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WHEN PROJECTIVE DOES NOT IMPLY FLAT,
AND OTHER HOMOLOGICAL ANOMALIES
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Transmitted by Ronald Brown

ABSTRACT. If 9t is both an abelian category and a symmetric monoidal closed
category, then it is natural to ask whether projective objects in 9t are flat, and whether
the tensor product of two projective objects is projective. In the most familiar such
categories, the answer to these questions is obviously yes. However, the category Mg
of Mackey functors for a compact Lie group G is a category of this type in which
projective objects need not be so well-behaved. This category is of interest since good
equivariant cohomology theories are Mackey functor valued. The tensor product on Mg
is important in this context because of the role it plays in the not yet fully understood
universal coefficient and Kiinneth formulae. This role makes the relationship between
projective objects and the tensor product especially critical. Unfortunately, if G is,
for example, O(n), then projectives need not be flat in Mg and the tensor product of
projective objects need not be projective. This misbehavior complicates the search for
full strength equivariant universal coefficient and Kiinneth formulae.

The primary purpose of this article is to investigate these questions about the interaction
of the tensor product with projective objects in symmetric monoidal abelian categories.
Our focus is on functor categories whose monoidal structures arise in a fashion described
by Day. Conditions are given under which such a structure interacts appropriately with
projective objects. Further, examples are given to show that, when these conditions
aren’t met, this interaction can be quite bad. These examples were not fabricated to
illustrate the abstract possibility of misbehavior. Rather, they are drawn from the
literature. In particular, M is badly behaved not only for the groups O(n), but also for
the groups SO(n), U(n), SU(n), Sp(n), and Spin(n). Similar misbehavior occurs in two
categories of global Mackey functors which are widely used in the study of classifying
spaces of finite groups. Given the extent of the homological misbehavior in Mackey
functor categories described here, it is reasonable to expect that similar problems occur
in other functor categories carrying symmetric monoidal closed structures provided by
Day’s machinery.
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Introduction

Let 9t be a symmetric monoidal closed abelian category. The tensor product of two
objects M and N in 901 is denoted M [0 N. The closed structure of 91 is provided by an
internal hom functor adjoint to the tensor product; the result of applying this functor to
M and N is an object of 9t denoted (M, N). In contrast, the abelian group of morphisms
from M to N in 9 is denoted MM (M, N).

It is often important to know how well the symmetric monoidal closed and abelian
category structures on 91 interact. Two obvious questions about this interaction are
whether projective objects are flat and whether the tensor product of two projectives is
projective. In the classical examples, these questions are answered by the dicta “projective
implies flat” and “the tensor product of projectives is projective”. Unfortunately, these
familiar dicta fail wildly in some less well known examples of symmetric monoidal closed
abelian categories.

One of the primary purposes of this article is to describe some examples of this homo-
logical misbehavior which arise in the study of Mackey functors. This context yields three
families of symmetric monoidal closed abelian categories in which projectivity does not
imply flatness. In one of these families, the tensor product of two projectives need not be
projective. These examples were not contrived merely to demonstrate the theoretical pos-
sibility of this sort of misbehavior. One of these families has appeared repeatedly in the
literature in both representation theory and stable homotopy theory [1,2,4,5,7,9,10, 12—
14,24-26,28,29]. A second family, the one in which both homological anomalies occur,
provides one of the very few reasonable definitions of a Mackey functor for a compact
Lie group [21]. It is unlikely that the other definitions are better behaved in this regard.
The misbehavior of projectivity with respect to tensor products is especially serious in
this category because of the important role these two notions play in universal coefficient
and Kiinneth theorems. The third family of categories arises naturally in the study of the
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equivariant Hurewicz and suspension homomorphisms in equivariant homotopy theory
[18,19].

Our two questions about the behavior of projective objects in symmetric monoidal
closed abelian categories fit naturally into a larger group of six interrelated questions
about the interaction of the monoidal closed and abelian structures on 99t. The other four
questions in this group are less frequently discussed. Like our question about the relation
between projectivity and flatness, each of these four deals with a pair of functors from
the list

(M,?7) : M — M (7, M) : MP — M
M(M,?) : 9 — Ab IM(?, M) : MP — Ab
MO? M — I,

and asks whether the exactness of one of the functors in the pair implies the exactness of
the other.

Some sense of the importance of one of the four is easily conveyed. This question
asks whether the exactness of the functor (M,?) implies the exactness of the functor
M(M,?). Assume that R is a commutative ring, G is a finite group, and R[G] is the
group ring of G over R. The categories of R-modules and of R[G]-modules are the classic
examples of symmetric monoidal closed abelian categories. In the category of R-modules,
the exactness of (M, ?7) implies the exactness of (M, ?) because the two functors differ
only in that 9(M, N) is the abelian group underlying the R-module (M, N). However,
if M is taken to be R with trivial G-action in the category of R[G]-modules, then the
functor (M, ?) is exact for formal reasons, whereas the failure of the exactness of 9(M, ?7)
is the source for group cohomology. Thus, the relation between the exactness of (M, 7)
and 9(M,7) is not obvious and can have far-reaching consequences. A second purpose
of this article is to call attention to these four infrequently discussed questions, and to
describe their relation to the two more familiar questions in our group of six.

All of the symmetric monoidal closed abelian categories considered here are functor
categories, and their monoidal structures are defined using a general procedure introduced
by Day [6]. Roughly speaking, Day provides a symmetric monoidal closed structure on a
functor category whose domain category O is a full subcategory of a symmetric monoidal
category §. The behavior of the projective objects in these functor categories can be
related to various properties of O. In particular, if O is closed under the product operation
on S, then the tensor product of projective objects in the associated functor category is
projective (see Proposition 3.2). Further, if S is a symmetric monoidal closed category
and O is closed under the function object construction on S, then projective objects in
the functor category are flat (see Proposition 3.3). A third purpose of this article is to
introduce these sufficient conditions for the good behavior of functor categories.

When the domain category O does not satisfy these simple closure conditions, the
interaction between the monoidal closed and abelian structures on the associated functor
category can be extremely bad. In particular, if G is a compact Lie group which contains
the orthogonal group O(2) as a subquotient, then there are non-flat projective objects
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in the category of G-Mackey functors (see Example 6.7). Moreover, in the category
of O(n)-Mackey functors, for n > 2, there are pairs of projective objects whose tensor
product is not projective (see Theorem 6.9). Badly behaved examples like these appear so
ubiquitously in the context of Mackey functors that it is only prudent to assume that the
interaction is bad in any case where our closure conditions fail. One is almost tempted
to conjecture that our sufficient conditions are also necessary. The behavior of functor
categories is not, however, this predictable. One would expect badly behaved projective
objects in the category of S'-Mackey functors since the appropriate domain category fails
to satisfy our closure conditions. However, in this functor category, projective implies
flat, and the tensor product of a pair of projective objects is projective (see Theorem 3.8).

The tensor product and internal hom functors which provide Day’s symmetric mon-
oidal closed structures are, to say the least, usually not easily computed. The final purpose
of this article is to describe techniques which can be used to manipulate these functors.

In the first section, we give the precise statements of our six homological questions,
and make a few observations about relations among them. The next section contains a
review of Day’s monoidal closed structures, and an introduction to the relevant examples
of categories carrying these structures. The focus of the third section is on our positive
results guaranteeing that a functor category carrying one of Day’s monoidal structures
satisfies our various compatibility conditions. The fourth and fifth sections contain more
detailed descriptions of our families of examples. Section six is devoted to the statements
of our negative results indicating how badly behaved the tensor product can be in a
functor category to which the results of section three are inapplicable. The remaining
sections provide the proofs of various results stated in sections three and six. In particular,
our negative results about the category of Mackey functors associated to an incomplete
indexing universe are proven in section seven. Sections eight and nine contain the proofs
of our results about the homological misbehavior of the category of Mackey functors for a
compact Lie group. Section ten provides the proofs of our positive results on the category
of S1-Mackey functors. Our results about the homological misbehavior of globally defined
Mackey functors are proven in the last section.

1. Compatibility questions for symmetric monoidal closed abelian cate-
gories

Here, the compatibility questions of interest to us are phrased in terms of six axioms
which a symmetric monoidal closed abelian category 9t may satisfy. Certain fundamental
connections between these axioms are also explored. Four of these six axioms are clearly
satisfied by both the category R-Mod of modules over a commutative ring R and the
category R[G]-Mod of modules over the group ring R[G] of a finite group G over the
ring R. The other two axioms are obviously satisfied by R-Mod, but are typically not
satisfied by R[G]-Mod. The nature, and significance, of the misbehavior of R[G]-Mod
with respect to these two axioms is therefore discussed here.
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1.1. DEFINITION.

(a) Since an object M of M is said to be projective if the functor M(M,?) : M — Ab
is exact, an object M is said to be internally projective if the functor (M,?7) : I — M
18 exact.

(b) Since M is injective if the functor M(?, M) : MNP — Ab is exact, M is said to be
internally injective if the functor (7, M) : IMP — M is ezact.

Our 6 axioms which may be satisfied by a symmetric monoidal closed abelian category
N are:

PiF If an object M of 91 is projective, then it is also flat.

PiIP If an object M of 91 is projective, then it is internally projective.
IiIT If an object M of 901 is injective, then it is internally injective.
IPiP If an object M of 901 is internally projective, then it is projective.
ITil If an object M of 901 is internally injective, then it is injective.

TPPP If the objects M and N of 91 are projective, then so is M [ N.

In the introduction, it was noted that IPiP holds in the category R-Mod of modules
over a commutative ring R, but fails in the category R[G]-Mod of modules over the group
ring R[G] of a finite group G over R. The argument for the failure of IPiP in R[G]-Mod
made use of R considered as an R[G]-module with trivial G-action. The significance
of the R[G]-module R in this context is that it is the unit for the tensor product on
R[G]-Mod. The question of whether 9t satisfies the axioms IPiP and IIil is closely tied
to the behavior of the unit for the tensor product on 91, which we denote by @ (or egy). In
particular, the canonical unit isomorphism (e , M) = M of 9t implies that e is internally
projective. Thus, IPiP can’t be satisfied unless e is projective.

1.2. LEMMA.

(a) The category M satisfies IPiP if and only if the unit e for the tensor product on
M is projective.

(b) The category M satisfies 111l if the unit e for the tensor product on M is projective.

Proof. We have already noted that e must be projective if 91 satisfies IPiP. The rest of
part (a) and part (b) both follow easily from the natural isomorphism Mi(e, (M, N)) =
IM(M, N). n
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The question of whether the unit e for 91 is projective seems to have an significance
far beyond this lemma. There is a theory of localization for well-behaved symmetric
monoidal closed abelian categories which generalizes the classical theory of localization for
a commutative ring and its modules. This theory can be developed using techniques drawn
from the theory of localization for noncommutative rings [27]. The various localizations of
a category 9 provided by this theory are all symmetric monoidal closed abelian categories.
In the most favorable cases, such a localization of 9t can can be identified as the category
of modules over the localization of the unit e of 9. However, as one might expect from
the theory of localization of noncommutative rings, the typical localization of 91 is a more
subtle construction. The simplest indicator of whether the localized category is of this
more subtle kind is that the more subtle construction occurs precisely when the unit of
the localized category fails to be projective in that category.

The hom/tensor adjunction which provides the closed structure on 9 implies that the
remaining 4 axioms fall into two pairs of roughly equivalent conditions. In categories of
functors into Ab, which always have enough projectives and injectives, the conditions in
each pair are, in fact, equivalent.

1.3. PROPOSITION.

(a) If M satisfies PiIP, then it also satisfies TPPP. Moreover, if MM has enough
projectives, then TPPP implies PilP.

(b) If M has enough projectives, then PiF implies Iill. If MM has enough injectives,
then Lill implies PiF.

Proof. Let f : L— M and g : M — N be a monomorphism and an epimorphism in
M, respectively. Both implications in part (a) follow from the equivalence of the lifting
problems represented by the two diagrams

PO P
. s
X K
M—{—N (@, M) ——(Q,N),

in which P and @ are projective objects in 9. Both implications in part (b) follow from
the equivalence of the lifting problems represented by the two diagrams

in which P and I are projective and injective in 90, respectively. n
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2. Day’s symmetric monoidal closed structures

The categories of greatest interest in this article are functor categories with symmetric
monoidal closed structures of the sort described by Day in [6]. However, only a rather
simple case of Day’s general approach is needed for our examples. In this section, that
case is reviewed, and our basic examples of functor categories carrying Day’s structures
are introduced.

Let S be a symmetric monoidal Ab-category whose tensor product A is bilinear, and
O be a skeletally small full subcategory of S. The relevant case of Day’s approach ap-
plies to any reasonably well-behaved subcategory O, and provides a symmetric monoidal
closed structure on the category M, of additive functors from O into Ab. In fact, Day’s
machinery applies equally well to functors into the category R-Mod of modules over a
commutative ring R. However, restricting attention to functors into Ab somewhat sim-
plifies our notation.

Our entire discussion of 9, is plagued by an annoying problem with the variance of
our functors. The general observations in the next section about the relation between
Day’s structures and our axioms are most easily presented in terms of the category of
covariant functors out of @. However, some of our examples are drawn from geometric
sources, like cohomology theories, which naturally yield contravariant functors. Most
of the time, this difference in the preferred variance is nothing more than a notational
nuisance. The preference for covariant functors in the next section arises from Proposition
3.3, which necessarily applies only to covariant functors. All of the other results in that
section apply equally well to covariant and contravariant functors since they depend only
on self-dual properties of § and O. In many of our examples, the question of a preferred
variance is moot, either because O and O° are isomorphic or because functors of both
variances are of interest. Nevertheless, in a few key cases, variance is very significant. The
preferred variance in these cases is perversely split about evenly. Since there is no clearly
preferred variance and the choice of variance is often irrelevant, 9, is a deliberately
ambiguous symbol denoting either of the two categories of additive functors from O to
Ab. In the sections where functors of both variance are considered, this notation is used
only in remarks applicable to both categories. When variance really matters, the symbols
M and IME™ are used to denote the categories of covariant and contravariant additive
functors from O into Ab, respectively.

The case of Day’s approach considered here is quite similar to that described in section
4 of [21]. However, two differences are worth noting. In [21], it is assumed that O contains
the unit for the tensor product on S. Here, that constraint is replaced by a weaker
condition on O which fits more naturally into our discussion of the connection between
the properties of O and our axioms. The second difference is that all the functors in
[21] are contravariant. Since the contravariant case is discussed in detail in [21], the
introductory discussion here is focused on the covariant case. Readers interested in the
contravariant case may either make the necessary notational adjustments for themselves
or look them up in [21].

The definition below provides the basic components of Day’s symmetric monoidal
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closed structure on the category 915". In this definition, and throughout the rest of the
article, objects of O are denoted by A, B, C, etc., and the objects of S that need not be
in O are denoted by Z, Y, X, etc. The unit for the tensor product of S is denoted e (or

o).

2.1. DEFINITION.

(a) For X in S, let HY : O — Ab and HY™" : O — Ab be the functors given by
HY(A) = S(X,A) and HY(A) = S(A, X). Note that HSY is in MG and HP™ is in
M. In remarks applicable to the functor category of either variance and in contexts
where the desired variance should be obvious, the notation Hy is used for the functor of
the appropriate variance associated to X .

(b) If M and N are objects of M, then the functor M O N in IMZ is given on an
object A of O by
B,CeO
(M O NY(A) :/ M(B)& N(C) @ S(BAC, A).

The naturality of coends provides the definition of M LI N on the morphisms of O.

(c) If M and N are objects of M, then the functor (M, N) in IS is given on an
object A of O by

(M, NY(A) = /BCGO hom (M(B) ® S(A A B,C), N(C)).

The naturality of ends provides the definition of (M, N) on the morphisms of O.
(d) Let A, C bein O and X, Y bein S. Then the evaluation map
S(X,C)SY ANC,A)— S(YANX,A)

mduces a homomorphism
c
(XY A) - / S(X,C) @ S(Y A C, A)— S(Y A X, A)

of abelian groups. Note that, by Lemma 4.3(b) of [21], this map is an isomorphism if X
1s in O. There is an an analogous map

C
poom(Xy;A);/ S(C,X) ®S(A,Y AC)— S(AY AX)

which must be used instead of p(X,Y; A) in the context of categories of contravariant
functors. This map is denoted 0 in [21] and is discussed there in the proof of Proposition
5.2. In remarks applicable to functors of either variance, p(X,Y; A) is used to denote the
appropriate one of these two maps.
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It is easy to see that the [J operation is symmetric, and a simple end calculation
gives the desired adjunction relating [J and ( , ). Thus, to show that these constructions
provide M, with a symmetric monoidal closed structure, it suffices to exhibit a unit
for [, construct an associativity isomorphism, and prove that the appropriate diagrams
commute. The unit for M, should be H,_ . The associativity isomorphism for 9,
should be easily derived from the associativity isomorphism for &, and the commutativity
of the required diagrams for 9, should follow from the commutativity of the analogous
diagrams in §. Nevertheless, these last three pieces of the monoidal structure need not fit
properly into place unless the map p(X,Y; A) is an isomorphism under the appropriate
conditions.

2.2. THEOREM. Let § be an Ab-category with a symmetric monoidal structure derived
from a bilinear tensor product N\, and let O be a skeletally small full subcategory of S. If
the map p(X,Y; A) is an isomorphism whenever X = eg and Y € O and whenever X
and Y are both finite \-products of objects in O, then M, is a symmetric monoidal closed
category.

Proof. We prove this result for 95; the proof for 9™ is analogous. In this and several
other proofs, we make use of a variety of folklore results about ends and coends. The
contravariant analogs of these results are discussed in section 4 of [21]. The proofs of
these results are formal, and obviously translate to the covariant context. Note, however,
that the results in section 5 of [21] typically apply only in the contravariant case since
their proofs make use of more geometric arguments. Let M, N, and P be in 9. The
unit isomorphism M O H Y = M of M is given at A € O by the composite

B,CeO
(MOH,)(A) = / M(B) ® S(es,C) @ S(B A C, A)
I7r e M(B)® S(B A sg, A)
~ [ um ess.a
= M(A),

in which the last isomorphism is given by Lemma 4.3(c) of [21]. The associativity isomor-
phism for 9" is obtained by using the maps p** to identify both ((M O N)O P)(A) and
(MO (NDOP))(A) with

/B,C,DGO M(B)® N(C)® P(D)® S(BAC A D, A)

for each A € O. The maps p**(X,Y; A) are used in much the same fashion to reduce the
question of the commutativity of each of the necessary diagrams in 9" to the commu-
tativity of a corresponding diagram in S. n
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2.3. ScHOLIUM. The requirement in this theorem that p(X,Y;A) be an isomorphism
whenever both X andY are finite N-products of objects in O was unfortunately overlooked
in [21]. Howewver, the map 0 introduced in the proof of Proposition 5.2 of [21] is our map
P (X, Y5 A). In the proof of that proposition, 0 is shown to be an isomorphism under
far broader conditions than those needed to ensure that the categories considered in [21]
are symmetric monoidal.

2.4. REMARK.

(a) If ogisin O, then the map p(es,Y’; A) is an isomorphism by Lemma 4.3(b) of [21].
Thus, the restriction imposed on es in the theorem above is weaker than that imposed in
[21].

(b) If O contains es and is closed under finite A-products, so that it is a symmetric
monoidal subcategory of S, then both conditions on the maps p(X,Y; A) are satisfied,
again by Lemma 4.3(b) of [21].

We conclude this section with a list of examples of pairs (S, O) satisfying the hy-
potheses of Theorem 2.2. These examples serve a three-fold purpose. The next section is
devoted to positive results giving conditions on a pair (S, Q) which ensure that the associ-
ated functor category 9., satisfies one or more of our axioms. The power of those positive
results is illustrated by the fact that they apply to several of the most important special
cases of the examples below, and thus assure us that the associated functor categories are
well-behaved. The limitation of our positive results is that they give sufficient, but not
necessary, conditions for the good behavior of 9M,. Some special cases of the examples
below are used to provide a measure of this lack of necessity. Section 6, and most of the
sections following it, describe functor categories which fail to satisfy our compatibility
axioms. These badly behaved categories are also special cases of the examples below.

2.5. EXAMPLE.

(a) Let R be a commutative ring, S be the category R-Mod of R-modules, and O be
the full subcategory of S containing R as its only object. In this case, S is a symmetric
monoidal closed category, and O is a symmetric monoidal closed subcategory. Of course,
M, is just R-Mod, and Day’s symmetric monoidal closed structure is identical to the
standard one. In some sense, this example is frivolous in that we have applied a vast
machine to R-Mod with its symmetric monoidal closed structure only to recover that cat-
egory with the same structure. However, in our discussion of the connections between the
structure of O and our compatibility axioms, this example nicely illustrates the benefits
of a very well-behaved category O.

(b) Let R be a commutative ring, G be a finite group, and S be the category R[G]-Mod
of R[GJ-modules. In this context, there are two reasonable choices for 0. The smallest,
which we denote Oy, is the full subcategory of S containing R|[G| as its only object. The
other category, O, is the full subcategory of S containing the n-fold direct sum of copies
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of R[G] for all n > 1. Note that neither of these subcategories contains the unit for the
tensor product on S, which is R with trivial G-action. The advantage of O, over Oy is
that O is closed under both the tensor product and the internal hom operations on S.
Of course, M, and IM,,, are just R[G]-Mod with its usual symmetric monoidal closed
structure, so this example is just as frivolous as the previous one. However, it too serves
to illustrate the relation between the structure of O and the compatibility axioms satisfied

by 9.

(¢) Let G be a compact Lie group, U be a G-universe, and S be the equivariant stable
category hGSU of G-spectra indexed on U (see chapter I of [23]). The obvious choice for
the associated category O is the stable orbit category O¢(U). This is the full subcategory
whose objects are suspension spectra X°G/H . associated to the orbits G/H derived from
the closed subgroups H of G. The category Og(U) contains the unit for S. However, if G
is nontrivial, Og(U) is closed under neither the tensor product nor the internal hom on S.
A contravariant functor out of Og(U) is called a (G, U)-Mackey functor, and the category
of such functors is denoted M (V). If U is a complete G-universe, then Og(U) and M (V)
are abbreviated to Og and Mg, respectively. If G is finite and U is complete, then (G, U)-
Mackey functors are the classical Mackey functors introduced by representation theorists
for the study of induction theorems (see [8,11, 16,22] and Proposition V.9.9 of [23]). The
case in which U is incomplete plays a role in the equivariant Hurewicz and suspension
theorems [18,19] and in the study of change of universe functors in equivariant stable
homotopy theory [20]. The category M (U) is discussed in greater detail in sections 4,
6, 7,8,9, and 10.

(d) If the group G in the previous example is finite, then the Burnside category Bg(U)
is another choice for O. This is the full subcategory of S containing the suspension spectra
Yip X of the finite G-sets X. Note that Og(U) is a subcategory of B¢(U). The advantage
of Bg(U) over Og(U) is that it is closed under the tensor product operation on S. If the
universe U is complete, then B (U) is a symmetric monoidal closed subcategory of S. Its
closed structure is even nicer than that of the category of finite dimensional vector spaces
over a field in that objects in Bg(U) are canonically self-dual. However, if U is incomplete,
then Bg(U) is not closed under the internal hom operation on S. As with Og(U), one
is usually interested in contravariant functors out of Bg(U). For either variance, the
categories of functors out of Og(U) and Bg(U) are equivalent via the restriction functor
induced by the inclusion of Og(U) into Bg(U). Thus, we abuse notation and employ
Me(U) to denote the category of contravariant functors from Bg(U) to Ab.

(e) The objects of the global Burnside category B, are the finite groups. If G and H are
finite groups, then the set of morphisms from G to H in B, is the Grothendieck group of
isomorphism classes of finite (G x H)-sets. The composition of a (G x H)-set X, regarded
as a morphism from G to H, with an (H x K)-set Y, regarded as a morphism from H to
a finite group K, is (X x Y)/H, where the passage to orbits is over the diagonal action
of H on X x Y. The cartesian product of groups makes B, into a symmetric monoidal
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Ab-category. There is an obvious duality functor ® : B, — B2 which is the identity on
objects and which sends the (G x H)-set X to itself regarded as an (H x G)-set. This
duality functor provides B, with a closed structure like that for finite dimensional vector
spaces; the internal hom object associated to groups G' and H is ©(G) x H. Covariant
additive functors from B, to Ab are the most structured kind of globally defined Mackey
functors. The category of such functors is denoted 901..

Most globally defined Mackey functors carry a much less rich structure than that carried
by the functors in 9,. These less structured Mackey functors are additive functors from
some subcategory of B, into Ab. The subcategories of B, of interest to us here can be
described in terms of pairs (3, Q) of sets of integer primes. A (G x H)-set X is said to
be a (P, Q)-set if, for each x € X, the G-isotropy subgroup G, of x has order divisible
only by the primes in 8 and the H-isotropy subgroup H, of x has order divisible only
by the primes in 9. The subcategory B.(B, Q) of B, has the same objects as B, but
the set of morphisms from G to H in B,(B, Q) is the Grothendieck group of isomorphism
classes of finite (G x H)-sets which are also (3, Q)-sets. Observe that B.(F, Q) is just
B.(9Q,9). The category B.(B, Q) inherits a symmetric monoidal structure from B,, but
the internal hom on B, does not restrict to give B.(P, Q) a closed structure. In fact,
B.(B, Q) is typically not a closed category. Covariant additive functors from B, (3, Q) to
abelian groups are called global (3,92)-Mackey functors. The category of such is denoted
M. (B, Q).

The category B,, and each of its subcategories B, (3, Q), can serve as both § and O in
a pair (S, O) satisfying the hypotheses of Theorem 2.2. Note that this is our only example
in which § need not be a closed category. The categories B, (I3, Q) appear, under various
names and in various guises, in [1,2,4,5,7,9,10,12-14,24-26, 28, 29], and are discussed
in greater detail in sections 5, 6 and 11.

2.6. REMARK. The pairs (S,0) from Examples 2.5(a), 2.5(d), and 2.5(e) satisfy the
hypotheses of Theorem 2.2 by Remark 2.4 since, in each of these cases, O is a symmetric
monoidal subcategory of §. Simple direct computations indicate that the pairs (S, O)
from Example 2.5(b) satisfy the hypotheses of Theorem 2.2. If the group G is finite in
Example 2.5(c), then the pairs introduced in that example must satisfy the hypotheses
of Theorem 2.2 since the resulting functor categories M (U) can be identified with the
functor categories introduced in Example 2.5(d). If G is a nonfinite compact Lie group,
then the argument needed to show that the pairs (S,O) of Example 2.5(c) satisfy the
hypotheses of Theorem 2.2 is described in Scholium 2.3.

3. Positive results on functor categories

Throughout this section, (S, Q) is assumed to be a pair of categories satisfying the hy-
potheses of Theorem 2.2. The focus of most of this article is on functor categories which do
not satisfy our compatibility axioms. However, this section is devoted to positive results
giving conditions on a pair (S, O) which ensure that the associated functor category 9,
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satisfies our various compatibility axioms. Our compatibility axioms naturally fall into
three pairs. Associated to each of these pairs of axioms there is a fairly natural closure
property on the subcategory O which ensures that the associated functor category 9,
satisfies that pair of axioms. Unfortunately, as various pairs drawn from Example 2.5
illustrate, these sufficient conditions are far from necessary.

3.1. PROPOSITION. Let S be an Ab-category with a symmetric monoidal structure de-
rived from a bilinear tensor product A, and let O be a skeletally small full subcategory of
S such that the pair (S, Q) satisfies the hypotheses of Theorem 2.2. If the unit os of S is
in O, then the unit of M, is projective, and M, satisfies the axioms IPiP and IIil.

Proof. The unit for M, is the functor H, . Since o5 is in O, this functor is representable
and therefore projective. The rest of the proposition follows immediately from Lemma
1.2. ]

In all the pairs (S, Q) from Example 2.5 except those from Example 2.5(b), O contains
the unit of S so that the proposition above applies. However, in the two pairs introduced
in Example 2.5(b), the unit of S is definitely not in O. In this case, both & and M, are
the category R[G]-Mod of modules over the group ring R|[G] of a finite group G. The unit
for this category is the ring R with trivial G-action, which is typically neither projective
nor injective in R[G]-Mod. However, being the unit, R is necessarily internally projective
in R[G]-Mod. Moreover, if R is a field, then, regarded as a trivial R|G]-module, it is
internally injective in R[G]-Mod. Thus, R[G]-Mod illustrates how badly behaved the
category 9, can be when the hypotheses of the proposition don’t hold. On the other
hand, if R is a field of characteristic prime to the order of the group G, then R with
trivial G-action is projective in R[G]-Mod so that R[G]-Mod satisfies the axioms IPiP
and ITil. Thus, the sufficient condition in the proposition is far from necessary.

3.2. PROPOSITION. Let S be an Ab-category with a symmetric monoidal structure de-
rived from a bilinear tensor product A, and let O be a skeletally small full subcategory of
S such that the pair (S,O) satisfies the hypotheses of Theorem 2.2. If O is closed under
the tensor product operation on S, then the category M, satisfies the axioms TPPP and
PilP.

Proof. The representable functors form a set of projective generators for 9,. Thus, to
show that 9, satisfies TPPP, it suffices to show that, if A and B are in O, then H ,00H
is projective. Lemma 4.4(b) of [21] gives that H, O Hpz = H 4,5 Since AA B isin O,
H 4,5 is a representable functor in 9, and so projective. The rest of the proposition
follows from Proposition 1.3(a). n

The sufficient condition given by this proposition is not strictly necessary since the
categories R[G]-Mod and M (U) associated to a finite group G in Examples 2.5(b) and
2.5(c) both satisfy TPPP and PiIP, but are of the form 9, for a category O that is not
closed under the tensor product operation on S. However, these examples are misleading
in the sense that, in both cases, O is a proper subcategory of a larger subcategory O of
S which is closed under the tensor product and whose associated functor category 9,
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is equivalent to M, under the obvious restriction functor. Theorem 3.8 below provides a
more convincing example of non-necessity.

3.3. PROPOSITION. Let S be a symmetric monoidal closed Ab-category, and let O be a
skeletally small full subcategory of S such that the pair (S,O) satisfies the hypotheses of
Theorem 2.2. If O is closed under the internal hom operation on S, then the category
MY satisfies the axioms PiF and Iill.

As with the previous proposition, the sufficient condition given by this proposition is
not strictly necessary since the category R[G]-Mod of Examples 2.5(b) satisfies PiF and
IiIl, but is a category of the form 9’ for a category O that is not closed under the
internal hom operation on §. Another such example is provided by the category Og(U)
of Example 2.5(c) in the special case where G is finite and U is complete. Again, however,
these examples are misleading in the sense that, in each of them, O is a proper subcategory
of a larger subcategory O of S which is closed under the internal hom operation and
whose associated functor category M., is equivalent to M, under the obvious restriction
functor. Theorem 3.8 gives a more convincing example of non-necessity.

3.4. REMARK. In all of our examples derived from the equivariant stable category hGSU
of G-spectra indexed on a G-universe U, the category S, which was assumed to be hGSU,
can be replaced with its full subcategory S’ consisting of the G-spectra with the G-
homotopy type of finite G-CW spectra. Equivariant Spanier-Whitehead duality provides
a functor ® : &' — (8’)°P which is an equivalence of symmetric monoidal closed categories
between S’ and its opposite category. The internal hom in & associated to objects X and
Y is just ®(X) AY. The category B, of Example 2.5(e) has a similar closed structure.
Categories with this sort of symmetric monoidal closed structure are sometimes called
*_autonomous categories (see, for example, [3]). Whenever S, or some full subcategory S’
of § containing O, has a closed structure of this sort, the category O is closed under the
internal hom operation on § if and only if O° is analogously closed. Thus, the restriction
of Proposition 3.3 to covariant functors is unnecessary in this special case.

To prove the proposition above, we need to introduce an important endofunctor on
M.
3.5. DEFINITION. Let § be a symmetric monoidal closed Ab-category, and let O be a
skeletally small full subcategory of S such that the pair (S,O) satisfies the hypotheses of
Theorem 2.2. Assume also that O is closed under the internal hom operation on S. If X

and Y are in S, then denote the internal hom of this pair in S by (X,Y). For N in Iy
and D in O, let NP be the functor in IS given by NP(A) = N({D, A)).

3.6. LEMMA. Let D be in O.
(a) The assignment of NP to N € MY is an exact additive functor on IME".
(b) There is an isomorphism
Hg'ON = NP
which is natural in both N € M and D € O.
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Proof. Clearly the assignment of N to N and D is functorial and is additive in each of
N and D separately. It is exact in N because the exactness of sequences in the functor
category M is determined pointwise. On an object A of O, the isomorphism between
Hp O N and NP is given by the composite

B,CeO
(Hp, ON)(A) = / H,(B)® N(C)® S(BAC,A)

B,CeO
:/ S(D,B)® N(C) ® S(B A C, A)

12

/ N wS(DAC A

CeO
~ / N(C) @ S(C, (D, A))
>~ N({D, A)) = NP(A).

Here, the first and third isomorphisms are given by Lemmas 4.3(b) and 4.3(c) of [21],
respectively. The second isomorphism comes from the adjunction isomorphism making S
a closed category. Clearly the composite above is natural in A, D, and N. [

3.7. REMARK. The construction N” is very closely related to the construction Np in-
troduced in the context of Example 2.5(d) by Dress [8]. In fact, if the G-universe U of
that example is complete and O is taken to be B (U), then the very simple nature of the
symmetric monoidal closed structure carried by Bg(U) implies that the two constructions
are isomorphic.

PROOF OF PROPOSITION 3.3. Note first that the adjunction making S a closed category
forces the tensor product on § to be bilinear. Since the representable functors form a
set of projective generators for MS*, showing that MS" satisfies PiF is easily reduced to
showing that the functor H$'07 is exact for any D € O. This is established in Lemma
3.6. Since MS* has enough projectives, it must also satisfy Iill by Proposition 1.3(b). =

The following positive result about the category of Mackey functors for the circle
group S! stands in sharp contrast to the host of negative results contained in section 6.
It also provides clear evidence that the rather formal sufficient conditions contained in

Propositions 3.2 and 3.3 above are very far from necessary. This result is proven in section
10.

3.8. THEOREM.

(a) The category Mg of S*-Mackey functors satisfies the six azioms PiF, PilP, Iill,
IPiP, IIil, and TPPP.

(b) Let O be a full subcategory of the complete S*-stable category which contains the
stable orbit category Og1. If O is closed under either A-products or function objects, then
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the restriction functor
E)J'tcont mcont _ m
o 7 o, = A

18 mot an equivalence of categories.

4. An introduction to (G, U)-Mackey functors

Let G be a compact Lie group, and U be a possibly incomplete G-universe. This section
is intended to provide a basic introduction to the categories Og(U) and M(U). The
results presented here provide both some sense of why these categories have something
to do with the classical notion of a Mackey functor, and some intuition about why, for
various choices of G and U, the category M (U) fails to satisfy our various axioms. These
results also form the foundation for the proofs, given in later sections, of Theorems 3.8,
6.1, 6.5, and 6.9.

The structure of the morphism sets of the stable orbit category Og(U) of Example
2.5(c) is described in Corollary 5.3(b) of [15] and Corollary 3.2 of [21]. An object of
O¢(U) is the suspension spectrum 3G /H, of an orbit G/H of G; however, to avoid
unnecessary notational complexity, we hereafter denote this object by G/H. The set of
morphisms in Og(U) from G/H to G/K is a free abelian group whose generators are
certain allowed equivalence classes of diagrams of the form

G/H«> G/J-2 G/K,

in which a : G/J— G/H and 3 : G/J— G/K are space-level G-maps. Two such
diagrams are equivalent if there is a G-homeomorphism v : G/J — G/J' making the
space-level diagram

. Gl
/1\
7

(07 G/J/ ﬂ/

G/H

commute up to G-homotopy.
The morphism in Og(U) represented by the diagram

G/H+> G/J- 2 a/K

is the composite of the map, denoted 7(«), which is represented by the diagram
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and the map, denoted p([3), which is represented by the diagram

GJJ " qri2s /K.

If J is a subgroup of H, hereafter denoted J < H, then there is a canonical G-map
7f : G/J — G/H which takes the identity coset eJ of G/J to the identity coset eH of
G/H. The associated maps 7(rj;) : G/H — G/J and p(n};) : G/J — G/H in Og(U)
are denoted 73, and pf;, respectively.

The connection between the category Og(U) and the classical notion of a Mackey
functor introduced by representation theorists can be seen from this sketch of the structure
of the morphism sets of Og(U). A contravariant functor M from Og(U) to Ab assigns
an abelian group M(G/H) to each orbit G/H of G. This abelian group is the value of
the Mackey functor M at the subgroup H of G and is often denoted M (H) rather than
M(G/H). The map 7(«) associated to a G-map « : G/J — G/H induces an induction
(or transfer) map from M(G/J) to M(G/H), and the map p(«) induces a restriction map
from M(G/H) to M(G/J).

Not every equivalence class of diagrams represents a generator of a morphism group
in O¢(U). Each equivalence class of diagrams contains at least one diagram of the form

ﬂ.J
G/H«" ¢/7-%5 G/K.

The allowed equivalence classes are those having a representative of the above special
type in which the subgroup J of H satisfies both the condition that H/.J embeds in the
universe U as an H-space and the condition that the index of J in its H-normalizer Ny.J
is finite. For our purposes, the essential property of a complete G-universe U is that, for
such a universe, the embedding condition on H/J is always satisfied.

If the universe U is contained in a larger universe U’, then Og(U) can be identified
with a subcategory of Og(U’). In particular, since any G-universe is isomorphic to a
subuniverse of a complete G-universe, Og(U) is always a subcategory of Og. Viewing
Oc(U) as a subcategory of Og reveals a difference between the two restrictions imposed
on the equivalence classes which index the generators of the morphism sets of Og(U). If
H/J does not embed in U, but the finiteness condition holds, then the diagram

G/H a2 G/K,

represents a morphism of Og which has been omitted from Og(U) by our choice of U.
However, if the index of J in NyJ is not finite, then this diagram does not represent a
generator in Og(U) for any U.

If the index of J in NgJ is not finite, then for certain geometric reasons it is best to
think of the diagram

G/H a2 6/K,
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as representing a morphism in Og(U) which, in some vague sense, should have been a
generator, but has instead been identified with the zero map. This distinction between a
morphism that has been omitted from Og(U) and one that has been identified with zero
is important for understanding composition of morphisms in Og(U). It is also important
for understanding the homological anomalies described in this paper. If the group G is
finite and the G-universe U is incomplete, then the morphisms missing from Og(U) may
cause the axioms PiF and Iill to fail in the functor category Mg (U). If the group G is
a nonfinite compact Lie group, then the “unexpected” zero morphisms in Qg may cause
the axioms TPPP, PilP, TPPP, and Iill to fail in the functor category Ms. The
arguments establishing these two types of failures are rather different since the failures
happen for quite different reasons.

5. An introduction to globally defined Mackey functors

Here, we examine the structure of the category B, (B, Q) associated to the category of
global (3, Q)-Mackey functors. Thus, throughout this section, all groups are assumed to
be finite, and B, 9, and R are assumed to be sets of primes. The observations presented
here should provide both a sense of why the functors out of B, (3, Q) should be regarded
as globally defined Mackey functors and an understanding of the way in which the choice
of the sets P and Q controls the level of structure carried by those functors. These
remarks also lay the foundation for the proof of Theorem 6.10 in section 11.

Recall from Example 2.5(e) that the set of morphisms from G to H in B, (3, Q) is the
Grothendieck group of isomorphism classes of (G' x H)-sets which are also (I3, Q)-sets.
This is a free abelian group whose generators are the isomorphism classes of (G x H)-
orbits which are (3, Q)-sets. For any (G x H)-orbit (G x H)/J, the inclusion of J into
G x H can be composed with the projections from G x H to G and H to produce group
homomorphisms a : J— G and 3 : J— H. If M is a covariant functor out of B, (g, Q),
then the appropriate intuitive understanding of the map from M (G) to M (H) induced by
the (G x H)-orbit (G x H)/J is that this map is the composite of a restriction map from
M(G) to M(J) associated to the homomorphism « and an induction map from M (J) to
M (H) associated to the homomorphism . The imposed constraint that the (G x H)-set
(G x H)/J must be a (B, Q)-set translates easily into the restriction that the kernel of
a must be a Q-group (that is, have order divisible only by the primes in ) and the
kernel of # must be a P-group. Hereafter, we refer to a homomorphism whose kernel is a
PB-group as a homomorphism with B-kernel.

The most common choices for P8 and Q are the empty set () of primes and the set of all
primes, which we denote by co. If P8 = ), then the trivial group is the only PB-group. On
the other hand, if 8 = oo, then all finite groups are B-groups. Thus, a homomorphism
with (-kernel is a monomorphism, and every group homomorphism has oco-kernel. At
the level of global Mackey functors, this means, for example, that a global (), co)-Mackey
functor has induction maps only for injective group homomorphisms, but restriction maps
for all homomorphisms. Note that B, (0o, c0) = B,.
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In order to justify the intuitive description of the maps in B, (3, Q) presented above,
we must first identify the morphisms in B, (3, Q) which are derived directly from ordinary
group homomorphisms.

5.1. DEFINITION. Let o : H— G be a group homomorphism. Then 7(«) is the set G
considered as a (H x G)-set with action given by

(h, g)x = a(h)zg™",

for (h,g) € Hx G and x € G. Also, p(«) is the set G considered as an (G x H)-set with
action given by

(9. h)x = gza(h™'),

for (g,h) € G x H and x € G. Note that, if a has R-kernel, then 7(a) is an (R, D)-set,
and p(a) is an (0, R)-set. If R C B, then 7(a) is a generator of the free abelian group of
morphisms from H to G in B,.(PB, Q). It should be thought of as the induction, or transfer,
map associated to «. Similarly, if R C Q, then p(«) is a generator of the free abelian
group of morphisms from G to H in B.(B, Q). It should be thought of as the restriction
map associated to «. If a is the inclusion of a subgroup H into the group G, then 7(«a)
and p(a) are denoted T8 and pE, respectively. If G = H and « is the identity map, then
7(a) and p(a) are equal and serve as the identity map 1g of G in B.(P, Q).

If « : J— G and B : J— H are the group homomorphisms associated in our
introductory remarks to the (G x H)-orbit (G x H)/J, then it is fairly easy to see that,
in B,, (G x H)/J is the composite 7(3) o p(«). Further, the orbit (G x H)/J is a (P, Q)-
set precisely when « has Q-kernel and 3 has B-kernel. These observations allows us to
think of the generators of the free abelian group B. (B, Q)(G, H) as equivalence classes of
diagrams of the form

G -2,
in which « is a group homomorphism with Q-kernel, § is a group homomorphism with
PB-kernel, and the induced homomorphism («, 3) : J— G x H is a monomorphism.

This description of the morphism sets of B.(J3,Q) plays a central role in the proof
of Theorem 6.10. Three notes of caution are, however, necessary. First, since 9, (3, Q)
is the category of covariant functors out of B.(F,Q), the Mackey functor interpretation
of this diagram is the reverse of the interpretation associated to the analogous diagrams
for Og(U). Here, a is plays the role of the restriction map, and [ plays the role of
the induction map. Second, the equivalence relation which must be imposed on these
diagrams cannot be described as neatly as the corresponding relation for Og(U). For our
purposes, it suffices to say that the diagram

[Py Ry
is equivalent to the unprimed diagram above if and only if the two (G x H)-sets 7(3) o p(«)
and 7(3') o p(’) are isomorphic. The third note is that composition in B, (3, Q) cannot
be computed using pullback diagrams like those used to compute composition in Og.
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5.2. REMARK. There is an alternative approach to globally defined Mackey functors in
which the category B.(B, Q) is replaced by a somewhat larger category B, (I3, Q) whose
objects are finite groupoids rather than finite groups. In many ways, the relation between
B.(B,Q) and B.(B, Q) is similar to that between Og(U) and Bg(U). In particular, the
categories B.(PB, Q) and B,(P, Q) are similar enough that the associated categories of
covariant functors into Ab are equivalent under the restriction functor derived from the
inclusion of B.(P, Q) into BL(P, Q). The larger category B.(P, Q) is somewhat more
difficult to define because one has to deal with functors from finite groupoids into finite
sets rather than sets carrying actions by finite groups. However, it has the advantages of
an easily described equivalence relation on the generators of its morphism sets and a simple
pullback formula for its composition. Further advantages of B.(, Q) over B.(3, Q) are
noted at the end of this section and in Remark 6.11(b).

One technical result describing the behavior of composition in B, (3, Q) in the context
of cartesian products of groups is needed for the proof of Theorem 6.10. The information
this result provides about B, (I3, Q) is similar to that provided about Og(U) by Lemma
3.3 of [21].

5.3. LEMMA. Let¢:J— P, &:J— Q and ( : Q' — Q be homomorphisms between
finite groups such that & has Q-kernel and ( has P-kernel. Assume that the integers
{ni}1<i<m and the diagrams

Q" K,

for 1 < i < m, are chosen so that the composite p(§) o 7(¢) in B.(*B, Q) is the sum
over i of n; times the generator of B.(B,Q)(Q’, J) represented by the i diagram. Then
the composite p((1,€)) oT(1 x () of the restriction map associated to the homomorphism
(,€) : J— P x Q and the transfer map associated to 1 x ( : P x Q' — P X @Q is the
sum over i of n; times the generator of B.(B,Q)(P x @', J) represented by the diagram

P x Ql (YoBi,ai)

K2

This result can be proven by brute force computations with the obvious finite sets
carrying the appropriate group actions. A further advantage of the category B.(I3, Q)
described in Remark 5.2 is that the simple pullback formula for composition in B (3, Q)
trivializes the proof of this lemma.

6. A bestiary of symmetric monoidal closed abelian categories

This section contains a catalog of functor categories which fail to satisfy the hypotheses
of Propositions 3.2 and 3.3 and also fail to satisfy various of our compatibility axioms.
These badly behaved categories come from the families of categories M (U) of Example
2.5(c) and 9. (*P, Q) of Example 2.5(e). The results stated in this section about the

misbehavior of our functor categories are proven in the subsequent sections.
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Let G be a compact Lie group, and U be a possibly incomplete G-universe. The
hypotheses of our theorems about the homological misbehavior of the category M (U)
of (G,U)-Mackey functors are certainly not as weak as they could be. Nevertheless, they
are weak enough to produce an almost overwhelming supply of badly behaved categories.

6.1. THEOREM. Let G be a finite group, U be a G-universe, and C' < D < H be subgroups
of G such that

(i) C is normal in D and D/C = Z/p for some prime p
(i) H/C embeds as an H-space in U
(i1i)) H/D does not embed as an H-space in U.

Then Hg,p 15 not flat in Ma(U), and M(U) satisfies neither PiF nor LIL

6.2. REMARK. One way of understanding the misbehavior of Mg (U) implied by Theo-
rem 6.1 is that, if the subgroups C' < D < H satisfy the hypotheses of the theorem, then
the induction maps 7§ and 7§ are contained in the subcategory Og(U) of Og, but the
induction map 75 is not. Thus, even though the map 75 can be factored as the composite
75 o1 in Og, it cannot be so factored in Og(U). This failure of 75 to factor properly

in Og(U) seems to be the source of the homological misbehavior of the category Mq(U).

6.3. EXAMPLE. Let p be aprime, G = H =7Z/p?, D = Z/p C Z/p?, and C be the trivial
subgroup of G. Let U be a G-universe whose only irreducible summands are the trivial
irreducible G-representation and a free irreducible G-representation. Then G/C' embeds
in U as a G-space, but G/D does not. By the theorem, the projective Mackey functor
H. /p 18 not flat in M (U). Beyond the context of this paper, the special significance of
this universe is that it has natural connections to the study of semi-free actions of G.

6.4. COROLLARY. Letp be a prime, G be a finite p-group, and U be a G-universe. Then
the category Mq(U) cannot satisfy either PiF or Tl unless, for each subgroup H of G,
the set

{K : K <H and H/K does not embed as an H-space in U}

is closed under passage to subgroups. In particular, if the free orbit G/e embeds in U as a
G-space, then M (U) cannot satisfy either PiF or Till unless every G-orbit G/ K embeds
mn U.

The statement of our second main theorem requires a bit of additional notation. The
Weyl group NgH/H of a subgroup H of G is denoted W H, and the set of G-conjugates of
H < Gisdenoted (H)g. If H and K are subgroups of G, then the notation (K)g < (H)g
indicates that K is subconjugate to H in G.



Theory and Applications of Categories, Vol. 5, No. 9 223

6.5. THEOREM. Let G be a compact Lie group, and U be a complete G-universe. Also,
let C' < D < H be subgroups of G such that

(i) C is normal in D and D/C' is a finite p-group for some prime p
(i) Wy D is finite
1) for every K < D such that (C)g < (K)g, WrK is not finite.
(iii) f Y
Then He,p is not flat in Mq, and Mg satisfies neither PiF nor Till.

6.6. REMARK. One way of understanding the misbehavior of 9)s implied by Theorem
6.5 is that, if the subgroups C' < D < H satisfy the hypotheses of the theorem, then the
induction maps 75 and 75 are generators of the morphism sets of Og. Their composite
is the induction map 75 associated to the containment C' < H. This map 7§ should also
be a generator of the appropriate morphism set. However, since Wy C is not finite, 7§ is
actually the zero map. This vanishing of the composite of two generators of the morphism
sets of Og seems to be the source of the homological misbehavior of the category M (U).

6.7. EXAMPLE.

(a) Let G and H both be the orthogonal group O(2), D be the dihedral group of order
2n (for n > 3) regarded as a subgroup of GG, and C be the cyclic group of order n regarded
as a subgroup of D. Then C is normal in G, and D/C = Z/2. Moreover, NgD is the
dihedral group of order 4n, so WD is finite. If K is a proper subgroup of D such that
(e < (K)g, then K = C, and WK is G/C, which is not finite. Thus, the projective
Mackey functor H /D is not flat in My, and N satisfies neither PiF nor Iill.

(b) If C < D < H are subgroups of G which satisfy the hypotheses of the theorem
and € : G'— G is a surjective group homomorphism, then the subgroups ¢’ = ¢ }(C),
D' = ¢ (D), and H' = ¢ '(H) are subgroups of G’ which also satisfy the hypotheses of
the theorem. Therefore, My does not satisfy the axioms PiF and IiIl.

(c) We would like to argue that, if C' < D < H are subgroups of G which satisfy the
hypotheses of the theorem and G < G”, then C, D, and H, regarded as subgroups of
G", satisfy the hypotheses of the theorem. However, condition (iii) in the hypotheses of
the theorem might fail since there might be a subgroup K of D such that C was G”"-
subconjugate to K, but not G-subconjugate to K. Nevertheless, if D/C = Z/p and C
is the unique subgroup of D of index p, as in part (a) of this example, then the triple
C < D < H, regarded as subgroups of G”, must still satisfy the hypotheses of the theorem.
In fact, it suffices to assume that D/C = Z/p and that every subgroup C’ of index p in
D is H-conjugate to C. Combining this observation with part (a) of this example, we see
that, if a compact Lie group G contains the orthogonal group O(2), then M satisfies
neither PiF nor Iill.

Combining the various parts of the example above yields the following corollary of
Theorem 6.5.
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6.8. COROLLARY. If G is any one of

O(m), SU(m), U(m), form > 2;
SO(n), Spin(n), forn > 3;
Splq), forq=1;

then Mq satisfies neither PiF nor Iill.

The family of categories MM, for G a compact Lie group, also provides us with some
examples of symmetric monoidal closed categories which fail to satisfy TPPP and PilP.

6.9. THEOREM. Let G be the orthogonal group O(m), for m > 2, or the special orthog-
onal group SO(n), for n > 3. Then Mg satisfies neither TPPP nor PilP.

Now we turn to the context of global Mackey functors. Recall that, in Example 2.5(e),
we associated a category 9. (P, Q) of global (I3, Q)-Mackey functors to each pair (3, 2Q)
of sets of integer primes.

6.10. THEOREM. Let B and Q be sets of integer primes. If the prime p is not in ‘B,

then the representable functor in M. (P, Q) associated to the cyclic group Z/p is not flat
in M(P, Q). Thus, M.(B,Q) satisfies neither PiF nor IIl.

6.11. REMARK.

(a) Recall that the empty set of primes and the set of all primes are denoted () and
0o, respectively. The three types of global Mackey functors that appear most often in
the literature seem to be (0,0)-, (0, 00)- and (oo, §)-Mackey functors (see, for example,
[1,2,4,5,7,9,10,12-14,24-26, 28, 29]). Theorem 6.10 indicates that the first two of these
categories of global Mackey functors are badly behaved.

(b) As noted in Remark 5.2, the category B.(J3,2Q) used to define global (,Q)-
Mackey functors can be replaced by a somewhat larger category B. (5, Q) whose objects
are finite groupoids. One advantage of this replacement is that, for any set of primes
9, the category B.(0co,) is a symmetric monoidal closed category. Proposition 3.3
therefore implies that 9, (co, Q) satisfies PiF and Iill. Thus, the theorem above gives
sharp conditions under which 9.(%B, Q) fails to satisfy PiF and IiIl.

7. Mackey functors for incomplete universes and the proof of Theorem 6.1

Each of Theorems 6.1, 6.5, and 6.10 asserts that a projective object P in a certain functor
category 9, is not flat. The proofs of these results follow the same pattern. It suffices to
show that, for some object A in O, the functor sending M in M., to (PO M)(A) does not
preserve monomorphisms. To show this, we restrict the domain of this functor to a nice
full subcategory 2’ of M. We then identify a natural direct summand 3 : 9" — Ab
of the restricted functor, and show that the summand fails to preserve monomorphisms.
In this section, we prove Theorem 6.1 by carrying out the appropriate special case of this
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general program. Thus, throughout the section, G is a finite group, U is a G-universe,
and C' < D < H are subgroups of G. The appropriate projective object P in this context
is the representable functor H /D in the category 9Mq(U), and the appropriate object A
of O = Og(U) is the orbit G/H.

We begin the proof of Theorem 6.1 by introducing the appropriate subcategory 91 of
M (U), and the appropriate direct summand functor 3.

7.1. DEFINITION.

(a) A Mackey functor M is concentrated over C if, for K < G, M(G/K) = 0 unless
(g < (K)g. The subcategory M’ appropriate for the proof of Theorem 6.1 is the full
subcategory of Ma(U) consisting of Mackey functors which are concentrated over C; this
subcategory is denoted M (U).

(b) The Weyl group WeC' is contained in the morphism set Og(U)(G/C,G/C) as the
set of maps p(B) associated to the endomorphisms (3 of the G-set G/C. Thus, the group
WeC' acts on the value M(G/C) of a Mackey functor M at G/C. Let 3¢ : Ma(U) — Ab
be the functor sending M in Mq(U) to the quotient group M(G/C)/WpC of M(G/C).

The technical foundation of the proof of Theorem 6.1 is the following result:

7.2. PROPOSITION. Let G be a finite group, U be a G-universe, and C < D < H be
subgroups of G such that

(1) C is normal in D, and D/C = 7Z/p for some prime p
(i) H/C embeds as an H-space in U

(i1i)) H/D does not embed as an H-space in U.
Then, for M in MS(U), 3c(M) splits off from (Hgp O M)(G/H) as a natural direct

summand.

Before proving this result, we show how it can be used to complete the proof of our
theorem.

PROOF OF THEOREM 6.1. Assume that C' is normal in D, and that D/C = Z/p for
some prime p. Also assume that H/C embeds as an H-space in U, but that H/D does
not so embed. We must construct a monomorphism ¢ : A— B which is not preserved
by the functor 3¢. Define the object B of M (U) by the exact sequence
® pE ol

@ Hex @ L/p———— Hg)e ®Z/p— B— 0.

K<C
Here, the map p¢& : H, i — Mg e is derived from the restriction map P& in Og(U). By
construction, B is concentrated over C. Let A in M5 (U) be the image of the composite
map

FE®1
Hap @ L/p—"—— Hgc ©@ L/p— B,
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in which 7§ is the map derived from the induction map 7§ in Og(U). Clearly, this gives a
monomorphism ¢ : A— B and an epimorphism p : H /p® Z/p— A. Since A embeds
in B, it must also be concentrated over C'.

The composition of morphisms in Og(U) is discussed in section 3 of [21]. Using the
results presented there, it is easy to see that B(G/C) is just the group ring Z/p[WgC].
Let t € Z/p[WsC] be the sum >,y ~d. A straightforward double coset computation
indicates that A(G/C) is the image of the endomorphism of Z/p[W¢C] given by multi-
plication on the right by ¢. Thus, A(G/C) can be identified with the Z/p vector space
Z|p[WeC/WpC] whose basis set is the orbit WoC/WpC. Under these identifications,
the actions of WC on A(G/C) and B(G/C) are the obvious ones coming from the left
action of WgC' on itself. Moreover, the map

(G)C): A(G/C)— B(G/C)
is just the trace map
Z[pWeC/WpC|— Z[/p[WeC]

which sends a coset in WoC'/WpC, regarded as a basis element of Z/p[WsC/WpC], to
the sum of its elements in Z/p[WsC]. These identifications allow us to analyse the map

BC(L) : 30(14) — 30(3)

The objects 3¢(A) and 3¢(B) are the Z/p vector spaces Z/p[WpC\WgC/WpC| and
7/ p[WpC\WeC] whose bases are the sets WpC\WeC/WpC and WpC\WgC, respec-
tively. The map 3¢(¢) is the obvious one derived from the trace map «(G/C). It follows
that the double coset WpCeWpC is a basis element in 3¢(A), but maps to zero in 3¢(B).
Thus, the map 3¢(¢) is not a monomorphism. "

Note that Corollary 6.4 follows directly from Theorem 6.1 and the fact that p-groups
are solvable. The remainder of this section is devoted to the postponed proof of our
splitting result.

PROOF OF PROPOSITION 7.2. By Lemma 4.4(a) of [21],

G/Q
(Hap O M)(G/H) = M(G/Q)©[G/H,G/D x G/Q].

Here, [?,7] is used to denote the morphism set in S = hGSU, and G/D x G/Q is used
to denote the spectrum XFG/Di A EXGE/Q+ = XF(G/D x G/Q)4+. By definition, this
coend is a quotient of the abelian group P o M(G/Q)®[G/H,G/D x G/Q]. We prove
the proposition by constructing a natural map

A (HG/D OM)(G/H)— 3c(M),



Theory and Applications of Categories, Vol. 5, No. 9 227

and then showing that A is a naturally split epimorphism. This map A is derived from a
map

NP MG/Q) ®[G/H,G/D x G/Q]— 3c(M)
G/Q

by factoring A through the quotient group (Hep O M)(G/H).

The map A may be defined by specifying its restriction S\Q to each of the summands
M(G/Q)® |G/H,G/D x G/Q] of its domain. Proposition 3.1 of [21] indicates that
IG/H,G/D x G/Q)] is a free abelian group. Thus, M(G/Q) ® [G/H,G/D x G/Q)] is
a direct sum of one copy of M(G/Q) for each generator of [G/H,G/D x G/Q]. The
generators of [G/H,G/D x G/Q)] are certain equivalence classes of diagrams of the form

(c,0)

G/H+> GJJ G/D x G/Q,

in which o : G/J— G/D, 8 : G/J— G/Q, and § : G/J— G/H are maps of G-
spaces. Denote the equivalence class of this diagram by (J; «, 5). The map S\Q may be
defined by specifying its restriction 5\(5;,1,5) to the copy of M(G/Q) associated to each
equivalence class (J; a, 3).

If the equivalence class (d; «, ) does not contain a diagram of the form

g (Wg7ﬂ)

G/H " G/C

G/D x G/Q,

then :\(5;075) is defined to be the zero map. On the other hand, the map S‘(ch,;wg,ﬂ) is
defined to be the composite

M(G/Q) 2L, M(G/C)— M(G/C)/WiC = 3a(M).

There is, in fact, more than one choice for the map 3 in the diagram chosen to represent
the equivalence class (75,75, 8). However, the passage to orbits in the codomain of
Ac..c g Kills off the uncertainity that might have arisen in the definition of A\._c. c
(WHJTD’B) (7"H77"Dw8)
from the possible choices for 3.
To show that the map A induces the desired map A, it suffices to show that, for each
morphism f : G/Q — G/Q" in Og(U), the diagram

M(G/Q) @ [G/H,G/D x G)Q —" M(G/Q) ® |G/H,G/D x G/Q)]

1@(1xf){ ~ le
M(G/Q) ® [G/H,G/D x G/Q] 30(M)

commutes. In fact, the commutativity of this diagram needs to verified only for the mor-
phisms f which are generators of the free abelian group O¢(U)(G/Q,G/Q’). Moreover,
since each morphism in Og(U) is the composite of a restriction map and an induction
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map, it suffices to check the commutativity of the diagram for the cases in which f is
either the restriction map p(f) associated to a G-map 3 : G/J — G/K or the induction
map Tgl associated to a containment ' < Q.

Lemma 3.3 of [21] is the key to verifying the commutativity of the required diagram for
both of these types of maps. Verifying the commutativity of the diagram for a restriction
map p(f3) is entirely elementary, and uses none of the conditions imposed on C, D, and H
other than the containments C' < D < H. Thus, we can assume that f is the induction
map Tg associated to the containment Q' < Q).

Note that M(G/Q")® [G/H,G/D x G/Q)] is a direct sum of one copy of M(G/Q") for
each generator of [G/H,G/D x G/Q]. The commutativity of the diagram can therefore

be verified by checking it on each of the copies of M (G/Q’). If the diagram

(c,0)

G/H+> G/J G/D x G/Q,

represents a generator of [G/H,G/D x G/Q)], then (J)g < (D)¢g. Using the equivalence
relation, we may adjust the diagram so that J < D and o = 7. It is easy to verify that,
if (C)e £ (J)a, then, on the copy of M(G/Q') indexed on the equivalence class (J; 75, 3),
both of the composites in the diagram are zero. Thus, we may assume that (C)g < (/).
Since D/C'is Z/p, our assumptions now give that either J = D or (J)g = (C)g.

First, assume that J = D so that the generator of interest in [G/H,G/D x G/Q)] is
that associated to the equivalence class (;1g/p,3). We wish to show that both of the
composites in the diagram are zero on the copy of M (G/Q’) indexed on this class. Clearly,
the composite along the top and right of the diagram must be zero on this copy by the
definition of S\Q. Assume that 0 takes the identity coset eD of G/D to the coset gH of
G/H. Then g ¢ H since H/D doesn’t embed in U and the equivalence class (J; 1¢/p, )
is assumed to give a generator of [G/H,G/D x G/Q]. The image of this generator of
|G/H,G/D x G/Q] under the map

(1x f),:[G/H,G/D x G/Q]— [G/H,G/D x G/Q]

is given by the double coset formula, and is a sum of generators represented by diagrams
of the form

60#}{1

TI'J,
G/H < gy TP qip < Gy,

in which J is a subgroup of D. The composite § o7}, appearing in this diagram cannot be
7} since it must take e.JJ to gH. But then Ao kills the copies of M(G/Q') in its domain
indexed on these generators of [G/H,G/D x G/Q']. It follows that, on the (0;1¢/p, 5)-
indexed copy of M(G/Q’), the composite along the left and bottom of the diagram also
vanishes.

Now let us assume that (J)g = (C)g. Since J < D and C' is normal in D, either
J =Cor (J)p # (C)p. If (J)p # (C)p, then the definitions of Ay and A easily
imply that both of the composites in the diagram vanish on the (§; 73, 3)-indexed copy
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of M(G/Q'). Thus, we may assume that J = C. If § # 7%, then the definitions of Ao
and S\Qz again imply that both of the composites in the diagram vanish on the copy of
M(G/Q') in question. Thus, we need only consider the copy of M(G/Q’) indexed on the
generator (75; 7%, 3). On this copy, simple double coset arguments indicate that the two
composites in the diagram are equal. In these arguments, the fact that M is concentrated
over C' is used to ensure the vanishing of certain contributions to the composite along the
top and right which might otherwise not vanish.

We have now constructed the map A : (K, O M)(G/H)— 3¢(M) for an arbitrary

M in ME(U). Tt is easy to see that A must be natural in M. We must still show that \ is
naturally split. There is an obvious map & of M(G/C) into (Hg,, O M)(G/H) coming
from the inclusion

M(G/C) c P M(G/Q) @ [G/H,G/D x G/Q)]
G/Q
associated to the copy of M(G/C) in M(G/C) ® [G/H,G/D x G/C] indexed on the

generator represented by the diagram

(*%.1g/c

ﬂ_C
G/H ™ q/e L, a/D x GJC.

It follows directly from the definition of A that the composite \ o ¢ is just the projec-
tion M(G/C)— M(G/C)/WpC = 3¢(M). Moreover, the map & is obviously nat-
ural in M. Thus, it suffices to show that the map ¢ factors through the projection
M(G/C)— M(G/C)/WpC = 3c(M) to give a map

0:3c(M)— (Hgp O M)(G/H).
For each @ < G, let
vo : M(G/Q)®[G/H,G/D x G/Ql— (Hg/p UM)(G/H)

be the map obtained from our description of (Hg,, O M)(G/H) as a quotient group of
Do M(G/Q) ® [G/H,G/D x G/Q]. Then, for any morphism f : G/Q— G/Q" in
Og(U), the diagram

M(G/Q)® [G/H,G/D x G/Q —°L, M(G/Q) ® [G/H,G/D x G/Q)]

1®(1Xf){ ll/@
M(G/Q")®[G/H,G/D x G/Q (Hg)p O M)(G/H)

commutes. Take Q = @ = C in this diagram, and consider the generators f in
O¢(U)(G/C,G/C) which give the action of WpC on M(G/C). It follows immediately
that ¢ does factor through the indicated projection to give the desired splitting map o
for A. n
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8. Mackey functors for compact Lie groups and the proof of Theorem 6.5

In this section, GG is a compact Lie group, U is a complete G-universe, and C' < D < H are
subgroups of G satisfying the conditions of Theorem 6.5. Following the general program
outlined in section 7, we show that H /p 1s not flat in Mg by showing that the functor
sending M in Mg to (Hg,, D M)(G/H) does not preserve monomorphisms. In the proof,
the domain of this functor is restricted to the full subcategory M§ of Mg consisting of
the objects which are concentrated over C'. This restricted functor has a natural direct
summand which is easily computed and can be shown not to preserve monomorphisms.

Recall from Definition 2.1(b) of [21] that the Brauer quotient brpM of an object M
in Mg at D is defined by the exact sequence

B m(e/K) -2 M(G/D) — brpM — 0.
K

Here, the direct sum is indexed on the proper subgroups K of D for which Wp K is finite.
This Brauer quotient is the natural direct summand that is to be split off from our functor.

8.1. PROPOSITION. Let G be a compact Lie group, U be a complete G-universe, and
C < D < H be subgroups of G such that

(i) WpC' and Wy D are finite

(i1) for every K < D such that (C)g < (K)g, WuK is not finite.
Then, for M in M&, brp M splits off from (He,pOM)(G/H) as a natural direct summand.

Before proving this result, we show how it can be used to complete the proof of our
theorem.

PROOF OF THEOREM 6.5. Assume that WyD is finite, C' is normal in D, and D/C
is a finite p-group for some prime p. Also assume that, for every K < D such that
(C)g < (K)g, Wy K is not finite. We must construct a monomorphism ¢ : A— B which
is not preserved by the functor brp. Define the object B of My by the exact sequence

oY 7eS ¢
@ HG/K—> HG/C—> B— 0.
K<C

Here, the map pf : Hg, i — Mg is derived from the restriction map pE in Og. By
construction, B is concentrated over C. Let A in My be the image of the composite map

7~.C
Hep — Heje— B,

in which 7§ is the map derived from the induction map 75 in Og. Note that there are an
obvious monomorphism ¢ : A— B and an obvious epimorphism u : H /p— A. Since
it is a subobject of B, A must be concentrated over C.
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Using the results in section 3 of [21] about the composition in Og, it is easy to see that
B(G/D) is a free abelian group whose generators are the images under ¢ : ‘H o B
of the induction maps 7(a) in Hg,(G/D) associated to G-maps a : G/C'— G/D.
It follows that brpB is zero. Thus, to show that the functor brp does not preserve
monomorphisms, it suffices to show that brpA is nonzero.

Let x € A(G/D) be the image under p : H,,p — A of the identity map lg/p in
Hep(G/D) = Oc(G/D,G/D), and let y € B(G/D) be «(G/D)(x). 1t is easy to see that
y is the generator of B(G/D) derived from the transfer map 75 in He,c(G/D). To show
that the image of x in brpA is nonzero, it suffices to show that x is not in the image of
the map

@A G/K) -2, Aq/D)

whose cokernel is brpA. In fact, px is the smallest nonzero multiple of z which can appear
in this image. This can be proven by showing that py is the smallest nonzero multiple of
y which can appear in the image of the composite

@A G/K) -2, Aq/p) P, BG/ D).

This claim about y can be proven using the commuting diagram

G/D( D)

HG/D<G/K) E— HG/D(G/D) —>HG/C(G/D)

M(G/K)l lu(G/D) l¢>(G/D)
AGIK)— 2 j@/py— @)y,

Let w be a generator of H,,(G/K) = Oc(G/K,G/D), and z be its image in B(G/D)
under either composite in the diagram above. It suffices to show that, if z is written
in terms of our standard basis for B(G/D), then the coefficient of y is a multiple of
p. We analyze z by first computing the element %g(HG/D(Tg)(w)) =715 0worh of

Hgo(G/D) = Oa(G/D,G/C). The generator w is represented by a diagram of the form

G/K+> G/J-2 G/D,

and we can select this diagram so that J < D and 8 = 7j,. The composite wo 75 is then
represented by the diagram

G/D+—22 G/J-"2% G/D.
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Since G is a nonfinite compact Lie group, computing the composite of this map with

75 would normally be rather difficult since it requires an analysis of the pullback diagram
P——G/C
L]
D
7I_J
G/J—"+G/D

in the category of G-spaces. However, it is easy to see that, if the composite 75 o o is not

7], then the coefficient of y in the expression for z in terms of our basis is zero. Further, if
J does not contain C', then the coefficient of y also has to be zero. Thus, we may assume
that 75 o a = 7, and C < J. Now we can use the fact that D/C is a finite group to
complete the computation. The D-orbits D/C, D/J, and D/D may be regarded as orbits
of the finite group D/C'. The diagram

D/Jx D/C-"~D/C

7T1l Jﬁ'g
~J

D/J—"2 D/D

is obviously a pullback in the category of D/C-sets. The functor Gxp? preserves pull-
backs, and so takes this pullback diagram into the pullback diagram we must analyze in
the category of G-spaces. Since D/J x D/C decomposes into a disjoint union of finitely
many D/C-orbits, the pullback P in our diagram of G-spaces is just a disjoint union of
the analogous G-orbits. The free D/C-orbit D/C appears |D/J| times in D/J x D/C,
and |D/J| = p™ for some n > 1. From this, it follows that, if %g(HG/D(Tg)(w)) is written
in terms of the standard generators of H, (G/D), then the coefficient of the generator
75 is |D/J| = p". The coefficient of y in the expression for z in terms of the standard
basis must then also be |D/J| = p™. "

Corollary 6.8 follows from Theorem 6.5 and the remarks in Example 6.7 by observing
that the listed groups either contain O(2) or map onto a group containing O(2). In
particular, the groups O(m), U(m), and Sp(m) contain O(2) for m > 2. For n > 3, the
groups SO(n) and SU(n) also contain O(2). The groups Spin(n) map onto the groups
SO(n). The special cases SU(2) and Sp(1) are handled by their surjections onto SO(3).

The remainder of this section is occupied by the postponed proof of our splitting result.

PROOF OF PROPOSITION 8.1. Let M be in M§. As in the proof of Proposition 7.2, we
first construct a natural map

A (Hgp OM)(G/H)— brpM,
and then show that it is a split epimorphism. The map A is, as in the previous section,
derived from an appropriately behaved map

NP MG/Q) @ [G/H,G/D x G/Q]— brpM.
G/Q
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As before, ) is defined by specifying its restriction S\Q to the summand associated to each
orbit G/Q. Moreover, S\Q can be defined by giving its restriction to the copy of M (G/Q)
in M(G/Q) ® |G/H,G/D x G/Q)] associated to each generator of [G/H,G/D x G/Q).
These generators correspond to equivalence classes of diagrams of the form

(c,)

G/H+~ G/J G/D x G/Q.

If the equivalence class (J; a, 3) of such a diagram does not contain a diagram of the form

G¢/H q/p2e2? qip x GO,

then the restriction 5\(5;,1,5) to the associated copy of M(G/Q) is the zero map. On the
other hand, the map )‘(ﬂﬁ;lc/pﬂ) is defined to be the composite

MG )Q) M) NG DY — brp M.

To show that A can be derived from J, it suffices to show that, for each morphism
f:G/Q— G/Q in Og(U), the diagram

M(G/Q)® [G/H,G/D x G/Q — L, M(G/Q) ® [G/H,G/D x G/Q)]

1®(1><f)*l PQ
Aor

M(G/Q)®|G/H,G/D x G/Q'] brpM

commutes. Again, we need only check the cases in which f is either a restriction map
p(0B) or an induction map TQ/.

As in the previous proof, the commutativity of the diagram is purely formal if f is a
restriction map p(f). If f is an induction map TQQ/, then the required commutativity can
be verified by checking it on each summand M (G/Q') of M(G/Q")®[G/H,G/D x G/Q)].
On the summand associated to an equivalence class that does not contain a diagram of
the form

(1G/D75

G/H< G/D ', G/D x G/Q,

it is easy to see that both composites in the diagram are zero. Thus, we restrict our
attention to the summands indexed on equivalence classes of the form (75; 1q/p, 3).

To compute the composite along the top and right side of the rectangle on such
a summand, it is necessary to commute the composite in Og of f and the restriction
map p(f) : G/D— G/Q. This composite is a sum of generators of Og(G/D,G/Q")
represented by diagrams of the form

G/D""" G/K, -5 GO,
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in which K; < D. Because the target of the composite along the top and right side is
brp M, the generators for which K; # D can be ignored. The implications of the remaining
terms for the composite along the top and right are easily understood.

To understand the composite along the left side and bottom of the rectangle, it is
necessary to compute the image of the generator associcated to the equivalence class
(78; 1a/p, ) under the map

(1% f).: [G/H,G/D x G/Q| — [G/H,G/D x G/Q].

By Lemma 3.3 of [21], this image is the sum of generators represented by diagrams of the
form

K

G/H ™ G/K,

K,
(TrD ‘ 7C'L

) b < Gy,

in which exactly the same subgroups K; and the same morphisms (; appear as those
encountered in our examination of the other composite. By the definition of the map ;\Q/,
the generators for which K; # D can be ignored. The implications of the remaining terms
for the composite along the right and bottom are easily understood, and it follows that
two composites in the diagram are equal. Thus, the desired map A can be obtained from
the defined map . Clearly, A is natural in M € M§.

It is still necessary to show that A is naturally split. There is an obvious map

d:M(G/D)— (HG/D OM)(G/H)
derived from the inclusion

M(G/D) c P M(G/Q)®[G/H,G/D x G/Q)]
G/Q

associated to the copy of M(G/D) in M(G/D) ® [G/H,G/D x G /D] indexed on the
equivalence class (75); l¢/p,1g/p). Clearly, the composite A o ¢ is just the canonical
projection M(G/D)— brpM. Thus, to show that A is a split epimorphism, it suffices
to show that the map & factors through the projection M(G/D)— brpM. This is
equivalent to showing that, for each K < D such that Wp K is finite, the composite

M(r5)

M(G/K)—2% M(G/D) -2 (Heyp OM)(G/H)

is zero. Unless (C)g < (K)g, M(G/K) is zero, and the composite is trivially zero. Thus,
we assume that (C)g < (K)g.
For each Q) < G, let

v : M(G/Q) @ [G/H,G/D x G/Q]— (Hgp O M)(G/H)
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be the map obtained from our description of (Hg,, U M)(G/H) as a quotient group of
Do M(G/Q)® [G/H,G/D x G/Q)]. The diagram

M(G/K) ®[G/H,G/D x G/D] 2% \(G/D) @ [G/H,G/D x G/D]

1®(1><‘rg)*l lI/D

M(G/K)®[G/H,G/D x G/K] o (He,p OM)(G/H)

commutes by the definition of (Hg,, O M)(G/H). The composite ¢ o M(7E) can be
obtained by restricting the composite along the top and right hand side of the rectangle
to the copy of M(G/K) indexed on the generator of [G/H,G/D x G/D] associated to
the equivalence class (7f; 1g/p, lg/p). The image of this generator under the map

(1x f).:|G/H,G/D xG/D]— |[G/H,G/D x G/K].
is the element of [G/H,G/D x G /K] that should be represented by the diagram

(Trgle/K

K
G/H™ Gk L\ G/D x G/K.
However, by assumption, (C')g < (K)g and so Wy K is not finite. Thus, this diagram
represents not a generator of (G/H,G/D x G/K], but the zero element. The composite
along the left and bottom of the rectangle must then restrict to zero on the appropriate
copy of M(G/K). Thus, the composite & o M(75) is zero. It follows that the map
o : M(G/D)— (Hg,p U M)(G/H) induces a map

o:brpM — (Hgp O M)(G/H)

which splits \. [

9. Mackey functors for compact Lie groups and the proof of Theorem 6.9

Throughout this section, G is a compact Lie group, and U is a G-universe. Here we
convert the question of whether My (U) satisfies TPPP and PiIP into a question in
equivariant stable homotopy theory. This conversion is used here to prove Theorem 6.9
by showing that 94 fails to satisfy TPPP and PilP if G is either the orthogonal group
O(m), for m > 2, or the special orthogonal group SO(n), for n > 3. It is used in the next
section to show that, if G = S, then M does satisfy TPPP and PilP.

The category Mg (U) satisfies TPPP and PiIP if and only if, for every subgroup H
of G, the functor (H, JH 7Y Me(U) — Me(U) preserve epimorphisms. Associated to
any short exact sequence

0— M — M—— M"— 0
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in M (U), there is a fibre sequence
K(M',0) - K(M,0)—= K(M",0)

of zero-dimensional equivariant Eilenberg-Mac Lane spectra in the stable category of G-
spectra indexed on U. Proposition 5.2 of [21] allows us to use the long exact homo-
topy sequence derived from this fibre sequence to investigate the exactness of the functor

<HG/H7 ?>-

That proposition gives an isomorphism
(Hgym, M)(G/J) =[G/ NG/Hy, K(M,0)]q

which is natural in M € Me(U) and G/H, G/J € Og(U). Here, [, |¢ is used to denote
the morphism sets in the G-stable homotopy category. This isomorphism identifies the
map

(e MY (GJT) — 2 (M, M7V (G,

which must be an epimorphism if 94 is to satisfty TPPP and PilP, with the map

(G/Jo AG/H. K(M,0)]g == [G/J. ANG/H,, K(M",0)]c.

From the long exact homotopy sequence, it follows that €, is an epimorphism if and only
if the map

(G/J. AG/H, SK(M,0)¢ —<> [G/J, AG/H., SK(M,0)]q

is a monomorphism. The change of group isomorphisms given in section I1.4 of [23]
identify this map with the map

(G/H,, SK(M',0)),— [G/H., K (M,0)],.
We have now reformulated the question of whether M (U) satisfies TPPP and PilP
into the form needed for our discussion of S! in section 10.

9.1. PROPOSITION. Let G be a compact Lie group, and U be a G-universe. Then the
category Ma(U) satisfies TPPP and PilP if and only if, for every monomorphism
L: M — M in Mq(U) and every pair H, J of subgroups of G, the map

(G/H,,SK(M',0)), — [G/H,, K (M,0)],.

induced by ¢ is a monomorphism.

For the proof of Theorem 6.9, it suffices to exhibit a monomorphism ¢ : M’ — M in
M and two subgroups H and J of G for which the map 7; is not a monomorphism. It is
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possible to select these subgroups H and J so that H > J. For such a pair of subgroups,
the identity coset eH of G/H is J-invariant and so provides a basepoint for G/H regarded
as a J-space. The existence of this basepoint implies that G/ H is equivalent to G/H V S°
in the J-stable category. Thus,
G/H , SK(M',0)]; = [G/HV S, SK(M'0)];
~ [G/H,XSK(M'0)];@[S°,SK(M,0)];.
Similar observations apply to [G/H., XK (M,0)],;. The dimension axiom implies that

[SY, XK (M',0)]; and [S°, XK (M, 0)]; are both zero. The map which we wish to show is
not a monomorphism can therefore be identified with the map

(G/H,SK(M',0)];—Ls [G/H,SK(M,0)],.

The task of showing that M fails to satisfy TPPP and PilIP is now reduced to
the two problems of analyzing the G-orbit G/H as a J-space so that the map 7; can be
understood and of selecting a short exact sequence in Mg for which this map is not a
monomorphism. We address these two problems only for the case in which G is either
O(n) or SO(n), and the universe U is complete.

If G is either O(n) or SO(n), then the subgroup J in the analysis above can be taken
to be H. For either choice of G, our argument employs an appropriately chosen proper
subgroup K of H. If G = O(n), then H = O(n—1) and K = O(n—2). If G = SO(n), then
H=50(n—1)and K = SO(n—2). Here, O(1) = Z/2, and O(0) = SO(1) = e. For both
O(n) and SO(n), standard geometry gives nonequivariant homeomorphisms G/H = S"~!
and H/K = S"2. Moreover, for either choice of G, the G-orbit G/H, considered as an
H-space, may be identified with the unreduced suspension S(H/K) of the H-orbit H/K.
Under this identification, the map 7; becomes the map

[S(H/K),SK(M',0)]g - [S(H/K),~K(M,0)].
The unreduced suspension S(H/K) fits into a cofibre sequence
S*— S(H/K)— SH/K, — S*
of H-spaces. From this cofibre sequence, we obtain the diagram
[SY,SK(M',0)] gy ————[SY, K (M, 0)]
0

XH/K , XK(M',0)|g SN (XH/K ,YK(M,0)]|g

[S(H/K),SK(M',0)]g —— [S(H/K),SK (M, 0)]4

[S%, K (M, 0)]n (5%, SK (M, 0)]
|| ||
0 0
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in which the columns are exact sequences derived from our cofibre sequence. Consider
the pullback diagram

P (ST YK (M, 0)|y

| I

[XH/K,XK(M'0)|g SN (XH/K, XK(M,0)]|u

associated with the top rectangle of the larger diagram. The commutativity of the top
rectangle in the larger diagram implies the existence of a map

¢ [SY,SK(M,0)]y — P.

Assume that the map 6 in these two diagrams is a monomorphism. A simple diagram
chase then gives that the map ¢ of interest to us fails to be a monomorphism if and only
if the map ¢ fails to be an epimorphism.

The change of group isomorphisms from section I1.4 of [23] allow us to identify the
top rectangle of our larger diagram with the diagram

M(GH) L NGy
M/(pﬁ)l JM(pﬁ)
MG K) L MG ).

We can think of P as the pullback associated with this rectangle and of ¢ as a map from
M'(G/H) into P. Our geometric argument has therefore reduced the question of whether
the functor (H, > ?) preserves epimorphisms to the question of whether there exists a
monomorphism M’ —s M in Mg for which the map M(pk) : M(G/H)— M(G/K) is
a monomorphism and the map ¢ : M'(G/H)— P is not an epimorphism.

Let M be the Mackey functor Z given by Proposition V.9.10 of [23]. For any subgroup
Jof G, M(G/J) =7Z. Also, for L. < J, the restriction map M (p%) : M(G/J)— M(G/L)
is the identity map, and the induction map M (7%): M(G/L) — M(G/J) is multiplica-
tion by the Euler characteristic x(J/L). Let M’ be the image of the canonical map
Hex M — M. By Proposition 5.5 of [21], the map (H O M)(G/K) — M(G/K)
is a split epimorphism. Therefore, M'(G/K) = M(G/K), and the map «(G/K) is the
identity map. The image of the map (K, U M)(G/H)— M(G/H) is contained in
the image of the transfer map M(75) : M(G/K)— M(G/H) by Proposition 5.7 of
[21]. This transfer map is multiplication by the Euler characteristic of H/K = S"~2
which is either 2 or 0. Thus, M'(G/H) is either Z or 0. If M'(G/H) = Z, then the
map ((G/H) : M'(G/H)— M(G/H) is multiplication by 2. In either case, the map
¢ : M'(G/H)— P is not an epimorphism. Thus, the functor (Hg,?) : 91— 9N does
not preserve epimorphisms, and the category 91 satisfies neither TPPP nor PilP.
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10. S*-Mackey functors and the proof of Theorem 3.8

To prove Theorem 3.8, we must show that Mg satisfies all six of the axioms PiF, PilP,
LIIL IPiP, ITiI, and TPPP. It follows immediately from Proposition 3.1 that it satisfies
IPiP and IIil. Tools from equivariant stable homotopy theory are used to show that
it satisfies the other four axioms. Proposition 9.1 provides the means of applying these
tools to the question of whether Mg satisfies TPPP and PilP. This section begins with
an analogous proposition providing a method for applying these tools to the question of
whether the category 9o (U) associated to a compact Lie group G and a G-universe U
satisfies PiF and Iill. After proving this proposition, we specialize to the case in which
G = S! and U is a complete G-universe, and prove Theorem 3.8.

As in section 9, we assume here that « : M’ — M is a monomorphism in M (U), and
i: K(M' 0)— K(M,0) is the induced map between the equivariant Eilenberg-Mac Lane
spectra associated to M’ and M.

10.1. PROPOSITION. Let G be a compact Lie group, and U be a G-universe. Then
the category M (U) satisfies PiF and HIL if and only if, for every monomorphism
t: M — M in Me(U) and every pair H, J of subgroups of G, the map

1S°,G/H, A K(M',0)]; —L5 [S°,G/H, A K(M,0)),

induced by v 1s a monomorphism.

Proof. To prove that 9Mq(U) satisfies PiF and LIl it suffices to show that, for every
monomorphism ¢ : M’ — M in Mg(U) and every pair H and J of subgroups of G, the
map

IO )(G]T) = Ry BMNG/T) — (Hem B M)(G/J)
is a monomorphism. Proposition 5.2 of [21] provides an isomorphism
(Heyn O M)(G/T) =[G/ )y, G/ Hy AK(M,0)]q

which is natural in M € Mq(U) and G/H, G/J € Og(U). Under this isomorphism, the
map (10¢)(G/J) is identified with the map

G/ T4 G/ Hy NK(M'0)la =% [G/J,,G/Hy NK (M, 0)]
induced by the map 7 : K(M’,0) — K(M,0). The change of group isomorphisms given
in section I1.4 of [23] allow us to identify the map i with the map i, of the proposition.m

Henceforth, we assume that G = S! and that the universe U is complete. The remain-
der of this section is devoted to the proofs of the two parts of Theorem 3.8.
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PrROOF OF THEOREM 3.8(a). Propositions 3.1, 9.1 and 10.1 reduce the proof of this
part of the theorem to showing that, for every monomorphism ¢ : M’ — M in 9 and
every pair H and .J of subgroups of G = S', the two maps

(G/H, SEK(M',0)]; 2 [G/Hy, SK(M,0)],.
and
SO, G/H. A K(M',0)];—2 [S°,G/H,. A K(M,0)],

are monomorphisms. For H = G, the dimension axiom indicates that the morphism set
G/G4,XK(M',0)];, and the analogous set for M, are both zero. Thus, 7; is trivially a
monomorphism. Further, the isomorphism

[507 G/G+ N K(Mlv O)]J = M/(G/J)v
and the analogous isomorphism for M, identify the map 7; with the map
(G/J): M'(G)J)— M(G/J),

which is assumed to be a monomorphism. Thus, we may assume that H # G.

If J =G and H # G, then both 7; and 7; have vanishing range and domain, and so
are monomorphisms. For 7;, this follows directly from the dimension axiom. To see this
for 77, note that in the equivariant stable category G/H. A K(M,0) can be identified with
a G-CW spectrum whose zero skeleton is a wedge V;G /K", of orbits G/K" associated to
certain subgroups K* of H. A simple connectivity argument gives that the map

PIs°, G/K e =[S0, VviG/ K )g— [S°,G/H A K(M,0)]g

()

induced by the inclusion of this zero skeleton is an epimorphism. Thus, to show that
1S°,G/H. NK(M,0)]q is zero, it suffices to argue that [SY, G/ K" ¢ is zero. Corollary 3.2
of [21] gives that [S°, G/K']c = Oq(G/G,G/K") is a free abelian group whose generators
are equivalence classes of diagrams of the form

G/G+> G/L-2 /K

in which WgL is finite. However, in any such diagram, L < K' < H. Since H # G, L
must be a finite cyclic group, and so WL cannot be finite. Thus, there are no generators,
and Og(G/G,G/K") = 0. Analogously, the domain of the map I is zero.

We can now assume that neither H nor J is equal to G. If J < H, then the identity
coset eH of G/H is J-invariant, and so provides G/H, considered as a J-space, with a
basepoint. Thus, in the J-stable category, G/H, = G/H v §° = S' v S° where S! is
assumed to have trivial J-action. This decomposition of G/H and the dimension axiom
provide isomorphisms

[G/H., 2K (M,0)]; =[S, 8K (M,0)]; = M(G/J)
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and
[Soa G/H+ N K(Ma O)]J = [Soa SD A K(M7 0)]J = M<G/‘])

These isomorphisms, and the analogous ones for M’, identify the maps 7; and 7; with the
map «(G/J) : M'(G/J)— M(G/J), which is assumed to be a monomorphism.

We can now assume that H,J # G and J £ H. Thus, J N H is a proper subgroup of
J. In this case, G/H, considered as a J-space, can be identified with the unit sphere S¢
of an irreducible complex representation £ of J whose kernel is J N H. The inclusion of
any J-orbit into G/H = S¢ yields a cofibre sequence

J/(JNH); — G/Hy — SJ/(JNH),.

The next map XJ/(JNH),— XJ/(JN H), in this sequence is the difference of the
identity map of X.J/(J N H), and the map j : J/(JNH), — BJ/(JN H), given by
multiplication by an appropriate generator j of J (see, for example, the proof of Lemma
A.1 in the appendix of [17]). To understand the map z; in this context, consider the exact
sequence

/(N H), SE(M,0)], —2  [SJ/(JnH)., SK(M,0)],
s [G/H.,SK(M,0)],

— [J/(JNH) ., XK(M,0)]; =0

derived from our cofibre sequence. The last group in this sequence is zero by the dimension
axiom. The first map in this sequence can be identified with the map

M(G/(J N H)) ==L M(G/(J N H)),

in which the map j is given by the action of j, considered as an element of the Weyl group
Wea(JNH), on M(G/(JN H)). Since Wg(J N H) = S is connected, it acts trivially on
M(G/(JN H)). Thus, the map (1 — j)* in the exact sequence above is trivial, and there
is an isomorphism

[G/H{, SK(M,0)]; 2 [SJ/(JNH),SK(M,0)]; =M(G/(JNH)).

This isomorphism, and the analogous isomorphism for M’, identify the map 7; with
the map «(G/(JNH)): M'(G/(JNH))— M(G/(J N H)), which is assumed to be a
monomorphism.

The cofibre sequence of the inclusion J/(J N H) — G/H, can also be used to an-
alyze the map iy whenever H,J # G and J £ H. For this analysis, consider the exact
sequence
(1=5)A1)«

[S°,J/(JNH) . AK(M,0), (SO, J/(JNH). AK(M,0);,
— [S°,G/H,. N K(M,0)];

— (SO, 2 J/(JNH). ANK(M,0)]; =0,
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in which the last term is zero by the dimension axiom. Since J is finite, equivariant
Spanier-Whitehead duality provides an identification of [S°, J/(JNH), A K(M,0)]; with
[J/(JNH), K(M,0)];. Using this identification, the first map in our exact sequence can
be identified, as in the previous exact sequence, with the map

M(G/(J N H)) 2 M(G/(J N H)),
which is known to be zero. Thus, there is an isomorphism
1S°,G/H. A K(M,0)], = [J/(J 1 H)y, K(M,0)l; = M(G/(J 0 H)).

This isomorphism, and the analogous isomorphism for M’, identify the map 7; with
the map «(G/(JNH)) : M'(G/(JNH))— M(G/(JNH)), which is assumed to be a

monomorphism. -

PROOF OF THEOREM 3.8(b). Recall that G = S'. In this proof, we make use of the
ideas presented in Remark 3.4. The stable orbit category O is a full subcategory of the
category S’ of G-spectra which have the G-homotopy type of finite G-CW complexes. The
category &’ is a symmetric monoidal closed category whose internal hom functor (7, 7) is
derived from a duality functor. Thus, for objects X and Y in &,

XAY ZD(DX))AY = (D(X),Y) = ((X, 0s5),Y).

It follows that, if O is a subcategory of &’ which is closed under the internal hom operation
on &', then it must also be closed under the A-product operation on S’

To prove Theorem 3.8(b), it therefore suffices to show that, if O’ is a full subcategory
of the G-stable category which contains Og and which is closed under smash products,
then the restriction functor

M — My = Mg

is not an equivalence of categories. We can regard the functors H Je and H,, JexGJe 85
contravariant functors out of '. The diagonal map A : G/e— G/e x G/e induces a
map A : Hege — Hgjexaye- Since G/e and G/e x G /e are path connected, Proposition
3.1 of [21] implies that the map

A(G/H) : Heyo(G/H) — Heperye(G/H)

is an isomorphism for H < G. However, by the change of group isomorphisms in section
1.4 of [23],

Hee(Glex Gle) = [Glex NGey,Glei]e
[Gles,Gles]e

[Stv S0 sty sY,
ZSLDL/2

e 11

I
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and

Heajexare(Glex Gle) = [Glex NGler,Gler NGeyla
[G/etr, Gler NGley]e

[STv S (ST VSO A (ST vV SY).
ZOLLSL)2.

e 11

1%

Thus, A is not an isomorphism in I, but its restriction to ME™ = Mg is an isomor-
phism. [

11. Globally defined Mackey functors and the proof of Theorem 6.10

In this section, all groups are assumed to be finite, and 8 and 9 are sets of primes. In
proving Theorem 6.10, we follow the general pattern described in section 7. First, we
identify a natural direct summand 3,(M) of the functor sending a (8, Q)-Mackey functor
M to the abelian group (H,,, 0 M)(Z/p). Then we show that the functor 3, does not
preserve monomorphisms. The argument here is somewhat simpler than the previous ones
in that no restriction on M is needed to split off 3,(M).

11.1. DEFINITION. Assume that the prime p is not in the set P of primes, and that M
is in M. (P, Q). Denote the trivial group by e, and the direct sum of p copies of an abelian
group A by AP. Then 3,(M) is the pushout in the diagram

P

M(e) M(Z/p)

vl JHM

M(e) —=——3,(M).

M(TZ/p)

Here, V is the folding map. Regard M(Z/p)P as being the direct sum of a collection of
copies of M(Z/p) indezxed on the set of group endomorphisms of Z/p. Given such an
endomorphism v : Z/p— Z/p, let n, : M(Z/p) — 3,(M) be the composite

M(Z/p) € M(Z/p)* —= 3,(M),

in which the first map is the inclusion of M(Z/p) into the direct sum as the copy indezed
on y. Analogously, the map n. in the pushout diagram above should be thought of as the
map from M (e) into 3,(M) associated to the unique group homomorphism e — Z/p.

11.2. PROPOSITION. Let p be a prime and P and Q be sets of primes such that p & B.
Then, for all M in M.(P,Q), 3,(M) splits off from (H,,, 0 M)(Z/p) as a natural direct

summand.

As in the previous sections, we postpone the proof of this result until after we have
shown how it can be used to complete the proof of our theorem



Theory and Applications of Categories, Vol. 5, No. 9 244

PROOF OF THEOREM 6.10. Let p be a prime, and let P and Q be sets of primes such
that p € . We must construct a monomorphism ¢ : A— B which is not preserved by
the functor 3,. Let B be the representable Mackey functor H,, and let A be the image
of the map

7%, My — H, = B.

induced by the map 77 Jp 0 B.(B, Q). Note that there are an obvious monomorphism
t: A— B and an obvious epimorphism x : H,, I A.
Consider the diagram

JT’ J{B(Tze/p)

Az/p) 2, B(z/p),

in which the rectangle is a pullback, and 6 is the induced map into the pullback. We
show first that the map # is not surjective, and then use this to show that the map
3,(¢) : 3,(A) — 3,(B) is not a monomorphism.

To show that € is not surjective, it is necessary to compute several values of the
representable functors used to define A and B. It is easy to see that the morphism sets
[Z/p,e] = Hy,,(e) and [e, €] = H,(e) of B.(B,Q) are infinite cyclic groups generated by
the morphisms P%p and 1., respectively. The map %g/p(e) takes P%p O P - Le.

The morphism set [e,Z/p|] = H,(Z/p) has either one or two generators, depending on
whether or not p is an element of . The morphism 75 Jp 18 always a generator. If p € Q,
then there is a second generator represented by the diagram

1
e Z/p—2"% Z/p.

The morphism set [Z/p,Z/p] = Hz/p(Z/p) is generated by the composite 77, 0 pf , and
by the morphisms in B, (3, Q) of the form p(«a), where « is an endomorphism of Z/p. If
p € 9, then o must be a nonzero endomorphism; otherwise, it can be any endomorphism.
The map 7;,(Z/p) takes 77, 0 p7, top- 77, and p(a) to 77,

From these computations, it follows immediately that the diagram above has the form
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Here, C' is Z if p € 9Q; otherwise, C' = 0. Also, the map ¢y is the inclusion of the first
summand of a direct sum, and p denotes the map given by multiplication by p. Clearly,
0 is not surjective.

Pick x € A(Z/p) and y € B(e) illustrating the fact that € isn’t onto; that is, such
that «(Z/p)(x) = B(;,,)(y) = z € B(Z/p) but there is no element of A(e) hitting both

x and y under the obvious maps. The choices x = p(1z/,) and y = 1. are, for example,
acceptable. Consider the elements

(x,—z,0,...,0) € A(Z/p)*
(y,—y,0,...,0) € B(e)? (z2,—2,0,...,0) € B(Z/p)?

in the context of the pushout diagrams defining 3,(A) and 3,(B). From the equations
V(y,—y,0,...,0) =0
and
B(75,,)"(y, —y,0,...,0) = (2,—2,0,...,0),
it follows that
kp(z,—2,0,...,0) =0 € 3,(B).

However, k4(z, —2,0,...,0) must be a nonzero element of 3,(A) since x and y illustrate
the fact that 0 isn’t surjective. Since

3,()(ka(z, —2,0,...,0)) = kp(z, —2,0,...,0) =0,

it follows that 3, does not preserve monomorphisms. [
The rest of this section is devoted to the postponed proof of our splitting result.

PROOF OF PROPOSITION 11.2. Let M be in 9. (P, Q). As in the proof of Proposition
7.2, we first construct a natural map

Xt (Hyy, OM)(Z/p) — 3,(M),

and then show that it is a split epimorphism. The map A is, as before, derived from an
appropriately behaved map

AP MEQ) @ (Z/p x Q. Z/p)— 3p(M).
Q

Again it suffices to specify the restriction S\Q of A to the summand indexed on each group
@. That summand is itself a direct sum of copies of M (Q) indexed on the generators of
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[Z/p x Q,7Z/p]. These generators correspond to equivalence classes (o, (3;0) of diagrams
of the form

Zip x Q22 1% 7)p,
in which the induced map («, 3,0) : J— Z/p X @ X Z/p is a monomorphism. Denote
the restriction of S\Q to the copy of M(Q) indexed on the generator associated to this
diagram by 5\((175;5).
Some manipulation of the diagram above must be done to define S\(Q,ﬁ;(;). Let L = 6(J)
so that L is either e or Z/p, and regard ¢ as a map into L. Since the order of the kernel
of ¢ is not divisible by p, there is a unique map « : L — Z/p making the diagram

/ \\5‘
Zp ———1L
commute. This map is perhaps best understood by looking at a p-Sylow subgroup P of
J. The map 0 must restrict to an isomorphism from P to L. The map ~y is the composite
of the inverse of this isomorphism and the restriction of « to P.
If the kernel of 3 is not a Q-group, then define A\, g.5) to be zero. Otherwise, define it
to be the composite

M(p(8)) M(7(5))
—_—

M(Q) M(J) ——== M(L) =" 3,(M),

where 7, is the map from Definition 11.1 associated to a homomorphism v from either e
or Z/p into Z/p.

To show that A can be derived from :\, it suffices to show that, for each morphism
f:Q — @ in B.(P,Q), the diagram

M(Q) @ [Z/p x Q,Z/p) — L2 M(Q) ® [Z/p x Q. Z/p)

1®(1xf)*l JS\Q
Aot

M(Q)® [Z/p x Q' Z/p] 2 3p(M)

commutes. Further, we need only check the cases in which f is a generator of the form
p(€) associated to a homomorphism £ : Q — Q" with Q-kernel, or of the form 7(¢)
associated to a homomorphism ¢ : Q' — @ with P-kernel. As in the previous proof, the
commutativity of the diagram is purely formal if f = p(§) for some homomorphism &.
Thus, we assume that f = 7(¢) for some homomorphism ¢ : Q' — @ with B-kernel.

We can verify the commutativity of the diagram by checking it on each summand

M(Q") of M(Q') ® [Z/p x Q,Z/p]. On the summand indexed by a diagram

Z/px Qe g 5 ap,
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in which the map 3 : J— @ does not have Q-kernel, it is easy to see that the two
composites in the diagram are both zero. Thus, we restrict our attention to the summands
indexed on diagrams in which 3 does have Q-kernel.

For this case, we must use Lemma 5.3 in much the same way that Lemma 3.3 of [21] is
used in the proofs of Propositions 7.2 and 8.1. We also need to know that, for any group
endomorphism v : Z/p— Z/p, the diagram

w(e) 2, vz )
X lm

3p(M)

commutes. Ensuring the commutativity of this diagram is, however, the whole point
of the pushout diagram used to define 3,(M). The commutativity of our naturality
diagram on the appropriate summand M (Q') of M(Q') ® [Z/p x Q,Z/p] follows from
these observations by an easy diagram chase. Thus, the desired map A can be obtained
from the map A. Clearly, \ is natural in M.

We still must show that A splits naturally. Let D be the summand of [Z/p X Z/p, Z/p]
whose generators are represented by the diagrams

(7712/13)

1 P
Z/px Z/p Z/p—"" Zp,

in which 7 is an endomorphism of Z/p. Then D = ZP and M (Z/p) @ D = M(Z/p)P. Let
o M(Z/p)? — (Hy,, D M)(Z/p) be the composite

M(Z/p)F = M(Z/p)@ D C M(Z/p)® [Z/p x Z/p,Z]p]
c PMQezZ/pxQL/
Q

in which the last map is the standard projection. It is easy to see that the composite
Aod : M(Z/p)? — 3,(M) is just the projection kpr : M(Z/p)? — 3,(M) of Definition
11.1. Thus, to show that X is a split epimorphism, it suffices to show that the map &
factors through the projection ;.

For each @, let vg : M(Q) ® [Z/p x Q,Z/p| — (Hz,, I M)(Z/p) be the map ob-
tained from our description of (H,,,[IM)(Z/p) as a quotient of P, M(Q)®[Z/pxQ, Z/p).
The diagram

M(e) ® [Z/p x Z/p. 25— M(Z/p) © [Z/p x Tp. T/

1®(1XT£/1’)*J luz/p

M(e) ® [Z/p x e, Z]p] = (Hy,, O M)(Z/p)
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commutes by the definition of (H,,, O M)(Z/p). For any endomorphism v of Z/p, the
image under (1 x 77, ) of the generator of [Z/p x Z/p, Z/p] represented by the diagram

71 P 1 P
Zlp x Zfp " g 2 2

is just the morphism represented by the diagram
Z]p x es— e— Z/p

in which all the maps are the obvious ones. This observation, together with the commu-
tativity of the above naturality diagram for the maps v, and vy, easily implies that &
factors through the projection k,;. It follows that ¢ induces a map o which splits A. The
map o is obviously natural. [
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