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A FILTRATION OF SPECTRA ARISING FROM FAMILIES
OF SUBGROUPS OF SYMMETRIC GROUPS

KATHRYN LESH

ABSTRACT. Let Fj, be a family of subgroups of ¥, which is closed under
taking subgroups and conjugates. Such a family has a classifying space, BFy,
and we showed in an earlier paper that a compatible choice of F;, for each
n gives a simplicial monoid [], BFn, which group completes to an infinite
loop space. In this paper we define a filtration of the associated spectrum
whose filtration quotients, given an extra condition on the families, can be
identified in terms of the classifying spaces of the families of subgroups that
were chosen. This gives a way to go from group theoretic data about the
families to homotopy theoretic information about the associated spectrum. We
calculate two examples. The first is related to elementary abelian p-groups, and
the second gives a new expression for the desuspension of Sp™(S9)/Sp™—1(S?)
as a suspension spectrum.

1. INTRODUCTION

In this paper we explore the identification of infinite loop spaces that arise as
group completions of certain classifying spaces with monoid structures. The proto-
typical example of such an infinite loop space is given by the Barratt-Priddy-Quillen
theorem, which states that the group completion of the monoid [] BY,, is the in-
finite loop space @QSY. This theorem was generalized in [[J], where we replaced
BY.,, with BF,,, tom Dieck’s classifying space of a family of subgroups of %,,, and
then appealed to work of Segal to show that the resulting monoid [ BF,, has an
infinite loop space as its group completion. The spaces QS° and K(Z,0) occur as
extreme examples of the construction, but in general it is difficult to identify the
infinite loop space, or the associated spectrum, that arises from a specific choice
of families. In this paper we give a filtration of the associated spectrum such that
the filtration quotients can be identified in terms of the classifying spaces of the
families of subgroups that were chosen. This gives a way to take group theoretic
data about the families of subgroups and obtain homotopy theoretic data about
the spectrum associated to the resulting infinite loop space.

To describe our results in more detail, we require some notation. For each
nonnegative integer n, let F,, be a family of subgroups of ¥,,, and let F denote the
collection of families {F,}nez,. Let BF, be the classifying space of F,, whose
construction we review in Section[2. If the families are closed under block sum of
permutations, then [[ BF,, is a simplicial monoid, and we review in Section 2] how
work of Segal applies to show that its group completion is an infinite loop space.

Received by the editors November 26, 1997.
2000 Mathematics Subject Classification. Primary 55P47; Secondary 55N20, 55P42.

(©2000 American Mathematical Society

3211



3212 KATHRYN LESH

The associated spectrum, which we denote by A, is natural in the sequence F of
families. The goal is to identify A in terms of the families that make up F.

We define a filtration of A by spectra A,,, called the complexity filtration of
A. The filtration is defined by filtering the families, and thus is natural in F. The
main theorem of this paper is that, given an additional condition on the families, the
product projection condition (see Definition ?7?), the filtration quotients A,, /A1
can be naturally identified in terms of classifying spaces of families of subgroups.

Theorem 1.1. Let F be a compatible collection of families that satisfies the product
projection condition. Let A be the associated spectrum, and let A,, denote the mth
filtration of A by complexity. Let F, be the family of subgroups in Fy, which do not
act transitively on {1,...,m}. Then there is a stable homotopy pushout diagram,

e (B]:»;n)Jr — Amfl

l l

Y°(BFn)+ —— Ap,

where the vertical maps are given by inclusions of the (m—1)st complexity filtration
in the mth, and the horizontal maps are given by mth family inclusion maps. The
pushout diagram is natural in F.

Since A; = S° and hocolim,,, 4,, ~ A (Proposition 2.9]), we recover information
about all of A from the filtration.

We offer examples of the application of Theorem [I.1] in Section [[l First we
show how the main example calculated in |L], namely the spectrum associated to
the elementary abelian p-groups with orbits of length at most p, can be calculated
much more simply by the use of Theorem [[.I] Then we consider the family of all
subgroups and show that the complexity filtration of the associated spectrum is the
filtration of the integral Eilenberg-MacLane spectrum HZ by symmetric powers of
spheres. Finally, we use Theorem [Tl in conjunction with this calculation to show
the following, and we recover some known results on symmetric powers of spheres.

Theorem 1.2. Let F, denote the family of all subgroups of ¥, which do not act
transitively on {1,...,m}, and let Sp™(S°) denote the mth symmetric power of the
sphere spectrum. Then

Sp™(8°)/Sp™1(S%) ~ X BF! .

The rest of the paper is organized as follows. In Section 2 we review definitions
and constructions from [[J], and we define the product projection condition and the
complexity filtration, which appear in the statement of Theorem [T In Section Bl
we discuss the details of Segal’s infinite loop space contruction as it applies to
our situation, and we define the weight filtration, with which we later analyze the
spaces that come out of Segal’s construction. Section Hlis devoted to the proof of
the main technical tool of the paper, Proposition[£8, which identifies the homotopy
type of the filtration quotients of the weight filtration in the case that the product
projection condition is satisfied. In Section[Bl we construct the mth family inclusion
maps which appear as the horizontal maps in the pushout diagram of Theorem [LT]
and we show that in the case of stable homotopy they are related to the transfer.
In Section Bl we give the proof of Theorem [Tl Section [0 gives examples, and
Theorem is proved in Section [[.2.
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2. BACKGROUND AND DEFINITIONS

In this section we give background information on how families of subgroups of
symmetric groups lead to infinite loop spaces, and we define the terms that are
needed for Theorem L1 We first collect definitions and propositions relating to
classifying spaces of families of subgroups. Then we review from [L[] the symmetric
monoidal category which leads from families of subgroups to infinite loop spaces.
Next we define the product projection condition and the complexity filtration, and
explain how they interact. Finally, we prove that hocolim,, A4,, ~ A.

In the following series of definitions and propositions, we collect the facts we will
need about families of subgroups and their classifying spaces. Let Y denote the
fixed point set of the action of a group H on a simplicial set Y.

Definition 2.1.

1. tD] Let G be a group and let F be a collection of subgroups of G. We call
F a family if
() HEF, 0 €G = oHo ! € F; and
(b) H € F and K a subgroup of H = K € F.

2. If F is a family of subgroups of G, let £ be the category whose objects are
pairs (O, z) where O is a G-orbit with isotropy in F and = € O. Morphisms
(0,2) — (O',2') are G-equivariant maps O — O’ such that z — «’.

3. If F is a family of subgroups of G, let Ox be the category whose objects are
G-orbits O with isotropy in F. Morphisms O — O’ are G-equivariant maps.

Proposition 2.2.

1. tD] Given a family F of subgroups of a group G, there is a G-space EF with
the property that

(EF)H ~x for He F,
(EF)? =0 forH¢F.

The space EF is terminal up to homotopy among G-spaces whose isotropy
groups lie in F, and is known as the F-universal G-space.

2. [E] The space EF is G-equivariantly homotopy equivalent to the nerve of Ex,
where the G-action on Ex comes from the action of G on the distinguished
point.

Definition 2.3. The classifying space of the family F, written BF, is the orbit
space of the G-action on EF.

Proposition 2.4. [E] The nerve of O is homotopy equivalent to BF.

The space EF should be regarded as a generalization of the free contractible
G-space EG, which is recovered in the case that F consists of only the trivial
subgroup. Similarly, BF generalizes the classifying space BG.

Next we turn to a description of how families of subgroups lead to infinite loop
spaces. In particular, we show how to construct a symmetric monoidal category
whose nerve is the simplicial monoid [ BF,, referred to in the introduction. By
work of Segal (see [S]; also [M] and [B-F]), the group completion of the nerve is an
infinite loop space.

For each n, choose a family F,, of subgroups of ¥,,, and let F denote the collection
of families {Fy}nez, -



3214 KATHRYN LESH

Definition 2.5. Let iy, ..., 7 be nonnegative integers. The product family F;, x
. X F;, of subgroups of ¥;, X ... x ¥;, is the family whose elements are either
products Hy x ... X Hy where each H; € F;,, or subgroups of such products.

(Note the abuse of notation in that some elements of F;, X ... X F;, may not
actually be products of subgroups.)

Given nonnegative integers iy, ..., ig, let n = i1+ ... +ix. We regard X;, X ... x 3;,
as a subgroup of ¥,, by letting >;, act on 1,2, ..., 41, letting 3;, act on i1 +1, ..., i1 +12,
and so on.

Definition 2.6. F is compatible if for all nonnegative integers i1, ..., ik,
HG}—Z‘I X...X.Fik:>H€.7:n.

To obtain a symmetric monoidal category, recall from Definition 1] that O,
is the category of 3, -orbits with isotropy in JF,, and equivariant maps. Let O be
the category which is the disjoint union of the categories O, . (Hence Of has one
component for each nonnegative integer.) If F is compatible, then we can make
Of into a symmetric monoidal category by defining the following bifunctor on it.
Let O7 be a 3;,-orbit and let O be a 3;,-orbit. We define

01 ® 02 = X 44, X(5,, x5,,) (O1 X O2).

Here the action of ¥;, x X;, on ¥;, 4, is through the inclusion 3;, x ¥;, — X;, 44,.
Compatibility of F is required to guarantee that O; ® Os has isotropy in F;, 14,
and hence is an orbit in Of.

In later sections, we will need to use the commutativity isomorphisms for O
explicitly, so we digress to mention them here. If O; is a 3;, -orbit, Oy is a X;,-orbit,
and n = i1 4 i2, we must give a natural isomorphism

¢ En X(x,, x5, (01 X 02) = By X(z,, x3,,) (02 X O1).

Let 7 € X, transpose the blocks {1,...,i1} and {i; + 1,...,41 + i2}. Then the
commutativity isomorphism is defined by

C(gv (331, 1‘2)) = (97—7 (332,.131)).

Returning to the construction of infinite loop spaces, we see that any compatible
choice of families leads to a symmetric monoidal category Oz, and by [S] the nerve
of this category, [[ BF,, group completes to an infinite loop space. If each F,
consists only of the trivial subgroup, then BF,, ~ BY,, and the Barratt-Priddy-
Quillen theorem tells us that [ [ BF,, group completes to QS°. If each F,, consists of
all subgroups of ¥, then BF,, ~ % and [[ BF,, group completes to Z, or K(Z,0).
Hence if [] BF,, has associated spectrum A, naturality in the choice of families
gives maps S° — A — HZ whose composite is the Hurewicz map. In other words,
the spectra obtained by this construction interpolate between stable homotopy and
integral homology.

Next we define the complexity filtration and the product projection condition,
which appear in the statement of Theorem [l

Definition 2.7. Let H be a subgroup of ¥,. We say that H has complexity
less than or equal to m if the action of H on the set {1,...,n} divides that set
into orbits of length less than or equal to m. The mth complexity filtration of a
family F,,, denoted C,, F,, is the subset of F,, consisting of subgroups of complexity
less than or equal to m.
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We write Cy,, F for the collection {C),,Fp}nez, . If F is a compatible collection,
then C,,,F is compatible as well.

Definition 2.8. Let F be a compatible collection of families with associated spec-
trum A. The spectrum associated to the collection C,,F is denoted A,, and is
called the mth filtration of A by complexity

The complexity filtration gives us information about all of the spectrum A, in the
sense that the smallest filtration is A; = S°, and the direct limit of the filtrations
is A itself.

Proposition 2.9. With A and A,, as above, A; = S° and
hocolim,,, 4,, ~ A.

Proof. The Barratt-Priddy-Quillen theorem says precisely that A; = S°, because
the only subgroup of complexity 1 is the trivial subgroup.

Because C,,F,, = F, if m > n, we know that hocolim,, BC,,F, ~ BF, and
hence hocolim,, [[,, BCnFy, = [1,, BFn. To group complete a simplicial monoid,
we compute QB(—), and this functor commutes with the homotopy colimit in
question. (See, for example, [Al Chapter 3].) Thus the infinite loop space arising
from the family F is the homotopy colimit of those arising from the families C,,, F,
and the same is true for the associated spectra, that is, hocolim,, A4,, ~ A. O

The other condition on F which appears in the statement of Theorem [[CTlis the
product projection condition, which is a converse to the compatibility condition.

Definition 2.10. F satisfies the product projection condition if for any non-
negative integers i1, ...,4; and n = i1 + ... + ix, we have that H € F,, and H C
Zil X oo X Eik imply H € -7:1‘1 X ... X .7:%

The geometric implications of this condition are discussed in Section B] It is
easy to check that the condition can be equivalently phrased by requiring that if
H e F,and H C %, X ... x ¥;,, then the projection of H to each ¥;; is in F;,.

Examples 2.11.

1. Let F consist of all elementary abelian p-subgroups. Since homomorphic
images of elementary abelian p-groups are again elementary abelian p-groups,
F satisfies the product projection condition.

2. Let F consist of all subgroups of the alternating groups. Certainly F is com-
patible, because the product of two even permutations is again even. However,
F does not satisfy the product projection condition, because an even permu-
tation can be the product of two odd ones, and hence the projection of an
even permutation to a smaller symmetric group can be odd.

Finally, we discuss the interaction of the complexity filtration and the product
projection condition. Note that for any m, C,,_1F,, consists of the nontransitive
subgroups in F,,, or, in the language of Theorem [[Tl, Cy,—1Fy, = F,. According
to Proposition below, when we have the product projection condition, F/,
consists of all elements of F,, which are forced on us by the families Fi,...,Fn—1
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under the compatibility condition. Hence the pushout diagram of Theorem [LT]
S (BF) s —— Amoi

l l

Y®(BFn)y —— Am,

can be interpreted as saying that the difference between the spectra A,, and A,,_1
is measured by the difference between the family F,, and the subfamily F, of
subgroups which are forced under compatibility by the previous choices Fi,...,F—1.
Said another way, the difference between A,, and A,,_; is caused by the genuinely
new subgroups that are introduced in F,,.

Proposition 2.12. Let F be a compatible collection of families satisfying the prod-
uct projection condition and let H € F],. Then there exist positive integers i1, ..., ik
with i1 + ... + i, = m such that H € F;, x ... X Fy,.

Proof. It H € F], = Cpp—1Fm, then H has orbits on {1, ...,m} which are of length
less than or equal to m — 1, and hence

HgZilx...xZikgEm

for some 0 < iy,...,7 < m — 1 with 41 + ... + ix = m. But then by the product
projection condition, H € F;, X ... x F;,.. O

3. SEGAL’S I'~-CATEGORY CONSTRUCTION AS APPLIED TO FAMILIES

In order to prove Theorem [[I] we will need to make a detailed analysis of
Segal’s I'-space construction. Let F be a choice of compatible families, let Oz be
the associated symmetric monoidal category described in Section 2 and let Oz(X)
be Segal’s I'-space construction applied to a simplicial set X. In this section, we
review Segal’s construction of Oz (X) and we define a filtration on it called the
weight filtration, which is the essential tool in the proof of Theorem [L1l. The weight
filtration is analogous to the natural filtration of the Barratt-Eccles construction,
which we describe in order to give a feel for the weight filtration’s geometric meaning
and to explain the role of the product projection condition. Finally we give an
expression for the filtration quotients as the nerve of a category, which will be
useful in constructing weak equivalences involving the filtration quotients and the
nerves of other categories.

In [S], Segal defines a I'-space as a functor A from the category of finite pointed
sets to the category of spaces, with the property that the pinch maps induce weak
equivalences A(Sy V S2) — A(S1) x A(S2). Such a functor has the property that
A(S°) group completes to an infinite loop space. A T'-category is a functor C from
pointed sets to categories with the property that pinch maps induce equivalences
of categories C(S1 V S2) — C(S1) x C(Sz2). Following a I'-category C with the
classifying space functor gives a I'-space |C|. Hence, if C is a I'-category, then |C| is
a I-space, and |C(S?)| group completes to an infinite loop space. Finally, examples
of T'-categories arise from symmetric monoidal categories as detailed below. We
will be applying this technique to the symmetric monoidal category Of.

Let C be a symmetric monoidal category with symmetric monoidal product ®,
and let S be a finite pointed set. As we will need to use the details of Segal’s
construction, we will be very explicit about how to associate to C a I'-category
S — C(S). Let P(S) denote the set of (pointed) subsets of S. Call two pointed
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subsets of S disjoint if the only element they have in common is the basepoint. An
object in the category C(S) consists of the following data:

1. A function f : P(S) — Obj(C);

2. For every Si, Sy disjoint elements of P(S), an isomorphism ag, s, : f(S1) ®
f(S2) — f(S1V S2). The collection of isomorphisms, which we call a.., must
be coherent in the sense that the following diagrams commute for all choices
of disjoint pointed subsets of S. (In each case the top horizontal map is given
by the structure of C as a symmetric monoidal category.)

(a) Associativity:

(f(S1) ® f(S2)) ® f(S3) —— f(S1) @ (f(S2) ® f(S3))

I !

F(S1V S2) ® f(S3) f(S1) ® f(S2V S3)

! !

f(Sl VSQVS3) ;> f(Sl \/SQ \/Sg)
(b) Commutativity:

f(51) ® f(S2) —— f(S2) ® f(S1)

! !

f(S1VSy) ———  [f(S2VS1)

A morphism (f1, (a1)«) — (f2, (@2)«) in C(S) is a collection of morphisms f1(S’) —
f2(S") in C, one for each pointed subset S’ C S, which commute with the isomor-
phisms of (a1). and (a2)s.

If h: S — T is a map of finite pointed sets, we will also need information about
the natural transformation C(h) : C(S) — C(T') that it induces. In particular, if
C(h) : (f,ax) — (g,084), we will need to know the function g : P(T) — C in terms
of f: P(S) — C. For a pointed subset 7" C T, let h;'T” denote the subset of
S consisting of the basepoint and of elements of S which map to nonbasepoint
elements of 7/. Then to define the function g : P(T) — C, we take g(T") =
f(h;lT’). The point of the definition of h;l is to exclude from the preimage of T’
the nonbasepoint elements of S which map to the basepoint of T'. Otherwise, for
example, preimages of disjoint pointed subsets of T" might not be disjoint pointed
subsets of S, which would give trouble in defining the isomorphisms in [,.

Now we give some definitions and lemmas on the application of Segal’s work
to our situation. Later in the section we give them some context and geometric
interpretation by reviewing the construction of Barratt and Eccles for QX and
explaining the analogies with our constructions. Let .S be a finite pointed set and
fix an enumeration of the non-basepoint elements, S = {sq, ..., s }. When we specify
a subset of S by listing its elements, the basepoint will be understood to be present,
even though it is not specifically listed. For example, we write {s;} for the subset
of S consisting of the basepoint and the element s;. Let F denote a compatible
collection of families {F,}ncz, and consider the I'-category S +— Ox(S5).

Definition 3.1. An object (f,a.) of Ox(S) has total weight n if f(S) is a ;.-
orbit, and (f, a.) has type (i1, ...,i) if f({s;}) is a X;;-orbit for each j.
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Note that if (f, cx) has total weight n and type (i1, ..., i), then n = i1 + ... + ig.
This is because f(5) is isomorphic to f({s1}) ®...® f({sk}), which is a 3;, 1 44, -
orbit.

Lemma 3.2. The full subcategory of Ox(S) of objects of type (i1, ...,1%) is a com-
ponent of Of(S).

Proof. First we claim that if objects have different types, then they are in different
components. For if (f, o) and (f’, o/, ) have different types (i1, ..., i) and (2}, ..., i},),
then for some j, we have i; # i’;. However, having a morphism (f, a.) — (f’, %)
would require having a morphism f({s;}) — f'({s;}) in Oz, and there are no such
morphisms if i; 7 i’.

To show that the objects of type (i1, ..., i) form a single component of Ox(S),
we note that there is a (nonunique) object (f, a.) of type (i1, ...,7) such that for
every S’ € P(S), the orbit f(S’) is free, and there is a (nonunique) morphism from

(f, @) to any other object of Ox(S) with the same type. O

We filter O£(S) by letting W,,O£(S) be the full subcategory of objects whose
total weight is less than or equal to n, and we write W, /W,,_1Ox(S) for the nth
filtration quotient. This filtration is critical in the proof of Theorem [Tl We will
need to know that the filtration is respected by maps of finite pointed sets. We
prove the following more precise result, which is required in Section [l

Lemma 3.3. Let h: S — T be a map of finite pointed sets. Let (f, ) be an object
of Ox(S) of type (i1,...,1k), and suppose that Ox(h) : (f,ax) — (g,0«). Then the
total weight of (f, o) is greater than or equal to that of (g, ). Further, the total
weights of (f,aw) and (g, Bx) are equal if and only if for all j such that h(s;) is the
basepoint of T', we have i; = 0.

Proof. Let S' = hjrlT and let S” be the points of S which map to the basepoint of
T. Since S = S’V S, we have f(S) = f(5") ® f(g/), and since g(T') = f(57), we
have f(S) =2 ¢g(T) ® f(?l). Therefore the total weight of (f, o.) is greater than or
equal to that of (g, 8s). Further, the total weights of (f, c.) and (g, 5x) are equal if
and only if f(g/) is the identity object of Of. Equivalently, for all s; € gl, f{s;})
is the identity object, and hence i; = 0. |

Next we discuss the above definitions in the context of the Barratt-Eccles con-
struction to give them a geometric interpretation. If X is a simplicial set we write
X™ for the n-fold Cartesian product and X for the n-fold smash product. Re-
call that Barratt and Eccles [B-E] define a simplicial monoid I't (X', whose group
completion has the homotopy type of QX = QXX by

I(X)= [[ EZnxs, X"/ ~.
neZy
The quotient takes points of E3,, x5, X" that have any coordinate at the basepoint
of X and identifies them with points in EX,,_; xx, _, X" 1. Hence I't (X) is filtered
by n, with the nth filtration being

[ ESi xs, X/ ~
i<n

and with nth filtration quotient (EX, )y As, X ™. If X is (j — 1)-connected, then
one can show that these filtration quotients are at least (25 —1)-connected for n > 1,
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and hence H;(I'" X, X) = 0 for ¢+ < 2j. This leads to the conclusion that if X is
connected, then I'" X is weakly equivalent to X in the stable range, an important
step in showing that It X ~ QX.

If we apply 't to a finite pointed set S, then I'T(S) is actually the disjoint union
of the filtration quotients:

() ~ [[(ESn)4 As, S™.
n
If k is the number of non-basepoint elements of .S, the component corresponding to
a point of S where each coordinate s; appears ¢; times has the form

EZn/(E“ X ... X Zik) ~ BZil X ... X BZik,

and so we see that

k
' (S) ~ (H le) :

This is required in order for I't(—) actually to give a I'-space in the sense of Segal,
because it must take wedges to products and S is a wedge of k copies of S°, while
It (S% = [[, BX;. Note that the nth filtration quotient of I'"(S) is homotopy
equivalent to

[T BZi.x..xB,.
i1+...+ig=n

The simplicial set |Ox(S)| is analogous to the Barratt-Eccles construction. Al-
though there is no simple combinatorial expression for |O£(S)| like that for I'T(.9),
it is true that if S is a finite pointed set with k nonbasepoint elements, then

k
0x()] ~ (L[ BE) |

In fact, the component of Oz(S) consisting of objects of type (i1, ..., i) gives the
component BF;, X ... x BF;, in |Ox(S)|. Because the objects of Oz(S) of total
weight n have type (i1, ..., i) where i1 +...4+14, = n, the weight filtration on |O£(S)|
has the property that the nth filtration quotient is homotopy equivalent to

H B]:i X ... X B}—zk
11+...+ig=n

It is natural to ask whether the component BF;, x...x BF;, is homotopy equivalent
to EF, /(X X ... x X;,), so that the filtration quotients would have an expression
similar to that for the quotients in the Barratt-Eccles construction.

The answer in general is no, because in contrast to the fact that EY, is an
acceptable model for E(¥;, x ... x ¥;,), it is not true that EF, has the correct
fixed point properties to be E(F;, X ... x F;, ). However, in the presence of the
product projection condition on the families, the answer is yes, as stated below in
Corollary B8, The main technical issue in the proof of Theorem [Tl is to show
that the weak equivalence of Corollary can be made natural and hence prolongs
to simplicial sets. This is the content of Proposition [£8, whose proof constitutes
Section @ Once this is established, it is possible to analyze the spectrum A asso-
ciated to a choice of families by looking at the weight filtration on |O£(S7)], the
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jth space in the spectrum, and using the connectivity of the filtration quotients
(EFn)+ As, (87)(™ to throw away the parts that are not in the stable range.

Lemma 3.4. Let F be a compatible collection of families satisfying the product
projection condition. Then EF,, is ¥;, X ... X ¥;, -equivariantly homotopy equivalent
to Ej:il X ... X E}—zk

Proof. 1t is sufficient to show that EF,, has the correct fixed point property with
respect to Fj, X ... x F;, , the product family of subgroups of ¥;, x ... x%;, . If H is
a subgroup of ¥;, x...x%;, and H ¢ F;, x...x F;,, then by the product projection
condition on the families we know H ¢ F,, and (EF,)" ~ (. On the other hand,
the compatibility condition on the families tells us that if H € F;; x ... x F;, then
H € F,, hence (EF,)H ~ x. O

Corollary 3.5. Let F be a compatible collection of families satisfying the product
projection condition. Then

EF./ (X X .. x X))~ BF;, X...x BF;,.

Corollary 3.6. If S is a finite pointed set and F is a compatible collection of fam-
ilies which satisfies the product projection condition, then the nth filtration quotient
of the weight filtration on |Ox(S)| is homotopy equivalent to

(EFn) 4 As, S™.

Proof. We already known that the nth filtration quotient is homotopy equivalent
to Hi1+...+ik:n BF;, x .. x BF;,. Let s;,,. ; be the point of S whose first iq
coordinates are s1, whose second i coordinates are s9, and so on. Then (EF,)As,
Siv,in =2 (EFR)/(Biy X oo x X4,) ~ BF;, X ... x BF;,. O

Corollary B8 indicates the importance of Borel-type constructions in our context,
and our last item for this section is to give an expression for a space of this form
as the nerve of a category. This will be useful in constructing weak equivalences
between the filtration quotients and other spaces which are expressed as the nerves
of categories.

Let T be a finite pointed %,,-set. Let O(F,;T) be the category whose objects are
pairs (O, (z,t)) where O € Og, and (z,t) € O xx, T, with the identification that all
objects whose T-coordinate is the basepoint are identified to a single object whose
only endomorphism is the identity. There are morphisms (O, (z,t)) — (O', (2/,"))
only if ¢ =/, in which case the morphisms are ¥,,-equivariant maps O — O’ which
take x to .

Lemma 3.7. Let T be a finite pointed X, -set. Then
|O(Fo; T)| 2 (EFn)+ As, T.

Proof. The space EF,, is the nerve of the category whose objects are pairs (O, )
where O is a X,-orbit with F,-isotropy and x € O, and whose morphisms are
Y ,-equivariant maps preserving the distinguished point (see Section ). Thus we
can regard EF,, x T as the nerve of the category whose objects are triples (O, z, t),
where t € T. There are morphisms (O, x,t) — (0’,2',t') only if t = t, and then the
morphisms are equivariant maps O — O’ such that z — z’. To take the quotient of
EF, x T by the X,,-action, we take the quotient of the ¥,,-action on the category,
that is, we regard (x,t) as an element of O xs. T. Finally, to obtain (EF, )+ As, T
from EF, xx, T, we must quotient out EF,, x *. We accomplish this on the level of
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the category by identifying together all objects (O, (z,t)) where ¢ is the basepoint
of T O

4. FILTRATION QUOTIENTS OF THE WEIGHT FILTRATION

Let X be a pointed simplicial set which is finite in each dimension and fix a pos-
itive integer n. The goal of this section is Proposition 8] which asserts that if the
product projection condition holds, then the filtration quotient W, /W,,_1]|O#(X)|
of the weight filtration is weakly equivalent to (EF,); As, X™. We already
know by Corollary B0l that if S is a finite pointed set, then W, /W,,_1|O£(S)| and
(EF,)+ As, S™ are in fact homotopy equivalent. The work of this section is to
make that equivalence natural in S, so that it will prolong to a weak equivalence
when S is replaced by a pointed simplicial set X.

The ideal would be to obtain the desired equivalence as a natural transformation
of functors on finite pointed sets,

Wi /Wn_10£(S) — O(F,; SM™),

the latter being a category whose nerve is, by Lemma B.7] homotopy equivalent
to (EF,)+ As, S™. Unfortunately, we were not able to do this, and instead we
take the following more circuitous approach. We define a subcategory Ox(S5) of

Ox(S) such that Ox(S) — Ox(S5) is an equivalence of categories. Then we define
a functor

P W, /W, 10£(S) — O(Fn; S™)

which is natural in S and gives a homotopy equivalence on nerves if the product
projection condition holds.

Given an object (f,ax) of Oz(S), let Sy C S be the basepoint together with
points s € S such that f({s}) is not the identity element of O#(S).

Definition 4.1. Let O£(S) be the full subcategory of O£ (S) whose objects (f, a.)
satisfy the condition that for every S' C S, we have f(S") = f(5' N Sy).

Lemma 4.2. The inclusion I : Ox(S) — Ox(S) is an equivalence of categories.

Proof. We define a retraction R : Oz (S) — Oz(S) by letting R(f, a.) = (f, @x),
where f(S') = f(S' N Sy) and @s,,s, = @s,ns;,5.ns,- The composite RI is the
identity on Oz(S). We need a natural transformation from IR to the identity
on Oz(S). Suppose that TR(f,a.) = (f, @.). Let 4+ denote the identity object
of O and let SJ% be the pointed complement of Sy in S, that is, the basepoint
and the nonbasepoint elements of S which are not in Sy. To define a morphism
(f, @) — (f, ) we must give maps f(S') — f(S’) in Of for each S’ C S and
commuting diagrams involving the collections «, and @,. For the first, we use

f8) = F(8'nSy)
= f(S'NnSy e+
= f(8'NSp) @ f(5'NSH)
- f(5),
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where the last map is given by ag/ng 7,5'NSS - For the second, we note that commu-
tativity of the diagrams

f(S1) ® f(S2) —— F(51V S2)

f(S1) ® f(S2) —— f(S1V S2)

is guaranteed by the coherence of the maps in a. O

The category Oz(S) has a conspicuous failing: it is not natural in S. The
problem is that although a map h : S — T of finite pointed sets induces a functor
Ox(h) : Ox(S) — Of(T), that functor may not carry Ox(S) to Ox(T). However,
Ox(S) inherits a weight filtration from Oz(S), and the filtration quotients are
natural.

Lemma 4.3. W,,/W,,_10x(—) is a functor from finite pointed sets to categories.

Proof. Let h : S — T be a map of finite pointed sets and suppose that (f,a.) is
an object of Oz(S) of weight n. If Oz(h) : (f, @) — (g, Bx), then we must show
that either the weight of (g, [(.) is strictly less than n or else (g, 3,) satisfies the
condition to be in Ox(T), namely g(T") = g(T" N T,) for every T C T. If (f, o)
and (g, 3+) have equal weights, then we claim that by Lemma [3.3 Sy C hjrl(T),
for if s; € Sy then i; # 0, and therefore h({s;}) is a nonbasepoint element of 7.

Thus we have

Q(T/ng) -_rl(T/ﬂTg))
TN
+

TR T, N Sy)

+I'nsy)
1)
= g(T"),

where the third and the next to last equalities come from the fact that (f, a.) €
Obj(O£(5)). .

Remark 4.4. The retraction R : Ox(S) — Oz(S) has no chance to be natural in S,
because the category Ox(S) is not natural in S. However, even on the associated

graded, R : W, /W,_10£(S) — Wy, /W,_10£(S) fails to be natural. For suppose
the diagram

f(h
f(h
f(h
fh
f(h

Wi /W 1O£(S) —L Wy /Wi 1O (S)
Or(h)l O}'(h)J/
W /Wy 1 Of(T) —2es Wy /Wy O£(T)
were commutative, and that following an element (f, o) around gave

(f,Oé*) - (7) a*)

l |

(9,0:) —— (g, B.)-
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On the one hand, g(T") = g(T' N T,) = f(h{'T" N hi'T,). On the other hand,
9(T") = f(hi'T") = f(h{'T" N Sy). However, it is quite possible for hi'T, to
be different from Sy, even if (f, ) and (g, 8«) have the same weight, and hence
these two calculations of g(7") need not agree. Nevertheless, there is a natural

transformation from Oz (h)o R to Ro Ox(h), and so once we pass to nerves, the
diagram

W/ Wie1|O£(S)| —2— Wy /Woa[O£(S)]
O}'(h)l Or(h)l
Wi/ Wt |O(T)| —Ls Wi /Wyt [O£(T)]

commutes up to homotopy.

Now we are ready to define the functor P : W,,/W,,_10x(S) — O(F;S™).
Recall that the objects of the target category are pairs (O, (z,5)), where O € Of,
and (z,3) € Oxx, S where all objects with 5 equal to the basepoint are identified
together to a single basepoint object. The functor P on the equivalence class
W,_10£(S) is, of course, this basepoint object of O(F,; S™).

To define P on an object (f, ) of W,,Ox(S) which has weight n, let S =
{51, ..., sk} be an enumeration of the nonbasepoint elements of S. (As in Section
we assume that the basepoint is present in any subset of .S, even though it is not
specifically listed.) To define P, we must give a X,-orbit, a distinguished point in
the orbit, and a point in S™. The X,-orbit is f(S). To define the distinguished
point y € f(S), let O; = f({s;}) and choose a distinguished point z; € O, for each
j. Let e denote the identity element of X,,. Then we define y € f(S) as the image
of (e, (...(e,z1,22),...),x) under the composite of maps from c,

Finally, let s;,... 4, € S(™) be the point whose first i; coordinates are s;, whose
second i5 coordinates are so, and so on. Then we define

P(fv a*) = (f(S)a (yv Si1,..~,ik))'
Lemma 4.5. P is well-defined.

Proof. We must show that P does not depend on the choice of the elements x; or
on the enumeration of S.

Suppose we make another choice of distinguished points, say :c; = o;x; for some
o; € X;;. Certainly the orbit f(S) and the point s;, . ; do not depend on the
choices of elements x;. If we let ¥’ be the distinguished element of f(S) obtained
by using the distinguished points z”;, then it is easy to check that y' = (o1 x... X 0% )y.
Since o1 X ... X o, fixes $;,...i,, the pairs (v, s, i) and (y, Si,.... 4, ) represent the
same element of f(S) x5, S™.

To show that P does not depend on the enumeration of S, let {s1,...,sx} and
{s!,...,s,} be enumerations of the nonbasepoint elements of S which give rise,
respectively, to the points (y, s;,... ;) and (¢, 5;’11;) of f(8)xx, S, Let o € ¥,
be such that (s}, ..., 5},) = 0(81, ., 8k) = (So-1(1), -+ So-1(k)), and let 7 € ¥, be the
corresponding block permutation for blocks of size i1, ..., ix, which has the property
that

’ —
S/ ir = O0S8iq,...i

U yensly k*
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We will show that we can take y’ to be Gy, so that (y, s .4, ) and (v, 8] )

(LN
represent the same element of f(S) xx, S thus concluding the proof of the
lemma.

Recall that O; = f({s;}), and let O} = f({s}}). Hence O} = Oy-1(;), since
s = 8g-1(;)- For each j, choose z; € O; and let 2 = x,-1(;), so that we are
looking at the same distinguished elements of the primed and unprimed orbits.
Consider how the element (e, (...(e, 1, Z2), ...), k) maps from the upper left corner
around the commuting diagram

(.((01 ® 02) ® O3) ® ...) @ O, — f(9)

(...((0071(1) X 0071(2)) X 0071(3)) ® ) X Oa—l(k) Emm— f(S),

where the left vertical map is given by the associativity and commutativity isomor-
phisms of the symmetric monoidal category Oz and the horizontal maps are given
by composites from a,. Going first to the right and then down, we get y. Going
down and then to the right, we have

(e, (s a1, 22),.0), 0) = (E;17("'(eaxa—l(l)axa—lﬁ))v"')vxa—l(k))
= 7 (e (...(e 2, 25),...),x})

= 7 Y.

Hence y = @ 14/, finishing the proof of the lemma. (|
We will be interested in the map W,,/W,,_1|0£(S)| — (EF,)+ As, S™ which
P induces on nerves. Since we actually want to study W, /W,,_1|Oz(X)| for a

simplicial set X, it is critical that P be natural so that we can prolong to simplicial
sets. That is the content of the following proposition.

Proposition 4.6. P is a natural transformation of functors of finite pointed sets.

Proof. Suppose we have a map h : S — T of pointed sets. We must check commu-
tativity of the diagram

Wi /W 1O£(S) —L— O(F,;5M™)
Or(h)l O(]—'ﬂ,;h(”))l

Wy /Wy 1 Of(T) —L— O(Fp; T™).
Certainly the diagram commutes on the basepoint component. Suppose we follow
an element (f, a..) of type (i1, ...,1x) and total weight n partway around the diagram
to obtain

(faa*) - (Ofv(xfasf))

(9,8:) — (Og, (x4, 54))-
To prove the lemma, we must show O(F,; ™) : (Oy, (xy,55)) = (O, (x4, 5,))-

By Lemma [B3] there are two cases to consider.

1. The total weights of (f, a.) and (g, 8s) are equal.
In this case, for all j such that h(s;) is the basepoint of T', we have i; = 0.
We first check that Oy = Oy. By definition, Oy = ¢g(T') = f(h;l(T)) =
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f(h7M(T) N Sy), where the last equality comes from the fact that (f,a.) €
Obj(O£(S)). As in the proof of Lemma [£3] Sy C h'(T). Hence

Oy = f(hH(T)N Sy) = f(Sy) = f(SNSy) = f(S) = Oy.

Next we assume that the enumerations of S and T are chosen so that h is
order preserving, and this makes it easy to check that h(™s t = tg. Lastly,
we address the distinguished point and show how to choose the distinguished
point in g({t1}), the others being defined similarly. Suppose that s, ..., s; are
the elements of S which map to t; and suppose that x; € f({s1}),....,1 €
f({si}) are the distinguished points chosen to define P(f,as). Then we
take the distinguished point in g({t1}) = f({s1,...,s1}) to be the image of
(e, (...(e,x1,x2),...), ;) under the appropriate composite of maps from .,

(((01 ® 02) (9 03) X ) ® Ol — f({Sl, ...,Sl}).

Then the fact that zy = x4 is implied by the associativity isomorphisms of
Oz, which are respected by the maps in «..
2. The total weight of (g, 3«) is strictly less than that of (f, au).

In this case, (g,3«) € W,—10x(T), and hence (O, (z4,54)) is the base-
point object. We claim that O(F,; ™) maps (Oy, (x,sy)) to the basepoint
object of O(F,,; T™)) because h(”)(sf) is the basepoint of T(™. This happens
because for some j, we have that h(s;) is the basepoint of T but ¢; > 0. Since
sy has i; coordinates which are s; and we are mapping into a smash product,
h(™)(s¢) is the basepoint.

O

The next proposition is the technical heart of this section.

Proposition 4.7. Let F be a compatible collection of families satisfying the product
projection condition. Then the functor P induces a map on nerves

|P| : |W, /Wy 10£(S)| — (EFn)4 As, S™

which is a natural homotopy equivalence.

Proof. We will give two functors P’ and P” such that P'oP" : W,,/W,,_10£(S) —
O(Fy; S™) and such that there is a natural transformation from P’o P” to P. The
proposition then follows from showing that P’ and P” induce homotopy equiva-
lences on nerves. This brings up the question of why we need the functor P in the
first place, when P’ o P” induces the desired homotopy equivalence, and the answer
is that the functor P’ o P is not natural in maps of finite pointed sets and so would
not prolong to simplicial sets to give Proposition B8,

If S is a finite pointed set with enumeration S = {s1, ..., sx }, let O£(S) — (OF)*
be the functor which takes (f, ax) to f({s1}) x ... X f({sx}), and define P” by the
composite

P":0x(S) = Ox(S) — (OF)".

By Lemma (2] and the fact that S — Oz(S) is a I-category, P” induces an
equivalence of categories. Further, we can filter (Ox)* by letting W,,(Ox)* be the
disjoint union of the components O, x ... x O]:ik with 41 + ... + 49, < n. Then P”
is filtration preserving and gives equivalences on the filtration quotients

P" W, /Wy 10£(S) — Wy /W, _1(O)F.
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We define the functor P’ : W,,/W,,_1(Ox)* — O(F,;S™) as a quotient. First
we need two new categories and some facts about them.

1. Let &7 be the category whose objects are pairs (O, ) where O is an object
of O and z € O, and whose morphisms are equivariant maps which preserve
the distinguished point. There is a weight filtration on (££)* similar to that
of (Of)k, and the filtration is preserved by the projection (££)% — (Of)*
which forgets the distinguished point. We define the (i1, ..., ik )-component of
(£7)* to be the component which maps to Oz, % ... x Of, , and note that
i, X ... x X;, acts on this component by acting on the distinguished points.
Fixed point properties show readily that the nerve of the (i1, ..., i )-component
of (5]:)k is E}—il X ... X E}—zk

2. Let &(F,;S™) be the category whose objects are pairs (O, (,3)), where
O is a ¥,-orbit and (z,5) € O x S (rather than O x5, S, as in the
category O(F,; S™)). All objects whose S(™)-coordinate is the basepoint are
identified to a single basepoint object with only the identity endomorphism.
The set of morphisms (O, (z,3)) — (0, (2/,3')) is empty unless 5 = ¥, in
which case the morphisms are equivariant maps O — O’ which take x to z'.
Each component of the nerve is isomorphic to EF,,. The group ¥, acts on the
category by acting on the point (z,3), and the component of objects whose
S(™)_coordinate is Sir,....ij, 18 invariant under the action of ;, x... x 3;, C X,,.

Define a functor P’ : W, /W, _1(Ex)* — S(fn;S(")) which maps the (i1, ..., ig)-
component of (E£)* to the s;, i, -component of £(F,;S™) by

F((Olaxl)v ey (Okvxk)) = (Oa ((E, 3i17~~~7ik))a
where
O = (...((01 ® O2) ® O3)...) ® O,
z = (e, (...(€,21,22)...), Tk).

Since P’ is ¥;, X ... X ¥, -equivariant on the (i1, ...,%x)-component, Lemma B.4
and Proposition 22 tell us that P’ is a 3;, X ... X ¥;, -equivariant homotopy
equivalence on that component.

Now define P’ by taking %;, X ... x X, -orbits on the various components:

W /W1 (E)F —2 s &(F; S0

! |

Wo/Wa-1(OF)* B O(Fp; S™M).

Because P’ gives equivariant homotopy equivalences, P’ is a homotopy equivalence.
Further, it is easy to check that there is a natural transformation (P’ o P”) — P,
finishing the proof of the lemma. O

Proposition 4.8. Let X be a simplicial set and let F be a compatible collection of
families satisfying the product projection condition. Then

W /Wt |O(X)| = (EF,)+ As, (X))
Proof. The functors
W /Wno10£(S) « Wy /Wy 10£(S) — O(Fy; S™)
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are natural in maps of S and induce homotopy equivalences on nerves

Wy /Wn10£(9)| « Wy /Wy 10x(5)| — (EFn)+ As, (S)(n)-

Naturality in S allows us to prolong to simplicial sets. O

5. THE nTH FAMILY INCLUSION MAP

In this section we construct the nth family inclusion map that appears twice in
the pushout diagram of Theorem [[.T] We will show how it interacts with the weight
filtration, a detail we will need in Section[6l We then give an alternate construction
and use this version to discuss the nth family inclusion map in the example of stable
homotopy, where it turns out to be related to the transfer.

Given a compatible collection of families F with associated spectrum A, the nth
family inclusion map will be a map of spectra

Ir, :X°(BF,)+ — A

which by construction will be natural in the choice of families. It will turn out
to be the same as the map obtained by taking the inclusion (BF,)y — [[, BF;,
group completing on the right to obtain an infinite loop space, and extending over
Y°(BFyn)+. Let S be a finite pointed set. We begin by constructing a map

(BFn)+ NS — |Ox(9)]
by giving S the trivial 3,-action, constructing a functor
Ir,(S) : O(Fn; §) — O£(S),

and taking nerves. By LemmaB7] (BF,,)+AS is the nerve of the category O(F,; S),
whose objects are pairs (O, (z, s)) for O € Obj(Oz,) and (z,s) € O xx_ S. Since
S has the trivial ¥,-action, these objects can be regarded simply as pairs (O, s).
Hence to define the map Iz, (5), it is sufficient to assign to a pair (O, s) an object
(f,ax) € Obj(O£(S)). To define the function f : P(S) — Oz on a pointed subset
S’ C S, we let f(S’) = O if s is a nonbasepoint element of S’ and f(S’) = +
otherwise, where + denotes the identity object in Ox. All of the isomorphisms in
the collection «, are identity maps. Note that Iz, (S) actually has its image in the
subcategory W,,O£(5).

Lemma 5.1. Let F be a compatible collection of families and let S be a finite
pointed set. For each n, there is a commuting diagram

17, (5) Ao Ao

O(F,;S) ————= W,,0x(S) —— W, /W,_10£(5)

I I

O(Fn; S) O(Fp; S™).

where the lower horizontal map is induced by the diagonal map S — S,

Proof. The proof is an easy verification using the definitions of Iz, (S) and P. O

Since Iz, (S) is natural in S, we can prolong the preceding lemma to simplicial
sets and take nerves to obtain the following corollary, which will be needed in
Section
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Corollary 5.2. Let X be a simplicial set. For each n, there is a commuting dia-
gram

I X —
(BF. )4+ A X 2L (W, 05 (X)) —— W,/ Woo i O(X)]

I Ir

(EF,)+ As, X (EFn) 4 Ay, XM,

where the lower horizontal map is induced by the diagonal map X — X ™).
To define the map of spectra
Ir, : X°(BF,)+ — A,
we use the maps
L5, (') : (BF)s A S — |05(S)

between the jth spaces of the spectra. To show that these maps are compatible
under suspension, we will need the following standard construction. Given finite
pointed sets S and T, there is a map |O#(S)| AT — |Ox(S A T)| which sends
|O£(S)| At by the functor |Ox(—)| applied to the map S — S At — SAT. The
structure maps of A are prolongations

07(S))| A ST = [OF(S7 A S

of this standard construction to the simplicial set S'. (See, for example, [B-F)
Section 4].) Hence compatibility under suspension can be verified by checking the
commutativity of the diagram

(BF)s AS)AT —— |O£(S)| AT

(BF)s A(SAT) —— |Ox(SAT)

at the level of simplices and prolonging to the simplicial sets S7 in place of S and S*
in place of T. Therefore the maps Iz, (57) : (BF,)+ AS7 — |O£(57)] fit together
to give a map of spectra

Ir, :2°(BF,)+ — A.

Remark 5.3.

1. It is easy to verify from the definition that Iz, (S°) : (BF,)+ — Ox(S9) is
the inclusion (BF,)y+ — [[; BF;. Hence the map Iz, : ¥°(BF,)y — A is
the same as the map obtained by taking the inclusion (BF, )+ — [[, BF;,
group completing on the right to obtain an infinite loop space, and extending
over X°(BF,)+.

2. As an example, we take F to be the family of trivial subgroups {e} C ¥,,. In
this case, A ~ S% and Iz, gives a map of spectra

¥>°(B%,)4 — S°.

By examining the construction of the transfer given in [K-P], one can show
that this map of spectra is the composite of the transfer ¥°°(BX,); —
¥ (BY,,_1)+ with the augmentation $°°(BY,_1)+ — SY. We will return to
this example in Section [7
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6. PROOF OF THEOREM [ 1]

In this section we give the proof of Theorem [Tl whose statement we reproduce
for the reader’s convenience.

Theorem [Tl Let F be a compatible collection of families that satisfies the product
projection condition. Let A be the associated spectrum, and let A,, denote the mth
filtration of A by complexity. Let F), be the family of subgroups in Fp, which do not
act transitively on {1,...,m}. Then there is a stable homotopy pushout diagram,

e (B]:»;n)Jr — Amfl

l l

Y®°(BFn)+ —— Apn,

where the vertical maps are given by inclusions of the (m—1)st complexity filtration
in the mth, and the horizontal maps are given by mth family inclusion maps. The
pushout diagram is natural in F.

The strategy of the proof is to examine the diagram of jth spaces and to show
that it is a pushout in the stable range. We emphasize that there are two filtrations
at work in this situation. The first is the filtration of the spectrum A by complexity,
which is the subject of Theorem[T1l The second is the weight filtration of Section B]
which is the main tool in the proof of Theorem[T-1l Applying the weight filtration
to the spaces which make up the spectra A,,_1 and A,, and considering the con-
nectivity of the filtration quotients will enable us to concentrate on the diagram in
just the stable range.

To construct the commuting diagram of Theorem [T1] fix a compatible collection
of families F which satisfies the product projection condition. The complexity
filtration defined in Section 2l gives us two new collections of families, C,,,—1F and
CF, each of which is compatible and satisfies the product projection condition,
and which have associated spectra A,,—1 and A,,, respectively. Naturality of the
mth family inclusion map gives us a commuting diagram

EOO(BC"rnfl-/l,Tm)Jr — Amfl

l l

S (BCmFm)y —— Am.

Note that Cy,Fpy = Fi, and Cp,—1F,, is precisely the subgroups in F,, which do
not act transitively on {1, ...,m}, so Cp,—1F,, = F/,. Hence we obtain the diagram
of Theorem [T]

S°(BF,); —— Am

l l

Y°(BFm)+ —— Am,

which we are asserting is a homotopy pushout diagram.

We will be looking at this square diagram of spectra at the level of the jth spaces.
Let the jth space of A,,_1 be Y; = |Oc,, ,7(57)| and let the jth space of A,, be
Z; = |O¢,,#(57)]. To prove the theorem, it is sufficient to show that for each j,
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the diagram
Zj(BCm—lfm)+ — Y

(6.1) l l

S(BF.):  —— Z,
is a homotopy pushout square in the stable range. In fact, it is sufficient to consider
j > 1, and then we can choose a model of S7 with no nondegenerate one-simplices.
It follows that Y; and Z; likewise have no nondegenerate one-simplices, and thus
all the spaces in the diagram are simply connected. (We note that we are relying
here on [B-F| Cor. 4.10], which tells us that we can use any model of S/ that suits
our purposes.)

The proof of Theorem [Tl comes in two parts. First we show that diagram (G1I)
is an actual homotopy pushout when we replace Y; and Z; by their mth weight
filtrations. Then we show that everything of higher filtration in Y; and Z; is out of
the stable range.

Lemma 6.1. If j > 1, then
Y (BCm—1Fm)+ —— Wy Y;

l l

SIHBFm)+ — WnZ;
is a homotopy pushout square.
Proof. Since all the spaces in the diagram are simply connected, it is sufficient to

show that the cofibers of the vertical maps are weakly equivalent. We approach the
question by the following 2 x 3 diagram of simply connected spaces:

S (BC1Fun)s ——— Wiy —— Wi/ Wi 1Y)

! ! !

EJ(B]:m)_i_ — WmZ] — Wij/Wm_1Zj.

By examining the sequence of vertical cofibers, it is easy to show that if the right
hand square and the outer square are homotopy pushouts, then so is the left square,
which is what we are trying to prove.

To see that we have a homotopy pushout square on the right, we show that
Wm-1Y; = Wy,_1Z; is a weak equivalence. It is sufficient to see that the induced
maps on the filtration quotients of the weight filtration are weak equivalences. By
Proposition [£8 the induced maps have the form

(ECm-1Fn)+ Az, (1)) — (ECnFa)s s, (57),

where n < m — 1. However, if n < m — 1, then C,,,_1F,, = F,, = C, o, and hence
the map on filtration quotients is a weak equivalence.
On the other hand, by Corollary [5.2] the outside square is equivalent to

(ECh-1Fm)+ A\s,, S — (BECm-1Fm)+ N, (Sj)(m)

(6.2) l l

(BFn)+As, 87— (BFm)+ s, (87)0
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where the horizontal maps are induced by the diagonal. To show that this is
a homotopy pushout, we will show that the cofibers of the horizontal maps are
homotopy equivalent. Let A denote the diagonal of (S7)(™) and let X denote
(87)(m) /A, Taking cofibers horizontally in diagram (62), we are claiming that
(ECh—1Fm)+ As,, X — (EFn)+ As,, X is an equivalence. It suffices to show that
(ECh—1Fm)+ N X — (EFn)+ A X induces equivalences on the fixed point sets of
the action of subgroups H C ¥,,. There are three cases.
1. If H ¢ Fy, then H &€ Cy,_1Fpn, and (EF,,)7 = (EC,1Fn)" = 0.
2. If HE€ Fp, and H € Cpy_1Fp, then (EF,)T ~ (EC,_1Fn)" ~ *.
3. If H € Fpp, but H & Cpy_1Fym, then (EF,,)7 ~ % while (ECp,_1Fp)® = 0.
In this case, however, H must be transitive, so there are no fixed points of H
on X except the basepoint. Hence in this case

(BCm-1Fm)+ N X)) = (EF)+ AN X)H =«

What we have shown so far is that
Y (BChm-1Fm)y — WnY;

! !

SHBFm)y ———— W2,

is a homotopy pushout square, and what we want to show, to establish Theorem [[T]
is that

2]‘(chfl-;l:m)Jr — Y

| |
S(BF.)s  —— Z

is a homotopy pushout square in the stable range. Hence Theorem [Tl follows from
the next lemma.

Lemma 6.2. W,,,Y; — Y; and W,,Z; — Z; are weak equivalences in the stable
range.

Proof. Since Y; and Z; are (j — 1)-connected, it is sufficient to show that the
quotients Y;/W,,Y; and Z;/W,,Z; are (2j — 1)-connected. We know that they are
simply connected, because Y; and Z; have been chosen to have no nondegenerate
one-cells. By Proposition[£8 the weight filtration quotients of both Y;/W,,Y; and
Z;j /W Z; are of the form (ECyFy,)+ As, (S7)™, where k = m — 1 for Y; and
k =m for Z;, and n > m + 1 > k. By the following lemma, these are (2j — 1)-
connected in homology, and so Y;/W,,Y; and Z;/W,,Z; are likewise, which implies
the lemma. O

Lemma 6.3. If n > k, then Hi(ECLF,)4 As, (87)™ =0if0<i<2j—1.

Proof. Let O(G) be the orbit category of a group G. For any G-space Y there is a
spectral sequence

B3 = lim " Hymapg(0,Y) = Hp1,Y/G.
oG)
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This is the spectral sequence for the homology of a homotopy colimit [B-K] applied
to

hocolimp ¢y mapa(0,Y) ~Y/G

(see, for example, [H]). If O = G/H, then mapg(O,Y) = Y so the input to the
spectral sequence is the homology of the fixed point sets. We apply this spectral
sequence with Y = (ECyF,)+ A (S7)™ and G = %, and so we consider the fixed
point sets of subgroups H C ¥, on (ECyF,)+ A (S7)™). There are two cases.

If H ¢ CyF,, then (EC’k}"n)f is just the basepoint. Hence the fixed point set of
H on (ECyFy)+ A (87)™ is likewise just the basepoint, with Hy = Z and H; = 0
for i > 0.

If H € CypF,, then (ECk}'n)f ~ SO because (ECyF,) is contractible. On the
other hand, the fixed point set of H on (Sj)(”) is a smash product of copies of S7,
one for each orbit of H on {1,...,n}. Because n > k and H € Cy,F,, H cannot act
transitively on {1,...,n} and must have more than one orbit. Hence

((Eckfn)+ A (SJ)W) ~SONSIA L AS,

where there are at least two factors of S7, and so this fixed point set is (2j — 1)-
connected: Hy =7Z and H; =0 for 0 < i < 2j.

Now consider the spectral sequence in homology. Since O(X,,) has a terminal
object, we see that lim?Hy = 0 for p > 0 and h_r)nOHo = Z. On the other hand,
above dimension 0, the homology of the fixed point sets appears only in dimensions
24 and higher. Hence H.(ECyF,)+ As,, (S7)(™ is (2§ — 1)-connected. O

7. EXAMPLES

In this section we give examples of the application of Theorem [T We note the
following general principles.

1. The complexity filtration of a spectrum A always starts with A; = S°, because
only the identity subgroup has complexity 1.

2. The map A,,—1 — A,, is a homotopy equivalence unless F, is different from
Fm- Hence we need only consider A,,_1 — A,, for values of m such that F,,
contains transitive subgroups of ¥,,.

3. To compute A at the prime p, it is sufficient to consider only the p-subgroups
in F. This is proved in [IJ by a standard transfer argument.

7.1. Elementary abelian p-groups of complexity p. We first consider the main
example of [[J, the spectrum associated to the collection of families whose elements
are elementary abelian p-groups which are generated by products of disjoint p-
cycles, and subgroups of such groups. Using the complexity terminology, these are
the elementary abelian p-subgroups of complexity less than or equal to p. In [L] we
obtained the following result:

Theorem 7.1 (|[L| Theorem 2.3]). Let F denote the family of elementary abelian
p-subgroups of complexity less than or equal to p. Then, at a prime q # p, the
spectrum A is weakly equivalent to the sphere spectrum, and at the prime p, there
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is a homotopy pushout diagram

B(X,)y ——— §°

TR

Here T denotes the transfer map of [K-P| and e denotes the augmentation.

The proof began by showing that [[, BF, has the homotopy type of a double
bar construction

Bar (HB(Zn/Aut(Z/p)), HB(En/NZ/p), ]_[an>

where NZ/p denotes the normalizer of Z/p in ¥,. Then we showed that the spec-
trum associated to the group completion of such a double bar construction is a
homotopy pushout of the spectra corresponding to the factors. In our double bar
construction, the factor [[ BY,, corresponds to S, the factor [ B(X,, [ Aut(Z/p))
corresponds to X*°(BAut(Z/p)),, which at the prime p is equivalent to S°, and
the factor [[ B(X,, [ NZ/p) corresponds to 2°°(BNZ/p), which at the prime p is
equivalent to 3°°(BX,)+. The proof was lengthy and involved a number of delicate
ad hoc calculations.

Using Theorem [I] to prove Theorem [(.1] gives a slight strengthening of the
result while dramatically shortening the proof. More importantly, it shows how
Theorem [1] follows from general principles rather than ad hoc methods. We first
note that the only value of m for which F,,, and F, differ is m = p, because
transitive p-groups of complexity p can only occur in ¥,. Hence the spectrum A
will be a single homotopy pushout

S°(BF,)y —— Ay~ S°

l |
EX(BFp)y —— Ap= A

The family F, consists of elements of F, which do not act transitively on
{1,...,p}. Hence the only element of .7-'1’, is the trivial subgroup, and BF, ~ BY,,.
To compute BF,, we make use of the following lemma.

Lemma 7.2. [I-M, Proposition 5.1] Let C be a category with the following proper-
ties:

1. C has two objects Cy and Cs;
2. Hom(Cy,C4) is a group G and Hom(Csa,Cs) is a group H;
3. Hom(C1,C2) is a set S and Hom(C2,C1) is empty.

If F is a functor from C to simplicial sets with F(C1) = X1 and F(C3) = X3, then
hocolime F is weakly equivalent to the homotopy pushout of the diagram

EG x¢ (X1 xS)xyg FH —— Xy xy EH

|

EG Xag Xl.
Note that in this lemma, G acts on X; and S, while H acts on X5 and S.



3234 KATHRYN LESH

We can apply the lemma to calculate BF,, which is the nerve of the category
whose objects are the free ¥,-orbit and ¥,/(Z/p), and whose morphisms are ¥,-
equivariant maps. The automorphism group of the free orbit is, of course, ¥, itself,
and the set of maps from the free orbit to ¥,/(Z/p) is in one-to-one correspon-
dence with the elements of ¥,/(Z/p). The automorphism group of ¥,/(Z/p) is
the quotient of the normalizer of Z/p by the centralizer of Z/p. Let Cp_; be the
cyclic group of order p — 1 acting on Z/p as its automorphism group. Then NZ/p
is the semidirect product of Z/p with C,_1, and the centralizer of Z/p is Z/p itself.
Hence the automorphism group of ¥,/(Z/p) is (NZ/p)/(Z/p) = Cp—1. We apply
the lemma with

Xl = X2 =,
G=%,H=C,,,
S =%p/(Z/p),

and we obtain a homotopy pushout diagram

EZ,, sz Z;,,/(Z/p) ch_l ECp_l — % ch_l ECp_l

| |

EZP Xgp * _— pr.

To simplify, note that EX, xx, %,/(Z/p) ~ BZ/p, and then BZ/px¢c,_, ECp_1 ~
BNZ/p, so the diagram becomes

BNZ/p —— BC,_,

(7.1) | |

BY, —— BF,,

where the top horizontal and the left vertical map are induced by homomorphisms
of groups.
Thus we have exhibited the spectrum A as a homotopy pushout

%%(BY,)y — SO

(7.2) l l
LX(BFp)y — A

where BF, is itself given by the homotopy pushout in diagram (IZ1). Now we
consider whether we recover Theorem [Z1l. At a prime g # p, BY, — BF, is a
mod ¢ homology isomorphism, because in diagram ([ZT]) we have a mod ¢ homology
isomorphism BNZ/p — BC,_1. Hence, at ¢ the map S° — A is an equivalence.
At the prime p, on the other hand, BF, is acyclic, because in diagram (ZI)) we
have a mod p homology isomorphism BNZ/p — BX, and BC)_; is acyclic. Thus
the vertical map of diagram (72)), 3*°(BX,)+ — X*(BF,)4, is equivalent to
the augmentation ¥>°(BY,); — S° The horizontal map X (BY,); — S° of
diagram (Z2) comes from composing the inclusion (BX,)y — [, BX, with the
map to the group completion of [[, BY,, and then extending over X>°(BX,).
As we discussed at the end of Section [l on the level of spectra this gives the
composite of the transfer map ¥°°(BX,); — X°(BX,_1)+ with the augmentation
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¥°(BY,_1)+ — SY. At the prime p, the latter is an equivalence, and hence we
have recovered Theorem [Tl with the slight strengthening that we actually have A
expressed as a colimit without having to localize at a prime.

7.2. The filtration of HZ by complexity. In this section we let F be the family
of all subgroups. In Proposition [7.4] we show that the filtration of the associated
spectrum by complexity is the filtration of HZ by symmetric powers of spheres.
We obtain Theorem [1.2] as an immediate consequence, and we then recover some
results on the symmetric powers of spheres.

The following lemma gives us freedom to manipulate the symmetric monoidal
category used to obtain a spectrum.

Lemma 7.3. Let C — D be a functor between symmetric monoidal categories which
respects the symmetric monoidal product and which is an equivalence of categories.
Then the induced map between the associated spectra is a weak equivalence.

Proof. Let S be a finite pointed set with k nonbasepoint elements. There is a
commuting diagram

C(S) —— D(S)

(BC)F —=— (BD)",
and so C(S) — D(S) is a homotopy equivalence. Prolongation to simplicial sets
tells us that C(S7) — D(S7) is a weak equivalence, and since these are the jth
spaces in the spectra associated to C and D, respectively, we see that the spectra
are homotopy equivalent as well. O

Proposition 7.4. Let F be the family of all subgroups. Then the associated spec-
trum A is the Eilenberg-MacLane spectrum HZ and the filtration of A by complexity
is the filtration of HZ by the symmetric powers of the sphere spectrum:

A =~ Sp™(S9).

Proof. Since F is the family of all subgroups, each component O, of the symmetric
monoidal category Ox has the trivial ¥,-orbit as a terminal object. Let Z be the
symmetric monoidal category whose objects are the nonnegative integers, whose
morphisms consist only of identity morphisms, and whose symmetric monoidal
product is addition of integers. Then the map Or — Z, which sends all objects
of Of, to n is an equivalence of categories which respects the symmetric monoidal
product, and by Lemma T3 Ox(S7) — Z, (S7) is a weak equivalence. The latter
is the infinite symmetric power of S7, and so A = HZ.

To compute the filtration of A by complexity, recall that A,, corresponds to the
symmetric monoidal category O¢,, r whose components are the categories O¢, £,
of X, -orbits whose isotropy groups have complexity less than or equal to m. If
n < m, then O¢,, 7, = OF, and so has a terminal object. We define a new category
Oc¢,,F as a quotient of O¢, #: for all n < m, collapse the component O¢, £, to
a single object with only the identity endomorphism. The category O¢, r looks
like Z 4 up to and including the mth component, looks like O¢,  + thereafter, and
has a symmetric monoidal structure. The quotient map O¢,_r — O¢,,r is an
equivalence of categories which respects the symmetric monoidal structure.
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Now consider O¢,, #(S7), the jth space of A,,. By Lemma [[3 O¢,, #(S7) —
Oc,,7(57) is a weak equivalence, and we will analyze the latter by using the
weight filtration inherited from Oc¢,, #(S7). It is easy to see by inspection that
WmOc,,7(57) = W,,ZS7 = Sp™(S7). On the other hand, we have a commuting

diagram

WnOc, 7(57) ——— Oc. #(57)

m m

| |

WnOc,,7(87) —— Oc,,#(57),

and since the family of all subgroups certainly satisfies the product projection con-
dition, Lemma tells us that the top horizontal map is an equivalence in the
stable range. The proposition follows. O

Proof of Theorem Application of Theorem [I.T] gives pushout diagrams
E¥(BFL)+ — Ama

! !

2% (BFm)s —— Am

where F,, is the family of all subgroups of %,, and F/, is the family of sub-
groups of X, which do not act transitively on {1,...,m}. Since BF,, is con-
tractible and Proposition [4 gives weak equivalences A,, 1 ~ Sp™~1(S%) and
Ay, ~ Sp™(S?), the theorem follows by taking cofibers vertically to get a weak
equivalence Sp™(5°)/Spm—1(S0) ~ EX*®BF),. O

Examples. We offer the following examples of how Theorem recovers known
facts about symmetric powers of spheres.

1. Consider the equivalence given by Theorem in the case m = 2:
Sp?(SY)/Sp*(S°) ~ X BF,.

The family F7 is the family of nontransitive subgroups of X5, which is to say,
only the trivial subgroup. Hence BF} ~ BY.y ~ RP°, and we recover the
result that Sp?(S°)/Sp!(S°) ~ LX*°RP>.

2. If m is not a power of p, then at the prime p the map Sp™~1(S%) — Sp™(S°)
is known to be a weak equivalence. To see this from our point of view, we note
that if m is not a power of p, then the family of nontransitive p-subgroups of
Ym is the same as the family of all p-subgroups of ¥,,,, and at the prime p this
gives the same classifying space as the family of all subgroups of ¥,,. Hence
by the principle mentioned at the beginning of Section[d, BF/, is contractible
at p, and so is Sp™(S%)/Sp™~1(S0).
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