.ch

Vesna Stojanoska Univ. of Illinois at Urbana-Champaign
vesna@illinois.edu

Zoltán Szabó Princeton University
szabo@math.princeton.edu

Maggy Tomova University of Iowa
maggy-tomova@uiowa.edu

Nathalie Wahl University of Copenhagen
wahl@math.ku.dk

Chris Wendl Humboldt-Universität zu Berlin
wendl@math.hu-berlin.de

Daniel T Wise McGill University, Canada
daniel.wise@mcgill.ca

See inside back cover or msp.org/agt for submission instructions.

The subscription price for 2024 is US $705/year for the electronic version, and $1040/year (C$70, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues and changes of subscriber address should be sent to MSP. Algebraic & Geometric Topology is
indexed by Mathematical Reviews, Zentralblatt MATH, Current Mathematical Publications and the Science Citation Index.

Algebraic & Geometric Topology (ISSN 1472-2747 printed, 1472-2739 electronic) is published 9 times per year and continuously online, by
Mathematical Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.
Periodical rate postage paid at Oakland, CA 94615-9651, and additional mailing offices. POSTMASTER: send address changes to Mathematical
Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.

AGT peer review and production are managed by EditFlow® from MSP.

PUBLISHED BY

mathematical sciences publishers
nonprofit scientific publishing

https://msp.org/
© 2024 Mathematical Sciences Publishers

http://dx.doi.org/10.2140/agt
mailto:etnyre@math.gatech.edu
mailto:kathryn.hess@epfl.ch
mailto:jeb2md@eservices.virginia.edu
mailto:cohf@math.rochester.edu
mailto:tara.brendle@glasgow.ac.uk
mailto:indira.chatterji@math.cnrs.fr
mailto:dranish@math.ufl.edu
mailto:tobias.ekholm@math.uu.se
mailto:mario@matem.unam.mx
mailto:dfuter@temple.edu
mailto:john.greenlees@warwick.ac.uk
mailto:ian@math.mcmaster.ca
mailto:mhedden@math.msu.edu
mailto:henn@math.u-strasbg.fr
mailto:isaksen@math.wayne.edu
mailto:thomas.koberda@virginia.edu
mailto:lescop@ujf-grenoble.fr
mailto:lipshitz@uoregon.edu
mailto:minami.norihiko@yamato-u.ac.jp
mailto:andres.navas@usach.cl
mailto:nikolaus@uni-muenster.de
mailto:bobol@math.univ-paris13.fr
mailto:jessica.purcell@monash.edu
mailto:birgit.richter@uni-hamburg.de
mailto:jerome.scherer@epfl.ch
mailto:vesna@illinois.edu
mailto:szabo@math.princeton.edu
mailto:maggy-tomova@uiowa.edu
mailto:wahl@math.ku.dk
mailto:wendl@math.hu-berlin.de
mailto:daniel.wise@mcgill.ca
http://dx.doi.org/10.2140/agt
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.ams.org/bookstore-getitem/item=cmp
http://www.isinet.com/products/citation/wos/
https://msp.org/
https://msp.org/


ALGEBRAIC & GEOMETRIC TOPOLOGY
Volume 24 Issue 3 (pages 1225–1808) 2024

1225Models of G–spectra as presheaves of spectra

BERTRAND J GUILLOU and J PETER MAY

1277Milnor invariants of braids and welded braids up to homotopy

JACQUES DARNÉ

1321Morse–Bott cohomology from homological perturbation theory

ZHENGYI ZHOU

1431The localization spectral sequence in the motivic setting

CLÉMENT DUPONT and DANIEL JUTEAU

1467Complex hypersurfaces in direct products of Riemann surfaces

CLAUDIO LLOSA ISENRICH

1487The K.�;1/ conjecture and acylindrical hyperbolicity for relatively extra-large Artin groups

KATHERINE M GOLDMAN

1505The localization of orthogonal calculus with respect to homology

NIALL TAGGART

1551Bounded subgroups of relatively finitely presented groups

EDUARD SCHESLER

1569A topological construction of families of Galois covers of the line

ALESSANDRO GHIGI and CAROLINA TAMBORINI

1601Braided Thompson groups with and without quasimorphisms

FRANCESCO FOURNIER-FACIO, YASH LODHA and MATTHEW C B ZAREMSKY

1623Oriented and unitary equivariant bordism of surfaces

ANDRÉS ÁNGEL, ERIC SAMPERTON, CARLOS SEGOVIA and BERNARDO URIBE

1655A spectral sequence for spaces of maps between operads

FLORIAN GÖPPL and MICHAEL WEISS

1691Classical homological stability from the point of view of cells

OSCAR RANDAL-WILLIAMS

1713Manifolds with small topological complexity

PETAR PAVEŠIĆ
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