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ABSTRACT

In this thesis, we study differential graded operads and p-adic stable homotopy theory.

We first construct a new class of differential graded operads, which we call the stable operads.
These operads are, in a particular sense, stabilizations of [E, operads. We develop a homotopy theory
of algebras over these stable operads and a theory of (co)homology operations for algebras over
these stable operads. We note interesting properties of these operads, such as that, non-equivariantly,
in each arity, they have (almost) trivial homology, whereas, equivariantly, these homologies sum
to a certain completion of the generalized Steenrod algebra and so are highly non-trivial. We also
justify the adjective “stable” by showing that, among other things, the monads associated to these
operads are additive in the homotopy coherent, or co-, sense.

We then provide an application of our stable operads to p-adic stable homotopy theory. It
is well-known that cochains on spaces yield examples of algebras over E, operads. We show
that in the stable case, cochains on spectra yield examples of algebras over our stable operads.
Moreover, a result of Mandell says that, endowed with the K, algebraic structure, cochains on
spaces provide algebraic models of p-adic homotopy types. We show that, endowed with the
algebraic structure codified by our stable operads, spectral cochains provide algebraic models for
p-adic stable homotopy types.



CHAPTER 1

Introduction

In this work, we cover two main topics:

(1) Stable (dg) operads, which provide a new class of operads, and which are, in a particular

sense, stable analogues of [E, operads.

(2) Algebraic models for p-adic stable homotopy types using these operads.

First, let us recall the notion of an E., cochain operad and how it gives rise to algebraic models
of p-adic homotopy types. Let E be a model for the E., cochain operad (throughout this work,
we have used the symbol § to distinguish contexts with cochain complexes from contexts with
chain complexes). Given a cochain complex X, the structure of an algebra over an ‘E' encodes a
homotopy coherent commutative, associative and unital multiplication. If we take the cohomology
of the complex, killing the higher homotopies, we find that H*(X) inherits a (graded) commutative
algebra structure in the traditional sense. In fact, the cohomology inherits even more structure. It
posseses certain cohomology operations P¢, s € Z, which satisfy an instability condition, and as a

result becomes an unstable module over 3, the algebra of generalized Steenrod operations.

A particular case of such E'-algebras are the cochains C*(X) on spaces X. In this case, the
algebra structure on the cohomology is given by the cup product, while the operations are the
Steenrod operations. While the cochains, as a dg module, might not remember the homotopy type
of a space, in [Man01], Mandell demonstrated that if we take cochains with coefficients in Fp, the
cochains functor

C*(—;F,): Spc® — E'-Alg

as a functor to ‘Ef-algebras (where E is the E., cochain operad over E,), induces a full embedding
of the homotopy category of spaces into the derived category of Ef-algebras when we restrict to
connected nilpotent p-complete spaces of finite p-type, which is to say the E'-algebras remember

the homotopy types of such spaces. Thus, while rational homotopy types admit algebraic models



via CDGAs, p-adically, we can take E'-algebras.

Now we move onto stable operads and stable homotopy types. First of all, we show that the

operad ‘E' possesses a stabilization map
U: SEN —

from its operadic suspension to itself. Upon iteration, via an inverse limit, we produce a new operad,
denoted fjt which is our stable operad. In fact, we have a new class of operads, the stable operads,
in the sense that we are able to perform the above construction for multiple models of the [E,
operad (we have a stable Barratt-Eccles operad, a stable McClure-Smith operad, and also a stable
Eilenberg-Zilber operad, though the latter is not an £, operad). The stable operad fjt appears to be
of independent interest outside of its application to p-adic stable homotopy theory which we discuss

below; for example, due to its homotopy additivity which we also discuss below.

First, we demonstrate that one has homotopical control over th and the corresponding category
of algebras fsTt-AIg in the following sense.
Theorem 1.1. The monad Eg' associated to ESTt preserves weak equivalences.

Theorem 1.2. The category ZSTI—AIg admits a Quillen semi-model structure where the weak equiva-

lences and fibrations are the quasi-isomorphisms and degreewise epimorphisms.

(See Definition 2.37 in the second chapter of the work for the definition of a Quillen semi-model
structure, a weakening of the more well-known notion of a Quillen model structure.) Next, we
develop a theory of cohomology operations for algebras over Zsft. We once again get operations P*

for s € Z, but they now no longer satisfy the instability condition.
Theorem 1.3. We have the following:

(i) The cohomologies of Zst-algebras possess natural operations P® for s € Z which satisfy the
Adem relations. These aoperations do not, however, satisfy the instability condition seen in

the unstable case.

(ii) Given a cochain complex X, we have a natural isomorphism:
H*(El X) ~ Bo H*(X)

Here B is a certain completion, with respect to a filtration by excess, of the algebra 3. Note

that, in the unstable case of ‘E, in (ii) above, we would not only have to tensor with B to add in the
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operations, but also enforce the instability condition and also take a polynomial algebra to add in

products. In the case of th, the instability of the operations and the products disappear.

Next, we justify the “stable” in “stable operad”. This should of course be a statement about
homotopy coherent, or co-, additivity, and this is exactly what we demonstrate. In particular, we

demonstrate that the monad Elt is homotopy coherent, or co-, additive, in the following sense.
Theorem 1.4. We have the following:

(i) For dg modules X and Y, we have a natural quasi-isomorphism:

Eit(X D Y) ~ EL(X) D EL(Y)

(ii) More generally, for cofibrant f:t—algebras A and B, we have a natural quasi-isomorphism:

AODB~A®&B

Finally, we move onto the application to p-adic stable homotopy types. For this, we need to fix
a model for spectra. We take the classical sequential model in the sense of Bousfield-Friedlander,
with the exception that, rather than the ordinary suspension — A S', we use the Kan suspension of
based simplicial sets. We then define an appropriate, and concrete in the sense that we get honest
dg modules, notion of spectral cochains and then prove the following, providing another sense in

which ESTt is a stable analogue of E'.

Theorem 1.5. Given any spectrum E, the spectral cochains C*(E) naturally form an algebra over
AR

Finally then, we get algebraic models for p-adic stable homotopy types in the following sense —
in the statement, the cochains functor C®, one over F,,, is constructed from C* simply by tensoring
with Fp, and similarly, the operad f:t, an operad over FD, is constructed from fjt by tensoring with

F,.
Theorem 1.6. The spectral cochains functor
C*: Sp® — El-Alg

induces a full embedding of the stable homotopy category into the derived category of Eq-algebras

when we restrict to bounded below p-complete spectra of finite p-type.



We mentioned above that rational homotopy types can be modelled by commutative DGAs, and
also that p-adic homotopy types can be modelled by E., DGAs. It is also well-known that rational
stable homotopy types can be modelled by chain complexes. Our result for p-adic stable homotopy

types then completes the following picture.

Algebraic models for

unstable stable
homotopy types
rational commutative DGAs  chain complexes
p-adic E. DGAs Zl DGAs

We can make a remark on the structure that is captured by the operad th. In both the unstable
and stable p-adic cases, the models arise via cochains, with coefficients in Fp. Let us consider just
IF,, cochains. Given a space X, the mod p cochains are given, as a spectrum, by [X5°X, HF,|. This
object carries the following structure: (i) it is an HF,-module via “pointwise” scalar multiplication
(ii) it possesses an action, via postcomposition, by [HF,, HF,] (iii) it is a ring spectrum via the
multiplication of HFF,,. These manifest, respectively, in our work as follows: (i) the cochains can
be modelled as a dg module (ii) the cohomology inherits an action by B/(1 — P°) = A (iii) the
cochains form an [E., algebra. In fact, we shall see that (ii) is a consequence of (iii). Now let us
consider cochains on a spectrum E. The cochains are given, as a spectrum, by [E, HF,]. This object
carries the following structure: (i) it is an HIF ,-module via “pointwise” scalar multiplication (i1) it
possesses an action, via postcomposition, by [HF,,, HF,]. It no longer posseses a ring structure as,
although the multiplication of HIF,, is still present, to define a “pointwise” multiplication, one needs
a diagonal map, which general spectra, unlike spaces and their suspension spectra, do not possess.
The structure that is still present manifests, respectively, in our work as follows: (i) the cochains can
be modelled as a dg module (ii) the cohomology inherits an action by B/(1 — P°) = A. We shall
see that these operations in (ii) are a consequence of the £§t-algebra structure, and so it is primarily

these operations which this operad serves to encode.

To end this introduction, we list here some notations, terminology and conventions which are

used throughout the work:
* For each integer n > 0, [n] denotes the poset)0 — 1 — -+ — n.
* For each integer n > 0, (n) denotes the set {1,...,n}; (0) is the empty set.

* For n > 0, Y, denotes the symmetric group on n letters; Y, is the trivial group, where the

unique element is thought of as representing the unique isomorphism on the empty set.
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Given a simplicial set S, S™ denotes the non-degenerate n-simplices of S.

As is standard, the term chain complex will refer to a graded module equipped with a
differential of degree —1 and the term cochain complex will refer to a graded module equipped
with a differential of degree +1; in addition, we shall let differential graded module refer to
either of these two possibilities. The phrase differential graded is often shortened to dg. The
category of chain complexes over £ is denoted by Chy, and the category of cochain complexes

over k is denoted by Coyg; the symbol DG, will denote either of these two possibilities.
By default, all dg modules are unbounded.

Given dg modules X and Y, the tensor product X ® Y is defined, as usual, by letting = ® y

, and the differential follows the standard sign convention:

have degree |z| + |y
Ir@y) =0rxy+ (—1)"z2dy

This tensor product on dg modules is always endowed with the symmetry X @ V¥ = Y @ X
defined by:
@y (~)F1(y @)

The internal hom F( X, Y) is defined, in degree n, as the collection of degree d graded module
maps f: X, — Y,,4 (no compatibility with the differnetial is required for these maps), and
the differential on F(X,Y) is given by:

of =00 f—(—1)VI(fo0)

Given a dg module X and n € Z, we let X [n] be the dg module defined by setting X [n|, =
X4_n. Note that we do not change the sign of any differential. Note also that, if we let k&
denote a ground field, X[1] & X ® k[1] and X [—1] = F(k[1], X).

Let £k denote a field. We shall often denote the chain or cochain complex

=0 k 0 --- o= 0=k =-0—=--

deg. n deg. n
by S™ and refer to them as sphere complexes, and the chain or cochain complex

id id
=0 k& k0 o= 0= kS kE 50— -
deg. n—1 deg. n deg. n—1 deg. n

by D", and refer to them as disk complexes.



* Let IR denote aring. A dg module over R is said to be of finite type if it is finitely generated
in each degree; it is said to be finite if it is, in addition, bounded from above and below. In
the case that R = F,[3,,] for some prime p and n > 0, we can replace finitely generated by
finitely presented as IF,[¥,,] is Noetherian (see [BLS81]).

* All operads are dg operads, and are symmetric. The notations, in the sense of the typeface, for
operads and their corresponding monads and free algebra functors will follow the following
rule: if P denotes an operad, the corresponding monad and free algebra functor will both be
denoted by P.

* All (co)chains on spaces or spectra are normalized.



CHAPTER 2

Differential Graded Operads and Their Algebras

In this chapter, we cover general aspects of dg operads and their algebras. Throughout this
chapter, as well as the rest of the work, we will have two versions of most results, depending on
whether the differential has degree —1 or +1. For this reason, prior to discussing operads, we begin
with some basic results regarding indexing, mostly to allow us to set in place some notations which
will allow us to be precise and clear in our statements in later parts of this work. Throughout this

chapter, k£ will denote an unspecified but fixed field.

Let Chy denote the category of chain complexes of k-modules, and Co,, the category of cochain

complexes of k-modules.

Definition 2.1. Given a chain complex X over k, the dual chain complex D(X) of X is defined as
XV :=F(X, k[0])

where F denotes the internal hom of chain complexes. Similarly, if Y is a cochain complex over £,
the dual cochain complex D(Y") of Y is defined as

YV = E(Y, k[0])

where, in this case, F denotes the internal hom of cochain complexes. These yield contravariant
functors

Chk — Chk COk — Cok
which are involutions up to natural isomorphism, and are both denoted by (—)".

Remark 2.2. Given a dg module X, we have that X consists of graded module maps X — £[0],
of any degree; in a fixed degree d, this amounts to module maps X_; — k in the chain case, and
X~% — k in the cochain case. The negative sign here ensures that the induced differential on X
has the same degree as the differential of the original dg module X. Note that if X is concentrated

in non-negative degrees, X will be concentrated in non-positive degrees, and vice versa. Il
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Definition 2.3. Given a chain complex X over k, the associated cochain complex X t is that which
is defined by setting:
(X=X —p

Similarly, if Y is a cochain complex over k, the associated chain complex Y1 is that which is defined

by the same formula:
(Y1), =YY"

These yield an inverse pair of functors
Chk — COk COk — Chk

both of which are denoted by (—)T.

Example 2.4. Given any space, the cochains on the space are constructed from the chains by first

dualizing via (—)" and then reindexing via (—)T.

2.1 Differential Graded Operads and Their (Co)algebras

Definition 2.5. A differential graded operad, or dg operad for short, over k, is an operad in either
Chy, or Coy.

More fully, a dg operad, denoted say P, consists of the following data:
* A dg module ?(n) for each n > 0.

e Foreachn > 0and ky,...,k, > 0, amap
Vokyodn s P(N) @ P(k1) @ -+ @ P(kn) = Pk + -+ + kn)

where, givenn > 0, ky,... .k, > 0and 11, ..., L, .-y lngs oo, ok, > 0, the following

square commutes:

Pn)@Pk1) Q-+ @ P(ky) P(l11) Q@+ @ Plpg,) —— Plhi+ -+ k) @P(l11) @+ @ P(lp,)

| |

Pn)@P(lig+ -+l @ @Plys+ - +lug,) P+ +lig)

* A specified element ¢« € P(1) such that, for any n > 0, the maps
m,1: P(1) ® P(n) — P(n) Yadt: PM)@P(L)®--- @ P(1) = P(n)
satisfy: 11 (¢ ®@ f) = fand y,1 1 (f®t®---®¢) = fforall f € P(n).
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* For each n > 0, a right action of 3J,, on P(n), such that for eachn > 0, ky, ..., k, > 0, and

0 €Yy T € Xy .- »Tn € g, , the following diagrams commute:
d® ®® n
P(n) @ Plh1) @ - - ® Plky) — L)@ (k) ® - @ Plky)
Pl + -+ k, Pl +---+k,
(hn + +Fn) nHB---Hr, (k + *Fn)

P(n) @ P(ky) @ -+ @ P(k,) — LB ) g (k) @ 0 (k)

|

fP(n) X fp(kq—l(l)) R R T(k{,—l(n))

|

Pky+ -+ kn P(ky + -+ ki
( ! ) O'[k'l ..... k‘n] ( ! )
Here 7 B - - - B 7,, denotes an internal permutation of blocks and o[k, ..., k,] denotes an
external permutation of blocks, in each case of blocks of size ki, . .., k,.

Moreover, a map of dg operads, F': P — Q consists of the following data:
» Foreachn > 0,adgmap F'(n): P(n) — Q(n), such that the following hold:
— Foreachn > 0 and k4, ..., k, > 0, the following square commutes:

Pn)@Pk)®@ - QP(ky) > Plky+ -+ kyp)

J J

Qn) ® Qk1) @+ @ Qkn) » Qhr + -+ + kn)

- F(l)(Lgp) = lq-

— Foreachn > 0, F'(n) is ¥,-equivariant.

We thus have a category of operads in Chy, and a category of operads in Coy, which we denote

by Op(Chy) and Op(Coy), respectively.

Remark 2.6. We will sometimes use an alternative characterization of the data of the composition

maps - in the structure of an operad. Namely, we can instead specify, foreachn,mand? =1,... n,

maps:

0;: P(n) @ P(m) - P(n+m —1)



Given these maps, we get the maps P(n) ® P(k1) ® --- ® P(k,,) — P(k1 + - - - + k,,) by sending
RGP ®@gnto (((fongn)Oon1Ggn_1) )01 g1 See, for example, [Mar06] for details on the

equivalence between these two pieces of data. Il

We have seen dualization and reindexing operations, (—)¥ and (—)', on dg modules. We now
consider what effect these operations have on dg operads. When applied termwise to an operad, the
former yields, under suitable finiteness hypotheses, a co-operad (and inversely a co-operad yields
an operad upon dualization). Since we have no use for these co-operads in this work, we say no
more on this. The reindexing operation however does yield another operad: an easy check shows
that the reindexing operation is compatible with all the structure data in an operad. Thus we may

make the following definition.

Definition 2.7. If © is an operad in Op(Chy), the associated operad in Op(Coy), denoted P7, is

defined by setting:
P'(n) := P(n)!

Similarly, if Q is an operad in Op(Coy), the associated operad in Op(Chy), denoted Q, is defined

via the same formula:

These yield an inverse pair of functors
Op(Chg) — Op(Coy) Op(Cox) — Op(Chy)

both of which are denoted by (—)T.

Remark 2.8. We have introduced these simple definitions here as it will be important later to be
careful about this reindexing when we consider which operads act on chains on spaces or spectra,

and which act on cochains on spaces or spectra. Il

We now wish to define algebras and coalgebras over dg operads. Before we can do this, we

need to define endomorphism and coendomorphism operads.

Definition 2.9. Let X be a dg module over k. The endomorphism operad of X, denoted ‘End x, is
the dg operad defined by setting

End x(n) := F(X®", X)

where F denotes the internal hom of dg modules, and where the operadic structure data is given by

the obvious composition maps. Moreover, the coendomorphism operad of X, denoted CoEnd x, is

10



the dg operad defined by setting
CoEnd x(n) := F(X, X®")

and again, the operadic structure data is clear.
Now we can define algebras and coalgebras over operads.

Definition 2.10. Let P be a dg operad over k. An algebra over P is a dg module X equipped with
an operad morphism P — End x. A coalgebra over P is a dg module X equipped with an operad
morphism P — CoEnd x. Moreover, maps of algebras and coalgebras are dg maps which respect

the algebra, respectively coalgebra, structure maps in the obvious sense.

Thus, given a dg operad P, we have categories of P-algebras and P-coalgebras, which we

denote by P-Alg and P-Coalg, respectively.

Remark 2.11. One can rephrase the definitions of algebras and coalgebras over operads as se-
quences of maps P(n) ® X®* — X and P(n) @ X — X®", respectively, satisfying suitable

properties. |

Example 2.12. For any dg operad P over k, there is an initial P-algebra, namely ?(0). The algebra
structure maps are given by the composition maps -y in the case k; = --- = k, = 0. Given any
algebra X, the unique algebra map P (0) — X is given by the algebra structure map for X in the

case n = 0. Intuitively, this algebra contains the necessary “constant elements” and nothing else.

We now consider what effect the dualizing and reindexing constructions, (—) and (—)T, have

on algebras and coalgebras over dg operads.
Proposition 2.13. Let P be a dg operad which is aritywise of finite type. We have the following:
(i) If X is a ‘P-algebra of finite type, X" is canonically a P-coalgebra.
(ii) If X is a P-coalgebra, X" is canonically a P-algebra.
Here, in (1), by finite type we mean finite type as a dg module.

Proof. (1): The coalgebra structure maps are given by the following composites:
P(n)® XY — Pn) @ (P(n) ® X®")Y 2 P(n)® Pn)’ @ (X")®" — (XV)*"
Here the first map is induced by the dual of the algebra structure map for X and the third map is

induced by the canonical pairing P(n) ® P(n)" — k[0].

11



(i1): The algebra structure maps are given by the following composites:
Pn) @ (XV)®" = P(n) @ (X®")Y - P(n) @ (P(n) @ X))V 2 Pn)®PNn)" XY — XV
Here the second map is induced by the dual of the coalgebra structure map for X and the fourth
map by the canonical pairing P(n) @ P(n)” — k[0]. O

Proposition 2.14. Let P be a dg operad over k. The reindexing operator yields functors:
(—)F: P-Alg — PI-Alg (—)": P-Coalg — P'-Coalg

Proof. Simply apply (—) to the given structure maps, P(n) ® X®* — X or P(n) ® X — X©®n,
and note that (—)' commutes with tensor products. In short, the structure maps are exactly as they

were, only the degree assignments change. [

Finally, before moving on, we consider pullbacks of (co)algebra structures over dg operads.
Given an algebra or coalgebra X over P, and an operad morphism Q — P, by precompositon of
the map to the (co)endomorphism operad, X also becomes a (co)algebra over Q. This gives rise to

a pull back functor from P-(co)algebras to Q-(co)algebras.

Proposition 2.15. Let P and Q be dg operads over k and f: Q — P an operad map. Then the
induced pull back functors

fr:P-Alg — Q-Alg f*: P-Coalg — Q-Coalg

have right adjoints.
Proof. This follows from the adjoint functor theorem. See [IGL18]. O

We let
fv: Q-Alg — P-Alg f«: Q-Coalg — P-Coalg

denote the right adjoints provided by the result above.

2.2 Categorical Constructions With (Co)algebras Over Operads

We now consider categorical constructions with algebras over operads. First of all, the following

result ensures that such constructions always exist.
Proposition 2.16. Given any dg operad P over k, the categories P-Alg and ‘P-Coalg are bicomplete.

Proof. See [Rez96]. OJ
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Next, the following result tells us that filtered colimits of algebras can always be computed at

the level of dg modules.

Proposition 2.17. Let P be a dg operad over k. If we have a filtered diagram of ‘P-algebras, the
colimit is that same as that in dg modules; more precisely, filtered colimits of ‘P-algebras are created

in the category of dg modules.
Proof. See [Rez96]. ]

Next, we consider the case of coproducts of algebras in detail. Let P be a dg operad over £, and

let P be the associated free algebra functor. Recall that:

P(X) = 2n) s, X"

n>0

Proposition 2.18. Given P-algebras A and B, the coproduct A1l B can be constructed as the dg

module coequalizer

P(PA®PB) = P(A® B) —» A1l B

where one of the two parallel maps is given by the algebra structure maps PA — A, PB — B, and
the other is the composite of the map P(PA @& PB) — P(P(A @ B)), induced by the inclusions
A — A® B, B— A® B, and the monadic structure map P(P(A & B)) — P(A & B).

Proof. See [Fre98]. The intuition here is that P(A & B) freely adds in all the products that must
exist in the coproduct, and then identification of the two parallel maps enforces the product relations

which were already present in A and B. See Remark 2.19 below for more details. [

We can give the above coequalizer a more concrete form. Note that

P(PA®PB) = P(n) @s, (PAGPB)™"

n>0

- EB @ P(n) @s,xx, (PA)* @ (PB)®

n>0 i+j=n
= D 2(i +j) ©s,xx, (PA® ® (PB)™

1,520

Similarly,
P(A® B) = P P(i + j) @s,xx, A% @ B

1,520

Making these substitutions, the coproduct A IT B can be constructed as the following dg module
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coequalizer:

B (i + j) ®s,xx, (PA @ (PB)® = @D P(i + j) ®x,xx, A% @ B¥ - AIIB

1,520 1,520

Here one of the two parallel maps is given by the maps PA — A and PB — B provided by the

P-algebra structures of A and B, and the other is given by operadic composition as follows:

plotlal] - lak, |-~ [o%lai] - - [k |7 [Bh] - - |8, |- - 7904 - B,
= (o0t at el |- fad -,

b b4, B]] -1

Sj

Here, for brevity, we have placed vertical bars where ®’s are more customary. Moreover, the term

1

lp,ot, ... 0t 71 ... 77] denotes the operadic composition of the formal operations.

Remark 2.19. The intuition behind the above construction, analogous to that of free products of
monoids, is that, given any elements a4, ...,a; in A and by, ...,b; in B, and also an (i + j)-ary
operation o in P(i + j), in the coproduct, there ought to exist an element which represents the
result of the action of o on the tuple (ay, ..., a;, b1, ..., b;). For this purpose, we add in the formal
elemento ® a1 ® -+ ®a; ® by ® --- ® b;. If we permute the tuple via a pair of permutations in
>; X X;, the result ought to be equivalent to that of acting on the operation o, and so we take the
equivariant tensor product. We ought also to have products where the a’s and b’s don’t occur in
the order above, but these are taken care of by the permutations in ., which are not in any of the

products ¥; x X;. Il

We now consider a special case of coproducts of algebras, that in which both summands are
free, namely P X IT PY. In this case, the idea is that, in the second term in the coequalizer, we may

generate simply on X and Y, and then may also omit the first term, needing to impose no relations.

Proposition 2.20. Let P be a dg operad over k and X, Y dg modules over k. Then we have a

natural isomorphism:

PXIPY = (P P(i + j) @p,xn, X @Y™

1,j=0
Proof. Since P, as a map to P-algebras, is a left adjoint, it preserves coproducts and so we have:

PXIPY 2P(X®Y)= P Pi+j) ®x,xx, X¥ @ Y

1,520
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2.3 Cell Algebras

Given any dg operad over k, we have a notion of a cell algebra over this operad, defined as
follows.

Definition 2.21. Let P be a dg operad over k. A cell P-algebra is a P-algebra A such that there
exists a cotower of P-algebras

A0—>A1—>A2—>"'
and a colimiting map from this cotower to A, such that:
» Ay is the initial P-algebra, namely P(0).
* For eachn > 0, the map A,, — A, fits into an algebra pushout square
PM — A,
"
PCM — An—f—l
where M is a dg module which is degreewise free and has zero differentials.

Remark 2.22. The condition that the dg module M be degreewise free and have zero differentials
is equivalent to that it be a sum of copies of the standard sphere complexes. Moreover, the cone on

such a complex, denooted CM above, is then a sum of the standard disk complexes. I
More generally, we also define cell maps as follows.

Definition 2.23. Let © be a dg operad over k. A cell map A — B of P-algebras is a map such that
there exists a cotower of P-algebras

A0—>A1—>A2—)"'

and a colimiting map from this cotower to 5, such that:
* Ay = A and the map Ay — B is the given map A — B.

* For each n > 0, the map A,, — A, fits into an algebra pushout square

PM —— A,
"
PCM — A,
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where M is a dg module which is degreewise free and has zero differentials.

Remark 2.24. Looking at the definitions, we see that a P-algebra is a cell algebra if and only if the
unique map P (0) — A is a cell map. Il

We now describe well-known concrete models of cell algebras. Let P be a dg operad over k and
let A be a cell P-algebra. Let also

A0—>A1—>A2—>"‘

be a cell filtration of A and fix some choices M, Ms, ... for the dg modules which appear in
the attachment squares above. For each n > 0, let N,, = ®,<,, M;, where Ny = 0, and let also
N = @®;>1M,. Then one can construct models for the A4,, and A, denoted say by B,, and B, as
follows. Let P# denote the operad in graded k-modules formed by forgetting the differentials

present in P. For n > 0, we have that, as a graded module

B, = P#<Nn[1D = @?(1{7) K, (Nn[l])®k

k>0

and the differentials of the B,, are induced inductively, via the Leibniz rule, the attachment maps
PM, — A, 1, together with the operadic composition maps of 2. In the limit, we have that, as a

graded module
B = P¥(N[1]) = D P(k) @5, (N[1))*"
k>0
and in this case the differential is of course induced by those of the B,,. The precise analogue of the
statement that the B,, and B are models, respectively, for the A,, and A is the following well-known

result (see, for example, [Man01] and [Fre(09]).

Proposition 2.25. Let P be a dg operad over k. Given the cell algebra A, its skeleta A,, and the

algebras B,, and B defined above, there exists a diagram of isomorphisms of P-algebras as follows

Ay A A,
= = =
By B, Bs
and this diagram induces, in the limit, an isomorphism A — B. O]

2.4 Enveloping Operads

Earlier, we considered coproducts of algebras over operads. We now consider the special case

of the coproducts where one summand is free, namely the coproducts A IT PX. In this case, we
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need only impose relations from the algebra structure in A. This leads us to first define a general
construction on A, that of the enveloping operad of A, which, as the name suggests, also has

relations to other notions, such as that of representations of A.

Definition 2.26. Let P be a dg operad over k£ and A a P-algebra. The enveloping operad of A,
denoted U*, is defined as follows. For each j > 0, the dg k[%;]-module U”(j) is defined to be the
dg module coequalizer

B 2 +j) @5, PA® = @ P(i + j) @5, A% — U(j)

1>0 >0

where one of the two parallel maps is induced by the P-algebra structure map PA — A of A and
the other by the composition product of P. Morever, the operadic structure maps of UI* are induced
by those of P.

Example 2.27. (i) In operadic degree 0, we have U4(0) =2 A, where the universal coequalizer map

is given by the P-algebra structure map of A.

(ii) In operadic degree 1, as usual, 7 (1) forms a unital associative algebra via the composition
product U4 (1) ® UA(1) — U”(1). By definition, this algebra 1*(1) is the enveloping algebra of
A —see [GK94] and [Fre09].

Remark 2.28. In the construction of the 7/“(j), note that the two parallel maps preserve the i = 0
summands, and moreover that, the coequalizer of just these two summands is simply P(j). It
follows that, for each A and j > 0, UA(j) is equipped with a canonical map P(j) — UA(j); in

fact, these assemble into an operad map P — U, I

Proposition 2.29. Let P be a dg operad over k and A a ‘P-algebra. Then we have an equivalence
U*-Alg ~ P-Alg,,,

between the category of U*-algebras and the category of P-algebras under A.

Proof. We shall describe the correspondence between the objects of the two categories; for further
details, see [GJ], [ManO1] or [Fre09]. Let B be a U“-algebra and let U4 denote free U*-algebra
functor, so that we are provided a map U4B — B. To endow B with a P-algebra structure we
simply pull back across the canonical map P — U# given in Remark 2.28. Moreover, in the case
j = 0, inside U4B, we find the term U*(0) = A as per Example 2.27. Thus we have a map
A — B, which one can check is a P-algebra map.
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Now suppose that B is instead a P-algebra equipped with a P-algebra map A — B. We wish to
construct a map U4 B — B. We have that U*(5) ®s; B®7 is given by the following coequalizer:

P 2(i +j) ®s,xs, (PA® @ B = D P(i + j) @x,xx, A¥ @ B — U (j) @y, B¥

i>0 i>0

Via the map A — B, from the first term, we may pass to

P 2(i + j) ®s,x, (PB)* @ B¥

i>0

and from the second, to

D2+ ) Osixx, BY @ BY

i>0
which we note is simply P B. Moreover, upon taking the coequalizer, we now simply get B, so that
we have an induced map U*(5) s, B®7 — B. Summing these up over j > 0, we get the desired
map U4 B — B. Finally, one can check that this map does indeed satisfy the properties required in

order to provide a U“-algebra structure for B, as desired. [

Example 2.30. (i) An easy check of the definitions and universal properties demonstrates that the
enveloping operad U of the initial P-algebra P(0) is simply P; that is, for each j > 0, we have
U?©®) (j) = P(j). This is what one ought to expect in view of Proposition 2.29 and the fact that
P(0) is initial. .

(i) In the case of a free algebra P X, in forming the enveloping operad, we can simply generate
on X rather than P X and dispense with the relations imposed by the parallel maps in the coequalizer,
so that:

UPX(j) = P Pli + j) @5, X

1>0

Note that we then have

UPYY = (B P(i + j) @xn, X @ VS

i>0
which, by Proposition 2.20 is simply P X II PY’, as we ought to expect in view of Proposition 2.29.

Proposition 2.31. Let P be a dg operad over k and let A be a P-algebra. Given any dg module X,

we have a natural, in X, isomorphism of ‘P-algebras under A as follows:

AIIPX 2 UAX
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The intuition here is that 7/“(j) incorporates the relations needed to preserve the algebra

structure of A, and no relations need be imposed for the free algebra P X.

Proof. We present two arguments. On the one hand, we can replace the general coequalizer model
for coproducts in Proposition 2.18 with a coequalizer of a pair of maps from P(PA ® X) to
P(A & X), and then do a comparison of universal properties. This will demonstrate that we
have an isomorphism of P-algebras, and then we can also compare the canonical maps from A.
Alternatively, we can argue as follows. By Proposition 2.29 and its proof, the right hand side, being
the free ‘ZJA—algebra on X, is the free P-algebra under A on X. On the other hand, we can construct
this left adjoint in steps:
T—AIgA/ — P-Alg ? DG,

™~ T /,/\’\

Here the two right adjoints are forgetful, the first left adjoint freely constructs P X, and the

second then freely constructs A IT P X, giving the desired natural isomorphism. 0

Next, we describe a well-known concrete model for the enveloping operads of cell algebras. Let

‘P be a dg operad over k£ and let A be a cell P-algebra. Let also
A0—>A1—>A2—>"'

be a cell filtration of A and fix some choices My, My, ... for the dg modules which appear in
the attachment squares above. For each n > 0, let N,, = ®;<,M;, where Ny, = 0, and let also
N = @;>1 M;. Then the models, for which we refer to [Man01], for the U4~ (j) and UA(5), for

n, 7 > 0, are as follows.

Proposition 2.32. Let P be a dg operad over k. Given the cell ‘P-algebra A and its skeleta A,, as

above, for each n,j > 0, we have that, as a k[X;]-module:

U () = P Pli + j) @, (Na[1)**

>0

Similarly, for each j > 0, we have that, as a k[X;|-module:

UM (j) = D P(i + j) ©x, (N1])™

>0
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2.5 The Homotopy Theory of Operads and Their Algebras

In this section, we consider the homotopy theories, in the sense of Quillen model structures, of
operads and their algebras. First, we recall model structures on dg operads over k. In this section,
we shall let Op,, denote the category of dg operads over k, which is to say that Op,, denotes either
of the two categories Op(Chy) and Op(Coy), for both of which all that is said below will make
sense. In fact, we do not have a model structure on all of Op,.. Instead, we shall restrict to two
possible cases. We say that an operad 2 is reduced if P(0) = k[0], and moreover we require that
maps of reduced operads be the identity in arity zero, which leads us to the category Op,. of reduced
operads. On the other hand, we say that an operad P is null-reduced if P(0) = 0, and of course
maps between null-reduced operads will necessarily be the identity in arity zero, which leads us to

the category Op,' of null-reduced operads.

Proposition 2.33. The categories Op;, and Opy, of reduced and null-reduced operads, respectively,
admit a Quillen model structure where the weak equivalences and fibrations are, respectively, the

levelwise quasi-isomorphisms and levelwise epimorphisms.

Proof. See [BMO03] for the case of reduced operads and [Hin97], together with [Hin03], for the
case of null-reduced operads. In either case, the idea is to pull back the projective model structure

on dg modules across forgetful functors. 0

As such, given an operad which is reduced or null-reduced, via the above model structure, we

can speak of the cofibrancy of this operad.

Now let us consider model structures on algebras over operads. We of course would like the
weak equivalences to simply be maps whose underlying dg module map is a quasi-isomorphism, as
the weak equivalences of algebras ought to simply be the weak equivalences of dg modules which
respect the algebraic structure that is now present. To get an actual model structure with these weak
equivalences, the idea is once to more pull back the projective model structure on dg modules across

the obvious forgetful functor. This leads us to the following definition.

Definition 2.34. Let P be a dg operad over k. We say that P is admissible if P-Alg admits a model
structure where the weak equivalences and fibrations are the quasi-isomorphisms and degreewise

epimorphisms, respectively.

Proposition 2.35. Let P be a dg operad over k. If P is a cofibrant reduced operad or a cofibrant

null-reduced operad, it is admissible.

Proof. See [BMO3] for the reduced case and [Hin0O1] for the null-reduced case. O
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Recall the adjoints f, to operad algebra pull back maps in Proposition 2.15.

Proposition 2.36. Let P and Q be dg operads over k, f: Q — P an operad map and
f*
—_—
P-Alg JJC_ Q-Alg

the induced adjunction. If P and Q are reduced and admissible, or null-reduced and admissible,

this adjunction is a Quillen adjunction.
Proof. See [BMO03] for the reduced case and [HinO1] for the null-reduced case. OJ

In fact, we will be interested in a weakening of model structures, to semi-model structures, and
a corresponding weakening of admissibility to semi-admissibility. We recall first the definition of
semi-model categories. In short, a semi-model category is (almost) exactly a model category except
that the factorization —=<»—» and the lifting property (£>) 1 (—) (which is to say, those that

involve trivial cofibrations) are required to hold only in the case where the source is cofibrant.

Definition 2.37. A Quillen semi-model category is a category M, together with three specified
classes of morphisms, W, C and F, such that the following hold:

* M is bicomplete.
e The class WV satisfies 2-out-of-3.

* The classes W, C and F are closed under retracts.

Given the above, we note that, by the first property, M must possess both an initial object () and a
final object *. We then define cofibrant objects and fibrant objects as per usual, where we note that
the notions are invariant under choices of initial and final objects as they lead to maps which are
retracts of one another. Having made these definitions, we also require the following (a prefix of

“cof” means that the object is required to be cofibrant):

* We have the following liftings for maps A — B, X — Y

cof A X A X
i =N
B Y B Y

* We have the following factorizations for a map A — B:

cof A5 . = B A< .5 B
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Finally, we add in:
* Fibrations are closed under composition, products and base change.

Remark 2.38. Similar notions of semi-model categories have been considered by White [Whil7],
Spitzweck [SpiO1] and Fresse [Fre09]. Il

With this definition, one can run through the the standard arguments for model categories
to verify that we can still perform analogous constructions of the derived category and derived
functors, with appropriate modifications. In particular, one can still construct the derived category
via bifibrant replacements — see Theorem 2.13 in [Man01], and moreover, as for derived functors,

the relevant result which we will need later is the following.

Proposition 2.39. Let L: E — M and R: M — E be left and right adjoints between a semi-model
category E and a model category M. Then we have the following:

(i) If L preserves cofibrations between cofibrant objects and R preserves fibrations, then the
left derived functor of L and the right derived functor of R exist and are adjoint. Moreover,
L converts weak equivalences between cofibrant objects to weak equivalences, and the
restriction of the left derived functor of L to the cofibrant objects is naturally isomorphic to

the derived functor of the restriction of L.

(ii) Suppose that (i) holds and in addition for any cofibrant object A in E and any fibrant object
Y in M, amap A — RY is a weak equivalence if and only if the adjoint LA — Y is a weak
equivalence. Then the left derived functor of L and the right derived functor of R are inverse

equivalences.
Moreover, we also have the following:

(iii) The hypothesis in (i) above is equivalent to each of the following:

— L preserves cofibrations between cofibrant objects and acyclic cofibrations between

cofibrant objects.

— R preserves fibrations and acyclic fibrations.

Proof. These follow mostly by the standard model category theoretic arguments. See Theorems
2.14 and 2.15 in [ManO1]. ]

We can now define semi-admissibility for dg operads.

Definition 2.40. Given a dg operad P over k, we say that it is semi-admissible if P-Alg admits a
semi-model structure where the weak equivalences and fibrations are the quasi-isomorphisms and

degreewise epimorphisms, respectively.
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We shall now give criteria for the admissibility and semi-admissibility of a dg operad over £,
due to Mandell in [Man01] and Hinich in [Hin97].

Proposition 2.41. Let P be a dg operad over k, P the associated free algebra functor. Then we
have the following:

(i) If, for any P-algebra A, the natural map
A— ATTP(DY)

where D" is a disk complex, is a quasi-isomorphism, P is admissible.
(ii) If the above condition holds for any cell ‘P-algebra, ‘P is semi-admissible.
Moreover, in either case, the cofibrations are exactly the retracts of cell maps.

Proof. Let us define the weak equivalences, fibrations and cofibrations as we must. Given a map
f: A — B of P-algebras, we set the following:

* We say that it is a weak equivalence if it is a quasi-isomorphism.
* We say that it is a fibration if it is a degreewise epimorphism.

* We say that it is a cofibration if it has the left lifting property w.r.t those maps which are both

weak equivalences and fibrations.

Now we proceed to verify the (semi-)model structure axioms. We know by Proposition 2.16 that
P-Alg is bicomplete. Moreover, 2-out-of-3 for weak equivalences is clear, just as in the case of
dg modules. Closure under retracts for weak equivalences and fibrations once again follows from
the analogous fact in the case of dg modules, and in the case of cofibrations follows from the fact
that any class of morphisms defined by a lifting property is always closed under retracts. Thus, it

remains to verify the lifting and factorization axioms.

Let W, C and F denote the classes of weak equivalences, cofibrations and fibrations. We shall
first demonstrate the factorization axioms. First we demonstrate the half of the axiom which says
that any map can be factored into a cofibration followed by a trivial fibration. To see this, consider
an arbitrary P-algebra map f: A — B and note that, by the standard small object argument,
we have that we can factor f as p o where i: A — C'is a cell map and p: C' — B has the
right lifting property w.r.t all maps of the form PAM — PCM where M is a dg module which is
degreewise free and has zero differentials. Now, any cell map is necessarily a cofibration (as the

maps PM — PCM are cofibrations by adjointness and cofibrations are closed under pushouts and
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transfinite compositions as this holds for all classes of morphisms defined by a left lifting property).
Thus 7 is a cofibration. Moreover, we claim that p is a trivial fibration. To see this, note that, by
adjointness, as a dg map, p has the right lifting property with respect to all dg maps of the form
M — CM. These maps, in the cases where M is a sphere complex reduce to the maps S"~! — D",
which constitute the generating cofibrations in the standard cofibrantly generated projective model

structure on dg modules. It follows that p is a trivial fibration of dg modules, and so of P-algebras.

Now, before verifying the remaining model structure axioms, we demonstrate that the cofi-
brations are exactly the retracts of cell maps. For a dg module M which is degreewise free and
has zero differentials, by adjointness, the map PM — BCM has the left lifting property with
respect to trivial fibrations (as above, in the cases where M is a sphere complex, these maps
reduce to the generating cofibrations in the standard cofibrantly generated projective model struc-
ture on dg modules; moreover, for more general M, since M is degreewise free and has zero
differentials, these maps are coproducts of the maps S"~! — D"). Since left lifting properties
are closed under retracts, pushouts and transfinite compositions, we have that all retracts of cell
maps have the left lifting property against trivial fibrations, and so are cofibrations, by definition
of cofibrations. Next, given a cofibration f: A — B. As above, we may factor it as [ = pi
where ¢ is a cell map and p is a trivial fibration. As f is a cofibration, we have f 1 p, and so,

by the standard retract argument, f must be a retract of  and thus is a retract of a cell map, as desired.

Next, note that if A is cofibrant, because, as above, cofibrations are retracts of cell maps, A must
be a retract of a cell algebra and moreover, the map A — A II P(ID") must be a retract of a map
A" — A'11 P(D™) where A’ is cell. Thus, the condition supposed in (ii) in fact holds not only for

cell algebras, but for all cofibrant algebras.

Now let us consider the half of the factorization axiom which says that any map can be factored
into a trivial cofibration followed by a fibration; the following proof works in all cases in the case of
(i) and for those cases in which the source is cofibrant in the case of (ii). Once again, let f: A — B

be an arbitrary P-algebra map. We can factor f as follows:

A AT (]_[ P(Ddeg<b>)> 5B
beB
Here i is the canonical inclusion of A. On the other hand, p, on the summand A is the given map f,
while on a summand P (D)), is the map induced by the dg map D) — B which sends the
generator in degree deg(b) to b. It is clear then that p is fibration. Moreover, i is a cofibration as it is
the coproduct of the identity on A and the cell maps P(0) — P (D%®)), Finally, i is also a weak
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equivalence. To see this, choose some ordering (according to some ordinal) on the elements b € B

and write the coproduct as a composition:
A—-AIPD") - AOPD"™)IPD™) — ---

Each map in this cotower is a quasi-isomorphism by the assumption in the proposition statement. If
the cotower is finite, the resulting composite is of course a quasi-isomorphism. If it is infinite, the
composite is once again a quasi-isomorphism because the forgetful functor to dg modules commutes

with filtered colimits as per Proposition 2.17 and the result of course holds in dg modules.

Finally, it remains to verify the lifting properties. That C 1 W N F is immediate by the definition
of cofibrations. Thus we need to demonstrate that YW N C @ F; again, the following proof works in
all cases in the case of (i) and for those cases in which the source is cofibrant in the case of (ii). Let
f: A — B be atrivial cofibration. As above, factor f as follows:

A AT (]_[ P(Ddeg<b>)) 2B
beB

By 2-out-of-3, p is now not only a fibration but a trivial fibration. Since, C @ W N F, we have f 4 p.
Thus, by the standard retract argument, f is a retract of 7. Since the identity on A obviously has the
left lifting property against fibrations, and, by adjointness so do the maps P(0) — P(ID%2®)) (note
that P(0) is the free P-algebra on the zero complex), we have that f has the left lifting property

against fibrations, as such a property is closed under coproducts and retracts.

This completes the proof, except that in case (ii), we also need to verify that the fibrations
are closed under composition, products and base change, which is not automatic in semi-model
categories. This holds because the forgetful functor to dg modules commutes with limits and

because fibrations of algebras are detected at the dg module level. [

2.6 Operadic (De)suspensions

We now discuss notions of operadic suspension and desuspension, which will be important for
us when we discuss stabilizations of [E, operads. We shall need to explicitly distinguish the case of

chain complexes and cochain complexes, i.e., of chain operads and cochain operads.

If X is a chain complex and n € Z, we let X [n] be the chain complex where X [n]; = X,,_q.

Note that we do not change the sign of any differential.
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Definition 2.42. Given a chain operad P over k, it’s operadic suspension P is defined by setting
YP =P R Z:ﬂdk[l}

where (P ® End 1) (n) = P(n) @ End ) (n), the symmetric group 3, acts diagonally, the identity
is the diagonal one and the composition structure maps are those which permute tensor factors and

then apply the composition maps for P and End ).

Remark 2.43. Intuition for the operadic suspension may be provided as follows. The chain complex
k[1] can be thought of as the k-linear 1-sphere. The endomorphism operad on it then as a dg operadic
analogue of the 1-sphere, and so P ® End y1) as a smash product with an analogue of the 1-sphere.

Note that we have
End (n)q = {maps k[1]*" — k[1] in Gry, of degree d}

where Gr;, denotes the category of Z-graded k-modules. Thus End jp1j(n)q is zero if d # 1 — n and
is k otherwise, so that End j1)(n) = k[1 — n]. Thus we have:

(XP)(n) =2 P(n) @ k[l —n] = P(n)[1 —n]

Next, we consider operadic desuspensions of chain operads.

Definition 2.44. Given a chain operad P over k, it’s operadic desuspension %P is defined by setting
NP = P @y, End )

where (P ® End _17)(n) = P(n) ® End y_1)(n), the symmetric group ¥, acts diagonally, the
identity is the diagonal one and the composition structure maps are those which permute tensor

factors and then apply the composition maps for P and End j_y).

Remark 2.45. The intuition now is of course that we think of k[—1] and End ;;_y) as analogues of
the (—1)-sphere. Il

In this case, we find that:
(X7'P)(n) 2 P(n) ®4 k[n — 1] = P(n)[n — 1]

Now we consider the case of cochain complexes and cochain operads. In this case, the roles of
k[1] and k[—1] are swapped. If X is a cochain complex and n € Z, we again let X [n] be the cochain

complex where X [n]; = X,,_4. Note again that we do not change the sign of any differential.
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Definition 2.46. Given a cochain operad P over k, it’s operadic suspension 3P is defined by setting
YXP = PRy fmfk[_l]

where (P ® End y_11)(n) = P(n) ® End y_11(n), the symmetric group X, acts diagonally, the
identity is the diagonal one and the composition structure maps are those which permute tensor

factors and then apply the composition maps for P and End ;_y).

Definition 2.47. Given a cochain operad P over k, it’s operadic desuspension X~ is defined by
setting
NP = P @y, End

where (P ® Endy_1))(n) = P(n) ® End ypj(n), the symmetric group ¥, acts diagonally, the
identity is the diagonal one and the composition structure maps are those which permute tensor

factors and then apply the composition maps for P and End ).

Earlier, we discussed a reindexing operator (—)' between chain and cochain complexes. We

now discuss how this construction behaves with respect to operadic (de)suspensions.

Proposition 2.48. Let P be a chain or cochain operad over k. Then we have:
(EP) =%(P") and (X7'P) =272

Proof. An easy direct check one degree at a time. Note that, for either identity, the notion of

suspension on one side is that for chain operads, while on the other is for cochain operads. [

2.7 On (Co)algebras Over (De)suspended Operads

Let P be a dg operad over k. We now wish to discuss the relation between (co)algebra structures
over P and (co)algebra structures over the (de)suspensions >."P, where r € Z. Once again, we

must explicitly distinguish between the chain and cochain cases.

Proposition 2.49. Let P be a chain operad over k. Then, for each r € 7, we have functors as

follows:

P-Alg M srp Ay P-Coalg U sy p-Coalg

On the other hand, if P is a cochain operad over k, then, we have functors as follows:

] Olr]

P-Alg (H Y P-Alg P-Coalg — ¥"P-Coalg
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Proof. We first consider the chain case. Let X be an algebra over . We wish to show that X|[r] is

an algebra over X"P. To do so, we must construct maps:
(X7P)(n) ®s, X[r]*" — X|[r]
These are as follows:
(X7P)(n) @z, X[r]*" = P(n)[r — rn] ®@x, X®"[rn] = (P(n) ®s, X“")[r] = X|r]

Now suppose that X is a coalgebra over P. We wish to show that X [—r]| is a coalgebra over ¥"P.

To do so, we must construct maps:
(X7P(n)) ®s, X[-r] = X[-r]*"
These are as follows:

(X7P)(n) ®@x, X[-r] = P(n)[r —rn] @y, X[—r] = (P(n) ®x, X)[-rn] — X®"[—rn]
= X|[-r]®"

Now we consider the cochain case. Let X be an algebra over . We wish to show that X [—r] is

an algebra over X" P. To do so, we must construct maps:
(X7P)(n) ®@x, X[-r]®" — X[—r]
These are as follows:
(X7P)(n) ®@x, X[-r]%" = P(n)[rn —r] @y, X®"[—rn] = (P(n) @z, X®")[-r] = X[-7]

Finally, suppose that X is a coalgebra over . We wish to show that X [r| is a coalgebra over ¥"P.

To do so, we must construct maps:
(37P(n)) @s, X[r] = X[r]*"
These are as follows:

(X7P)(n) ®@x, X[r] = P(n)[rn —r] ®x, X[r] = (P(n) ®x, X)[rn] — X" [rn] = X[r]*"
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Now let us discuss free algebras over (de)suspended operads. Given a dg operad P, and a
(de)suspension X" P, we shall let X" P denote the monad and free algebra functor associated to X" P.

Note though that we are not (de)suspending the monad, but rather the operad.

Proposition 2.50. Let P denote a chain operad over k. Then, for a chain complex X, we have:
(X"P)X = P(X[-r])[r]

On the other hand, if P is a cochain operad over k, for a cochain complex X, we have:
(X"P)X = P(X[r])[-r]

Proof. We first consider the chain case. We have:

(5P)X = P(EP)(n) @s, X"

n>0

= @ P(n)[r —rn] ®@xg, X"

n>0

= P (2(n) ©x, X [=rn))[r]

n>0

:<691’ @s, X 1@") ]
— P(X[—r])[r]

Now we consider the cochain case. We have that:

(2P)X = P P)(n) @5, X"

(EBT @5, X ]®”> [=7]
= P(X[r])[-]
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CHAPTER 3

K. Operads and p-Adic Homotopy Types

In this chapter, we shall introduce a particular class of dg operads, the [E, operads. The ground

field will now be taken to be I, for an unspecified but fixed prime p.

3.1 [E, Operads

We begin with the definition of E, operads.

Definition 3.1. A chain operad P over [, is said to be an E, operad if, for each n > 0, we have
that P(n) is zero in negative degrees, is quasi-isomorphic to F,[0] and is F,[3, |-free; if P is a
cochain operad, we use the same term K, operad for the same condition but with negative degrees

replaced by positive degrees.

There exist many models of [E, operads over IF,,. We will now introduce two models, the former
of which, the Barratt-Eccles operad, will usually be our favoured one. In spaces, by which we mean

simplicial sets, there exists an operad E,. where:
Epe(n) = EX,

Here EY.,, denotes the total space of the universal >.,,-bundle; in particular, in simplicial degree
d, we have that (EX,,)q = 5@ This is the operad originally defined by Barratt and Eccles

in [BE74]. We are interested in dg operads and so we take chains on this operad.

Definition 3.2. The Barratt-Eccles chain operad, denoted ‘E, is the dg operad over [F,, defined by:
E(n) = C.(EX,)

Moreover, the Barratt-Eccles cochain operad is then the operad E'.

Here C, denotes normalized chains, and we get a dg operad upon taking these because the

normalized chains functor is symmetric monoidal. As in this case, all other (co)chains in this work
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shall be normalized. The chains here are of course taken with coefficients in I, so that we get a dg
operad over [F,,. In defining the Barratt-Eccles cochain operad, we are employing the reindexing
operator in Definition 2.7. Note that the Barratt-Eccles chain operad is concentrated in non-negative

degrees, while the Barratt-Eccles cochain operad is concentrated in non-positive degrees.
Proposition 3.3. The Barratt-Eccles chain and cochain operads are E, operads.

Proof. We shall demonstrate the chain case, from which the cochain case of course obviously
follows. The operad E is clearly concentrated in non-negative degrees. Moreover, as is standard,
each EX,, is contractible, so that we have, for each n > 0, HoE(n) = H(EX,,) = IF,,[0], as desired.
Finally, we can show that each E(n) is free over F,[%,,]. To see this, consider E(n )4, which is the
free F,-module on tuples (o, . .., 04) of permutations of (n) = {1,...,n} where no two adjacent
permutations coincide. We want an [F,[¥, ]-basis of this module. The symmetric group ¥, acts,
on the right, freely on the collection of such tuples. Let ¢, ..., ¢, be representatives of each orbit

of this action. We claim that the ¢; form an F,[%,]-basis. To see this, first consider some linear

t (Z al-a}) + -+t (Z ajag)

Upon expanding out each of the summands

t (Zam}) AU (ch-af)

no cancellations can occur between expansions as no two terms which come from different expan-

combination:

sions can coincide (since the resulting tuples will lie in distinct orbits of the action by 32,,), and no
two terms from within a single expansion can coincide since, as already noted, the action of X, on
the the tuples (o, . .., 04) is free. Thus, we have [, [%,]-linear independence of the ;. It remains to
show that these span all of E(n),. Consider some arbitrary term aju; + - - - + asus in ‘E(n)q, where
the a; € F, and the w; are tuples of permutations of (n). Each u; lies in some orbit of the action of
3., on the tuples, say that of ¢;, so that u; = t;0 for some unique (due to freeness) o € %J,,. Upon
collecting like terms together, we will have an expression of this arbitrary term as an [F,,[%,, |-linear

combination of the ¢;, which completes the proof. O]

We now consider the homotopy theory of E-algebras and Ef-algebras. Recall the notion of

admissibility for operads as in Definition 2.34.
Proposition 3.4. The Barrat-Eccles chain and cochain operads, ‘F and ‘E', are admissible.

Proof. The case of ‘E is demonstrated in [BF04] and the exact same proof works also in the cochain

case. The crucial point behind the argument is the existence of a diagonal map £ — £ ® E, which
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arises from the fact that £ is constructed by taking chains on an operad in spaces and a diagonal

exists at the level of spaces. [

Thus, the categories E-Alg and E'-Alg admit Quillen model structures in which the weak
equivalences and fibrations are those maps whose underlying dg maps are quasi-isomorphisms and

degreewise epimorphisms, respectively.

Before moving on, we now describe another model for the [E., operad, which will be useful for
us in constructing the [E., operad action on cochains on spaces, and which was defined originally
by McClure and Smith in [McCO03], so that we call it the McClure-Smith operad (see also [BF04],
where it is called the surjection operad). In order to define this operad, we require some prelimi-
naries. For each integer n > 0, let (n) denote the set {1, ...,n}, where (0) := &. Given a set map

f: (m) — (n), we will often view it as, and denote it by, the indexed sequence (f(1),..., f(m)).

Suppose given n > 0 and a surjection f: (m) — (n). Say that f is degenerate if there exists
some [ € (m) such that f(I) = f({ + 1), and otherwise non-degenerate; that is, call f degenerate
exactly when the sequence (f(1),..., f(m)) contains two equal adjacent entries. For each n > 0,
let S(n) be the graded F,-module freely generated by maps f: (—) — (n), where, if the source
is (m), the assigned degree is m — n. Let N(n) denote the sub graded module generated by the
non-surjective maps and D(n) the sub graded module generated by the degenerate surjections. For

eachn > 0, set:

M(n) := S(n)/(N(n) +D(n))

Remark 3.5. Taken over n > 0, the above graded modules will be the underlying graded modules
of the McClure-Smith chain operad. It is clear that M (n) is the graded F,-module freely generated
by the non-degenerate surjections f: (—) — (n), where, as above, if the source is (m), the assigned
degree is m — n. Moreover, M (n), is zero if d < 0, and otherwise is freely generated by the

non-degenerate surjections (n + d) — (n). Il

We now endow the M (n) with differentials. To keep track of signs, given a surjection f: (m) —

(n)and ai € (m), we set:

Tr(i) = #{j € (m) | f(§) < f(i) or f(j) = f(i) and j < i}

The differential of M (n) is then defined as follows. Given a non-degenerate surjection f: (m) —
(n), denoted also by (f(1),..., f(m)), we set:

m

O(f) = Y (=)™ OHO(F(),..., fG),- ., f(m)

=1
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Here, for ¢ € (m), the term (f(1),..., f(¢),..., f(m)) on the righthand side denotes the the
map (m — 1) — (n) whose images are, in order, exactly those that appear in the sequence
(f(1),..., m, ..., f(m)); if, upon omitting f(4), this resulting map is no longer a surjection or is
degenerate, that term is taken to be zero. The verification that this indeed defines a well-defined
differential may be found in [McCO3].

It remains to describe the operadic structure data. The identity in /M (1) is the identity on (1) and
the action of 3J,, on M (n) is by postcomposition of surjections onto (n). As for the composition
maps, we shall specify this in the form of maps o,: M(n) @ M(m) — M(n + m — 1), for
r = 1,...,n, as per Remark 2.6. Let f: (N) — (n) and g: (M) — (m) be non-degenerate
surjections. We need to define a composite f o, g, which will be zero or a non-degenerate surjection
(N+ M —1) = (n+m — 1). This composite can be described algorithmically as follows:

* Inthe sequence (f(1),..., f(IV)), lett be the number of occurences of r. Let these occurences
be given by f(i1),..., f(i).

* Fix a choice of ¢t + 1 entries 1 = jo < j; < --- < j;_1 < j, = M inside (M), where the first
is 1 and the final M. In the sequence (f(1),..., f(IV)), replace f(i;) by the subsequence
(9(Jo)s---,9(s1)), f(i2) by the subsequence (g(j1),---,9(j2)), and so on, with the final re-
placement being that of f(i;) by the subsequence (g(j;—1),- .., 9(j:)). Note that the resulting
sequence has length N —t+ M +t —1= N + M — 1. Now alter this sequence as follows:
(i) increase each entry g(j) which has been entered by r — 1 (ii) increase those entries f (1)
which remain and where f(i) > r by M — 1.

7777

surjection or is a degenerate surjection, replace it with zero.

* The composite f o, g is then the sum of all the resulting maps f(j,,... ;,), the sum being taken

.....

over the tuples (jo, J1, - - - Jt)-

The verification that the above algorithmic procedure yields well-defined maps M (n) @ M (m) —
M(n+m—1)forr =1,...,n,and yields an operad structure on the chain complexes M (n), may

be found in [BF04]. As per Remark 2.6, the composition maps in the form
M(n) @ M(ky) @ @ M(kn) = M(ky + - k)

can be computed iteratively by applying, when given f ® ¢; ® --- ® g,, the above algorithmic
procedure first to compute f o,, g,, and then to compute (f o,, g,) ©,—1 gn_1, and so on.
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Definition 3.6. The McClure-Smith chain operad is the operad consisting of the chain complexes
M (n) and structural data specified above. Moreover, the McClure-Smith cochain operad is then the
operad M1,

In defining the cochain operad, we are making use of the reindexing operator in Definition 2.7.
Proposition 3.7. The McClure-Smith chain and cochain operads are E, operads.

Proof. We shall demonstrate the chain case, from which the cochain case of course obviously
follows. For each n > 0, M (n) is concentrated in non-negative degrees because there cannot be
a surjection (m) — (n) if m < n. Moreover, that M (n), for each n > 0, has the homology of a
point is proven in [McCO03]. Thus we need only show that M (n), for each n > 0, is F,[%,,]-free.
Consider M (n),4, which is the free F,,-module on non-degenerate surjections (n + d) — (n). We
want an F,[X,,]-basis of this module. Consider all partitions, denoted by say A, of (n + d) which
have exactly n pieces and which are such that no piece contains two adjacent entries. For each
such partition A, choose any surjection f4: (n 4+ d) — (n) which identifies exactly those elements
which lie within a single piece of the partition. We claim that the f4 form an [F,[%, ]-basis. To see

this, first consider some linear combination:

fa (Z aiaZAl) +ot fa, <Z ajaf‘*)

Upon expanding out each of the summands

fa (Z aialf‘h) R (Z aja;“’)

no cancellations can occur between expansions as no two terms which come from different expan-
sions can coincide (since if two surjections coincide, the two partitions they induce on (n + d) must
coincide), and no two terms from within a single expansion can coincide since the action of X,
on the surjections (n + d) — (n) is free. Thus, we have [, [%, ]-linear independence of the f4. It
remains to show that these span all of M(n);. Consider an arbitrary element a; f; + - - - + a, f
where the a; € F, and the f; are non-degenerate surjections (n + d) — (n). Each f; induces
some partition, say .4;, on (n + d), and it is then clear that f = f4 0 for some unique o € %,,.
Upon collecting like terms together, we will have an expression of our arbitrary element as an

[F,[X,]-linear combination of the f4, which completes the proof. [l

Finally, we now describe a relation between the Barratt-Eccles and McClure smith operads. The

two chain operads are related via a map:
TR: E > M
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This map can be described algorithmically as follows:
¢ Consider some tuple (po, ..., pq) € E(n)qg = C4(EX,), where the p; are permutations of (n).

e Let rg,...,rq be any positive integers such that ry + - - - + r4 = n + d. Note that each r;
is necessarily < n; moreover, each ry + - - - + r; is necessarily < n + 7. Form a sequence
(po(1), ..., po(rg)) of length 1o using the first ry entries of the sequence given by pg. Next,
form a sequence of length 7; using the first 1 entries of the sequence given by p;, but skipping
any entry which has already occured as a non-final entry of a previous sequence (there are
ro — 1 such entries, and we have n — (rg — 1) —r; = n — 19 — 11 + 1 > 0). Now repeat this

process to construct sequences of length 7o, ... 4.

» Concatenate the d + 1 sequences constructed in the previous point to construct an indexed
sequence of length ry + --- +ry = n + d. This yields amap f, .,): (n +d) = (n). If

this map is not a surjection or is a non-degenerate surjection, replace it by zero.
* The image of (po, . .., pq) under TR,, is the sum ) f,, ., over the tuples (7o, ..., 7q).

The verification that the above algorithmic procedure defines a well-defined map of operads may be
found in [BF04]. Moreover, in the same work, it is shown that the map TR is onto in each operadic
degree. Thus we see that the McClure-Smith chain operad M is a quotient of the Barratt-Eccles

chain operad ‘E.

Finally, upon reindexing, we also get a map between the corresponding cochain operads:
TR: £F — M7

This map is of course also onto in each operadic degree, so that the McClure-Smith cochain operad

M is a quotient of the Barratt-Eccles cochain operad ‘E.

3.2 Products and Operations for the (Co)homologies of E., DG Algebras

The algebraic structure encoded by an [E, operad is that of a homotopy coherent commutative,
associative and unital multiplication, where the binary multiplication itself is encoded in the arity 2
part of the operad. Given an algebra A over an E, operad, if we take the (co)homology of A, in
a sense nullifying the higher homotopies, setting them to be the identities, we shall show that we
get a multiplication which is graded-commutative, associative and unital in the traditional sense.
Moreover, this product is not all the structure inherited by the (co)homology of A. There are also

operations, denoted ()° in the chain case and P? in the cochain case, where s € Z and where ()°
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and P? are of degree s. These operations are very much a characteristic p phenomenon, as they
arise from generalized power maps x — P, which are of course linear only in characteristic p. In
discussing the products and these operations, we shall use the Barratt-Eccles chain and cochain
operads as our models of the E., operads. All the theory that we develop, however, could also be

developed with the McClure-Smith chain and cochain operads.

Let us first consider the case of the chain operad £. As mentioned above, the binary multi-
plication on the (co)homology of an E-algebra will arise, unsurprisingly, from the arity 2 part
of ‘E. For this reason, we first describe in detail the chain complex E(2) and set in place some
convenient notations. By definition, we have that E(2) = C,(EX;), where we recall that the chains
are normalized. In degree d > 0, we have that (EX,)y = 35 (@), Moreover, the degenerate
simplices in EX5 correspond to those tuples of permutations which have repeated adjacent entries.

Thus, if we let 7 denote the only non-trivial permutation of (2) = {1, 2}, we find that, for d > 0:

(EX)% = {(1,7,1,...),(r,1,7,...)}

Here “nd” indicates “non-degenerate”. Henceforth, for d > 0, we shall always let e; denote the
non-degenerate d-dimensional simplex (1,7, 1,...) of EXs; the simplex (7,1, 7,...) of EXy is then
eq7. Thus, in each non-negative degree d > 0, we have that E(2), = F,{eq, e47}. Moreover, the
differential £(2), — £(2),-1 arises by making successive omissions of the entries of a given tuple.
On the non-degenerate simplices (1,7,1,...),(7,1,7,...), only the omission of the first and final

entries result in a non-degenerate simplex, and so, we see that:

Sles) = { eqr(r—1) disodd

eq—1(T+1) diseven

That is, we have the following picture of E(2), where ¢4, for d > 0, is the F,[X;]-generator in

degree d:

£(2) : e 04— T [S] L T[] &8 By [S] «— -
deg 0 deg1 deg 2

In the cochain case, we instead have the following picture of f*(2), where eg4, for d > 0, is the

IF,[¥2]-generator now in degree —d:

E1(2) : e F[So] T (8] TS Fy[S) — 0 —» -

deg —2 deg —1 deg0

In either case, we have precisely the standard F,[¥,]-free resolution of IF, (see [May70]).
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We now describe the product structure on the (co)homology of an algebra over ‘E or ‘E'.

Proposition 3.8. Given an algebra A over ‘E, under the composite
Ha(4)% 2 F,[0] © Ha(A)°2 2 Hy(£(2)) @ Ha(A)% = Ha(E(2) ® 4°) - H,(4)

the homology He(A) is a graded-commutative, unital and associative, graded algebra over F,,.

Similarly, given an algebra A over EY, under the composite
H*(4)%> = F,[0] & H*(A)™ & H'(£(2)) @ H'(4)% = H*(£(2) ® A) — H'(A)

the cohomology H*(A) is a graded-commutative, unital and associative, graded algebra over F,,.

In the composites above, in either case, the second map sends 1 ® [a] ® [d'] to [eg] ® [a] ® [a],
and the third map is a Kunneth map. We see that, in either case, the total composite sends [a] ® [d’]
to [(eo)«(a,a’)], where we use the notation o, (c, ¢’) to denote the image of o ® a ® @’ under the
map E(2) ® A% — A in the chain case, and the map E'(2) ® A%? — A in the cochain case.

Proof. We shall outline the chain case; the cochain case is entirely analogous. To see associativity,

note that:

[a] - ([a'] - [a"]) = [(e0)«(a, (e0)+(a’, @) ([a] - [a']) - [a"] = [(€0)«((e0)«(a, a’), a")]

The result now follows by noting that e ® (id(1)) ® eg and eg @ e ® (id(1)) have the same image under
the composition maps £(2)Q E(1)QE(2) — E(3) and E(2)RE(2)RE(1) — E(3), respectively.

To see unitality, first, let u denote the image of (id(y)) under the map E(0) — A, and then
consider [u] € H,(A) (note that u is a cycle since (id(g)) is of degree zero). Note that:

[u] - [a] = [(e0)«((id())«(1), a)] ] - [u] = [(eo):(a, (id(g))«(1))]
The result now follows by noting that ey ® (id(g)) ® (id(1)) and g ® (id(1)) ® (id(o)) have the same

image under the composition maps E(2) @ E(0)@E(1) — E(1) and E(2)® E(1)® E(0) — E(1),

respectively.
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Finally, to see commutativity, note that:

(eo)ua,a')]

= (=) [(eo7) (0" 0)]
(=1) 1 [(eq). (o', )]

— ] [a

[a] - [a’]

Here the second equality comes from the fact that the map £ — End 4 respects the symmetric group
actions and the third equality comes from the fact that, ey and ey are homologically equivalent, as
d(e1) = eoT — €. O

The above describes the product structure of the (co)homology of E., dg algebras. We now
describe the operations ()° and P?® on these (co)homologies. Once again, we shall discuss the case
of the chain operad Z first. As mentioned above, these operations arise from generalized power
maps z — xP, which, unsuprisingly, arise from the arity p part of £. For this reason, we shall first
discuss in detail the complex E(p). Recall from above that E(2) is exactly the standard [F,,[¥,]-free
resolution of F,,. In arity p, for the purpose of the operations, we shall be interested in an IF,[C,]-
resolution, where C), is cyclic of order p. Let « be the permutation 1,2,--- ,p+— 2,3,--- ,p, 1, and
let C,, then be the group generated by a. Recall, as in [May70], that the desired resolution is given
by the following chain complex, which we denote by W:

W e 04— F[C) L F[C) TR R [5,] 25 B[] «— -+
deg0 deg 1 deg 2 deg 3

Now, since W is free and since E(p) is acylic in positive dimensions, the standard acylic models

lemma tells us that there is a, unique up to homotopy, map
F: W — E(p)

which, on Hy induces the isomorphism Ho(W) — Ho(‘E(p)) given by 1 + (id,)). In fact, we can

inductively explicitly construct such a map as follows:

* In degree 0, set Fip(1) = (1), where the righthand 1 denotes id,), and then set, necessarily
and more generally, for j = 0,1,...,p — 1, set Fy(a?) = (a?).

* Indegree 1, set (1) = (1, «), and then, necessarily and more generally, for j = 0,1,...,p—
1, Fi(a?) = (o, a?t1). Note that (1, o) = (o) — (1) = (1) - (o — 1), as desired.

e Indegree 2, set F5(1) = (1, o, %) + (1,0%,0®) 4+ -+« + (1,aP71, 1), and then set Fy(a?) as
one must for j = 0,1,...,p— 1. An easy computation shows that 9((1, a, o) + (1, a2, o) +
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,.._1_(170[;0—1,1)) = (1,0[)—f—(O[,OzQ)—f—"'—f-(O{pil,l) = (170'/) : (1—}-0{—*—---4—(1/}771),3.5
desired.

* In all remaining degrees, define the map inductively as follows: when making the definition
in an odd degree d, we take the tuples occuring in F;_;(«) and append 1 at the beginning of
each one; when making the definition in an even degree d, we take the tuples occuring in
each of the images F; (), -+, F;_1(a?™!) and append 1 at the beginning of each one. An
induction demonstrates that, as in the cases above, the necessary relations hold so that we
have a map W — ‘E(2), and one which obviously satisfies the specified condition in degree
0.

Henceforth, for d > 0, we shall let f; € E(p); denote the image of 1 under the map F as
defined specified above.

Remark 3.9. In the case p = 2, we have Cy, = X5, W coincides exactly with £(2), the map F is
an isomorphism and the elements f; are exactly the elements e; which we defined in the previous

section. 1

In the case of the cochain operad ET, we replace W by W', F by
F-wt — E(p)
and then, for d > 0, let f; € E(p)~¢ denote the image of 1 under ball 0

We can now construct the desired operations. We shall separate the cases p = 2 and p > 2. First,
we consider the case p = 2, for which we recall that the elements f; and e; which we have defined

above coincide.

Proposition 3.10. Suppose that p = 2, where p is our fixed prime. Given an algebra A over ‘E, for
each s € 7 and |a] € H,(A), by setting

we get a well-defined graded map
Q°: He(A) — Ho(A)

which is linear over Fy, of degree s and natural in A. Similarly, given an algebra A over ‘E, for

39



each s € 7 and [a] € HI(A), by setting

[(eq—s)<(a;a)] s <gq
0 s >q

P*([a]) = {
we get a well-defined graded map
P?:H*(A) — H*(A)

which is linear over Fs, of degree s and natural in A.

As we have done earlier, here we use the notation o, (a, a) for the image of ¢ ® a ® a under
E(2) ® A®2 — A in the chain case, or under E'(2) ® A®2 — A in the cochain case. As such, we

see that the maps a — o, (a, a) are generalized squaring maps.

Proof. Let us first consider the case of the chain operad E. To see that the ()° are well-defined, we
refer to [May70], where it is shown that if a,a’ € A, are homologous cycles, then e, s ® a ® a
and e,_s ® @’ ® o' are homologus in He(E(2) ®x, A®?). The well-definedness then follows from

noting that, in the case s > ¢, Q*([a]) is precisely the image of this well-defined element of
H,(E(2) ®s, A®?) under the map H,(E(2) ®s5, A%?) — H,(A).

To see linearity over F,, first, we have homogeneity, in the non-trivial case where s > ¢, as

follows:

Q*(Ala]) = @°([Aa])
= [es—q(Aa, Aa)]
= N[es—q(a, a)]
= Ales—y(a, a)]
= AQ*([a])
As for additivity, first, let [a], [b] € H,(A) and suppose that s > ¢, as the case s < ¢ is clear.
Consideres_, @ (a+b) @ (a+b) —es_ ®a®a—es_,@bRDb as an element of E(2) ®y, A®2. We

need to show that, under the map Ho (E(2) ®x, A%?) — H,(A), the class of this element has image
zero. We have e;,_, ® (a+b)®@ (a+b) —es_®aRa—e;_@bRb=¢€,_;®aRb+e,_,@bXa,
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and then the result follows by the following:

Csq@a®@b+e,_RbR®a=ce_q@aR@b+e,_TRaRDb
=es4(T+1)®a®b
=0(es—g ®a®Db)

To see that ()* is homogeneous of degree s, simply note that, given [a] € H,(A), in E(2) ® A%,
es—q @ a ® ahas degree (s —q) +q+qg=q+s.

Finally, we verify naturality. Let f: A — B be a map of algebras over ‘£. We need to show

that, for each s € Z, the following square commutes:

Ho(A) —— Hq(A)
Llooer |k
H.(B) T H,(B)

This follows from the commutativity of the following diagram:

Ha(Z(2) @, A®2) ‘L-action H.(A)
.| | £
HL(2(2) @, B%) ‘E-action HL.(B)

This completes the proof in the case of the chain operad E. The proof in the case of the cochain
operad E' is entirely analogous; the only essential difference to note is that, in this case, e, has

degree s — ¢, as opposed to ¢ — s. [
Remark 3.11. As above, the complex £(2), in the case p = 2, is as follows:

e — 0 +— ]FQ[ZQ] <i ]FQ[EQ} & FQ[ZQ] < -

deg0 deg 1 deg 2

Note that the equivariant homology of E(2), which is to say the homology of E(2) /%, is generated
precisely by the e;. Thus we see that homology operations arise from this equivariant homology.
We can also anticipate this via an intuitive argument as follows. Suppose we generate the free
algebra EF,[0] on the “point” F5[0]. Later, we will see that the homologies of free algebras are
given by freely adding in products and operations, subject to certain properties. As EF5[0] is the

free algebra on a point, from an intuitive standpoint we expect its homology H,(EF;[0]) to be a
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minimal object containing the operations and products, which is to say, we expect it to be an algebra
of the operations and products thereof (this will be made precise later — see Remark 3.35). On
the other hand, we have that H,(EF,[0]) = @©,H.(E(n)/%,), so that its homology is precisely
the sum of the equivariant homologies of the £(n). In fact, we will see that the homology of
E(0)/%, contributes a multiplicative unit, the homology of E(1)/3; contains the generating point,
the homology of E(2)/3, contributes the operations, while the rest of the £(n)/%,, contribute
the iterated operations as well as products of these operations. Similar considerations apply in the

cochain case, where the complex is given by

3 Fo ] T Fy[So] T Fo[Sy] —5 0 — -+ -
deg —2 deg —1 deg0

and the homology of E'(2)/3,, which is concentrated in non-positive degrees, is generated again

precisely by the e;. |

Next, we describe the case p > 2. For this purpose we introduce the following notation for

q €l
V(q) = { (—1)2/? q even
(=)W V2((p—1)/2)! godd
Proposition 3.12. Suppose that p > 2, where p is our fixed prime. Given an algebra A over ‘E, for
each s € Z and |a] € H,(A), by setting

QS([G]) _ { é—l)SV(Q)[(f(2s—q)(p—1))*(a, .. ,a)] 33 > q
s <q

(=D v(@)(fes-g@-1-1):(a,...,a)] 25>¢q
0 2s <q

pQ*(la]) = {
we get well-defined graded maps
Q°: Ho(A) = Ho(4)  BQ°: Ho(A) — Ha(A)
which are linear over IF,, of degrees 2s(p — 1) and 2s(p — 1) — 1 respectively, and natural in A.

Similarly, given an algebra A over ‘E', for each s € 7 and [a] € HY(A), by setting

P ([a]) = { é—l)sy(—Q)[(f(q23)(p1))*(a, — ;z iZ

ﬂPs([a]) _ { é_l)sy(_LD[(f(q—QS)(p—l)—l)*(av ce ,CL)] zz i Z
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we get well-defined graded maps
P°: H*(A) — H*(A) pP°: H*(A) — H*(A)

which are linear over F, of degrees 2s(p — 1) and 2s(p — 1) + 1 respectively, and natural in A.

Once more, as earlier, here we use the notation o, (a, . .., a) for the image of c R a ® - - - ® a
under ‘E(p) ® A®? — A in the chain case, or under E'(p) ® A®? — A in the cochain case. As such,
we see that the maps a — o, (a, ..., a) are generalized p™ power maps. Note also that 3Q° and

[ P? are individual symbols in their own right, not composites of an individual 5 with the Q)° or P*.

Proof. In both the chain and cochain case, the proof is similar to the p = 2 case which we have
already considered, and so we will be brief and mention only the chain case. Well-definedness
follows because, as in [May70], we have that if a, @’ € A, are homologous cycles, then f,_; ® a ®
- ®aand fi_,®a’ ®---®a’ are homologous in H, (E(p) ®c, A®P). Naturality follows just as in
the p = 2 case. The degrees follow from recalling that, for d > 0, f; has degree d in the chain case
and —d in the cochain case. As for linearity over IF,,, homogeneity follows just as in the case p = 2
case. For additivity, consider [a], [b] € H,(A). Note that A(a,b) = (a + b)®P — a®P — b®? is a sum
of monomials each of which contains at least one a and at least one b as a factor, and moreover, that,
given any such monomial, say m, each monomial m - o/, where j = 0,...,p— 1 and o/ € C), also
occurs in A(a, b). Since C), permutes such monomials freely we can choose some representatives
of the C),-orbits of such monomials and let ¢ denote the sum of such representatives. Then we have
that A(a,b) = (1 + a+ -+ a?~!) - ¢ (note that each o/ is an even permutation, so that no signs

are required). Now the result follows by noting that, in E(p) ®c, A®P_if 4 is odd, we have

Nfimm®e)=(fi-l4+a+-—+a" ")) ®c
=fio((l+a+--+a” 1) ¢
:fi®A<a7b)

whereas, if 7 is even, we have

Ofin - (a—172@e) = (fi- (a— 1P ) @
=@ ((a=1)P""¢)
=fio((l+a+---+a’) ¢
= f; ® A(a, b)

where we have used that (o — 1)P"' = 1+ a+- - +a? ! in F,[C,], which follows from the identiy
(*-') = (—=1)" in F,. This completes the proof. O

(2
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We have now developed operations for (co)homologies of algebras over E and E'. Recall from
Proposition 2.14 that if A is an algebra over one of these operads, then AT is naturally an algebra

over the other. Via this, we can relate the operations Q° and P as follows.

Proposition 3.13. If A is an algebra over ‘E, so that AT is an algebra over ‘EY, then the operations
Q® on H,(A) and P* on H*(A"), for s € Z, if p = 2, and also the fQ° and BP* if p > 2, are

related as follows:
Q= (P, pQo=(BP™)" P =(Q), pP* = (6Q)!

Moreover, the same relations hold if A is an algebra over Et, so that AT is an algebra over E, and
the operations Q*, 3Q° act on H,(A") while the P*, 3P* act on H*(A).

Proof. This follows by an easy direct check of the definitions. For example, let us consider the case
where A is an algebra over E' and p = 2. Given [a] € H(A), we have that, for s < ¢, P*([a]) is the
image of [e,_s ® a ®a] under the map 0, : HI*(E1(2) ®x, A®?) — H?"(A). By definition of At
and the E-action on AT, we have that [a] € H_,(A") and the aforementioned image is equivalent to
the image of [e, s ® a ® a] under the map 6_, ,: H , (E(2) ®x, (A1)®?) — H_,_,(A"), which,
noting that —s > —g¢, is exactly Q*([a]) N

We now proceed to develop some basic properties of the above operations. As before, we shall

separate the cases p = 2 and p > 2.

Proposition 3.14. Suppose that p = 2, where p is our fixed prime. Given an algebra A over ‘E, we

have the following on the operations Q°:

(i) Forall a,b such that a > 2b, we have Q“Q* =%, , (12_;’:&1) Qi)
(ii) For any ¢ € H,(A), we have that QQ°c = 0 whenever s < |c|.
(iii) For any c € H,(A), we have that Q*c = ¢* if s = |c|.
(iv) Letting 1 denote the multiplicative unit of Hy(A), we have that Q*1 = 0 for all s # 0.

Similarly, given an algebra A over E', we have the following on the operations P*:

(v) Forall a,b such that a < 2b, we have P*P* =" _, (b;j;il)P”b_iPi.
(vi) For any c € H*(A), we have that P*c = 0 whenever s > |c|.
(vii) For any c € H*(A), we have that P*c = ¢* if s = |c|.
(viii) Letting 1 denote the multiplicative unit of H*(A), we have that P*1 = 0 for all s # 0.
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In this case where p = 2, the relations in (i) and (v) are known as the Adem relations. The
properties in (ii) and (vi), a condition on the action of the operations on the (co)homology, will
henceforth be referred to as the instability of the operations. While trivial to prove from the
definitions, this property of the action of the operations is an important one. It is what will
distinguish these operations from the operations which we shall construct later for algebras over the
stabilizations of E and E'. This is also why we refer to this property as instability; later, we will
see that it arises precisely because E(2) is zero in negative degrees and because ‘E'(2) is zero in
positive degrees. The properties in (iii)-(iv) and (vii)-(viii) relate the action of the operations to the

product structures on the (co)homologies.
Proof. We shall discuss only the case of the chain operad ‘E. The case of the cochain operad ET
then follows via Proposition 3.13.

(i): See [CLMT76].

(i1): Immediate from the definition of the operations.

(iil): Let ¢ = [a]. Since s = |a|, we have that:

Q%c = [(es—ja)(a, )] = [(e0).(a, a)] = [a]* = ¢*

(iv): If s < —1, this follows by (ii). Otherwise, letting 1 = [u] where u denotes the image of 1
under E(0) — A, we have that:

Q1 = [(es)«(u, u)] = [(es)«(([d(0))«(1), (id() ) (1))]

The result now follows from noting that £(2) ® £(0) ® E(0) — E(0) maps e, ® (id(g)) ® (id(g)),

for s > 1, to an element of positive degree, and so to zero. U]
Finally, we mention the basic properties in the case p > 2.

Proposition 3.15. Suppose that p > 2, where p is our fixed prime. Given an algebra A over ‘E, we

have the following on the operations ()°:

(i) For all a,b, if a > pb, we have that Q°Q" = Ziez(—l)“”((pfl)(ifb)fl)Q‘”b*iQi and

pi—a

BRUQ" = 3iep (1) (P ITN BQUTIQY and, if a > pb, we have that Q"BQ" =

Siea(= 1) ((70) B Q — ()0 Qe 18QT ) and also thar SQUAQ =
ZiEZ(_ 1)a+i ((P—pli)_(i—_bl)—l) BQa+b_iﬁQi-
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(ii) For any ¢ € Ho(A), we have that QQ°c = 0 whenever 2s < |c|, and that fQ°c = 0 whenever

2s < |c|.

(iii) For any ¢ € Ho(A), we have that Q°c = ¢? if 2s = |¢|.

(iv) Letting 1 denote the multiplicative unit of He(A), we have that Q°1 = 0 for all s # 0 and
BQ*1 = 0 for all s.

Similarly, given an algebra A over E', we have the following on the operations P*:

(v) For all a,b, if a < pb, we have that P*P’ = Ziez(—l)a”((pfl)(b*i)*l)P“b*iPi and

a—pi

BPePY = Ziez(—l)‘”i((pflgg’;)fl)ﬁpﬁl’*ipi, and, if a < pb, we have that P*3P® =
ZieZ<_1)a+i <((P*alzgyifi))ﬁpa+b7ipi _ ((p*al_)gf)i:il)fl)PaerfiﬁPi) and also that ﬂpaﬁpb —

Ziez(_l)aﬂ‘ ((p—alzggbi—_il)—l)6Pa+b—z‘ﬁpi'

(vi) Forany c € H*(A), we have that P*c = 0 whenever 2s >
2s > |c|.

c|, and that 5 P°c = 0 whenever

(vii) For any c € H*(A), we have that P*c = ¢ if 2s = |c|.

(viii) Letting 1 denote the multiplicative unit of H*(A), we have that P*1 = 0 for all s # 0 and
BP*1 = 0 for all s.

In this case where p > 2, the relations in (i) and (v) are known as the Adem relations. The
properties in (ii) and (vi), a condition on the action of the operations on the (co)homology, will
henceforth be referred to as the instability of the operations. As in the case where p = 2, while
trivial to prove from the definitions, this property of the action of the operations is an important
one. It is what will distinguish these operations from the operations which we shall construct later
for algebras over the stabilizations of E and ‘E'. This is also why we refer to this property as
instability; later, we will see that it arises precisely because £(2) is zero in negative degrees and
because E'(2) is zero in positive degrees. The properties in (iii)-(iv) and (vii)-(viii) relate the action

of the operations to the product structures on the (co)homologies.
Proof. See [May70] for the Adem relations in (i) and (v). The proofs of (ii)-(iv) and (vi)-(viii) are

analogous to the case where p = 2. 0

3.3 The Algebras S and B of Generalized Dyer-Lashof & Steenrod Operations

We are now going to define two algebras, one, S, which arises from considerations with the
chain operad ‘E, and another, B3, which arises from considerations with the cochain operad Et. The

two algebras will in fact be isomorphic (almost — one needs to negate the degrees of one algebra), so
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that consideration of one given that of the other is in a sense superfluous. However, for the purpose
of clarity, it is convenient to define both. In fact, we have an algebra S and another B for each
value of the prime p. In order to define these algebras, we need to discuss multi-indices and some

associated definitions, both of which shall vary depending on whether p = 2 or p > 2.

First suppose that p = 2. In this case, a multi-index is a sequence I = (iy,. .., 1) of integers
i; € Z, where k > 0 (if £ = 0, we have the empty sequnce ()). Given such a multi-index, we
will associate to it either the formal string Q% - - - Q*, or the formal string P" - - - P%*. Given the

multi-index I = (i1, ..., 1), we then set the following:

* If to the multi-index we associate the string Q™ - - - Q, or if instead we associate to it the
string P - .. P in either case, the length [(I) is k; if I = (), this is to be interpreted as 0.

« If to the multi-index we associate the string O’ - - - Q' or if instead we associate to it the
string P - - P in either case, the degree d(I) is iy + - - + iz; if I = (), this is to be

interpreted as 0.

e If to the multi-index we associate the string Q% - - - Q% or if instead we associate to it the
string P - - - P in either case, the excess e(I) is iy — iy — - -+ — i3; if I = (), in the former

association, this is to be interpreted as +oo, and in the latter, as —oo.

e If to the multi-index we associate the string Q™ --- Q%, we say that it is admissible if
i; < 2,4 for each j; the empty multi-index I = () is also, by convention, taken to be
admissible. On the other hand, if to the multi-index we associate the string P - - - P% we use
the same term admissible to mean that i; > 27, for each j; the empty multi-index / = () is

again also, by convention, taken to be admissible.

Now suppose that p > 2. In this case, a multi-index is a sequence I = (£1,41,...,Ex, ix)
of integers i; € Z and €; € {0,1}, where £ > 0 (if & = 0, we have the empty sequnce ()).
Given such a multi-index, we associate to it the formal string 3°1Q" - - - 3°*QQ%, or the string
per P ... 35 Pl where 3! here is to be intepreted as 3 and 3° as an empty symbol. Given the

multi-index [ = (ey, 41, ...,&k, ix), we then set the following:

e If to the multi-index we associate the string 3°1Q" - - - 35+, or if instead we associate to
it the string (3! P™ - .. 3 P in either case, the length I(I) is k; if I = (), this is to be

interpreted as 0.

* If to the multi-index we associate the string 3°1Q™ - - - 35 Q' the degree d(I) is (2i1(p —
1)—e1) 4+ (2ig(p—1) —eg); if I = (), this is to be interpreted as 0. If to the multi-index
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we associate the string 3 Pt - - - 3%k P’ the degree d(I)is (2i1(p—1)+e1)+- -+ (2i(p—
1) 4 eg); if I = (), again, this is to be interpreted as 0.

o If to the multi-index we associate the string 3°1Q" - - - 3*Q', the excess e([) is (2i; —

€1) — (2i2(p — 1) —e9) — -+ — (2ig(p — 1) — ex); if I = (), this is to be interpreted
as +oo. If to the multi-index we associate the string 31 Pt - - - 3%k P the excess e(I) is
(201 +¢e1) — (2ia(p—1) 4+ &9) — - — (2ig(p— 1) + &); if I = (), this is to be interpreted as
—00.

« If to the multi-index we associate the string 3°1Q™ - - - 3%, it is said to be admissible if
i; < pij+1 — €41 for each j; the empty multi-index I = () is also, by convention, taken to be
admissible. On the other hand, if to the multi-index we associate the string 3! P . - . 3%k P,
we use the same term admissible to mean that i; > pij 1 + ;41 for each j; the empty

multi-index I = () is again, by convention, taken to be admissible.

Remark 3.16. We can immediately see that the admissibility of a multi-index is related to the Adem
relations. For example, consider the case of p = 2, a multi-index I = (iy, ..., %) and associated
string Q% - - - Q. Certainly when k = 2, the term (Q:(Q?, interpeted as an iterated homology
operation, admits an application of the Adem relations if and only if ¢; > 2i5, which is to say if
and only if (71, i2) is not admissible. More generally, we will see below that the relations apply to
Q™ - - Q™ if and only if I is not admissible. As for the excess of a multi-index I = (i1, ..., i),
we will see below that it is related to the instability of the operations )* on the homology H,(A)
of an E-algebra A. Note also that the the excess in this case where p = 2 may also be written as
i — Z§:2(2ij — ij_l), which gives a relation to the admissibility condition; moreover, it can also

be written as 2i; — d([), giving a relation to the degree. Il
Now we proceed to define the algebras S and B.

Definition 3.17. If p = 2, where p is our fixed prime, we set
S =F{Q°| s € Z}/Irdem B :=F{P°|s€Z}/Irgem

where F{Q® | s € Z} and F{P*® | s € Z} denote the free graded algebras over F, on formal
symbols @Q° and P?, for s € Z, where ()° and P* have degree s, and, in either case, [pg.m denotes

the two-sided ideal generated by the Adem relations. On the other hand, if p > 2, we set
S = F{QS,ﬂQS | S € Z}/]Adem B .= F{PS,BPS | s € Z}/IAdem

where F{Q*®,5Q° | s € Z} and F{P*,fP® | s € Z} denote the free graded algebras over
[F, on formal symbols @)°, 8Q° and P°, BP?, for s € Z, where Q°, 5Q°, P°, BP° have degrees
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2s(p—1),2s(p—1)—1,2s(p—1),2s(p— 1) + 1 respectively, and, in either case, [sgem denotes the
two-sided ideal generated by the Adem relations. In either case, we call S the algebra of generalized

Dyer-Lashof operations and B the algebra of generalized Steenrod operations.

Remark 3.18. In the above definition, the Adem relations are those which can be found in Proposi-
tion 3.14 and Proposition 3.15. Note that we have used the same symbol /4, for four different
objects. Note also that the Adem relations apply per degree (that is, the ideal generated by them is a

homogeneous one), so that S and B do indeed inherit the gradings of the free algebras. Il

Now we note that the two algebras are almost isomorphic. Recall that we have a reindexing
construction (—)' which negates degrees and which we have applied to dg modules, dg operads and
(co)algebras over these operads. We can clearly also apply it to graded algebras, and we do so in the

following result.

Proposition 3.19. If p = 2, where p is our fixed prime, we have an isomorphism
S B

where Q° — P~°. If p > 2, we again have such an isomorphism, where in this case Q° — P~°
and BQ)° — [P~°.

Proof. We spell out the p = 2 case; the p > 2 case is analogous. Consider the correspondence
Q* — P~*. Leta > 2b. We need to check that Q“Q° and 3, (", 1) Q***~'Q’ map to the same

elements. We have that Q*Q® maps to P~¢P~°. Since (a, b) is non-admissible in the Q-sense,

(—a, —b) is non-admissible in the P-sense, that is, —a < —2b. Thus by the Adem relations we have

Z (_b -1 _]‘> Pfafbf’ipi
- —a— 21

)

that the image is:

We can replace the summation variable from ¢ to —i, giving us:

Z i—b-1 p(atb—i) pi
- 21 —a

7

This is exactly the prescribed image of ), (i_b_l) Q=i as desired. Thus we have a well-

2i—a

defined map S — B'. To see that this is an isomorphism, note that we can define a map in the other

direction as well in an analogous manner and then note that the two are inverse to one another. []

Remark 3.20. The above isomorphism allows transfer of results about one of S and B to results

about the other. For future reference, we note the following about this isomorphism:

* It maps admissible monomials to admissible monomials.

49



* It negates the excess of a monomial.

* It respects the obvious filtrations by length on the two algebras.

Next, we make precise the relation between admissibility and the Adem relations.

Proposition 3.21. The algebra S has an F,-basis given by the monomials Q' where I is admissible;

the algebra B has an F,-basis given by the monomials P! where I is admissible.

These bases are known as the Cartan-Serre bases. Note: as above, admissibility in the two cases

here means different things, and moreover, its meaning varies between the cases p = 2 and p > 2.
Proof. See [CLMT76]. O

Remark 3.22. Consider the case of p = 2 and the algebra S. The relevant Adem relation reads

QaQb _ Z (Z ;Zl)__al) QaerfiQi

)

where a > 2b. For a term on the righthand size to have a non-zero coefficient, we must have, on the
one hand, 2i > a, which is to say ¢ > a/2 (which then implies that i > b and so i > b+ 1) and,
on the other hand, 2 —a < i — b — 1, which is to say + < a — b — 1. Moreover, for such i, we
havea+b—i<a+a/2—i<a+a/2—a/2=a < 2i Thus, the terms which appear on the

right-hand side are indeed admissible. Il

Now, by construction of S and B, and the results of the previous section, we have that, if A is
an algebra over E, H,(A) is a module over S, and if A is an algebra over ‘E', H*(A) is a module
over B. Moreover, these modules satisfy certain special properties, which are extensions of the
instability properties which we noted in Proposition 3.14 and 3.15 (they are upgrades of these
instability properties to iterated operations). These properties make precise the relation between the

excess of a multi-index and the instability of the operations.

Proposition 3.23. Given an algebra A over E, the iterated operations Q! satisfy the following
instability condition:
Q'c=0 whenever e(I) < |c|

Similarly, given an algebra A over ‘ET, the iterated operations P! satisfy the following instability
condition:

P'c =0 whenever e(I) > ||
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Proof. We shall describe the case of the chain operad E; the case of the cochain operad E'
is analogous. First suppose that p = 2, where p is our fixed prime. Let ¢ € H,(A) and con-
sider the iterated operation Q™ - -- Q. We have that Q- -- Q%c € H, 4,114, (A), and so, by
Proposition 3.14, Q™ - - - Q%c is zero whenever i; < q + i3 + - - - + iy, or, put another way, when-
ever i1 — ip — -+ — i < ¢, which gives the required result. Now suppose that p > 2. We
have that 5%2Q™ - -+ 35Q"% ¢ € Hy 1 (2ip(p—1)—e2)++(2ix(p—1)—cx) (A), and so, by Proposition 3.15,
BE1QM - - - e Q% is zero whenever 2i; — g1 < ¢+ (2ia(p — 1) — &) + -+ + (2in(p — 1) — &),

which is to say whenever e(I) < ¢, as desired. O
We make a definition to codify the above behaviour.

Definition 3.24. We say that an S-module H is unstable if Q"h = 0 is zero whenever e(I) < |h|.

Similarly, we say that a B-module H is unstable if P'h = 0 is zero whenever e(I) > |h|.

Corollary 3.25. Given an algebra A over ‘E, Hy(A) is an unstable module over S; similarly, given

an algebra A over ‘E', H*(A) is an unstable module over B.

Now, if A is an algebra over £ which happens to be bounded below, say by the degree d, by
the above, we will have that Q! acts by zero for all I such that e(I) < d. Moreover, an analogous
remark of course applies for algebras over E'. For this reason, it will be convenient to introduce the

following definitions and results.

Definition 3.26. For each k € Z, we set:
SZk = F{QS | s € Z}/(IAdem + Iexc<k:) = S/I<k

ng = F{Ps | s € Z}/(IAdem + Iexc>k) = S/I>k

Here, in the former case, I.x. - denotes the two-sided ideal of F{Q® | s € 7Z} generated by
monomials of excess < k, and simlarly, in the latter case, Il.x.~ , denotes the two-sided ideal of

F{P?® | s € Z} generated by monomials of excess > k. Moreover, we have /., := (Iadem +
Iexc <k>/IAdem and I>k: = (IAdem + Iexc >k)/IAdem-

Remark 3.27. Sometimes, we will use the notations Iex <%, I<; and S~ in place of ey < 41,

I 41 and Ssp4q, and similarly lexe > g, I>; and Boy in place of Iexe s -1, Isp—1 and B<g_;. I

Proposition 3.28. For each k € Z, the algebra Sy, has an F,-basis given by the monomials Q'
where I is admissible and e(I) > k. Similarly, For each k € Z, the algebra B<y, has an F,-basis

given by the monomials P! where I is admissible and e(I) < k.
Proof. See [CLMT76]. OJ
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3.4 The (Co)homology of Free £, DG Algebras

In this section, we describe the homology of free algebras over the operads E and ‘Ef. The
final result essentially says that the structure inherited by the (co)homology of ‘E-algebras and
E-algebras is precisely the graded-commutative algebra structure and the operations which were
described in the previous section, together with the conditions on these two pieces of data de-
scribed in Propositions 3.14 and 3.15. That is, given a dg module X, the (co)homology H,(EX) or
H*(E"X) will be constructed from H,(X) or H*(X), respectively, by freely adding in operations
and products which satisfy the properties listed in Propositions 3.14 and 3.15. To make this precise,

we first define the necessary free functors which we require.

First, let O be the functor which sends a graded IF,,-module to the free S-module on it; namely,
M — § ® M. Similarly, let O be the functor M — B ® M. Upon applying say the former to the
homology of an input chain complex on which to generate the free algebra, we will have taken care
of the operations (we use the notation O to indicate “operations”). However, we also want the action
to be unstable. Thus, we define a functor Og ,, on graded F,-modules, as follows. Given a graded
F,-module M, we set Os M to be the quotient of OsM by the submodule generated by the terms
Q'm where e(I) < |m|. Thatis, Og,, M is the free unstable module over S on M. (We use the
“un” to indicate “unstable”.) Upon applying O ,, to the homology of an input chain complex on
which to generate the free algebra, we will have taken care of the operations and properties (i) and
(ii) in Propositions 3.14 and 3.15. Similarly, we let Op 4, be the functor on graded [F,-modules
which sends M to the quotient of OzM by the submodule generated by the terms P/m where
e(l) > |m|.

Next, let Ps be the functor which sends an unstable S-module to the free graded-commutative
algebra on the underlying graded FF,-module (we use P to indicate “products”). Note that PsH
still carries an action by S, defined via the following requirements: (i) on the unit, we require that
@°1lis 1if s = 0 and 0 if s # 0, and also, if p > 2, that 3Q*1 is zero for all s (ii) we require the

following internal Cartan formulae to hold, where the second applies only in the case p > 2:

Q*(zy) = > (Q'x)(Qy)

i+j=s
BQ(y) = ) (BQ'0)(Q'y) + (-1)(Q'2) (BQ"y)
i+j=s
Similarly, let P be the functor which sends an unstable B-module to the free graded-commutative

algebra on the underlying graded [F,-module. Note again that Pz still carries an action by B,
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defined via the following requirements: (i) on the unit, we require that P°1is 1 if s = 0 and 0 if
s # 0, and also, if p > 2, that SP*1 is zero for all s (ii) we require the following internal Cartan

formulae to hold, where the second applies only in the case p > 2:

Pi(zy) = > (P'z)(Py)

i+j=s

BP(xy) = Y (BP'z)(Ply) + (=1 (Pz)(BP7y)
i+j=s
Upon applying say the former functor, namely P, to the homology of an input chain complex on
which to generate the free algebra, having already applied Oy, to add in the operations, we will
have also added in the products, and taken care of (iv) in Propositions 3.14 and 3.15. We still require,
however, the compatibility between the product structure and the operations described by (iii) in the
same propositions. Thus, we define a functor P s ;,, on unstable S-modules, as follows. If p = 2,
given such a module H, we set P, [ to be the quotient of PsH by the IF,-ideal generated by the
terms Q"\h — h-h;if p > 2, we set Ps pwH to be the quotient of PsH by the IF,-ideal generated by
the terms Q!"//2h — h? where h of course is required to lie in even degrees. (We use “pw” to indicate
“powers”.) Similarly, we define a functor P 5, on unstable B-modules, as follows. If p = 2, given
such a module H, we set P, H to be the quotient of Pz H by the [F)-ideal generated by the terms
PIMp — k- h;if p > 2, we set P pwH to be the quotient of PgH by the IF,-ideal generated by
the terms P!"/2h — h? where h of course is required to lie in even degrees. We have now taken
into account all the necessary compatibilities between the products and operations, insofar as we
can show that the operations remain well-defined, for note that we did not require the ideal to be
an S-submodule in the former case or a B-submodule in the latter case. This is indeed the case
however, as the following lemma demonstrates; as a result of it, we have that P,/ and P, [,

where H is an appropriate input in either case, carry a well-defined action by S and B, respectively.

Lemma 3.29. Given an unstable S-module H, the F,-ideal of PsH generated by the terms
QMh —R%, ifp =2, or by QM/2h — h? if p > 2, is an S-submodule of PsH. Similarly, given an
unstable B-module H, the F-ideal of PgH generated by the terms Py — R% ifp = 2, or by
PIM2p — P ifp > 2, is a B-submodule of P H.

Proof. We shall give the proof in the case of the unstable S-module and where p = 2; the other
cases are similar. Set s := |h| and let r € Z be arbitrary. We must show that the ideal contains:

Q"(Q°h—h-h)=Q"Q°h—Q"(h-h)

Note that this suffices to show closure of the ideal under the action of S because iterated operations

Q" --- Q% act one at a time, and because the action of Q" on any product of terms of the form
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(Q°h — h - h) will reduce to this case by the Cartan formula.

Suppose first that » < 2s. Then we have that Q"Q°h = 0 by the instability of the action
of S on H, since Q)*z has degree 2s. Moreover, we have, by the Cartan formula, Q" (h - h) =
> i jr(@'R) - (Q7h), and this is also zero since, for Q' and Q71 to be non-zero, by instability
once more, we require that i, j > s, but then 7 4+ j > 2s, so that the sum is in fact empty.

Now suppose that = 2s. Then Q"Q°h = (Q**(Q*h. On the other hand, by instability, the only
non-zero term in Q"(h - h) = 3, (Q'h) - (Q7h) is that which has i = j = s, thus leaving us
with (Q*h) - (Q*h). We are thus left with Q?*Q*h — (Q*h) - (Q*h), and this is of the form required

to be a generator of the ideal since ()°h has degree 2s.

Finally, suppose that » > 2s. By the Adem relations, we have that:
1—s—1 oy
I sh — r+s—1 zh
Q'Q Z ( . )Q Q

Given a term in the sum on the right-hand side, for it to be non-zero, we require that 2; > r, as
this value occurs in the binomial coefficient. On the other hand, by instability, we also require
that r + s — ¢ > ¢ + s, which is to say, 2¢ < r. Thus the only non-zero term which occurs is that
which has 2¢ = r. In particular, if r is odd, the sum is zero, and otherwise, setting r = 2s + 2k for
some k > 1, it is given by Q?**t*(Q)s+%kh. On the other hand, we have that the non-zero terms in
Q"(h-h) =3, ,—.(Q'h)-(Q7h) are those given by (i, j) = (s,7—s), (s+1,r—s=1),..., (r—s,s).
This sequence contains r — 2s + 1 terms. Thus, if r is odd, so that the number of terms is even,
as we are in characteristic 2, the sum will amount to zero by symmetry. On the other hand, if
r is even, there will remain one term, which, if » = 2s + 2k where k£ > 1, will be the case of
(s + k, s + k), which is to say the sum will amount to (Q***h) - (Q***h). All told, if r is odd, the
Q"Q°h — Q" (h - h) amounts to zero, which is in the ideal, and if 7 is even and equal to 2s + 2k,
k > 1, it amounts to Q**t*Q*+tkh — (Q***h) - (Q***h), which is also in the ideal, since Q*T*h has
degree 2s + k. ]

We now combine the above functors to define the functors which will give the (co)homology of

free algebras over Z and Z. We define the functor Qs, on graded [F,-modules, to be the composite:

QS = PS,pw OS,un
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Similarly, we define the functor Qg, on graded IF,,-modules, to be the composite:

QB = PB,prB,un

It is clear that, given a graded IF,,-module M, Qs is the free object on M which carries an action
by operations ()°, and also the SQ* if p > 2, and a product structure such that the properties in
(1)-(iv) of Proposition 3.14 if p = 2, or those in (i)-(iv) of Proposition 3.15 if p > 2, are satisfied.
Similarly, given a graded F,-module M, QM is the free object on M which carries an action
by operations P°, and also the SP? if p > 2, and a product structure such that the properties in
(v)-(viii) of Proposition 3.14 if p = 2, or those in (v)-(viii) of Proposition 3.15 if p > 2, are satisfied.

Thus, if X is a chain complex, we have a natural map:
¢: Qs(HoX) — H,(EX)

On the other hand, if X is a cochain complex, we have a natural map:
¥ Qp(H*X) — H*(ETX)

Finally then, the precise result on the homologies of the free algebras over  and ‘E' is as follows.

Proposition 3.30. If X is a chain complex, we have a natural isomorphism:
H,(EX) = Qs(H, X)

If X is a cochain complex, we have a natural isomorphism:
H'(E'X) = Qs(H"X)

More specifically, the canonical maps ¢ and ) above are isomorphisms.

Proof. See [CLM76]. [

We can also give a slighty different description of the functors Qs and Qp, in which there is no
need to enforce the p™ power relations when adding in products. Consider the case of the functor
Qs. Given a graded module M, if {c¢;} is a basis of M, then, by Proposition 3.21, PsOg ., M is
the free graded-commutative algebra over I, on the monomials Q’c; where I is admissible and
e(I) > |c;|; note that I may be empty here. Moreover, Qs M is the quotient of this free algebra by
the IF,,-ideal generated by the terms QQ*c; — ¢! where s = pif p = 2 and 2s = p if p > 2. The change
in our alternative description will be that, if we modify the additon of the operations so as to omit

those monomials where e(/) = |¢;|, we can replace P p,,, with simply the free graded-commuative

55



algebra functor P, and exactly analogous remarks apply in the case of Qz. The precise statement

is as follows.

Proposition 3.31. If X is a chain complex, and {c;} is a homogeneous basis of Hy(X), then we
have that:
H.(EX) 2 F,{Q'¢; | I admissible, e(I) > |c;|}

Here the right-hand side denotes the free graded-commutative algebra over ¥}, on the monomials
Qlc; where I is admissible and e(I) > deg(c;). Similarly, if X is a cochain complex, and {c;} is a

homogeneous basis of H*(X), then we have that:
H*(E'X) 2 F,{Pc; | I admissible, e(I) < |c;|}

The important differences here, in the chain case, are the change of the condition “e(I) > |c;|”
to “e(I) > |¢;
quotient of the algebra amounts exactly to the omission of the terms Q’c; where e(I) = |c;| because,

”” and the omission of the quotient on the algebra. The idea is that the formation of this

for example, the terms ()°c; where the excess s = |¢;| are set equivalent to the product ¢; - ¢; and,
more generally, the terms Q% - - - Q% c; where i1 — iy — -+ — iy = |¢;] (and s0 i1 = ip + - - g +|ci])
are set equivalent to the product (Q - - - Q%¢;) - (Q - - - Q%¢;). Put in other terms, this holds, in
the p = 2 and chain case, because, due to (ii1) in Proposition 3.14, in any degree, the lowest excess
operations which act non-trivially serve only to square elements in that degree, and act trivially on

all other degrees, so that they are represented exactly by the formal squares of elements.

Proof. We shall describe the case of a chain complex and where p = 2. The other cases are similar.
Let M be a graded module with basis {c;}. Let FM denote the free graded-commutative algebra
over F, on the monomials Q”c; where I is admissible and e(I) > |¢;|. We then have an obvious
map

o: FM — QsM

and, by Proposition 3.30, it suffices to show that this map is an isomorphism, which amounts
to demonstrating that it is bijective, as the compatibility with the rest of the data is automatic.
Injectivity is clear as the extra relations imposed in Qs M are not between the generators present in
F M. Now let us demonstrate surjectivity. To do this, the only non-obvious thing which we need to
show is that any monomial Q’c; where I = (iy, ..., i) is admissible and e(I) = |¢;| occurs in the
image. We will do this by induction on the length [() of /. We know that I cannot be empty since
the empty multi-index has infinite excess. Suppose then that / has length 1, so that I = (i;) and
i1 = |¢;|. By the power relation imposed in constructing Qs M, we have that

Qlci = ¢ ¢
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and so we are done, as c¢; - ¢; certainly occurs in the image. Now suppose that we have demonstrated
the result for all lengths < k and let [ = (iy,...,4;) where e(I) = |e;|. Since e(I) = i1 — iy —
-+« — i = |¢;|, we have that, in Qs /M:

Qler = (Q - QMer) - (Q" - Q)

Thus, if Q%2 - - - Q%¢; occurs in the image, we are done. Note that

k k
By =iy — o — g =g — Y (25 —dj) Zip— (265 — i) = —dp — e — iy
j=3 J=2
since I is admissible. Thus, the new multi-index I’ = (is, . . ., i), Which is obviously admissible

as I is, is also such that e(I’) > |¢;|. If in fact e(I") > |e;|, we are done, as then Q% - - - Q% ¢; of
course lies in the image. If not, we have e(!’) = |¢;| and I’ has length < k, so that we are done by

the inductive hypothesis. O

Next, we wish to describe certain refinements of Propositions 3.30 and 3.31. Let X be a chain

complex. Note that EX is naturally filtered by setting

FEX = P E(n) @5, X"

n<t

for t > 0. We then also have filtration of H,(EX) by setting
FH,(EX) = img(H,(F,EX) — H,(EX))

again for t > 0. Similarly, if X is a cochain complex, we have filtrations F,E'X and F,H*(E'X) of
E'X and H*(E'X), respectively. In either case, the refinement will compute these filtration pieces
of the (co)homology. Note that, with this filtration, H,(EX) in the chain case, or H*(E*.X) in the
cochain case, is a filtered algebra. To see this, say in the chain case, it suffices to consider an element
of Ho(EX) of the form [c ® (2, ® - - - ®x,,)] € F,He(EX), and another, say [T ® (2] ®---®a/,)] €
F,,Ho.(EX), of the same form, where o € E(n) and 7 € E(m). We have that

@@ @r,)] [rTo@|@-@2))=e(cx(r® - @x,)], [T (@)@ - ®2)])

/

= (60;0’77')®$1®"'®In®l’/l®"‘®£€m
where (eg; o, 7) is the image of ¢y ® o ® T under the operadic composition map E(2) ® E(n) ®

E(m) — E(n + m). We thus see that the product lies in F,, ,,,He(EX), as desired.
Now, note that, given a graded module M, QsM and QM also carry natural filtrations. To see
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this, say in the case of QsM, first note that the free algebra, say JF, on the symbols ()°, and also the
symbols 5Q)° if p > 2, has a filtration by length, where, for t > 0, we set F;F to comprise sums of
those monomials Q' where p'") < t, which is to say where [ < |log, ¢] (we choose this indexing
of the filtration by length because, in the action on EX, each operation in ' will amount to an
application, for some n, of the map E(p) ® E(n) ® - -- ® E(n) — E(pn) and so will multiply the
arity of the operad tensor factor by p). Next, via the images in S of these filtration pieces, we get
a filtration of S. Now note that the images, tensored with M, of these, give a filtration of S ® M
and then that, in turn, the images of these give a filtration of Og ,, M. Finally, we get a filtration of
PsOgs M by simply requiring that it be a filtered algebra and then, via images, we get a filtration
of Qs M. Similar remarks apply in the case of QzM.

Now consider once more the canonical maps
v: Qs(Ho X) — Ho(EX)

Y: Qp(H*X) — H*(ETX)

defined above, where in the first case X is a chain complex, and in the second a cochain complex.
We claim that these maps are in fact compatible with the filtrations which we have just described
above.

Lemma 3.32. The maps ¢ and 1) respect the filtrations defined above, in that they induce maps
¢r: FQs(He X) — F,H (EX)
Y FQp(H*X) — FtH'(ETX)

foreacht > 0.

Proof. We shall outline the case in which X is chain complex and p = 2; the other cases are
analogous. First note that FyQs(H.X) is simply the free Fo-module on the unit 1 of the algebra.
On the other hand, FoH, (EX) is simply He(E(0)) = F4[0]. Moreover, the unit 1 is sent to to the
generator of H,(£(0)), so that we have the desired result.

Next, in F1Qs(H,.X), we also have the homology classes in Hq,(X) and products of these
classes. On the other hand, FiH.(EX) = H,(Z(0)) ® Ho(‘E(1) ® X). Given ¢ = [z] € Ho(X), it
is mapped to [(id(1)) ® x|, which lies in H,(‘E(1) ® X), and so we have the desired result.

Now consider F;Qs(H,X) for some ¢ > 2. We have F;H.(EX) = @, ., H.(E(n) ®x, X*").
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It suffices to demonstrate the result for those elements of F,Qs(H,.X) which are of the form
(Q™cy) - - - (Q' ;) where the multi-indices I, . . ., I are such that 2171 + ... 4 2/x) <t and the
¢; are homogeneous. Consider first Q'+ c;,. As above, ¢, is mapped to [(id(1)) @ zx] € Ho(E(1) ® X),

where x;, is a representative cycle of ¢;. Let I, = (i1, . . . aik,l(Ik))- We have that Q"k’l(fk)c maps to

[eik,zuk)—deg(ck)((id(1)> ® T, (id(l)) ® )]

where Cif 1, ) —deg(cr) € E(2) and, if iz (;,) — deg(ci) < 0, we understand this element to be zero.

Now, the representative e;, , ,  —deg(c,) ((id(1)) ® 2, (id(1)) ® 1) denotes the image under
E£(2) @ EX @ EX — EX
of €, 11 —deg(er) @ (1)) ® @) @ ((id(1)) ® @) and this image is precisely
(€ir1iay)—deater); (1)), (id(1))) @ (23 @ 24) € E(2) @5, X

where (€;, ,, | —des(cs); (id(1)), (id(1))) is the image of €;, ,, | —des(cs) @ (id(1)) ® (id(1)) under the
operadic composition map:
E2)®E(1)®@E(Ll) = E(2)

Thus, we see that Q*#c;, maps into H,(E(2) ®5, X®?) C F,H,(EX). Now, we may repeat this
procedure to apply each of the operations in ¥, where at each stage we have an application of one

of the operadic composition maps
E(2) ® E(n) @ E(n) — E(2n)

so that the arity of operadic tensor factor is doubled while the original element of H, X, or in fact
its representative x, goes along for the ride, being repeated so as to double the length of the other
tensor factor. All told, upon inducting on the 7 in i, an arbitrary entry of I, = (g1, . .., k(1))

we find that Q' c;, maps into

H. (Z(zl(lk)) s X®21<1k>)

Ql(Ik)

which is contained in Fy i, He(EX). By the same argument, we have more generally, for each

r=1,...,k, that Q' c, maps into

(I, L(Ir)
H, <g(2 (I )) ®221<m X ®2 >
which is contained in Fy 1, He(EX). Thus, we have that the product (Q™¢c;) - - - (Q™c;) maps
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into Fyi(ry) ... o1 He(EX'), and so, because W) ... 4 2Uk) < ¢ we have that it maps into
F,H,(EX), as desired. O

Now we can provide the refinement of Proposition 3.30.

Proposition 3.33. If X is a chain complex, for each t > 0, the map
pr: FiQs(Ho X) — FH, (EX)

defined above is an isomorphism. Similarly, if X is a cochain complex, for each t > 0, the map
U FQp(H*X) — F,H*(ETX)

defined above is an isomorphism.
Proof. See [CLMT76]. O
Using this result, we can also refine the description of the (co)homologies in Proposition 3.31.

Proposition 3.34. If X is a chain complex and {c;} is a basis of He(X), then, for eacht > 0, we
have that:

FH,(EX) 2 ({(Q"cy) - (Q™ecy) | k> 0,1 admissible, e(I) > |¢;|, p'T) + - - 4 ptI) < 1)
Here the right-hand side denotes an F,-submodule of the free graded-commutative algebra over
FF,, on the monomials Q' c; where I is admissible, e(I) > |c;|. Similarly, if X is a cochain complex
and {c;} is a basis of H*(X), then, for each t > 0, we have that

FtH'(ETX) o <{(Phcl) e (P[’“ck) | k> 0, I admissible,e(I) < ]ci],pl(h) 4. +pl(1’“) <t})

Proof. This follows by a deduction from Proposition 3.33 almost identical to the deduction of
Proposition 3.31 from 3.30. O

Remark 3.35. We can now revisit Remark 3.11 and make the ideas there more precise. Suppose
that p = 2 and let us work with chain complexes. In that remark, we mentioned that we expect

EF,[0] to be an algebra of operations and products thereof. By Proposition 3.31, we see that
H,(EF,[0]) = Fo{Q’ | I admissible, () > 0}

which is exactly an algebra of operations and products (where, as we have seen, the admissibility
and excess conditions are direct consequences of, and so are to be interpreted here as manifestations

of, the properties in Proposition 3.14 that the operations and products satisfy). In Remark 3.11, we
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also mentioned that we will later be able to identify the contributions to the above algebra from each
piece in the direct sum decomposition H,(EF3[0]) = @©,Hs(E(n)/%,,). Proposition 3.34 allows
us to do this. Looking at the case ¢ = 0 in that proposition, we see that the homology of £(0)/%
contributes precisely the multiplicative unit (or, more accurately, the Fo-submodule generated by the
multiplicative unit). Looking at the case ¢t = 1, we see that the homology of E(1)/3; contains the
generating point. Looking at the case ¢ = 2, we see that the homology of E(2) /%, contributes the
operations. Finally, we see that the remaining £(n) /%, contribute the iterated operations as well as
products thereof — and we can clearly read off exactly in which summand any such contribution
arises. Moreover, we can easily make analogous observations in the case of the homology H, (EX)

of the free algebra EX on a general chain complex X . Il

3.5 The Eilenberg-Zilber Operad

We now introduce another operad, the Eilenberg-Zilber operad, as always in both a chain and a
cochain version. Let Gry, denote the category with objects the Z-graded IF,-modules and morphisms
the homogeneous maps (maps with some fixed degree). Let also Spc denote the category of spaces,

by which we mean simplicial sets. Fix some n > 0. For each d € Z, we set:
Z(n)y = {nat trans, as functors Spc — Grg,, Co(—) — Co(—)®" of deg d}

Thus Z(n)4 consists of the degree d, n-ary co-operations on chains; note that, as always throughout
this work, the chains here are normalized. Given such a natural transformation o = {ag: Co(S) —
C.(5)®"} of degree d, we get a natural transformation O« of degree d — 1 by setting, for a simplicial
set S and a non-degenerate simplex s € S, (0a)g(s) = dag(s) — (—1)%asd(s). An easy check

shows that this gives us a differential:
0: Z(n)d — Z(n)d,1

The operad identity in Z(1) is the identity transformation. The symmetric group X,, acts on Z(n)
by permuting the tensor factors. Finally, the operad composition maps are analogous to those that

occur in co-endomorphism operads, defined in the previous chapter.

Definition 3.36. The Eilenberg-Zilber chain operad is the operad Z defined above; the Eilenberg-
Zilber cochain operad is the operad Z.

Remark 3.37. An easy check shows that, since we are working over a field and since co-operations

on chains and operations on cochains are determined by their values on the standard simplices, we
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can equivalently define the Eilenberg-Zilber cochain operad by setting
Z'(n)4 = {nat trans, as functors Spc® — Grg,, C*(—)®" — C*(—) of deg d}
and setting the rest of the operad data in a manner analogous to that above for the chain operad.

Thus Z'(n)4 consists of the degree d, n-ary operations on cochains. Il

In [HS87], Hinich and Schechtman demonstrated that, for each n, Z(n), has the homology of
a point. It is not, however, E, as it fails to be zero in negative degrees and is not X-free. It does

however admit a map, in fact an embedding
AW: M — Z

from the McClure-Smith operad, which we shall now describe. Once we have done so, we of course
will also have a map:
AW T — ZT

First, we need some definitions.

Definition 3.38. Let /' be a finite linearly ordered set. An overlapping partition A of V with m
pieces is a collection of subsets Ay, ..., A,, of L with the following properties:

 If 7 < 7, then each element of A; is < each element of A,.
» Fori < m, A; N A;+1 has exactly one element.

Definition 3.39. Suppose given n > 0 and a surjection f: (m) — (n). We then get a natural
transformation, over simplicial sets, (f): Co(—) — Co(—)®", where given a simplicial set S and
o: A, — S, we have that

(3.40) (N(e) =Y Q) ol s A,
A =1

where A runs through the overlapping partitions of [p| = {0, 1,...,p} with m pieces. We call these
natural transformations, the sequence co-operations. Note that since > , @, o| IT;j=; A; has

degree > (|f*(i)| — 1) = m — n, the sequence operation (f) is homogeneous of degree m — n.

For the following lemma, recall that we say that a surjection (m) — (n) is degenerate if it maps

two adjacent entries in the source to the same entry in the target.

Lemma 3.41. Suppose given n > 0 and a surjection f: (m) — (n). If f is degenerate, (f) is the

zero transformation.
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Proof. If the surjection is degenerate, one of the tensor factors in the righthand side of (3.40)

receives a repeated coordinate and so is zero as the chains are normalized. [

By the above lemma, for each n > 0, we have a map:
AW,,: M(n) — Z(n)

As in [BF04], we use the notation “AW,,” because the sequence operations generalize the classical

Alexander-Whitney diagonal operation.
Proposition 3.42. We have the following:
(i) The maps AW,,: M (n) — Z(n) are injective and are chain maps.
(ii) Together, the AW,, yield an operad map AW : M — Z.
Proof. See [McCO03]. ]

Thus, as claimed earlier, the McClure-Smith operad M embeds into the Eilenberg-Zilber operad
Z. Moreover, as we mentioned earlier, we then of course also get an embedding AWT: Mt — Ztof
cochain operads. As we already had maps, in fact quotient maps, TR: £ — Zand TR': Ef — M1,

we now have the following sequences of maps:

E—M— Z El - Mt — Zf

3.6 Cochains On Spaces as E_,, DG Algebras and the Steenrod Algebra A

In this section, with the help of the Eilenberg-Zilber operad as an intermediary, we shall endow
cochains on spaces with an E, algebra structutre. This will also allow us to construct the Steenrod

operations.
Proposition 3.43. Given any simplicial set S, C*(S;F,) is naturally an E'-algebra.

Proof. The chains C,(S;F,) admit an obvious Z-coalgebra structure. To be precise, the map
Z(n) @ Co(S;F,) — Co(S;F,)®"

sends o ® s to a(s). Thus, by Propositions 2.13 and 2.14, the cochains C*(S; F,) are naturally a
Z'-algebra. The Ef-algebra structure now arises by pull back across the map E' — Z' constructed

in the previous section. [

By the general results in earlier sections regarding E' algebras, we get the following corollary.
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Corollary 3.44. For any simplicial set S, H*(S;,) is a graded-commutative algebra over I, and,
if p = 2, possesses operations P°, of degree s, for s € 7, while if p > 2, possesses operations [3° P?,
of degree 2s(p — 1) + ¢, for s € Z and € € {0, 1}. O

Remark 3.45. In the case p = 2, the operations P* are exactly the Steenrod squares Sq°. The
construction of the Steenrod operations by this algebraic method was first carried out in [May70].
Moreover, the product yielding the graded-commutative algebra structure of the cohomology is

exactly the cup product. I

In the case of cochains on spaces, the operations P° and /3 P° satisfy certain important properties

which do not hold in general. These are as follows.
Proposition 3.46. Given a simplicial set S, the operation P° acts by the identity on H*(S; F,).

Proof. We shall outline the proof in the case p = 2; the case p > 2 can be demonstrated
by analogous, though more laboursome, arguments. By Proposition 3.13, the operation P°
on H*(C*(S)) arises by application of the reindexing operator (—)' to the operation Q° on
Ho(C*(S)") = He(Co(S)Y); here (—)V denotes the dualization operator. Let us consider the

map:
(3.47) E(2) @ Co(S)Y @ Co(S)Y — Co(9)Y

Let [«] be a cohomology class in degree d. Then, in C,(S)", « lies in degree —d. We need to show
that the class of the image, under the above map, of eg_(_q) ® @ ® @ = €4 ® o ® « is exactly [a].
In fact, we shall show that the image, call it 3, itself is exactly «. Note that, in C4(S)", 3 lies in
degree d — d — d = —d, and so it is a degree d cochain, and thus it acts on degree d chains. As in

the proof of Proposition 3.43, we have a map dual to the one above as follows:
(3.48) E(2) @ Co(S) = Co(S) @ Co(S)

Via this map, the action of $ on a degree d simplex s can be described as follows: under (3.48),
we take the image of e; ® s, and then we apply o ® . Now, as the map £ — Z factors as
E — M — Z, the map (3.48) factors as:

(3.49) L(2) @ Co(S) = M(2) @ Co(S) — Ca(S) @ Ca(S)

An easy check shows that the map E(2) — M (2) sends e, to the surjection (d + 2) — (2) given
by the sequence (1212 - - - ). We now need to apply the sequence co-operation, as defined in Defini-

tion 3.39, corresponding to this surjection. Let vy, . . ., v4 denote the vertices of s. As required by
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the sequence co-operation, we need to subdivide these vertices to form an overlapping partition, as
defined in Definition 3.38, containing d + 2 pieces. We then need to form the tensors which occur in
the righthand side of (3.40) and then apply a@ ® «.. Since « is non-zero only on degree d simplices,
if either tensor factor is a proper face, the final result will be zero. Thus we need only consider those

overlapping partitions which lead to the tensor s @ s.

We claim that there is exactly one overlapping partition which yields the tensor s ® s, namely,
that given by vy, vov1, V109, . . ., V4_1Ug, Vq. Note that this partition has exactly d + 2 terms, as
desired. Note also that this does indeed yield the tensor s ® s in the righthand side of (3.40). To see
that it is the only possible such overlapping partition, note first that no piece can have more than 3
entries as than, according to the surjection (1212 - - - ), any vertex interior to this piece will be fed to
only one of the tensor factors in (3.40). As such, any piece of the overlapping partition has length
at most 2. As such, if we include the repetitions due to the overlaps, the total number of vertices
which occur in the partition will be exactly 2(d + 2) — x, where z is the number of pieces with
length 1. If we desire the tensor s ® s, the total such number must be 2(d + 1), and so x must be 2.
The first piece must be simply vy, as otherwise the second tensor factor won’t receive this vertex,
and similarly, the final piece must be simply v4, as otherwise the first tensor factor won’t receive
this vertex. It follows that the partition must be exactly the partition considered above. Finally then,
we have

B(s) = (a®a)(s ®s) = a(s)* = a(s)

so that 5 = «, as desired. O

Next, we wish to show that, on cochains on spaces, the operations P® and 8 P? for negative s
act by zero. A direct proof like that above is once again possible. However, we can be more brief

via the following result.

Proposition 3.50. In the algebra B, we have that, for s > 0, P~*(P°)* = 0 and, if p > 2,
BP—S(PO)S'

Proof. This follows by the Adem relations and an induction. See [ManO1]. [

Proposition 3.51. Given a simplicial set S, for s < 0, the operations P° and S P?® act by zero on
H*(S).

Proof. This follows immediately from Propositiona 3.46 and 3.50. [

We now recall the Steenrod algebra A, comprising operations on the mod p cohomology of
spaces, and use the above results to relate B to .A. We take the following as our definition of the

Steenrod algebra.
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Definition 3.52. If p = 2, where p is our fixed prime, we set
A:=F{P*|5>0}/(Tadem; 1 — P")

where F{P* | s € Z} denotes the free graded algebra over Fy on formal symbols P*, for s > 0,
where P? has degree s, and [a¢em denotes the two-sided ideal generated by the Adem relations. On

the other hand, if p > 2, we set
A :=F{P* BP*| s >0}/ (Ingem, 1 — P°)

where F{P* gP*® | s > 0} denotes the free graded algebra over F, on formal symbols P*, S P?,
for s > 0, where P®, 5 P*® have degrees 2s(p — 1), 2s(p — 1) + 1 respectively, and Ixger, denotes the

two-sided ideal generated by the Adem relations. In either case, we call A the Steenrod algebra.

Remark 3.53. In the above definition of A, the Adem relations are to be understood as those in
Propositions 3.14 and 3.15 except where the summation index is restricted so as to yield only

operations of non-negative degree. Il

The Steenrod algebra has a basis, the Cartan-Serre basis, similar to the Cartan-Serre basis which

we described earlier for B.

Proposition 3.54. The Steenrod algebra A has an F,-basis given by the monomials P’ where
I is admissible and, if p = 2, I = (iy,...,1) satisfies i; > 0 for each j, and if p > 2, I =

(€1,01, ..., €k, i) satisfies, once again, i; > 0 for each j.
Proof. See [Mil58]. OJ

Next, note that we have an algebra map
B— A

given by first passing from B to F{P?® | s > 0} /Iagem by sending P® to P* if s > 0, and otherwise
to 0. That this is well-defined follows by an easy check which says that if a < 2b, the non-zero
summands in the Adem relation for P?P® must all possess a negative degree operation so long as
one of a and b is negative. Now, this map mathcal B — A is clearly surjective and clearly kills the
two-sided ideal of B generated by 1 — P°. In fact, this ideal is precisely what it annihilates, as the

following result shows.
Proposition 3.55. The map B — A yields an isomorphism B/(1 — P°) = A.

Proof. This follows by a comparison of the Cartan-Serre bases. See [ManO1]. 0
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Remark 3.56. By Proposition 3.46, we have that the Ef-action on cochains on spaces yields an
action on the cohomology of a space by B/(1 — P?), and so the proposition above yields an action

by the Steenrod algebra on the cohomologies of spaces. Il

3.7 Algebraic Models of p-Adic Homotopy Types

In the previous section, we saw that cochains on spaces are [, dg algebras. In this section, we
describe how, when endowed with this algebraic structure, the cochains provide algebraic models
for p-adic homotopy types. Let Spc denote the category of spaces, by which we mean simplicial

sets. So far, we have considered the cochain functor
C*: Spc™ — Cop,

where the coefficients lie in [F,,. In order to model p-adic homotopy types however, it is necessary to

take coefficients in the algebraic closure Fp. We let
C": Spc — Cop,

denote the cochains functor with coefficients in Fp. Moreover, we let E' denote the Barrat-Eccles
cochain operad, though with coefficients taken in Fp. With coefficients in Fp, the relations which we
saw in previous sections between the Barratt-Eccles, McClure-Smith and Eilenberg-Zilber operads
continue to hold, with the exact same proofs. In particular, given a simplicial set .S, E.(S ) is

naturally an algebra over ET. We can thus lift our Fp—cochains functor above to a functor as follows:
C": Spc — Ef-Alg

Next, note that, by exactly the same proof as in Proposition 3.4, the operad E' is admissible, so that
the category E'-Alg admits a Quillen model structure where the weak equivalences and fibrations
are, respectively, the quasi-isomorphisms and surjections. In particular, we can then construct the
homotopy category of ‘E' in the usual fashion. Equipped with this, we can now make precise the
idea that the cochains, as [E., dg algebras, and with coefficients in I, yield algebraic models for

p-adic homotopy types.

Proposition 3.57. The cochains functor
C": Spc — Ef-Alg

admits a left derived functor from the homotopy category of spaces to the homotopy category of
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E'-algebras, and, when restricted to the connected nilpotent p-complete spaces of finite p-type, this

derived functor is a full embedding.

Proof. See [Man01]. The idea is to show that this holds when we restrict to the Eilenberg-MacLane
spaces K(Z/p',n) and K(Z),n) and then induct up Postnikov towers for the general case. O
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CHAPTER 4

Stabilizations of £, Operads

In this chapter, we shall construct stable analogues of the Eilenberg-Zilber, McClure-Smith and
Barratt-Eccles operads. Note that only the latter two constitute stabilizations of E, operads, as
the Eilenberg-Zilber operad is not [E, as already noted earlier. In order to construct actions of the
latter two on spectral cochains, however, as we will do later, it is convenient to also have a stable
analogoue of the Eilenberg-Zilber operad. Now, prior to constructing these stabilizations, we first
discuss some basic constructions on simplicial sets, which we shall also need in later chapters. As
in the previous chapter, at the outset we let p denote an unspecified but fixed prime, and, when

considering the aforementioned operads, the ground field will be taken to be [F,,.

4.1 Cones, Kan Suspensions and Moore Loop Spaces

As is standard, we let A denote the simplex category. As we have done earlier, we let Spc denote
the category of spaces, by which we mean simplicial sets. We also let Spc, denote the category
of based spaces, by which we mean based simplicial sets. For each d > 0, we let A; denote the
standard d-simplex. Given a based simplicial set, there exists more than one possible choice for a
suspension functor. The most obvious one is perhaps — A S!, where S' = A, /JA,, but we will use
a different one, the Kan suspension, which is weakly equivalent to — A S!. Similarly, rather than
F(S!, —) for loopings, we will use a different, but weakly equivalent, looping functor, the Moore
loopings. We reserve the standard suspension and loops notations for the Kan suspensions and
Moore loopings:

3 Spc, = Spc,: 2

In order to define the Kan suspension, we first consider a cone functor, first in the unbased case
and then the based case. Let S be a simplicial set. Then the (unreduced) cone on S, denoted G(S ),

is defined to be the simplicial set given by the colimit

C(X):= CA(Zlgn; Agiq
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where the indexing category is the simplex category of S (the category of maps from the standard

simplices to .S). Using this, we can define the cones on based simplicial sets.

Definition 4.1. Let S be a based simplicial set. Then the (reduced) cone on S, denoted C(S) is
defined to be the pushout

C(Ao) C(S)

|

where the upper map is induced by the map Ay — S classifying the basepoint of S and the pushout

f—>
— C(9)

is formed in Spc,.

Unravelling the above definition, and in particular computing the pushout, the cones on based
simplicial sets can be given the following more explicit description (see Chapter 3, Section 5

in [GJ09]). Let S be a based simplicial set as above. In degree n, we find that:
C(S)a=S54V Ss_1V---VSy

Moreover, the action of the simplicial operators is as follows. Consider some map 6: [d] — [e] in A.
We want a function S, V.Se_1 V-V Sy — SgVS4_1V---V Sy Leti € {0,1,...,e}. Our function
will be a based one, so that we need to define, for each such ¢, amap S; — SgV Sg_1 V -+ V .S.
Consider the last i + 1 elements [e]. If the preimage under 6 of these elements is empty, our map
is just the constant one at the basepoint. Otherwise, we form the restricted map with source the
preimage of the final i + 1 elements of [e] and target these final i + 1 elements of [e] and then reindex

so that we have a map
(4.2) 0(i): [5] — [i]

for some j € {0,1,...,d}. The desired map is then 6(7)*: S; — S; followed by the inclusion into
SqV S4_1V---VS,.

In the following result, in which we compute the non-degenerate simplices in cones, and in later
results, given a simplicial set S, we let S%¢ denote the collection of non-degenerate d-simplices of
S. Note that, for any simplicial set S, S24 = S;. Note also that, if S is a simplicial set, and S, the

corresponding disjointly based simplicial set, we have:
C(S+)d:SdHSd,1H"'HSOH*
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Proposition 4.3. Let S be a based simplicial set. We have:

Snd 11 8nd if d > 2
C(S) =14 SMII(Sy~ %) ifd=1
So if d =0

In particular, for a disjointly based S, where S is now an unbased simplicial set, we have:

SMILSM, ifd>1

C(S,)y =
(S+)a {SOH* ifd=0

Proof. First suppose thatd > 2. Let s € C(S)y = SV Sq_1 V - -+ V Sy and suppose that s € S;
for some i < d — 2. Consider s°: [d] — [d — 1], which can be pictured as:

12 3 - d
d—1

Using notation as in (4.2), consider s°(4) (that is, the map formed by restricting to the preimage of
the final 2 + 1 elements and then reindexing). Since i + 1 < d — 1, the first two elements of the
above list are ignored. Thus we see that, upon the reindexing, s°(i) is just the identity on [¢]. This
shows that sg: C(S)g_1 — C(S9)g, i.e., So: Sq—1V Sg_2V -V Sy = SgV Sg_1V---V S, is just

the inclusion on the summands S;_o, .. ., Sy, and this shows that our s above is degenerate.

Next, consider any degeneracy operator s;: C(S5)g-1 — C(5)4, 0 < k < d — 1. We show that,
in the summands S, and S;_; of C(S)4, only the basepoint and degenerates can occur as images.
Let s € C(S)4_1. Consider s*(i): [j] — [i]. For the image s;(s) to lie in S; or Sy_;, we need j to
be d — 1 or d. Suppose that it is d. Then i must have been d — 1 and we see that s* () is just s*
again, so that the image s(s) will certainly be degenerate. Now suppose that j is d — 1. Then i
must have been d — 2 and k must have been > 1, so that s*(i) will be some degeneracy operator

st: [d — 1] — [d — 2], and so s;(s) once again will be degenerate.

Next, we need to show that every s in S; or S;_; which was degenerate as a simplex in Sy or
Sa—1 is degenerate as a simplex in C(S)4. This follows from the previous argument because, in the
case j = d above, s¥(i) could have been any degeneracy operator s*: [d] — [d —1],0 < k < d —1,
and in the case j = d — 1, s*(i) could have been any degeneracy operator s': [d — 1] — [d — 2],

0 <1 < d— 2 (thatis, any such [ can be acheived with an appropriate choice for k).

This completes the proof for the case d > 2. For d = 1, the argument is analogous: we don’t
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have to bother with the ¢ < d — 2 cases, and the rest is the same except that we can’t have any
degeneracy operator mapping into the summand .S, since there is no S_; summand in degree 0.

Finally, the d = 0 result holds because 0-simplices are always non-degenerate.
The case of a disjointly based S, follows immediately from the general case upon noting that
(S+)0 N k= So. [

Proposition 4.4. For any d > 0, we have an isomorphism of based simplicial sets

(=23

Agr — C(Aay)

where Ay, is based at 0.

Proof. The map is as follows. Consider some 6: [e] — [d+1]in (Ag11).. We have that C(Agy ). =
(Ag)e IT--- 1T (Ag)o 1T . If 6 doesn’t map anything to the final d + 1 elements of [d + 1], that is, if
it maps everything to 0, then we send it to *. Otherwise, we get some new map 0(d): [j] — [d] (the
notation here is as in (4.2)), for some j € {0,1...,d} and 6 is mapped to this element of C(Ayy)e.
An easy check shows that this does indeed define a map, in fact an isomorphism, of based simplicial

sets. O]

Now we proceed to discuss Kan suspensions of based simplicial sets. First, note that, given any

based simplicial set S, we have a canonical inclusion map
4.5) i: S — C(9)

which, in degree d, is just the inclusion S; — SqV Sg_1 V- - - V.S of the S; summand (this is a map

of based simplicial sets because the simplicial operators act on the wedge sums “summand-wise”).

Definition 4.6. Given a based simplicial set .S, its Kan suspension, denoted X5, is defined by

setting
xS :=C(9)/S

where the inclusion S — C(5) is as above.

Thus, given a based simplicial set S and d > 0, we have:

Sq—1 V-2V Sy ifd>1

N5),
(25)4 {* ifd=0

In particular, for the case of a disjointly based S, where S is now an unbased simplicial set, we
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have:
Sd_lﬂ"'HSQH* 1fd21

(2&%:{* ifd =0
Remark 4.7. The Kan suspension of based simplicial sets can also be described as a left Kan
extension, capturing the idea which might be expressed as “formally shift up by 1 all simplices
and then freely add in the degeneracies”. To make this precise, let sh: A — A denote the shift
functor which sends [d] to [d + 1] and a map 0: [d] — [e] to the map [d + 1] — [e + 1] which sends
0 to 0 and is a shifted copy of 6 on the final d + 1 entries. Let A" denote the subcategory of A
which is the image of this shift functor; this is the subcategory of A comprising the same objects,
except [0], and arrows only those which map 0, and only 0, to 0. Now, given a based simplicial set
S, if we formally set (3S); = Sy for d > 1, given a map [d] — [e] in A", we can act on .5,
yielding a map (3.5). — (X95)4, by first dropping the 0 — 0 portion of the map, reindexing to get
amap [d — 1] — [e — 1], and then acting as in S. That is, ©.5, as defined here, gives us a functor
A" — Set. The Kan suspension then is exactly the left Kan extension of this functor A" — Set
along the inclusion A" — A, I

Remark 4.8. We say here a few words regarding the relation between the Kan suspension to the
more usual smash suspension — A S!, where S! = A;/0A,. Recall that a weak equivalence of
simplicial sets is a map which, under geometric realization, maps to a weak homotopy equivalence
of topological spaces. The relation between the two suspensions is that, for based simplicial sets .5,
there is a natural weak equivalence:

SAS' = %S

For a proof, see Proposition 2.17 in [Stel5]. Il

We now wish to compute the non-degenerates in Kan suspensions. To do so, we first compute,

more generally, non-degenerates in quotients.

Proposition 4.9. Let S be a based simplicial set and A a non-empty based sub simplicial set of S.

We have:
Sfi‘d N Ay ifd>1

<Wm§:{(&\A@H*ﬁd:0

Proof. The case d = 0 is obvious. Let then d > 1. Consider an arbitrary degeneracy operator

s sj(s) if s € 941 N Ag_qand s;(s) € Sy~ Ay
84t Sdfl/Adfl — Sd/AdZ S — * ifse Sg_1 ~ Ad—l and Sj(S) € Ad
a > * ifae Ag_q

We see that if s € S; was degenerate in S, say s = s;(s’), this will still hold in S/A (note that s’

will necessarily not lie in S;_;). This shows that (S/A)% C Sh \ A,. Moreover, it is clear that if
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s € S4 wasn’t the image of any degeneracy operator s; before, it won’t be again, except possibly if
s € A, Thus S?ld N Ay C (S/A)gd ]

Proposition 4.10. Let S be a based simplicial set. We have:

Snd o ifd > 2
(B9 = Sy ifd=1
% ifd =0

In particular, for a disjointly based S, where S is now an unbased simplicial set, we have:

S ifd > 1

By )y =
(2543 {* ifd =0

Proof. The first part follows from Propositions 4.3 and 4.9. For the second part, note that (S, )¢ | =
Snd ford > 2 and (S4)o \ x = Sp. O

Next, we record some simple facts and a definition regarding Kan suspensions which will be

needed later.
Proposition 4.11. The Kan suspension 3. preserves monomorphisms.
Proof. This is immediate from the fact that induced maps act “wedge-wise”. [

Definition 4.12. Given a based simplicial set S and a simplex s: A; — S of S, of dimension d, let
Ys: Ay — 2.5 denote the corresponding simplex of dimension d + 1, given by inclusion into the

first wedge summand, of > X. We call Xs the suspension of s.

Proposition 4.13. Let S and T be based simplicial sets, f: S — 'T' a based map and s a simplex of
S. We have that (X f)(Xs) = X(f(s)).

Proof. This follows immediately from the fact that 3 f acts “wedge-wise”. 0

Proposition 4.14. Let S be a based simplicial set and s a d-simplex of S. Then we have:

E(di_pﬁ) Zzl,,d+1
di(zs):{* i=0

Note that the >’s here are used in the sense of Definition 4.12, not as summation symbols.

Proof. Let s € S, and consider some d;: Sy — Sq_1, d': [d — 1] — [d]. Consider the map
[d] — [d + 1] achieved by adjoining 0 — 0 at the beginning (that is, we send 0 to 0 and otherwise, 1,
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fori > 1,to d'(i — 1) + 1) and note that this is exactly d“*'. By definition of the action of simplicial
operators on cones and suspensions, we have that d;  1(Xs) = %(d;s). For the dj case, again, this

follows from the definition of the action of the simplicial operators on cones and suspensions. []

Finally, we note a fact about the chains on Kan suspensions. Recall our convention that all
(co)chains are normalized, and moreover, in the case of based simplicial sets, they are of course

reduced.

Proposition 4.15. Let S be a based simplicial set. We have a natural isomorphism of chain

complexes:

$: C,(8S) — Cu(9)[1]
The chains here may be taken to have any desired coefficients.
Proof. This follows from Propositions 4.10 and 4.14. [

Finally, we discuss Moore loop spaces, which constitute the loops functor which is right adjoint
to the Kan suspension defined above. For more detail on this loops functor, see, for example,
Chapter 2, Section 6 of [WulO].

Definition 4.16. Let S be a based simplicial set. The Moore loop space of S is defined by setting,
foreach d > 0:
(Q25)a == {s € Sas1 [ d1---dar1(s) = *,do(s) = *}

We of course also need actions of the simplicial operators d?: (2.5)y — (£259)4_1 and s¢: (25)y —

(©5) 441, and for these, we apply dfj_rll and sﬁll; one can check that the simplicial identities do

indeed hold.

Remark 4.17. On the action of the simplicial operators, more generally, given a map 0: [d] — [e]
in A, to act on an element of (Q2.X)., we abut 0 — 0 at the beginning to get a map [d + 1] — [e + 1]

and then act. Il

Prior to discussing the adjunction with the Kan suspension, as we did with cones and suspensions,

we compute the non-degenerates in Moore loop spaces.

Proposition 4.18. Let S be a based simplicial set. Given any d > 0, we have that:

S N (Q2S)4 ifd>1

(QS)y = { .
(SMU)N(QS)y ifd=0
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Proof. Lets € (QS)y C Syy1. If d = 0, the inclusion (S79 U %) N (Q25)y C (25)5¢ is immediate
since O-dimensional simplices are always non-degenerate. Suppose then that d > 1, and that s is
non-degenerate as a (d+ 1)-dimensional simplex of S. If s is degenerate as a d-dimensional simplex
of 5, we have that s = (s¢71)9(s’) for some s’ € (25)4_; € Sgand 0 < i < d — 1. Since
(s)25(s") = (s¢1)%(s), this contradicts the fact that s is non-degenerate as a (d + 1)-dimensional

simplex of S. Thus we have that S}, N (Q5)g C (Q5)5, forall d > 1.

Now suppose that s is non-degenerate as a d-dimensional simplex of €2S. First consider
the case where d = 0. If s is degenerate as a 1-simplex of S, then we have s = (s5)°(s’) for
some s’ € Sy, and so, because s € (Q5)y, we have that x = (d})%s = (d})%(s9)°(s') = ¢,
so that also s = *. Thus we have that (25)3 C (51 U %) N (29)y. Now consider the case
where d > 1. If S is degenerate as a (d + 1)-dimensional simplex of S, then s = (s¢)%(s')
for some s’ € S;and 0 < i < d. Suppose that i = 0. Then, because s € (£25),, we have that
x = (diT)%s = (d2™)%(sd)%(s') = &', sothatalso s = . Asd > 1, this contradicts the assumption
that s is non-degenerate in .5, giving us (Q5)5° C 559, N (25)4. Now suppose that ¢ > 1. Then
we have that s’ = (d%)%(s8)%(s") = (d¢1])5(s) = (d%)*5(s), so that s" € (22541, and moreover,
s = (s9)5(s") = (s9})9(s’). This contradicts the assumption that s is non-degenerate in 2.5, and

7

so we have (QS5)5 C (559, U ) N (25)4, as desired. O
Proposition 4.19. We have the following:

(i) The Kan suspensions and Moore loop spaces constitute an adjunction as follows:

Y
Spc, . L 7 Spc,

Q

(ii) For all based simplicial sets S, the unit S — QXS is an isomorphism.
(iii) For all based simplicial sets S, the counit ¥0S — S is a monomorphism.

Proof. (1): The necessary verifications are straightforward; for a written account, see Proposition
2.14 in [Ste15] — our loop functor is dual to the one used there, but an entirely analogous argument

carries through.

(i1): To demonstrate this, we explicitly describe the unit of adjunction. It is given by maps
S — Q3S. Wehave (QX5); = {s € (29)as1 | do(s) =dy -+ day1(s) = x} = {s € SyV-- V.S |
do(s) =dy -+ dgi1(s) = x}. Using the definition of the action of the simplicial operators on sus-

pensions, we find that on each Sy, ..., Sy, the action by d; is the identity, so that the elements
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that go to * under d, are exactly those in S;. Moreover, the condition d; - - - dg.1(s) = * is auto-
matic for all simplices since (3X7")y = * for any 7" (one can also directly check that, for s € S,
dy - dgs1(8) = do---dg(s)). Thus (Q2XS); = Sg. One can check that the unit of adjunction is

then just the identity on Sy and hence an isomorphism.

(iii): It suffices (by, for example, the Eilenberg-Zilber lemma expressing degenerate simplices
uniquely as iterated degeneracies of non-degenerate simplices) to show that the counit preserves
non-degenerate simplices and that it is injective when restricted to the non-degenerate simplices. In
dimension d = 0, this is clear since (X7")y = * for any 7. Let d > 1. We have that:

(5Q8)4 = (QS)ar A -+ A (QS)g

By Proposition 4.10, the non-degenerate simplices are exactly the elements which lie in the first
summand, (£25)4_1 (excluding the basepoint if d = 1). Moreover, an easy check shows that the
counit, restricted to this summand, is simply the inclusion into S;. This map is then certainly
injective on the non-degenerate simplices. It remains to show that the non-degenerate simplices are
preserved, and this follows by Proposition 4.18, which tells us that a non-degenerate element in
(€2S)4-1 is necessarily non-degenerate in S, (except possibly in the case d = 1, where the element
may also be the basepoint, but as just mentioned above, in the case d = 1, the basepoint is to be
excluded). [

4.2 The Stable Eilenberg-Zilber Operad

We are now ready, having covered the preliminaries in the previous section, to construct a stable
analogoue of the Eilenberg-Zilber operad. In order to stabilize this operad, we first need introduce
basepoints. Thus, we alter the Eilenberg-Zilber operad slightly, and consider instead the following

operad, consisting of co-operations on chains on based simplicial sets.

Definition 4.20. The reduced Eilenberg-Zilber chain operad, denoted Z,, is the operad constructed
in the same manner as the Eilenberg-Zilber chain operad Z except that the chains are to be taken on
based simplicial sets (and so are of course reduced, as well as being normalized as always). Thus,

for example, we have the following:
Z,(n)q = {nat trans, as functors Spc, — Grg,, Co(—) — Co(—)®" of deg d}

The reduced Eilenberg-Zilber cochain operad is then defined to be Z.
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Now we show that the operad Z, admits a stabilization map
V: Y2, — Z,

where Y here denotes the operadic suspension of chain operads, found in Definition 2.42. In order
to define this map, we need to first specify maps Z,(n)[1 — n] — Z.(n). Consider some natural
transformation « in Z,(n)[1 — n|,. This is a natural transformation Co(—) — Co(—)®" of degree
d 4+ n — 1 over based simplicial sets. By precomposition with the Kan suspension, we get a natural
transformation C,(XS) — C.(X5)®" over based simplicial sets X. From Proposition 4.15, we
have the natural isomorphism ®: C4(X.S) — C4(S)[1]. Thus, by pre and postcomposition, we get
a natural transformation ®a®~!: C,(5)[1] — (C4(S)[1])®". Thus, for each S we have, for any
1 € Z, amap:

C.(9);
id »
ColS) Wit 222 @, itrains Ca(S) 1y © - @ Cu(S)[1],

id
®j1+---+jn=i+d+n C'(S)jlfl Q- @ C'(S)jnfl

®j1+---+jn:i+d C0(5>j1 Q- ® C-(S)jn
id
(Ca(5)*")ira

This gives us a natural transformation C,(—) — C,(—)®" of degree d, which is to say an element,
say o, of Z,(n)4. This correpondence o — «’ gives us a map (XZ,)(n) — Z.(n). Moreover, one
can check that this map is a chain map, and then that, assembling over n, we get an operad map

v: Y2, — Z, as desired. Upon iterating this construction, we have maps
Yz, 5 vhZ,

for each & > 0. We shall be somewhat loose in our notation and denote these also by W.

By Proposition 2.48, the operadic suspension ¥ and the reindexing operator (—)" commute, so
that all of the above applies also to the reduced Eilenberg-Zilber cochain operad, in that we have a
stabilization map

U2zl — 2
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for which we use the same symbol W, and, upon iteration, more generally, a map
¥z, - 2Rz,

for each k£ > 0. With these maps in hand, we can now define the stable Eilenberg-Zilber chain and

cochain operads.

Definition 4.21. The stable Eilenberg-Zilber chain operad, denoted Zy, is the operad defined by as
follows:
Zy = lim(--- — 322, -5 2z, -5 2,)
H

Similarly, the stable Eilenberg-Zilber cochain operad, denoted Z:t, is the operad defined by as
follows:
Zt=1lim(--- -5 22zt L vzt Yz
—

Remark 4.22. As the reindexing operator (—)" commutes with the operadic suspension, as noted
above, and clearly also with the inverse limit, there is no ambiguity of notation in writing Z:t
to denote the stable Eilenberg-Zilber cochain operad, in that we can also construct it simply by

applying (—)' to the Zy. Il

Consider the chain complex Z(n) in operadic degree n of the Eilenberg-Zilber chain operad.
Since limits of operads are formed termwise, Zy(n) is equivalent to the limit, in chain complexes,
of the diagram:

222, (n) -5 $2.(n) - Zu(n)

That is, it is the limit of:

Lz )2 - 20 5 Zu(n)[1 - n] - Zu(n)

In degree d € 7Z then, we have:

(4.23) Zy(n)a C [ 2.()[k = knla = [ [ 2.(0)askn—n

k>0 k>0

More specifically, an element of Zy(n) in degree d is a sequence (v, g, (g, . .. ) Where «y is
a degree d chain co-operation Co(—) — Co(—)®", ; is a degree d + n — 1 chain co-operation
Co(—) — Co(—)®" such that ¥(ay) = v, and so on. Similarly, the cochain complex Z(n) is the

limit, in cochain complexes, of the diagram

o 2 m)2n — 2 - ZEm)n — 1] - Zi(n)
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and, recalling what was said in Remark 3.37, an element of Z:t(n) in degree d is a sequence
(g, g, v, . .. ) where ayg is a degree d cochain operation C*(—)®" — C*(—), ay is a degree

d — n + 1 cochain operation C*(—)®" — C*(—) such that ¥(«;) = ayp, and so on.

4.3 The Stable McClure-Smith Operad

In this section, as we did for the Eilenberg-Zilber operad, we stabilize the McClure-Smith
operad, as always in both a chain form and a cochain form. First, we discuss the chain complex
version. As with the Eilenberg-Zilber chain operad, we first show that  admits a stabilization
map:

U: XM - M

Here we have once again used the symbol W, just as in the stabilization of Z,. The context will
always make it clear which map we intend by this symbol. Now, to define this map, we need to
define, for each n > 0, amap (XM )(n) — M (n), which is to say a map M (n)[1 —n] — M (n).
Consider a non-degenerate surjection f € M (n)[1 — n];. This is a non-degenerate surjection
f:(m) — (n) wherem —n =d+n—1and som = d+ 2n — 1. We define ¥ ( f) algorithmically

as follows:

o If (f(1),..., f(n)) is not a permutation of (1,...,n), U(f) is zero.

o If (f(1),..., f(n))is a permutation of (1,...,n), U(f) is represented by the map (n+d) —
(n) given by the sequence (f(n),..., f(d+2n —1)).

Proposition 4.24. The above algorithmic procedure yields an operad map V: XM — M.

Proof. See [BF04]. O

As for the cochain operad M T, by Proposition 2.48, the operadic suspension ¥ and the reindexing

operator (—)" commute, so that we also have a stabilization map
U sMT — Mt

for which we once more use the same symbol V.

Definition 4.25. The stable McClure-Smith chain operad, denoted My, is the operad defined as

follows:
M, o= lim(- - — S2M -5 SM L M)
m

The stable McClure-Smith cochain operad, denoted Mi, is the operad defined as follows:

M= lim(- - -5 22t L st L gt

«—
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Remark 4.26. As per Proposition 2.48, the reindexing operator (— )’ commutes with the operadic
suspension. As it clearly also commutes with the inverse limit, there is no ambiguity of notation in
writing MI to denote the stable Eilenberg-Zilber cochain operad, in that we can also construct it

simply by applying (—)' to the M. Il

Next, we wish to compare the stabilization maps for the McClure-Smith and Eilenberg-Zilber
operads. First, note that, given a surjection f: (m) — (n), the sequence co-operations, as defined in
Definition 3.39, yield a natural transformation C,(—) — C,(—)®" not only over simplicial sets, but
also over based simplicial sets. To see this, let .S be a based simplicial set and let Ay — S classify
the basepoint xg € Sy of S. Then, since every piece of an overlapping partition of [0] is just {0},
the only case in which each tensor factor in (3.40) will be non-degenerate is if the input surjection
is the identity on (n). In this case the image is xg & - - - ® *g, and this tensor is zero in C4(X)®" as

the chains are reduced chains. As such, an easy check shows us that we then have an operad map
AW: M — Z,

which we denote by the same symbol, AW, as earlier. Upin applying (—)', we also get a map

between the corresponding cochain operads:
AW Mt — ZT

Proposition 4.27. The following squares commute:

U 7}
YM ——— M YME ———— Mt
EAWl lAW zAwﬂ JAWT
vz, —— Z, »zl ——— 7}

Proof. We shall give a proof in the case of the chain operads; the case of the cochain operads
of course then is an immediate consequence. Let n > 0, d € Z and let f be a non-denerate
surjection in (XM )(n)g = M (n)[1 —nl]g = M(n)gin_1. Then f is a non-degenerate surjection
(d+2n—1) — (n). Suppose first that (f(1),..., f(n)) is not a permutation of (1,...,n). Then,
upon applying AW o U, we get zero. We then wish to show that application of ¥ o X AW also yields
zero. Thus we wish to show that the transformation

U((f)): Co(8) = Ca(S)™"

ranging over arbitrary based simplicial sets S, is zero. Consider some e-dimensional simplex s

of S, classified by say o: A, — S. This yields a (e + 1)-simplex ¥s of ¥.5, classifed by some
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7: Acyp — 25, Then we have

(4.28) T((F)(0) =D QI s 4;
A i=1
where A ranges over the overlapping partitions of [e + 1] with d + 2n — 1 pieces. Consider a tensor

factor 7| I(;)—; A;. This simplex is classified by the composite
Ay — Ny —— 28

where the first map is induced by some map 6: [¢/] — [e + 1] which is itself formed by including
(= A; into [e + 1] and then reindexing the source. The actual simplex, in (X.5)., is given by
the image of the identity on [¢/] under this composite. Now, the first map in the composite sends
idj¢) to 6. Then, recalling the definition of the action of simplicial operators on Kan suspensions,
the second map sends 0 to 6(e)*s where 0(e) : [¢”] — [e] (the notation here is as in (4.2)) is the map
constructed from 6: [¢/] — [e + 1] by restricting the target to the final e + 1 entries (that is, all but
the first entry 0), the source to the corresponding preimage, and then reindexing both the source and
target. By Proposition 4.10, this simplex 6(e)*(s) € (£5)., is non-degenerate exactly when the
map 6: [¢'| = [e + 1] fixes 0 and maps no other entry to 0. Thus, for the tensor factor 7| ITf(;)—; A;
to be non-zero, it is necessary that the first entry of the first A; in the disjoint union to be 0. In
particular, for ¥((f))(o) to be non-zero, we need this to be true of all the tensor factors. Thus the
only possibly non-zero terms in the sum in the righthand side of (4.28) are those corresponding
to overlapping partitions A for which at least the first n pieces of A begin with 0. Now, by our
assumption that (f(1),..., f(n)) is not a permutation of (1,...,n), we have that there is a repeat
in the first n entries. Thus, in a term ®?:1 i #(j)=i A;, where A is such that the first n pieces
begin with 0, there is some tensor factor for which the map 0: [¢/] — [e + 1] maps both 0 and 1 to 0.
This tensor factor then is zero and so the entire tensor is zero. Thus we see that the entire sum in

(4.28) is necessarily zero, as desired.

Now suppose that (f(1),..., f(n)) is a permutation of (1,...,n). Consider (AW o ¥)(f). We
have that ¥(f) is a map (n + d) — (n) and AW(¥(f)) is a sequence co-operation

(T(f)): ColS) = Co(9)*"

ranging over based simplicial sets S. Let us apply this co-operation to some e-dimensional simplex s
of 9, classified by say o: A, — S. To compute the result, we need to choose overlapping partitions

of [e] with n + d pieces, and the assignment of tensor factors to these pieces is given by the sequence
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(f(n),..., f(d+2n — 1)). On the other hand, consider instead the image of f under ¥ o XAW.

This image is a sequence co-operation
U((f)): Ca(S) = Cu(S)™"

again ranging over based simplicial sets. In this case, to compute the action of this co-operation
on the simplex s, we first pass to the suspended (e + 1)-dimensional simplex s of ¥.5, and then
we need to choose overlapping partitions of [e + 1] with d + 2n — 1 pieces. As above, in this
latter case, we need only consider those overlapping partitions in which the first n pieces begin
with zero, as all others lead to a zero tensor. In such overlapping partitions, in particular, the first
n — 1 pieces must be just {0}. Moreover, we can restrict further and also require that the n™ piece
contain both 0 and 1, as if the n™ piece is simply {0}, then the (n + 1)™ piece will necessarily also
begin with 0 and so, since, by assumption, the sequence (f(1), ..., f(n)) already contains each of
1,...,n, atensor factor will be degenerate and so the tensor will be zero. All told, we consider only
overlapping partitions such that the first n — 1 pieces are {0} and the n'" piece contains both 0 and
1. In particular, we are left to choose only the final (d + 2n — 1) — (n — 1) = n + d pieces, and in
fact, the choice of these amounts exactly to that of an overlapping partition of [e] with n + d pieces:
to see the bijection, given such a partition of [e], add 1 to each entry, and then add 0 at the beginning
of the first piece. Next, given such data which encodes both kinds of overlapping partitions, in
either case the assignment of tensor factors is the same as, in the case of (U(f)) it is given, by the
definition of U, by (f(n),..., f(d + 2n — 1)), and, in the case of W((f)), the assignment of tensor
factors for the final n + d pieces is given by the same subsequence (f(n),..., f(d + 2n — 1)).
Finally, the actual simplices which occur as tensor factors coincide because, in the case of (V(f)),
we take restrictions, or faces, of s, whereas in the case of W((f)), there is an extra coordinate, a 0 at
the beginning, for each restriction, but we take restrictions of >Js, and, in forming these restrictions,
as per the definition of the action of simplicial operators on Kan suspensons, we first remove the
first coordinate, the extra 0, and then take the corresponding restriction of s, so that, all told, we get

the same restricted simplex, as desired. 0

As a result of Proposition 4.27, we have commutative diagrams as follows:

E— Y/ M M
JZ2AW lEAW lAW
— Y2z, v Y Z, v 2,
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. —>22MTL>2MT—>MT

lZQAWT lEAWT lAWT
SR S f Q. By S BN
From these, we get induced maps
(4.29) AW : My — 2y AWEL: M — Z]

between the stable Eilenberg-Zilber and stable McClure-Smith, chain and cochain, operads.

4.4 The Stable Barratt-Eccles Operad

We have now constructed stabilizations of both the Eilenberg-Zilber and McClure-Smith operads.
In this section, we present a third and final stabilization, that of the Barratt-Eccles operad. Once

more, we begin by constructing a stabilization map
v:YE—E

which will yet again be denoted by W just as in the previous two stabilizations (the context will
always make it clear which map we intend by this symbol). Now, in order to define this map, we need
to define, for each n > 0, amap (XE)(n) — E(n), which is to say a map E(n)[1 — n| — E(n).
Consider a tuple (po, - - -, pa+n—1) in E(n)[1 —n]q = E(n)4+n_1, Wwhere each p; is a permutation in
Y,.. Then we define the image W ((po, - - . , pa+n—1)) algorithmically as follows:

o If (po(1),..., pa_1(1)) is not a permutation of (1,...,n), ¥((po,-- -, Parn_1)) is zero.

o If (po(1),...,pn-1(1)) is a permutation of (1,...,n), ¥((po,...,pa+n-1)) is the tuple
(,On—ly s 7pd+n—1) € f:(n)d

Proposition 4.30. The above algorithmic procedure yields an operad map ¥V : E — ‘E.

Proof. See [BF0O4]. ]

The above will take care of the Barratt-Eccles chain operad. As for the cochain operad ET, just
as we noted for the previous two stabilizations, by Proposition 2.48, the operadic suspension 3. and

the reindexing operator (—)' commute, so that we also have a stabilization map
v: SEN - Ef
for which we once more use the same symbol W.
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Definition 4.31. The stable Barratt-Eccles chain operad, denoted ‘Ey, is the operad defined as

follows:
T, = lim(- - — 2?2 -5 v L F)
H

The stable Barratt-Eccles cochain operad, denoted f:t, is the operad defined as follows:
Zj;rt :=lim(- - - Yov2gt Yowgpt Y ZT)
<;

Remark 4.32. As the reindexing operator (—) commutes with the operadic suspension, as noted
above, and clearly also with the inverse limit, there is no ambiguity of notation in writing ZsTt

to denote the stable Eilenberg-Zilber cochain operad, in that we can also construct it simply by

applying (—)' to the . I

Next, we wish to compare the stabilization maps for the Barratt-Eccles and McClure-Smith

operads.

Proposition 4.33. The following squares commute:

1\ U
SYE— > E YEN —————— £
ETRJ lTR YTRY l lTRT
M T M VAl T MT

Proof. See [BF04] for the case of the chain operads; the case of the cochain operads then follows

immediately. O

Combining the above commutative squares with the ones earlier which compared the stabiliza-

tion maps for the McClure-Smith and Eilenberg-Zilber operads, we have the following commutative

diagrams:
2 S2E v SE v E
JEZTR JETR TR
: L 20 E M ¢ M
JZPAW lEAW lAW
227, v Y2, v yn
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v v v
> 02T LET £l

JEQTRT JETRT lTRT

. —>22MT —>2MT _— g\/[T
lEQAWT lewT vaT

)} U 5z U Zl

D 27

From this, our canonical maps in (4.29) now extend to the following sequences of maps:

"

T
o By g, ™ 70wl o 2 2
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CHAPTER 5

Working With the Stable Operads and Their Algebras

In this chapter, we shall begin to do some work with the stable operads which we constructed in
the previous chapter. As we mentioned earlier, it is the stable Barratt-Eccles and stable McClure-
Smith operads which constitute stabilizations of [E., operads. Henceforth, we will work with the
stable Barratt-Eccles operad as our preferred stabilization, though all that we say holds also for
the stable McClure-Smith operad. As in the previous chapter, the ground field will be I,,, for an
unspecified but fixed prime p.

5.1 The (Co)homology of the Stable Operads

To begin, we have a result regarding the stabilization maps for the Barratt-Eccles operad, which
allows us below to compute the non-equivariant homology of the stable Barratt-Eccles operad, and

which will be useful also for other purposes later.

Proposition 5.1. For each n > 0, the towers
cee = (EZZ)(n) — (XE)(n) = E(n) cee = (EZZT)(n) — (EZT)(n) — ET(n)

satisfy the Mittag-Leffler condition. In fact, if n > 1, the maps in the towers are onto.

Proof. We shall give a proof of the case of the chain operad; the case of the cochain operad follows
by reindexing. First, suppose that n = 0. In this case, the Mittag-Leffler property holds because
(X*E)(0) is simply F,[k], and so the stabilization maps are then necessarily zero maps. Now
suppose that n > 1. We will prove surjectivity of the map (XE)(n) — E(n); the surjectivity of the
remaining maps is entirely analogous. Let d > 0. Then ‘E(n), is generated by tuples (po, - - -, pa)
where the p; are permutations in Y,,. On the other hand, (XE)(n)s = E(n)[1 — nja = E(n)ain-1
is generated by tuples (pj, ..., p),,_,) where the p; are once again permutations in ¥,,. Given
a particular tuple (po, ..., pq) in E(n)g, we can of course find permutations pf, ..., p, ; in 3,

such that (pj(1),...,p,_1(1),p0(1)) is a permutation of (1,...,n). Then, by definition of the
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stabilization map, we have that (py, . . ., pq) is the image of (p!, ..., 0., 1, po,---,pa), and so we

have the desired surjectivity. [

The above result allows us to compute the non-equivariant (co)homology of the stable Barratt-
Eccles operad. The result is that, non-equivariantly, the operads are simply zero (except that the
unit is present in arity 1). Later, we shall contrast this with a result which shows that the equivariant

(co)homologies, on the other hand, are highly non-trivial.

Proposition 5.2. We have the following:

0 n#1
F,0] n=1

0 n#1

HoE(n) = { F,0] n=1

H*E(n) = {

Proof. We shall give a proof of the case of the chain operad; the case of the cochain operad follows

by reindexing. By definition, Z(n) is the limit of the following tower:
= (22E)(n) = (ZE)(n) — E(n)

By Proposition 5.1, this tower satisfies the Mittag-Leffler condition, and so, for each d € Z, we

have an induced short exact seqeuence as follows:
0 = lim' Hypy(SPE) () — Ha(Ea(n)) — lim Hy((E*E) () — 0

Moreover, as E is Eo,, Hyw1 (S E)(n)) is simply F, if d + 1 = k — kn, and zero otherwise, the
tower comprising the Hy 1 ((X*E)(n)) clearly satisfies the Mittag-Leffler condition itself, so that
the induced map

Ha(Ea(n)) = lim Hy((Z*E)(n))

is in fact an isomorphism, for each d € Z. The result now follows immediately from the fact that £

is Eo. and (SE)(n) = E(n)[k — kn). O

5.2 The Homotopy Theory of Algebras Over the Stable Operads

In this section, we describe how one can do homotopy theory, in the sense of Quillen (semi-
)model structures, with algebras over the stable Barratt-Eccles operad. In order to do this, we wish

first to demonstrate that the corresponding monad preserves weak equivalences.

Proposition 5.3. The monads Eg and EL associated to the stable Barratt-Eccles chain and cochain

operads preserve quasi-isomorphisms.
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Proof. We shall demonstrate the case of the chain operad; the case of the cochain operad is entirely
analogous. First, recall that the monad E, associated to the unstable Barratt-Eccles chain operad,
preserves quasi-isomorphisms, which follows immediately from the fact that, for each n > 0, E(n)
is F, [, ]-free. For each k > 0, let ©*E denote the monad associated to the operadic suspension

Y*E. For exactly the same reason as for E, each ¥*E also preserves quasi-isomorphisms.

Next, we show that Eg preserves quasi-isomorphisms between finite chain complexes. Here by
“finite chain complex” we mean a complex which is bounded and finitely generated in each degree,
or, equivalently, bounded and finitely presented in each degree (to see the equivalence, note that

IF,[%,] is Noetherian, as per [BLS81]) . Given any chain complex X, we have that:

Ey(X) = @ Eu(n) ®5, X°"

n>0

Fix some n > 0. Because, in each degree, each (X*Z)(n) is of finite dimension over F,[%,], and
because, if X is finite over IF,,, we have that X ©n is finite over Fp[Zn] , we have that we can commute

the tensor product and inverse limit to conclude that:
Tu(n) @s, X" = (lilgn (XFE)(n)) @5, X" = lilgn (ZFE)(n) @5, XO)

Moreover, given a map f: X — Y between finite complexes X and Y, we can write, for each
n > 0, the induced map Ey(n) @5, X" — Ey(n) ®x, Y®" as the map induced on inverse limits
by the maps (X5 E)(n) ®s, X" — (S*E)(n) ®@x, Y. If f if a quasi-isomorphism, each of the
latter maps (X5 E)(n) @y, X" — Y*E(n) ®yx, Y®" is also a quasi-isomorphism. Thus we have
the following diagram of quasi-isomorphisms

—— (B2E)(n) @y, X" — (LE)(n) ®s, X" — E(n) @y, X"
—— (22E)(n) ®x, Y — (RE)(n) ®g, Y — E(n) @y, Y

and the map Ey(n) ®yx, X" — E4(n) ®yx,, Y is the map induced on the limits of the towers

by the vertical arrows in this diagram. Now, it follows easily from Proposition 5.1 that both the

upper and lower towers satisfy the Mittag-Leffler condition. As such, for each d > 0, the vertical

arrows induce a map of short exact sequences as follows:
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0 — lim} Hyy 1 ((SPE) (n) ®x%,, XO") —— Hy(Zx(n) ®x,, X®") —— limy Hy((EFE)(n) ®x,, X&) — 0

2
12

0 — lim}, Hyy1 (ZFE)(n) ®x, YO") — Hg(%«(n) ®x,, YO") —— limy Hy((BFE)(n) ®x,, YO") — 0

Thus, by the five lemma, the map induced on the limits is itself a quasi-isomorphism. Moreover,

taking the direct sum of these maps for n > 0, it follows that the map

Ey(X) = P Eu(n) @, X°" = € Euln) ®sx, V" = E(Y)

n>0 n>0

is a quasi-isomorphism as desired.

It remains to show that Eg preserves quasi-isomorphisms between not necessarily finite chain
complexes. To deduce this from the case of finite complexes, recall that any monad associated to
an operad preserves filtered colimits (see [Rez96]) and also that filtered colimits of complexes are

exact. Next, given any chain complex X, note that

X =colim §
SgﬁnX
where S Cg, X denotes the category of finite subcomplexes of X, the category of which is clearly
filtered. Let f: X — Y be a quasi-isomorphism, where X and Y are arbitrary. Because Ey

preserves filtered colimits, we have a map

colim Eg(S) — colim Eg(7)

SChnX TCanY
induced by f and we need to show that this map is a quasi-isomorphism; note that these colimits can
be taken to be in complexes due to Proposition 2.17. We wish to use the fact that filtered colimits
of complexes are exact, but are unable to do so at the moment because there are no induced maps
between the summands in the colimits; in fact, the indexing categories for the colimits are not
even the same. We remedy this as follows. It is standard that, over IF,,, as over any field, any chain
complex can be written as a direct sum (D, S") & (P, ; D"), where S" and D" denote the
standard sphere and disk complexes. Note that, given the complex (€D, S™) @ (D, D), the ho-

mology is given exactly by the spherical summands €,_, S™. We now split the proof into two cases.

Case 1: Suppose that X = (P,;5™), Y = (D, S™) ® (D,-, D™) and f is the inclusion
X — Y, which is obviously a quasi-isomorphism. Note that every subcomplex 7" of Y is necessarily
a sum of the summands in (D,; S") & (P, , D™ ). For each finite subcomplex 7" of Y, let St
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denote the finite subcomplex of X which contains only the spherical summands which occur in 7'.
We thus have that, for each finite subcomplex 7" of Y, f restricts to a map i7: Sr — T and that this

map is itself a quasi-isomorphism. Moreover, we clearly have that

X = colim Sy

TChinY

as the change of index category simply causes some repeats in the summands. We have thus

decomposed the map f: X — Y into the map induced on colimits by the maps i:

X =colim Sy — colmT =Y
TCiY TCaY

Moreover, the map Eq X — EyY induced by f is then decomposed as the following:

Ey X = colim E¢(S7) — colim E¢(7") = EgY
TgﬁnY Tgﬁny
Finally, this map induced on colimits is a quasi-isomorphism by what we have shown above in the

case of finite complexes and the exactness of filtered colimits.

Case 2: Now consider general X and Y and a quasi-isomorphism f: X — Y. Let X =
(Dicr, S™)B(Djcs, D) andlet Y = (P,c;, S™)D (D, 5, D™). Since f is a quasi-isomorphism,

it follows that f must restrict to an isomorphism P, ; S™ — P,.;, S™. We then get the following

i€lq
commutative square:

~Y
@ieh S" —— Gaieb S

c| I

X Y

Upon applying Eg to this square, having already established Case 1, we get the desired result.
[

Next, in order to construct a Quillen semi-model structure for algebras over the stable Barratt-
Eccles operad, our goal is to show that the operads E and ZSTt are semi-admissible. To demonstrate
semi-admissibillity, due to Proposition 2.41, we shall be interested in the coproducts A IT Eg(D")
and A II E[(D") for cell algebras A. Due to Proposition 2.31, this leads us to consider the
enveloping operads U# for cell algebras A. In particular, we shall wish to show that each term
U4(j) is sufficiently nice in that, as a functor on left F,,[¥;]-complexes, U*(j) ®p,[s,] — preserves

quasi-isomorphisms between finite complexes. We now begin to demonstrate these facts about £
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and ZSTt. First of all, we need a few lemmas. For the following lemmas, given a ring R and a dg right
R-module C, let us say that C'is finitely flat if, as a functor on finite dg left R-modules, C' ®r —

preserves quasi-isomorphisms.
Lemma 5.4. For eachn > 0, Ey(n) and E(n) are finitely flat over F,[3,).

Proof. The argument is exactly that which occured in the proof of Proposition 5.3, noting that, for
finite complexes, we can commute tensors past the limits which appear in the construction of the
stable operads, that the resulting towers satisfy the Mittag-Leffler condition due to Proposition 5.1
and then that the map induced on the limits is itself a quasi-isomorphism by the standard lim*

argument which we used in the proof of Proposition 5.3. [

Lemma 5.5. Let m,n > 0. Given a finitely flat dg right F,[%,,,|-module M and a finite dg left
Fp[3,]-module N, M ®g, s, N is finitely flat over F,[%,,].

Proof. Given a finite dg left F,,[3,,]-module P, we have a natural isomorphism

(M &5, N) @5, P = M O[5, 40) (Fp[Emsn] O, mi0s,Epm. (N @5, P))

and from this the result follows immediately, noting that F,,[%,, ] is flat over F,[X,,] ®F, F,[2,],
and that F),[2,,, 1] ®F, [Sm] @e, Fp[Sn] (N ®g, P) is a finite complex over IF,,[3,,, .| given the finiteness
of N and P. U

Lemma 5.6. Let R be a ring and let i: C' — D be a map of dg right R-modules which is split as a
morphism of graded right R-modules. Then, if any two of C, D and D /C are finitely flat, so is the
third.

Proof. We shall consider the case of chain complexes, the case of cochain complexes differing

mostly only in some notations. Given any chain complex P of left R-modules, the sequence
0—>C®RP—>D®RP—>(D/C)®RP—>O

is exact, as tensor is always right exact and the given retraction r: D — C' gives an induced
retraction r Qg idp: D ®g P — C' Qg P (at the level of graded modules). This yields a long exact

sequence in homology:
-— H,(C®g P) = H,(D®g P)— H,(D/C)®@r P) —---

Given any quasi-isomorphism P — () between finite chain complexes of left R-modules, we get a

morphism of these long exact sequences:
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. Ho(C®g P) — H,(D ®g P)» Hy((D/C) @ P) — -+

A

—— Hy(C®r Q) = Ho(D®r Q) Ho((D/C) ®p Q) — -

The result now follows by the five lemma. 0

We can now demonstrate the result regarding the finite flatness of the terms of the enveloping

operads.

Proposition 5.7. Let A be a cell ‘Ey-algebra or a cell Ejt—algebra. Let also U* denote the associated
enveloping operad. Then, for all j > 0, UA(j) is finitely flat over F,[%;].

Proof. We shall demonstrate the result in the case of the chain operad E, the case of the cochain

operad being entirely analogous. Let
A0—>A1—>A2—)"'

be a cell filtration of A and fix some choices M;, Ms, ... for the chain complexes which appear
in the attachment squares. For each n > 0, let V,, = ®;<,M;, where Ny = 0, and let also
N = ®;>oM;. As in Section 2.4 of the second chapter, we have that, for each j > 0, as a graded
right F,,[3;]-module:
() = @ Euli + ) @x, (N1

i>0
The differential on *(j), we recall, is given by the Leibniz rule, the attachment maps and the
operadic composition. Moreover, for each n > 0, and again for each j > 0, as a graded right
[F,[X;]-module:

Ut (j) = €D Euli + 4) @x, (Na[1)*

i>0
Thus we see that the operad U4 is filtered by the operads 7/4». Now, as A, is the initial E-algebra
E«(0), we have U = Us=0 = £, (see Example 2.30). The terms of the operad U then
arise from the terms of U4° by attachment of cells; more generally, for n > 1, the terms of the
operad U4 arise from the terms of U47—! by attachment of cells. This allows us to define, for
n > 1, a filtration on the terms of the operad UA" as follows. Fix such an n. For any 7 > 0, we
let F,,, 1" (), where m > 0, denote the sub graded module of 7" (j) generated by the elements
o®a; ® - ® a; where at most m of the factors ay, ..., a; € N,[1] project to a non-zero element
in M, [1] (which constitutes the “most recently added cells”); note that, since, when computing the

differential of 0 ® a; ® - - - ® a; via the Leibniz rule, if a,, € M,,[1], we map it to the corresponding
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element of @;>¢F(i) ®s, (N,_1[1])®" via the attachment map M, — A, _;, we have that the
differential preserves the sub graded module F,, U () so that we in fact have a sub chain complex.

Now, given n > 1 and j > 0, as graded right F,[X;]-modules, note that we have that

U (j) = Bjno Exli + J) Dz, (Na[1)® = By D)o Eaali + §) D5,y ws, Naca[112070 @ M, [1]%

and, for any m > 0, the submodule F,, 14" () is then given by:

min(z,m)

Fon ‘UA" @ @ Z“ Z+~] ®5, x5 Ny 1[1]®(i_l)®Mn[l]®l

>0 1=0

Thus we see that, for m > 1, the inclusions F,,,_; U%"(j) — F,,U%"(j) are, at the level of the

underlying graded modules, split monomorphisms. We also have that:

quA ( )/Fm 1ﬂA @Zst Z+] QX Tm Ny 1[1]®(i_m) ®Mn[1]®m

>m

= (@ Ea(i +J) ®s,_,, Nn1[1]®(im)> ®s,, My [1]7"

i>m
— (@ Fuli +m + j) @, Nn_l[l]@”') 5, Mo[1]%"
>0

= U (m + j) ®x, M,[1]%™

Moreover, recalling that when we compute the differential of c ® a1 ® - - - ® a; via the Leibniz rule, if
a, € M,[1], we map it to the corresponding element of P;>¢ (1) ®sx, N,,_1[1]®" via the attachment
map M,, — A,_1, and so in particular we map to zero in the quotient F,,, U (j)/F,,,_, U™~ (5), we

see that the isomorphism
En U (7)/Frno1 UM (7) = UM (m+ ) @, Ma[1]77

is in fact one of chain complexes, not only of graded modules.

Now we prove the desired result by an induction. We shall show that, for each m, j,n > 0,
F,, U (j) is finitely flat over IF,[%;], and we will do this by inducting on n. In the case n = 0,
as noted above, we have that U0 = E, and moreover that F,, U4 (j) = Ey(4) for all m, j > 0.
The required flatness then follows by Lemma 5.4. Suppose now that, for some n > 1, we have
that F,,, “»=1(j) is finitely flat over F,[3;] for all m,j > 0. We wish to show that F,,, U (5) is
finitely flat over F,[3;] for all m,j > 0. We shall do this by inducting over m. By definition of
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the filtration piece F, we have that, for each j > 0, Fy U4 (j) = UA-1(j) = colim,, F,,, U1 (j)
which, by invoking the inductive hypothesisis for the induction over n and passing to the colimit,
we see is finitely flat over F,,[3;]. Next, suppose that for some m > 1, F,,_; U4 (j) is finitely flat

over IF,[X;]. As above, we have that:
Fin UM (7) /Frnoa U (5) = UM (m+ ) @, Ma[1]7

Now, by invoking the inductive hypothesis for the induction over n and passing to the colimit,
we see that U= (j + m) = colim,, F,,, U= (m + j) is finitely flat over F,[%,,,]. Moreover,
by Lemma 5.5, we have that U%"—(m + j) ®y,, M,[1]®™ is then finitely flat over F,[3;] so
long as M, is finite. In fact, this holds for arbitrary M,, as a non-finite M,, can be written as
a filtered colimit of its finite subcomplexes and both the tensor product UA"-1(m + j) Ry, —
and the tensor power (—)®™ commute with filtered colimits. Next, recalling that the inclusion
F,._1 U (j) — F,,U"(j) is split at the level of the underlying graded modules, we may now
invoke the inductive hypothesis for the induction over m and apply Lemma 5.6 to conclude that
F,, U (j) is finitely flat over F,[¥,], as desired. This completes the induction over m so that
we have that F,,, “"(j) is finitely flat over F,[¥;] for all m,j > 0. Moreover, this conclusion
then completes the induction over n so that we have that F,,, U () is finitely flat over F,[%;]
for all m, j,n > 0. Finally then, if we fix a ; > 0, upon passing to the colimit, we have that
UM (j) = colim,,F,,, U (5) is finitely flat over IF,[3;], and then, passing to the colimit again, we
have the desired result that U*(j) = colim,, U""(j) is finitely flat over F,[¥;], which completes
the proof. 0

We now use the above result to achieve our original goal, which was to show that the operads

£y and Z:t are semi-admissible.
Proposition 5.8. The Barratt-Eccles chain and cochain operads, ‘E;; and Ejt, are semi-admissible.

Proof. We shall demonstrate the case of the chain operad, the case of the cochain operad being
entirely analogous. By Proposition 2.41, it suffices to show that, if A is a cell Eg-algebra, then for
each n € Z, the canonical map

A — AL Eg(D")

is a quasi-isomorphism. We note that, by Proposition 2.31, as an algebra under A, we have:

AT Eg(D") = UAD") = @ U (j) ®x, (D) = A& (EB U (j) ®x, (JD")@”')

j=0 j21

Now, for j > 1, (D™)®’ has zero homology and is finite. Moreover, by Proposition 5.7, U“(j) is
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finitely flat over F,,[3;], so that this zero homology is preserved by the tensor, which gives us the

desired result. [
Thus, by Proposition 2.41, we have the following.

Corollary 5.9. The categories of algebras Ey-Alg and E;—Alg possess a Quillen semi-model

structure where:
» The weak equivalences are the quasi-isomorphisms.
» The fibrations are the surjective maps.

» The cofibrations are retracts of relative cell complexes, where the cells are the maps Egg M —
ECM in the chain case, and the maps EltM — EltCM in the cochain case, where M is a

degreewise free complex with zero differentials.

5.3 (Co)homology Operations for Algebras Over the Stable Operads I

In the case of the unstable Barratt-Eccles operad, earlier, we demonstrated that if A is an algebra
over this operad, that its (co)homology inherits a product structure as well as certain operations.
We now make analogous considerations with the stable Barratt-Eccles operad. We will see that the
products disappear, whereas the operations, the ()° in the case of the chain operad, and the P* in the
case of the cochain operad, remain, though they no longer satisfy the instability property which
we saw earlier. In fact, in the next two sections, we will see that the ()° and P?, respectively, and
their iterations, do not account for all the operations that exist in the (co)homology of algebras over
Ey and EJt. Instead, rather than the algebras of operations S and B which we saw earlier, one gets
certain completions Sand B , which we define in the next section, and which contain certain infinite
sums. Nevertheless, the action of the infinite sums, in any given instance, we shall see reduces
to an action by elements of S and B, and so we spend some time in this section making explicit
just this latter case. We do this also because it is illustrative to do so in the sense of seeing exactly
how it is that the products and instablity of the operations disappear. We shall restrict ourselves in
this section alone to the case p = 2; analogous explicit considerations in the p > 2 case are also

possible, though more cumbersome.
Now, to begin, recall that the products, and also the operations as p = 2 here, in the case of the

unstable operad were defined with the help of the arity 2 part of the operad. As such, our first goal
is to examine the arity 2 part of the stable Barratt-Eccles operad. Recall that, the complexes E(2)
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and ‘E'(2) were exactly the standard [Fy[¥,]-free resolutions of Fy, namely:

E(2) : e 04— Fy[By] & By 5] EL Fy[Sy) — -
deg0 deg1 deg2
147 147
Z:T(Q) —>F2[ZQ] —>F2[22] —>F2[22} — 00— -
deg —2 deg —1 deg0

Here, 7 denotes the non-trivial permutation of {1, 2}. Moreover, earlier, we used the notation e, for
the element (1,7,1,7,...) in both E(2), E7(2), where in the former it had degree d while in the

latter it had degree —d. Now let us see what we get in our stable situation.

Proposition 5.10. The chain complex Ey(2), and the cochain complex ZsTt(Q), are as follows:

ﬂt(2) : e — ]FQ[ZQ] <1+—T ]FQ[ZQ] <1i ]FQ[ZQ] <1+—T FQ[ZQ] < -
£5(2) : e o[ X, - Fo[30] - o [¥0] - Fo[¥g] — -

Proof. We shall prove the case of the chain operad, the case of the cochain operad being entirely
analogous. We have a description of £(2) above. Moreover, for each k& > 0, we have that
(XFE)(2) = E(2)[—Fk]. Now, given as input a tuple (po, ..., pq) of permutations p; € Y, for
some d > 0, by definition, the stabilization map (X E)(2) — (ZFE)(2) simply drops the
first entry of the tuple. It follows that, if we write the complexes (X*E)(2) vertically, the tower
= (Z2E)(2) = (BE)(2) — E(2) looks as follows:

e S T[] — L Fa[s] — s Fo[3s]
1+7 1+ 7 1+ 7
e S T [Es] — L Fo[Sa] — s Fo[Ss]

- —— Fy[3s] ——— Fa[Xs] ——— O

- S Fy[Xy] ——— 00— 0
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The inverse limit is then clearly the desired complex. O

Remark 5.11. We saw earlier, in Proposition 5.2, that the non-equivariant homology of E(2) is
zero. On the other hand, Proposition 5.10 above and an easy calculation shows that the equivariant
homology of E, by which we mean the homology of £ (2)/3,, consists of exactly a unique Fy
generator in each degree:

H.(ﬂt(Q)/EQ) . e FQ ]FQ ]FQ ]FQ

For comparison, in the unstable case, via the description of E(2) in the third chapter and another
easy calculation, we have that the homology of £(2) /X, consists of exactly a unique Fy generator

in each non-negative degree: non-negative degree:
H.(f(Q)/Zg) : te 0 FQ IFQ FQ

We have seen before that it is precisely these generators which lead to the operations (°, and,
moreover, we shall see below that it is precisely the existence of generators in also the negative
degrees which will eliminate the instability property of the operations in the case of the stable

operad. Furthermore, entirely analogous remarks hold in the case of the cochain operads. Il

Just as we did with the unstable Barratt-Eccles operad, we set in place some standardized
notations to work with the stable Barratt-Eccles operad. For each d € Z, when working with the

stable Barratt-Eccles chain operad, we shall let e4, a degree d element of E(2), be as follows:

* In the case d = 0, we set e to be the following infinite tuple of tuples:

(' ) (177—7 1)7 (7-7 1)7 (1))

In the case d = 1, we set e; to be the following infinite tuple of tuples:

(-, (4,7 1,7),(r,1,7),(1,7))

More generally, for any d > 0, e, is the infinite tuple of tuples constructed as follows: begin
with the tuple (1,7, 1,7,...) containing d + 1 entries, and then alternately append either 1 or

T at the beginning, starting with 7.

* In the case d = —1, we set e_; to be the following infinite tuple of tuples:

(' te 7(1777 1)7 (7-7 1)7 (1)70)
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In the case d = —2, we set e_ to be the following infinite tuple of tuples:

(«--,(1,7,1),(r,1),(1),0,0)

More generally, for d < 0, e, is the infinite tuple of tuples constructed as follows: begin with

|d| zeros, and then proceed as in €.

Similarly, when we are working with the stable Barratt-Eccles cochain operad, we let e; denote

the very same elements in E7(2), but which now have degree —d.

Remark 5.12. Our use of the notation e, here is in fact consistent with our use of the same notation
earlier, in the following sense. By construction of the stable Barratt-Eccles operad, we have
canonical maps

Ta(2) = E(2)  EN2) = E(2)

and, for d > 0, these map the element of E(2) or E(2) denoted by e, to the element of E(2) or
Z1(2) denoted also by e4. Moreover, in the case d < 0, these maps kill the element e,. I

Having made explicit the arity 2 part of the stable Barratt-Eccles operad, we can now consider the
disappearance of products. The precise statement regarding this will be that of the computation of
the (co)homology of free algebras, to appear below. Here, however, we can make a remark regarding
exactly how it is that the products disappear. Recall that E(2) is non-negative and that its homology
is F2[0]. Similarly, £7(2) is non-positive and its cohomology is [F5[0]. Moreover, in either case, the
degree 0 (co)homology generator, denoted e, was precisely what led to the existence of products in
the (co)homologies of the corresponding algebras. Here, however, we see that % (2) extends also
into negative degrees, and that Z;(Q) extends also into positive degrees, and in particular, as we can
explicitly see from Proposition 5.10, or as we already saw in Proposition 5.2, the (co)homology is
zero; in fact, the degree zero element e is no longer a cycle. It is this disappearance of the degree 0

(co)homology generator which leads to the disappearance of the products.

Remark 5.13. One can also consider the disappearance of products in an iterative manner, as
follows. We have seen that the (co)homologies of algebras over E or ‘E' have a product. By
an entirely analogous construction, or with the help of Proposition 2.50, one can show that the
(co)homologies of algebras over ©E or LE' have a shifted product where the product of a degree a
element with a degree b element lies in degree a + b — 1 in the chain case, and in degree a + b + 1
in the cochain case. Similarly, the (co)homologies of algebras over 2 or X2E" have a shifted
product where the product of a degree a element with a degree b element lies in degree a + b — 2 in
the chain case, and in degree a + b + 2 in the cochain case. This continues, and eventually, in the

limit, in the case of the stabilizations ‘£ and fsTt the product disappears. Il
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Having considered the products, we now consider the operations, which, as we mentioned above,

do continue to exist, though now will no longer satisfy the instability property which we saw earlier.

Proposition 5.14. Given an algebra A over Ey, for each s € Z and [a] € H,(A), by setting

Q*(la]) = [(es—q)+(a; a)]

we get a well-defined graded map
Q°: He(A) — Ho(A)

which is linear over Fy, of degree s and natural in A. Similarly, given an algebra A over f;rt, for

each s € 7 and [a] € HY(A), by setting

P2([a]) = [(eg—s)+(a, a)]
we get a well-defined graded map
P?: H*(A) — H*(A)
which is linear over o, of degree s and natural in A.

As we did earlier, here we use the notation o, (a, a) for the image of 0 ® a ® a under £y(2) ®
A®2 _5 A in the chain case, or under E}(2) ® A®2 — A in the cochain case. Note the similarity
with Proposition 3.10; the key difference is that, here, the e, exist also in negative degrees in the
chain case and also in positive degrees in the cochain case, so that we are not forced to set the
operations to be zero when s < ¢ in the chain case, or when s > ¢ in the cochain case (we could of

course also have defined e to be zero in the unstable case).

Proof. In either case, linearity, the degree and naturality follow exactly as in the proof of the unstable
version of this result in Proposition 3.10. It is only the well-definedness which we need to be careful
about. We shall demonstrate it in the case of the chain operad, the case of the cochain operad being
entirely analogous. This follows from the following two facts, which we shall demonstrate: (i) given
acycle ain A, eg ® a ® a, for any d, is a cycle in Ey(2) ®x, A®? (ii) if a and o’ are homologous

cyclesin A, e ® a ® a and ey ® a’ ® a’ are homologous cycles in Ey(2) @y, A®?. Consider (i)
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first. This follows from the following identities, which hold in % (2) ®yx, A®%:

deg®a®a)=(eg_1-(1+7))®a®a
=e1®@((14+7) - a®a)
=6 10a®a+es 1R (T-a®a)
=e 1 R¥aRQa+e;1R®aRQa=0

Next, consider (ii). We need to show that e, ® a ® a — eg @ a’ ® @’ is a boundary in Ey(2) ®x, A2
By assumption, we know that @ — o’ is a boundary in A; let @ — o’ = 0b. The desired result then

follows from the following easily verifiable identity:
INeg®@aRb+esbRd +e41QbR@b) =€ QaRa—eg®ad ®ad

]

The above result gives us a stable analogue of Proposition 3.10, which constructed operations in
the unstable case. We now consider what is an appropriate analogue of Proposition 3.14, which
described certain fundamental properties of the operations in the unstable case. We may ignore (iii),
(iv) in the chain case and (vii), (viii) in the cochain case, as those involve the products, which we
have seen disappear in our stable situation here. Moreover, we can also ignore (ii) in the chain case
and (vi) in the cochain case, as these give the instability property of the operations, which we have
seen above disappeared due to the existence of the e; now also in negative dimensions in the chain
case, or also in positive dimensions in the cochain case. Thus, we are left to consider only the Adem
relations. These do indeed hold, though we do not verify them here (they follow, for example, from

the computation of the (co)homologies of free algebras given in the next section).

Remark 5.15. Above, in Remark 5.13, we showed how one can see the disappearance of the
products in an iterative manner. We can also see the disappearance of the instability of the operations
in an iterative manner, as follows. We have seen that the operations in the case of algebras over
E and ‘E' satisfy instability. By an analogous construction, or with the help of Proposition 2.50,
one can show that one also has operations in the case of algebras over ¥XE and XE and moreover,
these satisfy a shifted instability condition, which says, in the chain case, that ()*[a] is zero so long
as s < |a| — 1, and in the cochain case, that P*[a] is zero so long as s > |a| + 1. Similarly, one also
has operations in the case of algebras over X2 or ©2E", and these satisfy the shifted instability
condition which says that, in the chain case, Q*[a] is zero so long as s < |a| — 2, and in the cochain
case, that P*[a] is zero so long as s > |a| 4 2. This continues, and eventually, in the limit, in the

case of the stabilizations ‘£ and ET, the instability disappears. Il
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Finally, note that if A is an algebra over ‘E or ‘E', by pull back across the canonical maps
Fo—E  EL - E

A is also an algebra over g or Z:t, respectively. The following result compares the operations that

then result.

Proposition 5.16. If A is an algebra over ‘E or ‘EY, the operations on its (co)homology as an
algebra over ‘E or ‘E' coincide with the operations of the same name on its (co)homology as an

algebra over ‘Ey or fjt, respectively.

Proof. This follows immediately from what was said in Remark 5.12. [

5.4 The Completions Sand B

In the case of algebras over the unstable operads E and E', we found that their (co)homologies
inherited actions by the algebras of operations S and B, respectively. In the case of algebras over
Ey and th, at least when p = 2, we have seen actions by the same algebras in the previous section;
an important difference, as we noted, is that the actions are no longer unstable, in the sense of
Definition 3.24. However, as we already mentioned in the pervious section, in the stable case, these
operations do not account for all operations. Instead, one needs to allow certain infinite sums of the
Q"’s or P!’s, leading to certain completions S and B of S and B, respectively. In this section, we
shall give a precise construction of these completions, and then, in the next section, we shall see
that, in the case of a free algebra on a complex X, in the chain case, the homology of the algebra is
precisely the free S-module on H, (X)), whereas in the cochain case, the cohomology of the algebra

is precisely the free B-module on H*(X).

We shall first construct the completion S. We begin with a construction of the underlying graded

module of S. To define this graded module, consider functions:
f: {admissible multi-indices} — F,

We have an addition and a scalar multiplication for such functions, computed pointwise. We think

of such a function as a possibly infinite sum, and so use the suggestive notation

Z GIQI

I admissible

where a; = f(I). Our graded module will consist of such sums, with particular finiteness properties

in relation to the length and excess of multi-indices. Specifically, the underlying graded module of
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S is defined by setting that, in degree d € Z, the graded piece §d is to consist of the sums

Z GIQI

T admissible

with the following requirements:
e Forall I,if a; # 0, d(I) = d.
* The set of lengths #{I(I) | a; # 0} is bounded above, or, equivalently, finite.
e Forany k € Z, #{I | a; # 0,e(I) > k} is finite.

Remark 5.17. Since, given any non-empty multi-index / of degree d, we have e(I) = 2i; —d(I) =
2iy —d, where [ = (iq,...,1;),inthe p = 2 case and e(I) = 2piy —2e1 —d(I) = 2piy —2e1 —d >
2piy — 2 — d, where [ = (1,141, ...,¢k, i), in the p > 2 case, we can rephrase the third condition
as saying that, given any k € Z, there may exist at most finitely many / with a; # 0 which are
non-empty and are such that the entry ¢, is larger than k. We may then also, imprecisely though

suggestively, package the condition as “i; — —o0”. Il

Note that we have an obvious embedding of graded modules:
S8

An example of an element, one in degree 0, which is present in the completion Sbutnotin S , 1n

the case p = 2, is the following infinite sum:

Z Q—szk

k>0

In fact, as the following proposition demonstrates, all elements of S which are not in S share the
features of this example which say that the initial entries of the multi-indices tend to —oo while the

final entries tend to +oco0.

Proposition 5.18. Let " a;Q! be an element of S. We have the following:
(i) Given any k € 7Z, for all but finitely many I, the initial entry is less than k.
(ii) Given any k € 7Z, for all but finitely many I, the final entry is greater than k.

Here, in the case p > 2, where multi-indices take the form (1,41, . .., &, i, ), where the ¢, lie in
Z while the ¢; lie in {0, 1}, the first entry is taken to be i;, and the final entry, ¢,, which is to say we

disregard the ¢; for this particular purpose.
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Proof. (1): Let the given element lie in degree d. When p = 2, the result follows by the fact that
e(l) = 2i; — dforany I = (iq,...,1,) of degree d and that, in the sum, there can only be finitely
many elements of excess above a given bound. When p > 2, the result follows in a similar fashion,

using instead the identity e(/) = 2pi; — 2¢; — d for any I = (1,11, ...,&,,1,) of degree d.

(i1): Let the given element lie in degree d. Of course there can be only one length one monomial
which occurs in the sum. Consider then monomials of length r > 2. First consider the case where
p = 2. Given a multi-index I = (iy,...,1,), by admissibility, we have i; < 2iy < 2%i3 < .- <
27~Y,.. Put another way, we have that i; < 2"/, for j = 1,...,r. Thus, we have

d=1i,+ (g + - +1,)
<y + (27 + 27 e )
:Zl—l-CZr

where C' =142+ -+ 272 > 0. Thus we have i, > &(

(i). Now consider the case p > 2. In this case, given a multi-index (&1, 1, . . ., &, i, ), admissibility

d — i1) and so the result follows by part

gives us that ; < pij; — ;41 foreach j = 1,...,r — 1, and so, in particular, i; < pi;; for
each j = 1,...,r — 1. It follows that i; < p" (i) for j = 1,...,r. Moreover, we have that
dI)=2(p—1)(ix+---+ix) —e1—--—& > 2(p—1)(41 + - - - + i) — r. The argument now
is analogous to the one above for the p = 2 case. [

We now wish to endow our graded module S with an algebra structure. To do so, however, we
first need some technical lemmas regarding the Adem relations. Given any multi-index I, via the

Cartan-Serre basis provided by Proposition 3.21, we know that Q' can be written uniquely as a sum

Z GKQK

where each K is admissible. We shall call this the admissible monomials expansion of Q!. Note
that since the Adem relations either annihilate a monomial or preserve its length, any /K for which

ar 1s non-zero must have the same length as /.

Lemma 5.19. Let [ be a non-empty multi-index. If K is a multi-index which appears in the

admissible monomials expansion of Q', then the following hold:
(initial entry of K') < (initial entry of I)  (final entry of K') > (final entry of )

As before, here we follow our convention that, in the case p > 2, where multi-indices take the

form (4,41, . ..,&,,i,), where the i, lie in Z while the ¢, lie in {0, 1}, the first entry is taken to be
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11, and the final entry, ¢,, which is to say we disregard the ; for this particular purpose.

Proof. We shall give a proof of the case where p = 2; the case where p > 2 follows by a similar
proof, upon appropriate modifications. Let I = (iy,...,4,). In the case n = 1, we already have
admissibility and so the result is trivial. Consider the case where n = 2. Let I = (a,b). If a > 20,
Q*Q" is admissible and so the result is trivial. Suppose then that @ > 2b. Then, by the Adem
relations, we have that the admissible monomials expansion is:

Z (Z 2_2 b__a 1) Qa+b7iQi

7

(Recall, as in Remark 3.22, that we have seen that the terms on the right-hand side are indeed
admissible.) The terms on the right-hand side which appear are those with index ¢ satisfying
a/2 <i < a—b— 1. Thus the maximum first entry, say Kmax init» Of the multi-indices (a + b — 7, 1)
which occurs satisfies kpaxinit < a+b—a/2 =a/2+b < a/2+ a/2 = a, giving us the desired

result. On the other hand, the minimum second entry, say K final, Of the multi-indices (a 4+ b — i, 7)

which occurs satisfies kyinfinal > a/2 > b, once again giving us the desired result.

Now let us consider the case n > 3. We have that there exists a finite sequence of terms, say
Ti,...,T.,r > 1,in the free algebra F over IF5 on the Q%, i € Z, whichis suchthat T} = Q% --- Q™
T. =5 Q¥ is the admissible monomials expansion of Q% --- Q" and, for each j > 2, T; is
constructed from 7};_; by taking some monomial summand ) and replacing a sub-monomial Q*Q"
of @ with the equivalent >, (Z;Zl’:al) Q%T~iQ)" provided by the Adem relations. Now, if the move
which is made in transitioning from 7}_; to 7} is applied to a sub-monomial Q“Q°” where Q“ is not
the initial entry of the corresponding monomial ()7, there is no change made to any initial entry in
any monomial summand. If, on the other hand, the move is applied to a sub-monomial Q*Q® where
Q" is the initial entry of ()7, by the argument in the n = 2 case above, the maximum of all the initial
entries in the resulting multi-indices in 7 is bounded above by the original such maximum in 7}_;.
Thus, by a simple induction, we have that the maximum of the initial entries of all the multi-indices
appearing in >_ Q¥ is indeed bounded above by 7,. By an entirely analogous argument, considering
instead the cases where @ is, or is not, the final entry of Q”, we have that the minimum of the final

entries of all the multi-indices appearing in > Q¥ is indeed bounded below by i. 0

Lemma 5.20. Let I be a multi-index. If K is a multi-index which appears in the admissible

monomials expansion of Q, then e(K) < e(I).

Proof. The case of an empty [ is trivial, so suppose that it is non-empty. Suppose that p = 2. Let
I =(iy,...,i,) and K = (ky,..., k), where n > 1. We can write e(/) = 2i; — d(I) and e(K) =
2k; — d(K). The Adem relations preserve degree, so that d(/) = d(K). The result then follows
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by Lemma 5.19. Now suppose that p > 2. Let [ = (e1,41,...,&pn,0,) and K = (], ky, ..., €, kn),
where n > 1. We can write e(I) = 2pi; — 2y — d(I) and e(K) = 2pk; — 2¢} — d(K). The Adem
relations preserve degree, so that d(I) = d(K'). Moreover, an examination of the Adem relations
in Proposition 3.15 shows that, if e = 1, then ¢| = 1, so that &y < &) and so —2¢; > —2¢/. The

result now follows by Lemma 5.19. [

Lemma 5.21. Let I and J be admissible multi-indices. If K is a multi-index which appears in the
admissible monomials expanasion of Q'Q’, then e(K) < e(J).

Proof. We shall give a proof of the case where p = 2; the case where p > 2 follows by a similar

proof, upon appropriate modifications. The proof will be via three inductions.

Consider the case when [ has length 1. Let I = (a). We will prove this case by induction on
the length of J. If J has length 0, it is empty, the monomial in question is ()%, which is already
admissible, and e(.J) = +o00, so that we have the desired result. Now suppose J has length 1. Let
J = (b). If a < 2b, the monomial in question, Q°Q’, is already admissible, and the excess is a — b,
which is bounded above by e(J) = b since a < 2b. On the other hand, if a > 20, the admissible

monomials expansion is given by

=0 =1\ Jatriipi
Z < 2t—a >Q e
where a/2 < ¢ < a — b — 1. The excess of a generic term on the right-hand side is given by
a + b — 2i and this is bounded above by a + b — 2(a/2) = b = e(J), giving us the desired
result. Now suppose that we have the desired result for J of length < n, where n > 2. Consider
QUQ7 - Qr = (Q Q-+ - Q'1)Q. Let > QF be the admissible monomials expansion of
Q%Q%" - .- (1. By the induction hypothesis, for each K, we have e(K) < e(J) + j,. We now
have Q?Q7' --- Q'» = S Q¥ (Q’». By Proposition 5.20, for a given K, any multi-index which
appears in the admissible monomials expansion of the term Q¥ Q’" has excess bounded above
by e(K, j,) = e(K) — jn < e(J) + jn — jn = €(J), giving us the desired result. We have thus
established, by induction on the length of .J, the case in which I has length 1.

Now consider the case where J has length 1. Let J = (b). We will prove this case by induction
on the length of /. If I has length zero, it is empty, the monomial in question is (°, which is
already admissible and so the desired result is trivial. Suppose that [ has length 1. Let I = (a). The
monomial in question is then Q" and the desired result follows by exactly the same argument as
the one above which was already made for this monomial. Now suppose that we have the desired
result for I of length < n, where n > 2. Consider Q% --- Q" Q® = Q" (Q" --- Q"1 Q"). Let
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>~ Q¥ be the admissible monomials expansion of Q% - - - Q/»-1Q®. By the induction hypothesis,
for each K, we have e(K) < b. We now have Q% - - - Q" Q" = 3" Q"*Q*. By the result established
by the previous induction, that of the case in which [ has length 1, we have that, for a given K, any
multi-index which appears in the admissible monomials expansion of the term Q" Q¥ has excess
bounded above by e(K') < b, giving us the desired result. We have thus established, by induction
on the length of /, the case in which J has length 1.

We will now prove the general statement in the proposition by induction on the length of J.
First suppose that .J has length 0. Then the monomial in question is ', the admissible monomials
expansion is also simply Q' (as I is assumed to be admissible), and we have e(I) < e(J) for
any [ since e(JJ) = +oo. If J has length 1, we have the desired result by the second of the two
previous inductions. Now suppose that we have the desired result for J of length < n, where
n > 2. Consider Q'Q%" - - Q' = (Q1Q% - - Q'»—1)Q’. Let Y Q¥ be the admissible monomials
expansion of Q/Q7* - - - ()7»—1. By the induction hypothesis, for each K, we have e(K) < e(J) + j,.
We now have Q7Q7' - - Q/» = > Q¥ Q. By Lemma 5.20, for a given K, any multi-index which
appears in the admissible monomials expansion of the term Q* ()’ has excess bounded above
by e(K, j,) = e(K) — j, < e(J) + jn — jn = €(J), giving us the desired result. We have thus
established, by induction on the length of J, the completely general case. [l

We are now ready to equip our graded module S with an algebra structure. For each d;, d; € Z,
we must construct maps:
Sdl & Sd2 — Sd1+d2

Consider two infinite sums, the product of which

(o) (320

we wish to construct, where we suppose that the only a; and b; which are non-zero are those for

which the degree is d;, ds respectively. Given any two admissible / and .J, let

QIQJ _ Z Cg%JQK

K admissible

be the admissible monomials expansion of )Y ()”; note that only finitely many of the cﬁ;‘] may be

non-zero. We then set:

(5.22) (Z a]QI) : (21: bIQI> =y (Z albjcgj) QX

1 K 1,J
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Proposition 5.23. The product on S as above is well-defined and equips S with an algebra structure

over I,

Proof. We first show that the righthand side of (5.22) is well-defined as an infinite sum. To do this,
we need to ensure that the sum ) | 7.y arb Jcﬁg‘] is finite for any given K. Fix such a K, say K. Let
d = d(Ky) and e = e(Kj). By definition of S as a graded module, we know that, for all but finitely
many /, we have that a; = 0 or e(/) < e(Ky) + d2. Note that given such an I, it is necessarily
non-empty. Now, for such an I, where e(I) < e(K') + do, we have that, for any J for which b; # 0,
e(lJ) =e(l) —dy < e(K) + dy — dy = e(K), where 1.J denotes the concatenation of [ and J.
Thus, by Lemma 5.20, there are only finitely many [ for which a; # 0 and c;‘o] # 0, where the
latter amounts to saying that Q*° appears in the admissible monomials expansion of QQ”. Fix
such an [, say Iy. We know that, for all but finitely many .J, we have that b; = 0 or e(J) < e(K).
Thus, by Lemma 5.21, there are only finitely many J for which b; # 0 and cﬁg(’)‘] # (0, where the
latter amounts to saying that (J*° appears in the admissible monomials expansion of Q°Q”. All

told, we have demonstrated that, for any given /K, there are only finitely many terms in both the

> @@ and ) bQ
1 1

which make a non-zero contribution to the coefficient

1,J
Cl[bJCK
1,J

infinite sums

of QK . Thus the product is indeed well-defined, at least as infinite sum.

Next, it is moreover an element of §d1+d2 for the following reasons: (i) the degree condition is
satisfied because the Adem relations preserve degree (ii) the length condition is satisfied because
the Adem relations either annihilate an element or preserve its length (iii) the excess condition is
satisfied by the same argument as above, which showed not only well-definedness as an infinite
sum, but more strongly that all but finitely many pairings of the Q' and @’ yield monomials with

an associated excess below any given bound.

Finally, because any given coefficient arises from a product of finite sums, it is clear that the
requisite associativity, identity and bilinearity follow from the fact that the definition yields the
product of S when restricted to finite sums and that these properties do indeed hold for the product
of S. ]
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We have now constructed S as a graded algebra over IF),. Moreover, the embedding
S8

is now clearly one of algebras. It remains to make precise in what sense Sisa completion of S. For
k > 0, recall the quotients S~ of S defined as per Definition 3.26 and Remark 3.27. Each of these
algebras is filtered by length where F, S, consists of those monomials ! satisfying the length

bound pl(l ) < t. Note that, for any k£ < [, we have a canonical map
Sk = S
and that this map is a filtered map, in that, for each ¢ > 0, we have induced maps:
F,Ssr — FiSsy

Next, note that we can also filter & similarly by length by setting, for ¢ > 0, th to comprise the
sums Y ;4 o ar@! which satisfy the degree, length and excess requirements in the definition of
S and which also satisfy, more specifically regarding length, the bound p'!) < ¢ for any I where
ar # 0. For each k > 0, we have a map

S\ — S>_k

which projects an infinite sum to the sub-sum of the elements of excess > —k, of which there are
finitely many by definition of S. Moreover, this map is a filtered map in that we have, for each
t > 0, an induced map:

Ft§ — F,S-

These maps are compatible with the maps F;S~; — F,;S~; above in that they yield a left cone on
the tower
R —> FtS>_2 —> Ft3>_1 _> Ft8>0

and so yield a map th — limy>o F, S5 . The precise statement then regarding in what sense Sis
a completion of S is the following.

Proposition 5.24. The map th — limy>o F, S5, constructed above is an isomorphism of graded

modules. Moreover, as graded modules, we have that:

S = colim lim F;S- _,
t>0 k>0

Proof. By Proposition 3.28, S~ has a basis given by the admissible monomials of excess strictly
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larger than —k. Moreover, each F;S-_,, then has a basis given by the admissible monomials Q'
satisfying both e(I) > —k and the length bound pl([ ) < t. Moreover, the map F;S~ 1 — F:Ss ¢
simply kills those basis elements with excess exactly —k — 1. The first part of the result now follows
by an easy verification of the necessary universal property. The second part then follows by noting
that, under this established isomorphism, given ¢t < ¢/, the map induced on the limits by the natural

maps F;S-_, — F,S- . corresponds exactly to the inclusion th — Ft/g ]

We have now completed all of our desired goals regarding the algebra S. We now consider the
algebra B. Having done the work to construct S, the isomorphism B = St in Proposition 3.19 will
allow for an expedited construction of B. As in the case of S, , we first construct the underlying

graded module of B. To do this, we once again consider functions
f: {admissible multi-indices} — F,

where now we recall that the notion of admissibility has a different meaning. Once more, we think

of such a function as a possibly infinite sum, and this time use the suggestive notation

Z (l]PI

I admissible

where a; = f(I). Our graded module will consist of such sums, with a particular finiteness
properties in relation to the length and excess of multi-indices. Specifically, we define the underlying

graded module of B by setting that, in degree d € Z, l§d is to consist of the sums

Z (l]PI

I admissible

with the following requirements:
e Forall I,if a; # 0, d(I;) = d.
* The set of lengths #{I(I) | a; # 0} is bounded above, or, equivalently, finite.
e Forany k € Z, #{I | a; # 0,e(I) < k} is finite.

Note the change in the excess condition, as compared to the definition of the underlying graded

module of § .

Remark 5.25. Since, given any non-empty multi-index [ of degree d, we have e(/) = 2iy —d(I) =
d, where I = (iy,...,1), in the p = 2 case, and e(I) = 2pi; + 2e1 — d(I) = 2pi; + 2¢; —d <

2piy + 2 — d, where I = (1,11, . ..,€, ix), in the p > 2 case, we can rephrase the third condition

110



as saying that, given any k € Z, there may exist at most finitely many / with a; # 0 which are
non-empty and are such that the entry ¢; is smaller than k. We may then also imprecisely though

suggestively package the condition as “i; — +o00”. Il

We now have a graded module B and an obvious embedding of graded modules:

~

B—B

An example of an element, one in degree 0, which is present in the completion B but not in B is the

Z PkP—k

k>0

following infinite sum:

In fact, as the following proposition demonstrates, all elements of B which are not in B share the
features of the above example which say that the initial entries of the multi-indices tend to 400

while the final entries tend to —oo.

Proposition 5.26. Let > a; P! be an element of B. We have the following:
(i) Given any k € Z, for all but finitely many I, the initial entry is greater than k.
(ii) Given any k € Z, for all but finitely many I, the final entry is less than by k.

Here, as before, in the case p > 2, where multi-indices take the form (¢4, i1, ..., &,,1,), where
the i; lie in Z while the ¢; lie in {0, 1}, the first entry is taken to be ¢;, and the final entry, ¢,, which

is to say we disregard the ¢; for this particular purpose.
Proof. The proof is exactly that of Proposition 5.18, with the appropriate modifications. [

We now equip B with an algebra structure. We could develop analogues of all the technical
results which we proved in the process of constructing the algebra structure of S. However, as
mentioned earlier, the isomorphism B =2 ST in Proposition 3.19 provides a shorter route. Recall,
as per Remark 3.20, that this isomorphism maps admissible monomials to admissible monomials,
preserves length and negates the excess. It follows that it extends to an isomorphism of graded

modules B 2 S' such that the following square commutes:
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Now, to define the product structure of g, we simply transfer the corresponding structure on St
across the right vertical isomorphism. It then immediately follows that the isomorphism B~ &t
is now one of algebras, and that the inclusion B — B is now also one of algebras, so that the
entire commutative square above is now one in the category of algebras. Moreover, because the
isomorphism between B and ST maps admissible monomials to admissible monomials (and so

admissible monomial expansions to admissible monomial expansions), an easy check shows that

(o) (320

in B admit a definition by expansion of the terms P! P7 entirely analogous to that for the products

in S.

the products

We have thus constructed the desired algebra B. It remains to make precise in what sense it is a
completion of B; the final result, presented below, is of course analogous to the case of S and S.
For k > 0, recall the quotients B, of B defined as per Definition 3.26 and Remark 3.27. Each
of these algebras is filtered by length where F; B consists of those monomials P! satisfying the

length bound pl(I ) < t. Note that, for any k£ < [, we have a canonical map
B — By
and that this map is a filtered map, in that, for each ¢ > 0, we have induced maps:
F:B — FiBoy

Next, note that we can also filter B similarly by length by setting, for ¢ > 0, th to comprise the
sums »_, . ooap PT which satisfy the degree, length and excess requirements in the definition of
B and which also satisfy, more specifically regarding length, the bound p!(!) < ¢ for any I where
ar # 0. For each k > 0, we have a map

B\—> B<k

which projects an infinite sum to the sub-sum of the elements of excess < k, of which there are
finitely many by definition of B. Moreover, this map is a filtered map in that we have, for each
t > 0, an induced map:

F.B — F,B_,

These maps are compatible with the maps F;B.; — F;B_; above in that they yield a left cone on
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the tower
oo > F By — FBy — FBg

and so yield a map th)’\ — limg>o F;B<j. The precise statement then regarding in what sense Bisa

completion of B is the following.

Proposition 5.27. The map th)’\ — limy>o F B<y, constructed above is an isomorphism of graded

modules. Moreover, as graded modules, we have that:

B = colim lim F; B,
t>0 k>0

Proof. The proof is entirely analogous to that of Proposition 5.24, with the appropriate modifications.
]

5.5 The (Co)homology of Free Algebras Over the Stable Operads

In the previous section, we constructed the algebras § and g In this section, we shall show that,
if X is a chain complex, the homology of the free £ -algebra on X is precisely the free S-module
on H,(X), namely S® H,(X), and similarly that, if X is a cochain complex, the cohomology of
the free Z-algebra on X is precisely the free B-module on H*(X), namely B @ H*(X). In order
to compare H, (EqX) and S ® H,(X) when X is a chain complex, or H*(E{ X) and B ® H*(X)
when X is a cochain complex, we shall introduce intermediating constructions. Thus, we define a
functor A on chain complexes by setting:

A(X) := colimlim FH,((Z*E) X)

t>0 k>0

Similarly, we define a functor B on cochain complexes by setting:

B(X) := colim Eﬁ% FH*((XFENX)
We study these functors by studying the steps in their construction, one at a time. Let X be a chain
complex. Let {c¢;} be a basis of H,(X'). By Propositions 3.31 and 2.50, we have that, for each
k > 0, H,((X*E)X) is isomorphic to a shift up by k of the free graded-commutative algebra over
IF,, on the terms Q’c; where [ is admissible and e(I) > |¢;| — k. Let F;, denote this latter object.
Then, via the maps YEHE — YEE we have a commutative diagram as follows:

Fa F Fo

B |= |=

- —— H((Z2E)X) — H.((XE)X) —— H (EX)
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Now, let X instead be a cochain complex, and let {c;} be a basis of H*(X). By the same
Propositions 3.31 and 2.50, we have that, for each k > 0, H*((X*E")X) is isomorphic to a shift
down by k of the free graded-commutative algebra over IF,, on the terms P’c; where I is admissible
and e(I) < |c;| + k. Let Gy denote this object. Then, via the maps X*"'E — Y*Z, we have a

commutative diagram as follows:

Go G Go

E = |=

. —— H*((X?ENX) — H*((SEN)X) — H*(ETX)

Proposition 5.28. Let X be a dg module. For each k > 0, the maps F.1 — Fy and Gp11 — Gy
kill any product, including the empty product, which is to say the multiplicative unit.

One can sum up this proposition as “the instability of products”.

Proof. We shall give a proof of the chain version, which is to say of the maps Fi.; — F, as the
cochain version is analogous. Let us first deal with non-empty products. Recall our notation ey,
for d > 0, for particular elements of E(2), where ¢4 has degree d. Let e¥ denote the corresponding
element of (X*E)(2) = E(2)[—k]. Note that e has degree d — k. In particular e} has degree
—k, and, since Y E is zero below degree k, the stabilization map X**'E — ¥*Z must map
et™ to 0. Now, fix & > 0 and consider some product (Q’c) - (Q7'¢) in Fj,1. Let [n] and [¢],
respectively, be the images of Q’c and Q''¢’ under the isomorphism Fj,; — H,((XF"'E)X).
Then, by definition of the products in the homologies, (Q'c) - (Q”¢’) maps, under this same
isomorphism, to [ef™ (1, £)], by which we mean the class of the image of e} ™ ®7® ¢ under the map
(SF1E)(2) @ (ZFE)X)®?2 — (XF+'E)X. Now, since ef ™ maps to 0 under SF+1E — SFE,
as noted above, we have that the product (Q”c) - (Q”'¢/) maps to zero under the composite Fj.; —
H,((Z*'E)X) — H,((X*E)X), and this proves the required result for the map Fry1 — Fi,
except in the case of the empty product. For the empty product, the argument is similar: one notes
that the multiplicative unit in F; corresponds to the generator in degree k + 1 of (X*1E)(0),

and this generator is mapped to zero in (X*Z)(0) since the latter is zero above degree k. H

We can also consider filtered versions of the above diagrams. Consider again the case where
X is a chain complex and {¢;} is a basis of He(X). By Propositions 3.34 and 2.50, given
t > 0, F;H ((X*E)X) is a shift up by k of the F,-submodule of F; generated by the prod-
ucts (Q¢y) - -+ (Q'*¢,), where r > 0, I is admissible, e(I) > |¢;| — k and p'1) 4 ... 4 p!UIr) < ¢,
As usual, we let F.F, denote this filtration piece of ;. We then have a commutative diagram as

follows:
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- — FF F.Fi F.Fo

|= E |=

- —— FH,((2?E)X) » F;H,((XE)X) — FH,(EX)

Now consider again the case where X is a cochain complex and {¢;} is a basis of H*(X).
By Propositions 3.34 and 2.50, given ¢ > 0, F,H*((S*E")X) is a shift up down by k of the [F,-
submodule of G generated by the products (P'c;) - (Pc,), where r > 0, I is admissible,

e(I) < |e;| + kand p!) 4 ... 4 p/Ir) < ¢ As usual, we let F,G;. denote this filtration piece of Gy..
We then have a commutative diagram as follows:

- — F,Gy F.G, F.Go

|= = |=

- —— FH*((X?EN)X)» F,H*((XE")X) — F,H*(ETX)

Next, we make precise in what sense the products, due to their instability as described in
Proposition 5.28 above, disappear in the limits. If X is a chain complex, {c;} is a basis of He(X)
and F;, is as above, we let ]-",j be the submodule of F}, generated by the monomials Q’c; where
e(I) > |e;| — k; that is, it is submodule which omits all products, including the empty product, and is
also a free graded module over FF,, on the monomials Q’e; where [ is admissible and e(I) > |e;| — k.
Just like F}., F, ,j is filtered, where Ft]:,j' denotes the submodule generated by the monomials Q’c;
which satisfy e(I) > |e;| — k and also the additional requirement that p!”) < t. The inclusion
}",j — JFy, is then clearly a filtered one, in that, for each ¢ > 0, we have an induced inclusion
F.F, ,j — F.F%. We now have commutative diagrams as follows:

Fy Fi F&
Fa Fi Fo

E |= E

. H.J((ZE)X) — H,((SE)X) —— H,(EX)

R ——— FRF ———FJF

J J J

- — FF F,F1 F.Fo

|= |= |=

- —— FH,((2?E)X) » F;H((XE)X) — FH,(EX)
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On the other hand, if X is a cochain complex, {c;} a basis of H*(X) and G, is as above, we
let G; be the submodule of G, generated by the monomials P’c; where e(I) < |e;| + k; that is,
it is submodule which omits all products, including the empty product, and is also a free graded
module over F,, on the monomials P’e; where I is admissible and e(I) < |e;| + k. Just like Gy,
Q,j 18 filtered, where th,‘: denotes the submodule generated by the monomials P!¢; which satisfy
e(I) < |e;| + k and also the additional requirement that p'!) < . The inclusion G;” — Gy is then
clearly a filtered one, in that, for each ¢ > 0, we have an induced inclusion th,j — F.G;.. We now

have commutative diagrams as follows:

Gy g Gy
| | [
G G Go

E E |=

. — S H*((X?EN)X) — H*((SE")X) — H*(E'X)

R, F.G F.Gy
- — FiGy F.G F.Go

|= E E

- —— FH*((X’EN)X)» FH*((ZE")X) — F,H*(ETX)
Proposition 5.29. If X is a chain complex, {c;} is a basis of He(X) and t > 0, the induced maps

lim 7;F — lim Ho((Z"E) X) lim .77 — lim FHL ((SFE) X)
k>0 k>0 k>0 k>0

are isomorphisms. Similarly, if X is a cochain complex, {c;} is a basis of H*(X) and t > 0, the
induced maps

. 4 . . kyat . + : ) kgt
grégk — }g%H (X"ENX) g%thk — ngFtH (X"E"X)

are isomorphisms.

Proof. Consider the case of the map lim;, ;' — lim; Ho((X*E)X); the other cases are analogous.
We need to show that the induced map limy, F;% — limy, F}, is an isomorphism, as we already know
that the map limy, Fy, limy, Ho((X*E)X) is an isomorphism. Injectivity is obvious from the standard
description of inverse limits of towers via infinite tuples and, moreover, surjectivity follows from

this description and the instability of products described in Proposition 5.28. 0
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Thus, given a chain complex X, we have a description of lim>¢ F;H.((3*E)X) and so, upon
taking the colimit over ¢, a description of A(X). Similarly, given a cochain complex X, we have
a description of lim;>o F;H*((S*ET) X) for each k > 0, and so, upon taking the colimit over ¢, a
description of B(X ). This allows us to demonstrate the following a priori unexpected properties of
A and B.

Proposition 5.30. The functors A and B are additive.

Proof. We shall demonstrate the case of A; the case of B is entirely analogous. Let X and Y be chain
complexes, and let {¢;} and {d;} be basses of their homologies Ho(X') and H,(Y), respectively.

We wish to show that the canonical map
AX)DAY) > AX DY)
is an isomorphism. Now, by definition, we have:

A(X) = colimlim F,H,((Z*E) X)

t>0 k>0

Moreover, by Proposition 5.29, for each k, t > 0, limy>o F;Ho ((X*E) X)) is isomorphic to limy>o F,. 7,
where F,F;! is the free graded module on the monomials Q¢; which satisfy e(I) > |e;| — k and

pl(I ) < t. 1t follows that, in degree say d € Z, A(X) is isomorphic to the module which consists of

Z ar;,e; (Qlici)

by which we mean functions f: {([;,¢;) | I; admissible} — F,, where f([;,¢;) = ay, ., satisfying

infinite sums

the following requirements:
 Forall (I;,¢;),if ar, ., # 0, d(L;) + |c;] = d.
* The set of lengths #{I(;) | as, ., # 0} is bounded above, or, equivalently, finite.
e Forany k > 0, #{(1;,¢;) | ar, ., # 0,e(I;) > |¢;| — k} is finite.
Similarly, A(Y") is isomorphic to the module which consists of infinite sums
> ar,4,(QYd))
satisfying the following requirements:
s Forall (I;,d;), if ar; q; # 0, d(1;) + |d;| = d.
* The set of lengths #{I(I;) | ar, 4, # 0} is bounded above, or, equivalently, finite.
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» Forany k > 0, #{(/;,d;) | ar,.q; # 0,e(I;) > |d;| — k} is finite.

Moreover, as Ho (X @ Y) = H.(X) @ Ho(Y') has basis {¢;} 11 {d;}, A(X @ Y) is isomorphic to
the module which consists of infinite sums

5 @) + e @)
satisfying the following requirements:
e Forall (1;, ;) and (I}, d;), if aj, 4, # 0, d(I;) + |c;| = d, and if ay; 4, # 0, d(I;) + |d;]| = d.

* Both sets of lengths #{I(1;) | as, ., # 0} and #{I(;) | as, 4, # 0} are bounded above, or,
equivalently, finite.

e For any k > 0, both sets #{([;, c;) | ar,e; # 0,e(l;) > |c;i| — k} and #{(1;,d;) | ar, 4, 7
0,e(l;) > |d;| — k} is finite.

An easy check shows that, under the identifications provided by the above isomorphisms, the
canonical map A(X) @ A(Y) — A(X @Y) corresponds to the obvious inclusion of sets of infinite
sums. The map is then clearly an isomorphism, as desired. [

We now show how A(X) and B(X) intermediate between Hy (Ey X ), S®H, (X) and H*(E! X),
B® H*(X), respectively. First, let X be a chain complex. Via the canonical maps E — SFE, we
get canonical maps E¢X — (X*E)X, and as a result also maps F;H,(E¢X) — FH,((X*E)X).
These maps are compatible with the maps FH,((X*7'E)X) — F,H,((S*E)X), so that we get
an induced map FH,(E¢X) — limso F;Ho((X*E)X). Upon taking colimits over ¢, we get an
induced natural, in X, map:

D, : Ho(EX) — A(X)

Now consider S ® H,(X'). We construct a natural map:
®y: S @ Hy(X) — A(X)

This map is defined as follows; the idea is that the term lim;, H, ((X*E)X) which arises in the con-
struction of A(X) inherits an action by the term S~ which arises in the construction of S. Recall,
as we saw in Propostion 5.24, that we have S = colim;>¢ limy>o F;S~ . For each d;, ds, we need to
specify a map §d1 ®@Hg,(X) = colithO(thd1 ®@Hg, (X)) — colimysg limy>o FHg, 1a, (ZFE) X).

Fix some ¢, > 0. For each k& > 0, consider the following composite:

Ft0§d1 ® Hd2 (X) - Fto (S>d2—k)d1 ® FlHd2((ZkE)X) - Ft0+1Hd1+d2((EkE)X)
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Here the first map is induced by the canonical map F;, gdl — Fi)(S=dy—k)a, (Where, if dy — k > 1,
we first pass to F;, (S=o)q4, and then to Fy,(Ss4, 1 )4,) and the unit of adjunction X — (X*E)X.
Moreover, the second map is that which is provided by Propositions 3.30, 3.33 and 2.50. The above
composites are compatible with the maps Fy, 1Hg, 14, (Z* 7 E)X) — Fyy 1 Hy, 1a, (SPE) X), so

that we get an induced map

FioSay @ Hay (X) — i Fp 1 Hay 40, (S"E) X) = colimyzo lim FiHg, 10, (Z°E).X)

and then finally, we note that the above maps are compatible with the inclusions thdl — Ft+1§d1,

so that we get the desired map

Si, @ Hy, (X) — cct)gn ES% FHy, 4, (SFE)X)

and this completes the construction of ®.
On the other hand, if X is a cochain complex, by entirely analogous constructions, we get

natural maps
®,: H*(E[ X) = B(X)

®,: B H*(X) — B(X)

which we also denote by ®; and ®, (the context will always make it clear which maps we intend by

these symbols).

Proposition 5.31. For finite dg modules X, the maps ®, and ®,, in both the chain and cochain

cases, defined above are isomorphisms.

Recall that by a finite dg module over F,, we mean one which is bounded and of finite dimension

in each degree. In order to demonstrate this result, we first need the following lemma.

Lemma 5.32. For any chain complex X, the towers
= (ZPE)X — (E)X — EX

<+ = Hy((SPE)X) — Hy((SE)X) — H,(EX)

satisfy the Mittag-Leffler condition. Moreover, for each t > 0, the towers
- = F(Z°E)X — F(SE)X — F,EX
- = FH((Z*E)X) — FH,((XE)X) — F,H,(EX)
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also satisfy the Mittag-Leffler condition. Similarly, if X is a cochain complex, the towers
o= (ZENX - (ZENX - ETX

.o = HY((S*EN)X) — H((SE')X) — H*(ETX)

satisfy the Mittag-Leffler condition. Moreover, for each t > 0, the towers
- = F(2ENX - F(SENX - FE'X

.- = FH((X*ENX) — FH*((XENX) — F,H*(E'X)
also satisfy the Mittag-Leffler condition.

Proof. We shall demonstrate the case of the chain operad; the case of the cochain operad is entirely
analogous. In fact, we shall show that, for each n > 0 and any chain complex X, the towers

= (B2E)(n) @y, X" = (DE)(n) ®g, X" — E(n) @y, X"

S HJ((Z2E) () @5, XO) = Ho(SE)(n) @5, X&) — Ho(E(n) @5, X&)

satisfy the Mittag-Leffler condition, from which the desired results follow immediately. The
Mittag-Leffler property for the first of the two towers above follows immediately from the Mittag-
Leffler property of the tower - -- — (X2E)(n) — (XE)(n) — E(n), which was established in
Proposition 5.1. Consider then the second tower. Let {c¢;} denote a basis of He(X), and recall,
as in the previous section, that, by Propositions 3.31 and 2.50, we have that, for each £ > 0,
H.((X*E)X) is isomorphic to a shift up by k of the free graded-commutative algebra over FF,, on
the terms Q' ¢; where I is admissible and () > |c;| — k. Let F;, denote this object, as earlier. By
Proposition 3.34, we have that H, ((X*E)(n) ®x, X®") is the F,-submodule of F;, generated by the
terms (Q'cy) - - (Q'c,) where r > 0, I is admissible, e(I) > |¢;| — k and p!"V) 4 .. 4 plUk) = p,
Now, given a fixed k, the map H,((X*E)(n) ®x, X®") — H,((Z*E)(n) ®x, X") sends any
Q' c which satisfies, not only that e(7) > |c¢| — k — 1, but rather e(I) > |c| — k, to itself, so that
all monomials Q!¢ in F}, occur in the image. On the other hand, by Proposition 5.28, all products
are killed, and in particular, no products occur in the image. We have thus identified the image of
the map H, ((S*1E)(n) ®x, X®") — H ((Z*E)(n) ®x, X®"), and, moreover, essentially the
same argument shows that all maps H,((Z* E)(n) ®s, X®") — H,((Z*E)(n) ®x, X®"), for

k" > k + 1, have this same image, which gives us the desired result. O

Proof of Proposition 5.31. We shall demonstrate the chain case; the cochain case is analogous. Let
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X be a finite chain complex. We first consider the map of ®;. We have:

FEGX = @ Eq(n) @5, X"

n<t

— ; k mn
- D g%(z E(n)) @y, X

~ . k XN
o D }61;%(2 E(n) ®x, X")

~ 1; k Xn
= }g&(@z E(n) ®x, X"

—T; k
= }g%Ft(E E)X

Here the first isomorphism holds because X is finite. By Lemma 5.32, we have that
F,H, (EyX) = lim FH,(X*E)X)

and then, upon taking colimits over ¢ > 0, we get that ®;: Hy(EyX ) — A(X) is an isomorphism,
as desired. Now consider the map ®,. It is standard that, over [F,,, as over any field, any chain
complex can be written as a direct sum (€P,.;S™) & (D, ,D"), where S™ and D" denote the
standard sphere and disk complexes. As X is finite, both / and J here must be finite. Because,
by Proposition 5.30, A is additive, and because S® H,(—) is of course also additive, we need
only demonstrate the case where X is a sphere complex S™ or a disk complex D". The case of the
disk complex follows immediately from the fact that the =*E preserve quasi-isomorphisms (as the
operads Y*E are 3-free). Thus, it remains to consider the case where X = S™ for some n € Z. Let

¢, denote a generator of Hy(.X') in degree n. By Proposition 5.24, we have that:

~

S ®@Hd(X) = C(t);lom }g% F:So i @ Fplca}

By Proposition 3.28, it follows that S® H,(X), in degree say d € Z, is isomorphic to the module

Z aI(QICn)

by which we mean functions f: {I | admissible} — F,,, where f(I) = a, satisfying the following

which consists of infinite sums

requirements:

e Forall I,if a; # 0,d(I) + n = d.
* The set of lengths #{l(]) | a; # 0} is bounded above, or, equivalently, finite.
e Forany k > 0, #{I | a; # 0,e(I) > —k} is finite.
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On the other hand, as in the proof of Proposition 5.30, A(X), in degree d, is isomorphic to the

module which consists of infinite sums

Z aI(QICn)

satisfying the following requirements:
e Forall I,ifa; #0,d(I) +n = d.
* The set of lengths #{I(/) | ay # 0} is bounded above, or, equivalently, finite.
» Forany k > 0, #{I | a; # 0,e(I) > n — k} is finite.

The only difference occurs in the third condition; however, the two conditions are obviously
equivalent, and an easy check shows that the map ®,, under these isomorphisms, corresponds to

simply the identity, and so is an isomorphism. 0

Finally, we are now able to compute the (co)homologies of free algebras over the stable Barratt-

Eccles chain and cochain operads.

Proposition 5.33. Given a chain complex X, we have a natural isomorphism:
Ho(EX) 2 S @ Ho(X)

Similarly, given a cochain complex X, we have a natural isomorphism:
H*(ElX) ~ B @ H*(X)

Proof. We shall demonstrate the chain case, the cochain case being analogous. Consider the maps
O Ho(Eg X) — A(X)

®y: S ®Ho(X) = A(X)

which we recall are natural in X. We will demonstrate the desired result by showing that &,
and ¥, are both injective and that they have the same image inside A(X). It is standard that,
over I, as over any field, any chain complex is, up to isomorphism, a direct sum (p,_, S™) @
(D, D" ), where S" and D" denote the standard sphere and disk complexes. Thus, by naturality,
it suffices to show that we have the aforementioned injectivity and coincidence of images for
the complexes (P,.; S™) ® (€D, D"™). Given such a complex (P,.;S™) ® (P,,D™), the
inclusion P,.;S" — (D,;S™) & (D,c,D™) is a quasi-isomorphism. Note that He(EX)
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preserves quasi-isomorphisms by Proposition 5.3, A(X) preserves quasi-isomorphisms because the
SHE are Y-free and S @ Ho X preserves quasi-isomorphisms for obvious reasons. It follows, by
S
Let X be such a complex and let then {c;} be a basis for He (X). Letting A be an ordinal in bijection

naturality again, that it suffices to demonstrate that the result for a complex X of the form &,
with /, construct a filtration

Xo—= X4 ==Xy — -

of X, where each X, is finite, and where, for each o € A, {¢; };c. gives a basis of Hy(X,, ). Because
H(EX) and S® H,(X) commute with filtered colimits, and because, by Proposition 5.31, &,

and ®, are isomorphisms when the input is finite, we can factor ®; and ®, as follows:

Ho(EqX) — colim,H, (EqX,) =

7 colimyA(X,) — A(X)

S @Hy(X) — colim, (S @ Hy(X,)) =

It follows that the images of ® and ¥ coincide, as desired. As for injectivity, by the above

factorizations, it suffices to demonstrate injectivity of the map:
colim,A(X,) — A(X)

As in the proof of Proposition 5.30, A(X), in degree d, is isomorphic to the module which consists

of infinite sums

by which we mean functions f: {(I;,¢;) | I; admissible} — F,,, where f(I;, ¢;) = ay, ., satisfying

the following requirements:
 Forall (I;,¢;),if ar, ., # 0, d(1;) + |c;] = d.
* The set of lengths #{I(l;) | ar, ., # 0} is bounded above, or, equivalently, finite.
e Forany k > 0, #{(I;,c) | ar,.c; # 0,e(I;) > |c;| — k} is finite.

In the above, ¢ varies over all of . For each «, under the above isomorphism, A(X,,) can then be
identifed with the subset of A(X) comprising the sums which satisfy the additional requirement
that ay, ., = 0if i ¢ «. It follows that the map colim,A(X,) — A(X,) is injective, with image
consisting of the sums which satisfy the additional requirement that there exists some o € A such
that ay, ., = 0 forall i ¢ a. O

Remark 5.34. We saw in Proposition 5.2 that the non-equivariant homologies of the stable operads

Ey and ZISTt are simply zero (except the unit in arity 1). On the other hand, the equivariant homologies,
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summed up, &, H,(E4(n)/%,) in the chain case and &, H*(E}(n)/%,) in the cochain case, yield
H, (E4F,[0]) and H*(ELF,[0]), respectively. By Proposition 5.33 above, these are exactly S and
B. Thus, while the non-equivariant homologies are (almost) zero, the equivariant homologies are

highly non-trivial objects. Il

Remark 5.35. By Proposition 5.33 above, we see that the (co)homology of a free algebra over £
or f:t is a module over S or B, respectively. We saw earlier that in the unstable case we get modules
over S and B3, and in fact, unstable such modules. One might wonder why S and B were not seen
in the unstable case. We note here that, if we impose the instability condition (Q’z is zero for
e(I) < |z| in the case of actions by S or S, and P’z is zero for e(I) > || in the case of actions by
B and B), that actions by S and S, and those by B and B, amount to the same thing. More precisely,
an unstable action by S, or by B, extends uniquely to an unstable action by S, or by B, respectively.
This is because, in any infinite sum in S. , the excess decreases to —oo and so, on any given x, all but
finitely many terms must act by zero; similarly, in any infinite sum in [3\, the excess increases to
400 and so, on any given x, again, all but finitely many terms must act by zero. In particular, in the
case of the unstable operads, we could equivalently have said that we get unstable modules over S
and B. I

5.6 (Co)homology Operations for Algebras Over the Stable Operads 11

In Section 5.3, we constructed (co)homology operations for algebras over the stable Barratt-
Eccles operad. We did this however only for p = 2. In this section, we shall provide operations
for all p, and moreover, we shall show that, not only do we have the operations which lie in S and
BB, but in fact also have certain infinite sums of the Q! and P?, namely those which lie in S and [3\,

respectively.

Proposition 5.36. Given an algebra A over Ey, Ho(A) is naturally an algebra over S. Similarly,

given an algebra A over ZSTt, H*(A) is naturally an algebra over B.

We have not mentioned it explicitly in the statement of the theorem, but, in the case p = 2, the

operations here inside S and B of course coincide with those constructed in Section 5.3.

Proof. As usual, we will just outline the case of the chain operad. The map describing the action of

S is the following composite:

~

S @ Ho(A) — H.(EgA) — H.(A)

Here the first map is the isomorphism provided by Proposition 5.33. The second map is that which
arises by applying H,(—) to the structure map o: EgA — A which describes the E-algebra
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structure of A. The properties required by an S-action follows from those required by an E-action.
For example, associativity can be derived as follows. Letting m: EgEgy = Eg denote the monadic

multiplication, we have the following commutative square:

EStOZ
EStEStA E— EstA

S

Eqd —— A

Upon applying H,(—), and invoking Proposition 5.33, we get the following commutative square:

S®S®@H(A) — S®@H.(A)

[ l

S @ Ho(A) — Ha(4)

A diagram chase now yields associativity of the S-action. [

5.7 The Homotopy Coherent, or co-, Additivity of the Stable Operads

As our final results in this chapter, we wish to demonstrate the homotopy coherent, or oo-,
additivity of stable Barratt-Eccles operad, justifying the adjective “stable”, in three successively
more general forms. First, we will show that given free algebras Eg X, EgY in the chain case, or
ELX , ELY in the cochain case, the algebra coproducts E¢ X ITEgY and ELX IT EltY are naturally
quasi-isomorphic to the direct sums Eg X @ EqY and ELX & ELY, respectively. As Eg and EL
are left adjoints as functors from dg modules to algebras, and so preserve colimits, we can also
phrase this result as saying that Eg and EL, as monads on dg modules, are homotopy additive. Next,
we shall generalize this result and show that, for cofibrant algebras A and B, over either of £ and
Ejt, the coproduct A IT B is naturally quasi-isomorphic to A & B. Here the cofibrancy is in the
sense of the Quillen semi-model structures provided by Corollary 5.9. Finally, we shall generalize
this one step further and show that if, given a diagram of algebras A < C' — B, if A and B are
cofibrant and C' — A is a cofibration, then A II¢ B is naturally quasi-isomorphic to A &¢ B.

We begin with the homotopy additivity of the monads Eg and Eit.

Proposition 5.37. If X and Y are chain complexes, we have a natural quasi-isomorphism:

Eq(X ®Y) ~ E¢(X) ® Eq(Y)
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Similarly, if X and Y are cochain complexes, we have a natural quasi-isomorphism:
EL(X @Y) ~EL(X) ® EL(Y)

Proof. As usual, we shall demonstrate the case of the chain operad; the case of the cochain operad

is entirely analogous. Given the chain complexes X and Y, we have a canonical map
Est (X) D Est(Y) — Est (X D Y)

and we claim that this map is a quasi-isomorphism. If X and Y are finite (where, as before, by
a finite complex over F,, we mean one which is bounded and of finite dimension in each degree),
Proposition 5.31 gives us a computation of the necessarily homologies via the functor A, and then
the result follows by the additivity of A as per Proposition 5.30. Now fix X to be some finite
complex, say X, and consider Eg(Xy) @ Eg(—) and Eg(Xy @ —) as endofunctors on chain
complexes. Due to Proposition 2.17, both of these functors preserve filtered colimits. Since any
complex Y can be written as a filtered colimit of its finite subcomplexes, by naturality and exactness
of filtered colimits of complexes, we have that the map Eq(X,) ® Est(Y) » E¢(Xo® Y)isa
quasi-isomorphism for all Y. Now repeat this argument, fixing instead Y to be some, this time

arbitrary, complex and considering the terms as functors of X, to get the desired general result. [

As we noted above, Propostion 5.37 can be regarded as a statement about coproducts of free
algebras. We now consider, more generally, coproducts of cofibrant algebras. As we saw in the
second chapter, coproducts of cell algebras may be computed via enveloping operads, and so we
shall be led to consider once more these enveloping operads. First, however, we have the following

lemma.
Lemma 5.38. For each j > 2 and each non-trivial partition j = j; + - - - + jx, we have that:
‘Zst<j)/2j1><~~-><2jkw() Z:sTtU)/Zle"'XEjkNO
Here non-trivial means that the partition is not indiscrete. Moreover, by Eq(j)/%;, X -+ x 3,

we mean Ey(j) @x; x.xx;, (S°)1 @ -+ @ (S°)%, where S is the complex FF,[0], and similarly in
the case of the cochain operad.

Proof. By Proposition 5.37, we have that the canonical map
Eq(S°) @ - ® Eg(S’) = Eg(S) II - - - [T E(S°)
where S° denotes the complex F,[0], and where we take k copies in the case of partitions of size k, is
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a quasi-isomorphism. The result then follows by the formula for coproducts in Proposition 2.20. [

Now, given an algebra A over Z or ZSTt, and the associated enveloping operad U4, recall, as in

Remark 2.28, that, we have a canonical map &y — U4, or ZsTt — U4 in the cochain case.

Lemma 5.39. Given a cofibrant algebra A over ‘Ey, for each j > 1 and any partition j =

Jj1+ -+ Jr, the canonical map
Fol)/ Sy % - x By UGSy x - x 5,

is a quasi-isomorphism. Similarly, given a cofibrant algebra A over ZST[, for each 7 > 1 and any

partition j = j; + - - - + jk, the canonical map
L) /S % - x 8y = WA/ x - x 5y,

is a quasi-isomorphism.

Proof. As usual, we consider only the chain case, as the cochain case is analogous. Moreover,

without loss of generality, we may take A to be a cell E-algebra. Let
A0—>A1—>A2—>"'

be a cell filtration of A and fix some choices My, Ms, . .. for the chain complexes which appear in the
attachment squares. For each n > 0, let V,, = ®,<,,M;, where Ny = 0, and let also N = @;>0M;.
As per Proposition 2.32, we have that, for each j > 0, as a graded right [F,,[¥;]-module:

(5.40) U(j) = P Euli + j) @5, (N[1))**

i>0

The differential on U*(3), we recall, is given by the Leibniz rule, the attachment maps and the
operadic composition. Moreover, for each n > 0, and again for each j > 0, as a graded right
[F,[X;]-module:

(5.41) UM (j) = P Euli + ) ®s, (N[1)*'

i>0

Thus we see that the operad U4 is filtered by the operads U“». Now, as A is the initial Ey-algebra
E«(0), we have U = U=0O) = £ (see Example 2.30). The terms of the operad U™ then arise
from the terms of 7" by attachment of cells; more generally, for n > 1, the terms of the operad

U4 arise from the terms of U“»—1 by attachment of cells. Recall, as in the proof of Proposition 5.7,
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that this yields filtrations F,,, 714" on the U"".

Now, for each j > 0, the map Ey(j) — UA(j) corresponds to the inclusion of the i = 0
summand in (5.40), and, similarly, for each n > 0, the map E(j) — U*"(j) corresponds to the
inclusion of the i = 0 summand in (5.41). It follows that the map Ey(j) — U*(j) factors through
" () for each n > 0 and, moreover, the maps F(j) — U (j) factor through F,, U~ (5) for
each m > 0. We shall now prove the desired result via an induction. Specifically, we shall show

that, for each m,n > 0, the map
Z:bt(])/zh X oo X Z]k — Fm‘z‘lAn(])/Eh X o0 X E]k

is a quasi-isomorphism for all 5 > 1 and any partition j = 7; + - - - + jx. The desired result then
follows by passage to colimits. We will prove this statement by an induction on n. In the case
n = 0, we have that F,, U (j) = E(j) for each m > 0 and j > 1, so that the result is obvious.
Next suppose that, for some n > 1, the property holds for F,,, 74»~* holds for all m > 0. We shall
show that this same property holds for F,, U4 for m > 0, by an induction over m. We have that,
for each j > 1, FoU*"(j) = U4 (j) = colim,, F,, U*-1(j) which, by invoking the inductive
hypothesisis for the induction over n and passing to the colimit, we see satisfies the required property,
recalling the exactness of filtered colimits of complexes. Next, suppose that the required property
holds for F,,,_; U%"(j) for some m > 1. Fix some j > 1 and a partition j = j; + - - - + j;,. We wish
to show that the map E(j)/3;, X - x X, — F,, U (5)/%;, x - - - x ¥, is a quasi-isomorphism.

Since we can factor this map as

Ta(3)/Zjp %+ X Bjyy = Pt UM (5) /850 X o X By = B U () /85, % - x By,
it suffices, due to the inductive hypothesis for the induction over m, to show that the second map
Fo1 UM () /25 % -+ x X, = F, U (5)/%;, X -+ x ¥, is a quasi-isomorphism. As in the
proof of Proposition 5.7, we have an exact sequence

0 = Fpmy UM (j) = Fp U (§) = B W (j) /P U™ (§) — 0

which is split as the level of graded modules at the lefthand end. As in the proof of Lemma 5.6, we

thus have an induced exact sequence as follows:

(542) 0= Fp 1 UM (j) /355 % -+ x By, = B () /55, x -+ x 35,
— (B U () /P UM (5)) /S, X -+ x 85, = 0
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By the long exact sequence in homology, it suffices to show that the righthand term, namely
(o U (§)/Frm_1UM(4)) /%, X -+ x 5, has zero homology. As in the proof of Proposition 5.7,
we have that:

B U (§)/Froa U (7) = U (m+ ) @, Ma[1]7

m

It follows that (F,, U (j)/F,_1 U (5))/2;, x -+ x ¥, is isomorphic to:
U (M A+ ) @spxsy, xoxy, Ma[L]5" @ () @ -+ @ (S°)

By the inductive hypothesis for the induction over n, and by writing M,,[1] as a filtered colimit of

its finite subcomplexes if it isn’t finite, we have that this term is isomorphic to

Zb(m+]) ®Em><2) XX X5, M,, [] (So)ﬁ ...®(S0>jk

and since m + j > 2, this has zero homology by Lemma 5.38. This completes the induction over m

and then also the induction over n. O]

Proposition 5.43. Let A and B be cofibrant algebras over Ey or E:t. Then we have a natural
quasi-isomorphism:
AIlB~A®&B

Proof. We shall demonstrate the case of the chain operad; the case of the cochain operad is

analogous. Without loss of generality, we may take A and B to be cell ‘E-algebras. Let
A0—>A1—>A2—>"'

be a cell filtration of A and fix some choices M;*, Mj!, ... for the chain complexes which appear in
the attachment squares. Let also

B0—>Bl—>BQ%"'

be a cell filtration of B and fix some choices M, MP, ... for the chain complexes which appear
in the attachment squares. Recall then the formulae for U4~ (j) and UP"(j), for example in the
proof of Lemma 5.39 above, and also their filtration pieces F,,, U () and F,,, U~ (j). It suffices
to show that the canonical map

A, & B, — A, 1B,

is a quasi-isomorphism for each n > 0. In the case n = 0, we get a map Ey(0) & £4(0) —
E«(0) I £ (0) = E4(0) (this isomorphism holds since E(0) is initial) and this map is necessarily
a quasi-isomorphism since % (0) has zero homology as per Proposition 5.2. Suppose then that, for
somen > 1,the map A, 1 & B,,_1 — A,_1 1l B, is a quasi-isomorphism. Note that A,,, B,
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A, 11 B, may be identified, respectively, with U4~ (0), 1P (0), U415 (0). Moreover, we have
filtration pieces F,,, U4 (0), F,,, P (0) and F,,, U™ (0), and the map A, ® B, — A, 11 B, isa
filtered map, in that we have induced maps as follows:

F,, U (0) ® F,,, U (0) — Fy,, "5 (0)

We thus get an induced map of the strongly convergent spectral sequences associated to these
filtrations. Recalling, from the proof of Proposition 5.7, the computations of the associated graded
pieces corresponding to the filtrations on the 7/ (), we have that the map on the E'-terms consists

of the maps:

(UAH_I(m) O, <M7?[1])®m> ©® <‘UB”—1(m) ®s, (MfUD@m)

B () g (MATL] @ ME[1))E™

If m = 0, this map reducesto A, 1 & B,_1 — A,_1 I B, and so is a quasi-isomorphism by the
inductive hypothesis. Suppose then that 7 > 1. Then, by Lemma 5.39, it suffices to show that the

map

(Balm) @s,, (M) @ () @, (MP[1]))
— Eu(m) ®s,, (M [1] & M7 [1])*"

is a quasi-isomorphism. If m = 1, this is obvious, so suppose that m > 2. We have that

Lo(m) ®x,, (M1 © MP)*™ = €D E(m) ®s,, x5, (M) @ (M2
1=0
By Lemma 5.38, the only two summands which have non-zero homology are those corresponding
to [ = 0, m, and so we once more have a quasi-isomorphism, as desired. It follows that the
aforementioned map of spectral sequences is an isomorphism from E? onwards, and so we have

that the map A, & B,, — A, 11 B, is a quasi-isomorphism, completing the induction. [

Next, we provide a relative form of Proposition 5.43, which is to say, we consider pushouts
of algebras. The claim will be that, for algebras A, B and C over E or f:t, under suitable
circumstances, we have that A Il B ~ A ®¢c B. We shall compute the pushout via a bar

construction. Given a diagram A <+ C' — B of algebras over E or E:t, the bar construction
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Be(A, C, B) is the simplicial Ey-algebra that is given in simplicial degree n as follows:
/BH(A7ch> :AHCH"HCHB
fact

Given this simplicial algebra, we can consider its normalization N(3,(A, C, B)), which is once again
an algebra over & or ZSTL via the shuffle map (see [KM95] for the normalization of a simplicial
algebra and its algebra structure). Now, regarding A Il B as a constant simplicial algebra,
the canonical maps AIl B —+ Alls B and C' — A Il B induce a map of simplicial algebras
Be(A, C, B) — All¢ B and therefore a map of algebras on their normalizations, N(5.(A, C, B)) —
Allg B.

Proposition 5.44. Given a diagram A < C' — B of algebras over ‘E or ZSTI, if each of A and B

and C' are cofibrant and C' — B is a cofibration, then the canonical map
N(B.(A,C, B)) — Allo B

is a quasi-isomorphism.
In order to prove this result, we first need two lemmas.

Lemma 5.45. Given a diagram A <— C' — B of algebras over ‘Ey or f:t, if each of A, B and C'is
cofibrant, the normalization N(U%AC-B)(5)) is finitely flat as a dg right F,[%;]-module.

Proof. Given a dg left F,,[¥;]-module X, we have a natural isomorphism:
N(ruﬁ.(A,O,B) (J)) ®s, X = N(ruﬁ.(A,c,B) (j) ®s, X)

The required flatness now follows from Proposition 5.7. 0

Lemma 5.46. Let n > 0, P and Q be dg right F,[3,|-modules which are finitely flat, and let
P — @ be a quasi-isomorphism. Then, for all dg F,-modules X, the induced map

P®Zn Xen - Q®Zn xen

is a quasi-isomorphism.

Proof. We shall show this for finite X'; the case of a general X then follows since any X is a filtered
colimit of its finite subcomplexes and filtered colimits commute with finite tensor powers and tensor

products. In fact, we will show that, for any finite dg right F,[%,,]-module Z, the natural map

P®EnZ_>Q®ZnZ
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is a quasi-isomorphism. To see this, let Z.,; — Z be a cofibrant approximation of Z, in the
projective Quillen model structure on dg right F,[~,,]-modules, and then consider the following

commutative square:

Py, Z/ ———— Q®x, Z

P ®s, Zeost —— Q Ox,, Zeot
The bottom horizontal map is then a map
PRy Z7—Q&% Z

between the derived tensor products. To be precise, the derived functors are those of the functors
P ®y,, —and Q ®yx,, —. Since, however, the two possible derived tensor products, achieved upon
fixing one or the other variable, are naturally isomorphic, the above map can be identified with the
image of P — () under the derived functor of — ®I§n Z. Assuch, as P — () is a quasi-isomorphism,
the above map is also quasi-isomorphism. Now, if we can show that the vertical maps are also
quasi-isomorphisms, we will have the desired result. The proofs for the two are identical, so we
will describe just the one for the lefthand vertical map. Also, we shall consider the case of chain
complexes; the case of cochain complexes is analogous. Since Z is bounded below, we can take
Zeof to also be bounded below. Suppose that Z is bounded above at degree d, in that Z is zero for
d' > d. Consider the truncation 741 Z¢.¢ Which is to say the complex which coincides with Z.. up
to, and including, degree d + 1, but is zero thereafter. More generally, we consider the truncations

T<d+iZeof for 2 > 1. Then we can write Z s as the colimit of:
Ta1Zeof = Tdr2Zeot —> " °

Moreover, since Z is zero above degree d, we have maps 7<41;Z.t — Z, each of which is a
quasi-isomorphism. Thus we get the following diagram:
T§d+1Zcof — T§d+QZcof — T§d+3Zcof —_—

A A A

If we tensor this diagram with P, since P is finitely flat, the vertical arrows remain quasi-

isomorphisms. Moreover, the map induced on the colimits of the two cotowers in the resulting
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diagram is exactly the arrow P ®s,, Zeof — P ®x,, Z, so that we have our desired result, as sequential

colimits are exact. O]

Proof of Proposition 5.44. As usual, we shall prove only the case of the chain operad, the case of
the cochain operad being analogous. Moreover, we may assume without loss of generality that A is
a cell algebra and that C' — B is a relative cell map. We shall in fact prove the more general fact
that the map

N(UP B () — uter(j)

is a quasi-isomorphism for each j > 0. The desired result is the case j = 0. Let
B0—>B1—>BQ—)"'

be a factorization of C' — B as a relative cell map, so that By = C, and fix some choices
My, My, ... for the chain complexes which appear in the attachment squares. By passage to

colimits, it suffices to show that, for all n > 0, the map
N(‘Uﬁ‘(A’C’B")(j)) _y qqAUcBn (])

is a quasi-isomorphism for each j > 0. Now, in the case n = 0, we get the map N( 1% 4O (5)) —
1% (j). By a standard argument, the map of simplicial algebras 3,(A,C,C) — A is a homo-
topy equivalence, and so, upon forming the arity j parts of the enveloping operads, we have
that the map UP*(ACC)(5) — UA(5) is a homotopy equivalence of simplicial dg right F,[%;]-
modules and, as simplicial homotopies induce chain homotopies on normalizations, upon taking
normalizations, we get a chain homotopy equivalence of dg right F,[>;]-modules. In particu-
lar, the map is a quasi-isomorphism, as desired. Now suppose that, for some n > 1, the map
N(UPACBr-1)(5)) — @AleBr-1(5) is a quasi-isomorphism for each j > 0. Recall the filtrations
on the enveloping operads of cell algebras, for example, as in the proof of Lemma 5.39. The
simplicial map U%ACBr)(§) — @AMeBn(4) is in fact a filtered map, in that, for each m > 0,
we have an induced map F,, U5*(4:C-B2)(5) — F,, UA"eBr(5). We now take the normalization
and consider the induced map on the strongly convergent spectral sequences associated to these
filtrations. Recalling, from the proof of Proposition 5.7, the computations of the associated graded
pieces corresponding to the filtrations on the enveloping operads, we have that the map on the

E'-terms consists of the following maps:
N CP 0 m ) @, MU — TP (4 ) s, M1

By Lemma 5.45, Proposition 5.7, the inductive hypothesis and Lemma 5.46, this map is a quasi-
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isomorphism for all m > 0. It follows that the map of spectral sequences is an isomorphism
from E? onwards, and so the map N(7%(4.C:Bn)(5)) — @iATeBn(4) is a quasi-isomorphism. This
completes the induction. [

Finally, with the help of the computation of the pushout in Proposition 5.44, we can now prove

the desired result.

Proposition 5.47. Given a diagram A < C — B of algebras over ‘E,, or E}, if each of A, B and
C are cofibrant, and C' — B is a cofibration, then we have that:

Ally B~ A®o B

Proof. Let 3%(A, C, B) denote the bar construction in dg modules, so that, in simplicial degree n,
we have:
BE(ACB)=AaCe---©COB
f
n factors

Then we have a composite quasi-isomorphism:
N(BE(A, C, B)) = N(B.(A,C, B)) = Allc B

Here the first map is a quasi-isomorphism by Proposition 5.43, and the second is a quasi-isomorphism
by Proposition 5.44. Moreover, since cofibrations of algebras, being retracts of relative cell maps,
are necessarily cofibrations of complexes (in the standard projective Quillen model structure on
complexes), we have a natural quasi-isomorphism N(3%(A, C, B)) ~ A &¢ B, and this gives us
the desired result. O
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CHAPTER 6

Algebraic Models of p-Adic Stable Homotopy Types

In this chapter, we develop an application of the stable operads to p-adic stable homotopy theory.
As in the previous chapter, we will fix the stable Barratt-Eccles operad E as a model for the stable
operad; all that we say, however, also applies to the stable McClure-Smith operad. We shall see that
cochains on spectra, appropriately defined, yield algebras over the stable Barratt-Eccles operad and
moreover that, endowed with this structure, the cochains yield algebraic models for p-adic stable

homotopy types, where p here is a fixed but unspecified prime, as in previous chapters.

6.1 Spectra and Their Model Structure

We begin by fixing what it is that we mean by a spectrum. We adopt the following definition.

Definition 6.1. A spectrum E is a sequence of based simplicial sets Ey, 'y, Es, ... together with a
collection of maps p,,: 2 FE,, — E, 1, where the suspension is the Kan suspension, or equivalently,
maps o,: F, — (F,;, where the loop space is the Moore loop space. A map of spectra
f: E — F'is given by a collection of maps f,,: E, — F,, which are compatible with the structure

maps.
We thus have a category of spectra, and we denote this category by Sp.
Definition 6.2. We set the following:

* Given a spectrum E, for i € Z, the i stable homotopy group of E is the colimit 7§'(E) :=
colimy>om;+ & (| Ex|); here, given k& > 0, the map 7,1 (| Ex|) — Tisx+1(| Ex1]) is that which
sends the class of a based map Si;;* — | Ej| to the class of the composite S/ ! = ©S{HF —
|XE)| — | Ek+1| where we use the fact that, upon geometric realization, the Kan suspension
can be identified, up to natural isomorphism, with the usual topological suspension, as shown

for example in Proposition 2.16 in [Stel5].

* Given amap f: E — F of spectra, we call it a stable weak homotopy equivalence if the

induced maps 75'(E) — 75'(F') are isomorphisms for each i € Z.
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Proposition 6.3. On Sp, there is a model structure such that:

(i) Amap f: E — F is a weak equivalence if and only if it is a stable weak homotopy

equivalence.

(ii) A map f: E — F is a cofibration if and only if the map fo: Ey — Fy and the maps
By Usg, YF, — 1, forn > 0, are cofibrations of based simplicial sets; they are, in

particular, levelwise cofibrations.

(iii) Amap f: E — F is a fibration if and only if it has the right lifting property with respect to
maps which are both cofibrations and weak equivalences; they are, in particular, levelwise

fibrations.

Proof. All except that the cofibrations are levelwise monomorphisms is immediate from Theorem
2.29 in [Stel5]. To see that cofibrations are monomorphisms, let f: £ — F' be a cofibration of
spectra E/ and F'. By definition, f, is a monomorphism, and moreover, so is E; Iyz, X Fy — F.

Consider the following pushout square:

2 fo

EE() —_— EF()
M
Po

By —— B g, SF
i

By Proposition 4.11, X f is a monomorphism. Since in simplicial sets, pushouts of monomorphisms
are once again monomorphisms, we see that the map 7 is a monomorphism, and thus so is the
composite £y — Fy 115, g, 2Fy — Fi, which is exactly f;. Repeating this argument, we see by

induction that each f,,: E, — F), is a monomorphism. O

Remark 6.4. As per [BF78, §2.5] and [Stel5], there is a Quillen equivalence
Sp: Sp = CSp: Ps

between our category of spectra and CSp, the category of Kan’s combinatorial spectra, equipped

with the model structure of Brown in [Bro73]. Il
Definition 6.5. We set the following:

* Given a spectrum £, say that it is an {2-spectrum if each F,, is a Kan complex and the maps

o, are weak homotopy equivalences of based simplicial sets.
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* Given a spectrum F, say that it is a strict (2-spectrum if each E,, is a Kan complex and the

maps o, are isomorphisms of based simplicial sets.

* Given a spectrum £/, say that it is X-cofibrant if the maps p,, are cofibrations of based

simplicial sets.

Remark 6.6. Given an 2-spectrum £, we clearly have that 7}'(E) = m;(Ep) for i« > 0, and
W;t(E) = 7T0(E‘z|) for: < 0. H

Proposition 6.7. We have the following:

(i) The fibrant spectra are exactly the ()-spectra. The cofibrant spectra are exactly the Y-cofibrant

spectra. The strict Q)-spectra are bifibrant.

(ii) A map between )-spectra is a weak equivalence if and only if it is a levelwise weak homotopy

equivalence of based simplicial sets.

(iii) A map between strict ()-spectra is a fibration if and only if it is levelwise fibration of based
simplicial sets.

Proof. (1): The case of fibrant objects follows from Theorem 2.29 in [Stel15]. For the cofibrant
objects, note that a map f: £’ — E'is a cofibration if £, — Ej and £, I, g BB, — E, 1, are
cofibrations. Taking the £, to be %, we are left with the map * — E; and the maps X F,, — E,, ;.
The former is of course always a cofibration of based simplicial sets. Now consider the case
of strict (2-spectra. If each map F,, — QF,, . is an isomorphism, the maps X F,, — E,, are
monomorphisms as they may be written as X F,, — XQF,, .1 — E,,.; where the first map is an

1somorphism and the second is a monomorphism by part (iii) of Proposition 4.19.
(i1): See [Stel5].

(iii): Let £ — F be a levelwise fibration between strict {2-spectra £ and F. Consider the
adjunction between spectra and Kan’s combinatorial spectra in Remark 6.4 above. It is immediate
from the definitions (in, e.g., [Stel5]) that if F is a strict {2-spectra, then the unit of adjunction
E — PsSpFE is an isomorphism. Thus the induced map Ps SpE is a levelwise fibration. By
Proposition 3.18 in [Stel5], given a map f between combinatorial spectra, Ps(f) is a levelwise
fibration if and only if it is a fibration. Thus Ps SpZ is a fibration. It follows that the map £/ — F'is

itself a fibration, as desired. O]

Next, we give a few examples of spectra. The first is that of suspension spectra, which are

spectra freely generated on a space.
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Definition 6.8. Given a based simplicial set .S, the suspension spectrum >°°S is defined by setting
(3°°5),, = ™S, and the structure maps, in the form via suspensions, are identities. More generally,
for each n > 0, we define X" X by setting (X°"X),, = " "X for m > n, and * form < n

and the structure maps to be the obvious ones in suspension form. If n = 0, we recover X>°S.

Remark 6.9. Given a based simplicial set X, the structure maps p,,: £(X*°X),, — (°X),41
for the corresponding suspension spectrum >.*° are identities. It follows that the structure maps
on: (22°X), — Q(X%),41x are components of the unit of the (3, 2)-adjunction and so are, by
Proposition 4.19, isomorphisms. The component simplicial sets > X, however, are not necessarily
Kan complexes, even if X is (e.g., consider the case of the 0-sphere), and so the suspension spectrum

is not necessarily a strict {2-spectrum, or an §2-spectrum at all for that matter. Il

The second example is that of Eilenberg-MacLane spectra, associated to abelian groups. Let
A be any abelian group. Then we set the Eilenberg-MacLane space K(A, n), foreachn > 0, as a
simplicial set, to be the simplicial set whose d-simplices are given by the cocycles Z"(Ag4; A). Let
us now consider the simplicial sets K(A, n) as a based simplicial set, with zero as the basepoint.
We claim that the based simplicial sets K(A, 0),K(A, 1), K(A,2),... assemble into a spectrum. To

see this, we need structure maps:
K(A,n) — QK(A,n+1)

These are as follows. Let o be an n-cocycle on A,;. Then, we may act on the chains on Ay, by
stipulating that, given a simplex [n + 1] — [d + 1] in A444, if no entry maps to zero, we send
it to zero, or if exactly one entry maps to zero, we drop 0 from both the source and target and
then reindex to get a map [n] — [d], a simplex in A,, and then act by «. (We needn’t concern
ourselves with the case of maps [n + 1] — [d + 1] which send more than one entry to zero as those
yield degenerate simplices of Ay, 1.) An easy check shows that this action on chains defines an
(n + 1)-cocycle 5 on A4y q,that this cocycle lies in QK(A, n + 1) and moreover that the assignment
a — [ yields a map of based simplicial sets K(A,n) — QK(A,n + 1), as desired.

Definition 6.10. Given an abelian group A, the Eilenberg-MacLane spectrum HA is the spectrum

where (HA),, = K(A, n) with the structure maps as above.

~

Remark 6.11. Combining Proposition 6.12 below and Remark 6.6 above, we have that 7§ (HA)
m0(K(A,0)) = A, whereas 7{'(HA) = m;(K(A,0)) = x fori > 0 and 7'(HA) = mo(K(A4, |7])) =
* for s < 0. |

Proposition 6.12. Given any abelian group A, the Eilenberg-MacLane spectrum HA is a strict

Q-spectrum, and so is bifibrant.
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Proof. We only need to verify that HA is a strict {2-spectrum as the bifibrancy then follows by
Proposition 6.7. That each (HA),, is a Kan complex follows by the fact that it is the underlying
simplicial set of a simplicial group. It then remains to show that the structure maps K(A,n) —
QK(A,n + 1) above are isomorphisms. First, note that the graded pieces are in fact abelian groups
and that the structure maps are clearly maps of abelian groups. Thus, for injectivity, we can simply
check that only zero maps to zero. Consider some n-cocycle on A, which maps to the zero (n + 1)-
cocycle on A, ;. Given [n] — [p], abut 0 — 0. On the resulting map [n + 1] — [p + 1] the image
cocycle acts by the original one. Thus the original one must be zero. This demonstrates injectivity.
Now we show surjectivity. Consider some (n + 1)-cocycle on A,,,. We define an n-cocycle on
A, as follows: given any [n] — [p], abut 0 — 0 and then act by the given cocycle. This is indeed a
cocycle: given [n + 1] — [p], if we take faces then abut 0 — 0 we get the same as first abutting
to [n + 2] — [p + 1] and then taking the faces d; for 1 < i < n + 2, so that we must be getting
the same final result as if we acted upon d, of the abutment to [n + 2] — [p + 1] by the original
cocycle, but then this will map nothing to 0 (since in the abutment only 0 mapped to 0), and thus
the final result will be zero, as desired. Now we note that our given (n + 1)-cocycle on A, is
exactly the image of this newly constructed n-cocycle on A,: it certainly is if exactly one entry
maps to 0; moreover, if no entry maps to 0, it must be mapped to 0 by our cocycle due to the dy = *
condition, and we can ignore the cases where more than one entry maps to zero since we are taking

normalized cochains. [

Finally, we consider shifts of Eilenberg-MacLane spectra. Let A be any abelian group. Then,
as above, we have the Eilenberg-MacLane spectrum HA. Given any & € Z, we define a spectrum

Y*HA, where if k = 0, the construction will recover HA.

Definition 6.13. Given an abelian group A and k € Z, the shifted Eilenberg-MacLane spectrum
Y*HA is the spectrum where (XFHA),, = K(4, k + n).

Here, for n < 0, we interpret K(A, n) to be x, by which we mean the based Ag. A unifying
formula which holds in all cases is achieved by setting (XFHA),, ¢ = ZF7"(Ag; A).

Remark 6.14. Case by case considerations similar to those in Remark 6.11 show that 7{{(2*HA) =
m(K(A, k)) = A whereas 75'(X¥HA) 2  for i # k.

The structure maps for shifted Eilenberg-MacLane spectra are as in the case of the (unshifted)
Eilenberg-MacLane spectra. As a result, the following result follows immediately from Proposi-

tion 6.12 above.

Proposition 6.15. Given any abelian group A and k € Z, the shifted Eilenberg-MacLane spectrum
Y*HA is a strict Q)-spectrum, and so is bifibrant. [
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6.2 Spectral Cochains as Z;-Algebras and the Relation Between 3 and A

Our goal in this chapter is to construct algebraic models for p-adic stable homotopy types. In
Chapter 3, via Proposition 3.57, we found algebraic models for p-adic unstable homotopy types,
and the algebraic objects were constructed via cochains. We thus wish to define notions of spectral

chains and spectral cochains for our model of spectra.

Let £ be a spectrum, with structure maps p,,: 2 FE, — E,.1. If we apply the mod p chains
functor, we get maps Co(E,,;F,)[1] = Co(XE,;Fy) — Co(E,41;F,) where the first map is that
which is in Proposition 4.15. Equivalently, we have a map:

Co(En;Fp) = Co(Engr; Fp)[—1]

Moreover, upon applying the dualization operator (—)" from the second chapter, we get maps
Co(Eni1;Fp)V[1] = Co(Eny1;Fp)[—1]Y — Co(En;F,)Y, and so, upon applying the reindexing
operator (—)' from the second chapter, and moving the shift from the source to the target, we get
maps:

C*(Ent1; Fp)[-1] = C*(E; Fy)

We now define our notion of spectral chains and cochains.

Definition 6.16. Let E be a spectrum. The chains on E with coefficients in IF,,, denoted Co(E; F),),

are defined as follows:
Co(E;TF,) := colim(Ce(Ep; Fp) = Co(E1;Fy)[—1] = Co(Eo; Fp)[—2] — -+ -)
The cochains on E with coefficients in F,, denoted C*(E; F,), are defined as follows:
C*(E;Fy) == lim(- -+ — C*(Ey; Fp)[-2] = C*(Ey; Fy)[—1] — C*(Eo; Fy))

Remark 6.17. We can be describe the spectral (co)chains more explicitly. Let £ be a spectrum, with
structure maps p,,: XE, — E, 1. Given a simplex d-simplex z in £,,, we have a corresponding
(d + 1)-simplex Yz in ¥ F, (the notation Xz here is as in Definition 4.12), and thus, upon applying
p, a (d+ 1)-simplex p(Xx) € E, ;. Pictorially:

x € (Ey)g~ Xx € (XE,) a1 ~ p(Xx) € (Eny1)art
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We then clearly have that:

Cu(EF,) = @D CulBui Fy) -] [ (x = p(Sa))

n>0

To be even more explicit, an easy check, using Proposition 4.14, shows that C;(E; F,) is the free
[F,-module on II,_,,_4(E, )., modulo the submodule generated by the basepoint, the degenerate
simplices and the terms x — p(3x) where © € (E,). for some n, e such that e — n = d and so then
p(3z) € (Fpi1)er1, and we also have that (e 4+ 1) — (n + 1) = d. To keep the bookkeeping precise,
in the future, given an element x € Il._,,_4(F, )., we shall let [n, e, z] denote the corresponding
element of C4(E; F,,). Moreover, on the cochains: an easy degreewise check shows that the internal
hom complex functor F(—, F,,[0]) converts the colimit appearing in the definition of the chains into
a limit, and it then follows that the cochains are exactly the cochain complex formed by application

of (—)" o (—)V to the chains, where (—)" and (—)' are as in the second chapter. I

Remark 6.18. We can relate the (co)chains to those on combinatorial spectra. We have that the
(co)chains on £ as defined above are exactly the (co)chains, in the usual sense, on the associated

combinatorial spectrum Ps(E), where Ps is as in Remark 6.4. I

Now, we wish to show that the spectral cochains defined above yield algebras over the stable
Barratt-Eccles cochain operad fjt. We first show that chains on spectra naturally form coalgebras
over the stable Eilenberg-Zilber chain operad Zy.

Proposition 6.19. Let E be a spectrum. The chains Co(E;F,) naturally form a coalgebra over the
stable Eilenberg-Zilber chain operad Zy.

Proof. We wish to produce a coaction of the stable Eilenberg-Zilber operad on the chains C,(FE).
Fix £ > 0. We then want a map:

w: Zy(k) @ Co(E) — C-(E)®k

To do so, we will construct a bilinear map fi: Zy(k) X Co(E) — C.(E)®* which preserves the
degrees and then check that the resulting map on the tensor product commutes with the differentials.
We first produce a map ji: Zy(k) X So(E) — Co(E)®* where So(E) = F,[I1, 4(E,)4] (of which
C.(FE) is a quotient, as per Remark 6.17). Let « = (ag, v, ...) € Zy(k) be of degree d and let
x € (E,)., which is of degree ¢ — n in S.(F). We set i, z) := a,,(x); or more precisely, we set

f(a, x) to be the image of x under the composite:

So(E,) — Co(E,) 25 Co(E,)®% — C (E)®*

141



(Here So(E,) = F,[II.(E,).].) Next we extend this definition to all of Zy(k) X S.(E) by lin-
earity in the second variable, recalling that S,(E) is the free F,-module on 11, .(E,,).. The map
is then clearly bilinear in both variables. We need to check that ji(«, e) is of degree d + ¢ — n.
Recall that o, is of degree d + n(k — 1). As an element of So(E,,), x has degree e, and then,
after application of the first map in the composite above, degree e once more. Upon appli-
cation of «,,, we get an element of degree ¢ + d + n(k — 1) = d + e — n + nk, and then,
since the final map reduces degree by n in each tensor factor, we get an element of degree
d+e—n+nk—nk = d+ e —n as desired. (More precisely: prior to application of the
final map, we have a sum of terms of the form t; ® --- @t € (E,)q @ -+ ® (E,)q, where
dy + -+ -+ d; = d+ e —n+ nk, and then after application of the final map, such terms have degree
(dy—n)+--+(dg—n)=(d1+--+d) —nk=d+e—n+nk—nk=d+e—n.) Thus
i(a, z) lies in (Co(E)®*) 4 e_n, as desired.

Now we show that our map Zy (k) X S¢(E) — C4(E)®* descends to a map Zy(k) x Co(E) —
C.(E)®*. Suppose first that x € (E,,). is degenerate, the basepoint or a degeneracy of a basepoint.
Then, it will be killed by the first of the three maps in the composite above, and so will be killed by
. Next, we need [n, e, z| and [n + 1,e + 1, p,(Xx)] (the notations here are as in Remark 6.17) to
be identified. That is, we need v, 1(p, (X)) to be equal to o, (x). Or, more precisely, we need the

image of x under

(6.20) Se(Ey) — Co(Ey) =2 Co(E,)®F — Co(B)®F

to coincide with the image of p,, (Xx) under:

(6.21) Se(Eni1) — Co(Epi1) 25 Co(Epy1)®F — Co(E)EF

Consider the following diagram, in which the square commutes by naturality of av, 1:
(ant1)sE,

Co(ZE,) ——" C (2B, )%k

Ce(pn) Ca(pn)®"

Co(En1) —————— Cu(E

1) 2 ——— Co(E)®*
(nt1) B

Start with Yz at the topleft corner. Applying the sequence of maps given by |, —, —, we get
the desired image of p,(Xz). On the other hand, applying —, because o, = V(a,41), we get,

upon altering the degree assignment, a,, () (note that Co(XE,,)** and C,(E,,)®* are exactly equal,
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except for the degrees); or more precisely, we get the image of = under the first two of the three
maps in the composite (6.20). Letting this image be > [Xt;] ® -+ ® [Ltx], where the t; are
simplices of F, of degrees say d; (and Xt; denote the corresponding suspended simplices as
in Definition 4.12), the image under the entire composite is then > [n,dy, 1] ® -+ ® [n, dg, tr].
Now, go back to > [Xt1] ® - - - @ [Et,] and apply J. We get > [0, (Xt1)] ® - - - @ [pn(Ztx)]. Next,
applying —, we get > [n+ 1,dy + 1,0,(3t1)| ® -+ ® [n + 1,d, + 1, p,(Xty)]. Because the
square commutes, we have that the desired image of p,(3e) under the composite in (6.21) is
this sum Y J[n + 1,dy + 1,p,(3t1)] ® - @ [n + 1,d, + 1, p,(Etx)]. But in C,(E), we have
n+1,d; + 1, p,(3t;)] = [n, d;, t;], so that this desired image is Y _[n,d, t1] ® - - - ® [n, di, tx], and
this was exactly also the desired image of = under the composite (6.20), so that the two coincide, as

was needed.

By the above, we see that Ji: Zy (k) X Se(E) — Co(E)®* descends to a bilinear map ji: Zy (k) ¥
C.(E) — C,(E)®" which preserves the degrees, and we let the associated map Zy (k) @ Co(E) —
C.(E)®* be p. It remains to check that - commutes with the differentials. Consider o € Zy (k)4
and z € (E,).. We have 9(a®][n, e,z]) = da®|n, e, x|+ (—1)a®0d[n, e, ] = (dag, Dy, ... ) ®
n,e,z] + (—1)%a ® (3_,[n, e, d;(x)]) which under x has image

(Oa) () ), Zd (Byes(an(2)) — (—1)dan(z di(x)) + (—1)dan(z di(x))

= Jc,pyer (an(2))
= e, pyer (e, 7))

as desired.

We now have the coaction maps 1, and one can verify that the compatibility conditions required

for an operad coaction are indeed satisfied.

Next, we demonstrate the functoriality. Let £ and F' be spectra and f: E — F' a map of spectra.
We then have an induced map f,: Co(E) — C.(F') of chain complexes as above, and we need to
check that this map is compatible with the coaction of Zy. Consider [n, e, z] in C,(E). Applying f.
and then " : Zy(k) @ Co(F) — Co(F)®*, we get o, ( fn()), which by naturality of v, is equal to
&% (v, (x)), and this is exactly the result upon instead first applying p” and then f®*. This gives

us induced maps and preservation of identity and composition is clear. 0

Proposition 6.22. Given a spectrum E, the cochain complex C*(FE) is naturally an algebra over

the stable Barratt-Eccles cochain operad ZISTt
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Proof. By Propositions 6.19, the chains C,(F) are a coalgebra over Zy. By Proposition 2.13, if
we apply (—)" to the chains, we get an algebra over Zy. Thus, by Proposition 2.14, if we apply
(=)" o (=) to the chains, yielding the cochains as per Remark 6.17, we get an algebra over Z,.
Finally, we get an th—algebra structure by pulling across the map Z; — ZSTt constructed in the
fourth chapter. [

As a result of the above, we can interpret cochains on spectra as a functor to algebras over fjt:

C*: Sp® — El-Alg

Remark 6.23. We can in fact view the action of the stable operad on spectral cochains in an iterative

manner, as follows. By definition, we have that
Co(E) :=colim(Cq(Ey) — Co(Ey)[—1] = Co(Es)[—2] — --+)

C*(E) :=lim(--- — C*(Ey)[—2] — C*(Ey)[—1] = C*(Ey))

As in Proposition 3.43 and its proof, we have that C,(Ey; F,,) and C*(Ey; F,) form, respectively, a
coalgebra over ‘E and an algebra over ‘E. Thus, by Proposition 2.49, we have that the second terms,
Ce(Eo;Fp)[—1] and C*(Ey; F,)[—1] form, respectively, a coalgebra over ‘£ and an algebra over
SET. Similarly, we have that the third terms, Co(Eo; F,,)[—2] and C*( Ey; [F,,)[—2] form, respectively,
a coalgebra over X2E and an algebra over X2E". In the limit, we get (co)algebra structures over the

stable operads. Il

Now, by Proposition 6.22 and the work in the previous chapter, the cohomologies H*(E; F,,)
inherit operations P?, and also 5 P? in the case p > 2. As in the case of spaces, as shown below,

they satisfy an important property which does not hold in general.
Proposition 6.24. Given a spectrum E, the operation P° acts by the identity on H*(E;F,,).

Proof. We shall prove the p = 2 case; the p > 2 case is analogous. The operation P is computed
via images under the map E}(2) ® C*(E)®? — C*(E). Let us use the notation ¢ for that element
of ‘E7(2) which we called e, in Section 3.2 of the third chapter, and let us use the notation €S} for
that element of ZSTt(Q) which we called e, in Section 5.3 of the fifth chapter. By Proposition 5.10
and its proof, we have that:

un un un un
(6 25) est _ (ed >T€d+1’ €d+27 Ted+37 c ) d Z 0
' a— un un ,un un
(0,...,0,e", e, €5, mef,...) d<0

Here in the second case there are |d| zeros. Consider some cocycle o in C*(E). Let 5 € C*(E) be
the image of ¢! ® a ® o under £ (2) ® C*(E)®* — C*(E). By definition of P°, P’ is given
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by the class of 5. Thus we need to show that 5 = «. Consider a simplex x € (E,,)., where
e —n = d. As the fsTt—action on cochains is dual to a Eg-coaction on chains, 5(z) is given by
(o ® a)(y) where y is the image of 5 ® x under Zy(2) ® Co(E) — C.(E)®?. By the definition
of the Ey-coaction on chains and by (6.25) above, we have that, since z lies in £, computation
of y reduces to a computation of the image of e!" ® x ® x under the unstable coaction map
E(2)RC,.(E,) — Co(E,)®2. As in the proof of the unstable case in Proposition 3.46, y is precisely
r®x. Assuch B(r) = (a® a)(r ® z) = a(x)? = a(z), and so 8 = a, as desired. O

Now, we have seen that spectral cochains yield algebras over let. Due to this, and Proposi-

tions 5.33 and 6.24, we consider now the quotient B /(1 — PY). First, we construct a map:

A~

B— A

Recall that the Steenrod algebra A is defined to be the quotient of F{P* | s > 0}, or F{P* S P* |
s > 0}, by the ideal generated by the Adem relations and 1 — P°. Given an arbitrary element
S a; P! of B we map it to the class of the subsum consisting of those multi-indices in which all
entries are non-negative; this sum is finite by Proposition 5.26. That this is a map of algebras follows

by the following lemma.

Lemma 6.26. Given admissible multi-indices 1 and J, if either of them contains a negative entry,
than all terms in the admissible monomials expansion of P! P’ must contain a negative entry, or,

equivalently by admissibility, must have a negative final entry.

Proof. We shall outline the case where p = 2; the p > 2 case is analogous. If J contains a negative
entry, or, equivalently by admissibility, has a negative final entry, the result follows by the obvious
analogue for B of Lemma 5.19. Assume then that it is / that has a negative final entry. We shall
prove the result by inducting on the length of J. If J has length zero, it is empty and the result is
trivial. Suppose that .J has length one, and say that it is equal to (b), for some b € Z. Consider
PP We shall prove the result in this case by an induction on the length of I. As I is required to
contain an negative entry, it cannot have zero length. Suppose that / has length one, and say that it
is equal to (a), where we must have a < 0. If a > 20, the result is obvious as then b < 0. Suppose

that @ < 2b. Then the admissible monomials expansion of P P" is given by the Adem relations:

Z b—i—1 Pa-‘rb—iPi
a— 21

In order for the binomial coefficient to be non-zero, we must have i < a/2, and so we see that
the final entry ¢ in the multi-index (a + b — 7, 7) is always negative, as desired. Now suppose that

we have the result for terms P! P® where I has length < n, for some n > 2. Given an admissible
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multi-index I = (i, .. ., i,) of length n, where i,, < 0, we have P! P® = Pi1(P... P P?) Upon
first forming the admissible monomials expansion of P2 - - - Pi» P®_ the inductive hypothesis for
the induction on the length of / and Lemma 5.19 give us the desired result. Now let us return
to the induction on the length of /. We have demonstrated the result in the cases where J has

length zero or one. Now suppose that we have the result for terms P/ P’ where .J has length

< n, for some n > 2. Given an admissible multi-index J = (jy,...,j,) of length n, we have
PIpPJ = (PIpir... pin=1) Pin The result now follows by the inductive hypothesis and by the case
where J has length one. 0

Proposition 6.27. We have the following:

(i) The left ideal of B generated by 1 — P coincides with the two-sided ideal and the above map

B — A induces an algebra isomorphism:
B/(1—P%) =~ A
(ii) The following sequence is exact:

O—>l§ﬂl§—>/l—>0

In the above sequence, the map denoted by 1 — PV is right multiplication by 1 — P°. Note that,

as shown in [Man01], both of these statements hold true if we replace B with B.

Proof. We demonstrate these facts in reverse order, beginning with (i1). As in [Man0O1], for each

k > 0, we have an exact sequence as follows:
1-P°
0 — By — By — A<, — 0
For each ¢ > 0, we can consider the sequence
1-p°
0— FtBSk: — Ft+18§/§ — Ft-‘,—lASk — 0

and this sequence is itself exact: surjectivity at the righthand end is clear, injectivity at the lefthand
end follows from the exactness of the previous sequence, and exactness in the middle follows
by examination of the bases provided by Proposition 3.28, just as in the case of the previous
sequence. Upon taking limits over k, since the maps F;B<;11 — F,B<}, are clearly onto, so that the

corresponding lim' vanishes, we get an exact sequence as follows:
0 — lim FtB<k — lim Ft+1B<k — lim Ft+1A<k — 0
k>0 k>0 = k>0 =
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Upon taking colimits over ¢, by Proposition 5.27, we get an exact sequence as follows:

0 — B —s B —> colimlimF, 1 A<y, — 0
t>0 k>0 =
Now, colim;>g limg>o F;+1.A<) can be given a description via potentially infinite sums just as
colim;> limy>o Fy11B<) was described via the potentially infinite sums in B. However, due to
Proposition 5.26, any such sum must necessarily be finite, which is to say colim;>¢ limy>o Fri1. A< =

A and so we have an exact sequence:
0 —B—B—A—0

Finally, unravelling the identifications which we have made, an easy check shows that the maps in

this sequence are exactly those in the proposition statement. This completes the proof of (i1).

Now let us consider (i). By the exactness in (ii), the kernel of the map B — A coincides with
the image of the map B — B which we have denoted by 1 — PY. This latter image is the left
ideal of B generated by 1 — PY. By definition of the map B — A, its kernel clearly contains the
two-sided ideal of B generated by 1 — P°, and so we have that this two-sided ideal is contained
in the aforementioned left ideal, from which it follows that these two ideals coincide. Finally, we
have the isomorphism B /(1 — PY) = A because the map B — Ais onto and the kernel, as Just
established, is precisely the two-sided ideal generated by 1 — P, [

6.3 Change of Coefficients from F, to F,

Hitherto, we have worked with coefficients in I,,, whether it was with the stable operads or
with the spectral cochains. In order to construct algebraic models of p-adic stable homotopy types
however, we must pass to the algebraic closure F,. We describe the necessary modifications in this

section. First, we define a new operad, one over [F),.

Definition 6.28. The operad ijt, an operad in cochain complexes over [F,, is defined as follows:
El(n) := E}(n) Oz, (5, Fp[Sn]

We now have three tasks to complete, tasks which we completed in the case of the operad E: (i)
show that one can do homotopy theory over @jt (i1) compute the cohomology of free algebras over
f:t and develop a theory of cohomology operations (iii) demonstrate homotopy additivity properties
of @:t. Let us first consider (i). Our goal is to show that, just like Z, the monad associated to f:t

preserves quasi-isomorphisms, and moreover, that EJ is semi-admissible. As usual, we denote the
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monad, and also the free algebra functor, associated to the operad i;rt, by E;.
Proposition 6.29. We have the following:

(i) The monad corresponding to the operad ﬂ preserves quasi-isomorphisms.

(ii) The operad @j, is semi-admissible, which is to say the category of algebras i:t-Alg possesses
a Quillen semi-model structure where:
— The weak equivalences are the quasi-isomorphisms.
— The fibrations are the surjective maps.
— The cofibrations are retracts of relative cell complexes, where the cells are the maps

ELM — ELCM where M is a degreewise free F,-complex with zero differentials.

Proof. (i): Given a cochain complex X over I, an easy check shows that:
(6.30) E\(F, ®s, X) =T, @, (ELX)

As in the proof of Proposition 5.3, it suffices to consider quasi-isomorphisms which are monomor-
phisms. Given a monomorphism f: X — Y of Fp-complexes, by an appropriate choice of bases,

we can find IF,,-complexes X and Y together with a commutative square as follows:

2

=

X —F, @ X
f[ |
Y —

p®IFpX

=

I

The result now follows by Proposition 5.3 and (6.30) above.

(ii): Let A be a cell %:t—algebra. As in the proof of Proposition 5.8, it suffices to show that
UA(H) ®f,x,] — Preserves the quasi-isomorphism 0 — (D4)®J, where j > 1. In the proof of the
semi-admissibility of fjt, we showed that tensoring with the enveloping operad pieces preserves
quasi-isomorphisms between finite F,[¥;]-complexes. By an analogous argument, in the case here,
we have that tensoring with the enveloping operad pieces preserves those quasi-isomorphisms
between F,,[3;]-complexes which are of the form f ®g, s, F,[%;] where f: X — Y is a quasi-
isomorphism between finite F,[%;]-complexes. As the quasi-isomorphism 0 — (D?)®7, where

J =1, is of this form, we have the desired result. L

The semi-model structure constructed above yields also the derived category of @Jt-algebrs. We

now move onto the second task (ii), that of computing the cohomologies of free ijt—algebras, and
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developing a theory of cohomology operations. The former is achieved via the following result and

Proposition 5.33.

Proposition 6.31. Given an Fp—complex X, we have that:
H*(E!X) =~ B g, H'(X)

Note that the tensor is over I, not over Fp.

Proof. Choose an [F,-complex X such that Fp ®r, X. We then have that:

Now we consider cohomology operations for f:t—algebras.

Proposition 6.32. Given an algebra A over fjt, the cohomology H*(A) possesses an F,-linear

action by B.
Note that the operations are I,,-linear, as opposed to Fp—linear.

Proof. As per Proposition 6.31, we have an isomorphism H*(Ef,A) =~ B ®p, H*(A). The F,-linear

action of B is then via the composite
B @p, H*(A) — H*(El{A) — H*(4)

where the second map is that which we achieve by applying H*(—) to the algebra structure map
El A — Aof A O

Next, we consider task (iii), that of the homotopy additivity of %jt.
Proposition 6.33. We have the following:
(i) Given Fp—complexes X and Y, we have a natural quasi-isomorphism:

El(XaY)~E (X)aEL(Y)

149



(ii) Given cofibrant %Jt—algebras A and B, we have a natural quasi-isomorphism:

ADB~A&B

(iii) Given a diagram A < C' — B of ‘El-algebras, if each of A, B and C are cofibrant, and
C — B is a cofibration, then we have that:

Allc B~ A®c B

Proof. (i): Given the Fp—complexes X and Y, we have a canonical map:

E/(X)eE(Y) - E(XeY)

Upon choosing bases for X and Y, we have IF,-complexes X and Y such that X = Fp ®F, X and
Y = Fp ®r, Y. We of course then also have a basis for X ¢ Y and an isomorphism X & Y =

Fp ®r, (X @ Y). It follows that the above canonical map can be constructed by tensoring the map
E(X) @ Ei(Y) » E{(X )

with Fp. The result now follows by Proposition 5.37.

(i1): Note that the obvious analogue of Lemma 5.38 holds for il:t, by the same proof, using (i)
above. With this, all arguments for the case of fESTt carry through also for fZSTt.

(ii1): Note that an analogue of Lemma 5.45 holds for %Jt; this is the analogue where one
replaces the finite F,,[¥;]-modules with those of the form F,[;] ®p, s, M where M is a finite
[F,[X;]-module. Note also that the obvious analogue of Lemma 5.46 also holds for %STI. With this,

all the remaining arguments in the case of fjt carry through also in our case here. [

We have now completed the transition from coefficients in FF,, to coefficients in F,, at the level of

the operad. Next, we consider spectral cochains with coefficients in Fp.

Definition 6.34. Given a spectrum FE, we set the following:

C'(E) :=C*(E) @, F,

Of couse, one would hope that the cochains E’(E) yield algebras over @jt. The following result

confirms this.
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Proposition 6.35. Given a spectrum E, E.(E ) is naturally an algebra over ijt

Proof. In general, if X if an [F-complex which is an th—algebra via a structure map ELX — X,

then X ®p, Fp is an Fp—complex which is an fjt—algebra, via the structure map:

EZt(‘X ®Fp Fp) = (EItX> ®]Fp ﬁp — X ®Fp Fp

We have now completed the transition of all previous material to coefficients in Fp.

6.4 An Adjoint to Spectral Cochains

Consider the spectral cochains functor:
C: Sp® — El-Alg

We shall construct an adjoint to this spectral cochains functor. That is, we will construct an adjoint
functor:
U: El-Alg — Sp*®

We define U by setting, given an @Jt-algebra A, the following in spectral degree n > 0 and simplicial
degree d > 0:

U(A),q = EiAIg(A,C (5°"Ayy)) = ELAIg(A, C* (27" Ayy) @, F,)

With A and n fixed, U(A),, 4 is clearly contravariantly functorial in d, so that we have a simplicial
set U(A),,; moreover, it becomes a based simplicial set upon endowing it with the zero map as a
basepoint. We now want maps U(A),, — QU(A),+1 or ZU(A),, = U(A),.41. In dimension p, this
means a map XU(A),,, = U(A),+1,+1, such that dy and d; - - - d41, applied to simplices in the

image, map to *. Thus we want a map
EJ-Alg(A,C* (2" Agy) @x, F)) = El-Alg(4,C* (57" Aypr 1) @, )

which is such that the algebra maps which lie in the image of this map satisfy the property that
they yield the zero map upon postcomposition either with the map C* (X" 1Ay 1) ®F, F, —
C*(X> 1Ay ) ®r, F, induced by dy, or instead with the map C*(X° " 'Ay ) @x, F, —
C*(2*" 1Ay4) ®r, Fp induced by d; - - - dgy1. We first note that we have an isomorphism of
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differential graded F,-modules
C. (ZOO*TLAd+) — C, (ZAd+)

of degree n + 1 (note that here in the source we are taking chains on a spectrum while in the target
we are taking chains on a based simplicial set). This isomorphism is given by sending [n, e, x] (see
Remark 6.17 for this notation) in A, which is of degree e — n, to [Xz] in XA, , which is of
degree e + 1; that this is an isomorphism follows from Proposition 4.10. Next, note that we have an

isomorphism of differential graded IF,,-modules
Ca(Z7" N Aui1 1) = Co(Adyrp)

again of degree n + 1. This isomorphism is given by sending [n + 1, e, 2] in Ay 1 4, which is of
degree e — n — 1, to [z] in A4, which is of degree e. Now, using Proposition 4.4 and the canonical
map C(X) — XX, we have a canonical map A, ; — A4y, yielding a map Ay — YA,

and so, using the above isomorphisms, we get a composite map
Co(Z¥ " Agp14) = Co(Aapry) = Co(BAgy) = Co(BX7"Agy)

which is a map of chain complexes since the degree is (n + 1) + 0 — (n 4+ 1) = 0. Moreover, we
claim that it is a map of Ey-coalgebras. Once we have this, by dualization, tensoring with I, and

postcomposition, we get the desired map:
Ea-Alg(A, C* (™" Ayy) @, F,) — Ey-Alg(A, C* (S Agy 1) @, F)

To see that the map is an Ey-coalgebra map, consider some element [n + 1, e, x] in the source
Co (X" 1A y41.4), where x is some map [e] — [d+1]. Let 2’ be the corresponding map [¢'] — [d]
by restricting to the preimage of the final d + 1 elements (if this preimage is empty, or if it is all
of [e], we have *). The corresponding element of Co(X*°""Ay ) is [n + 1, ¢, 2'] (we have n + 1
here instead of n since in the third map in the composition, the isomorphism maps to the (n + 1)™
level, instead of the n™ level, of the spectrum C,(X>*°""A,4, )). Thus an element o = (g, vy, . . . )
of E4(k) coacts on both the element in the source and the element in the target target by 1,

yielding «v,+1(e) and v, 41 (€’). Thus what we want is for the following square to commute:
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ColBainy) s Cu(SAL)
Opt1 pt1
Co(Agp1,4)*F ————— Co(BA4 )

This commutativity follows from the naturality of v, 1.

Next, we check the required condition above that postcomposing maps in the image with the map
C* (X 1AL 1) = C(Z>° 1A, 4 ) induced by dy, or with the map C*(Z>° " 'Ay, ) —

C* (X" 1Aq, ) induced by d; - - - dg11, gives the zero map. That is, first, given a map
A= C (B "Ag) = C* (2" Ay y)
we want the composite
A= C (B "Ag) = C (X" T Agp1y) = CH(E2" 1AL L)
where the final map is given by dj, to be zero. Here the composite of the latter two maps is the dual

of the following composite:

C. (ZoofnflAd_i_)

l

Co(Z®° " A1) — ColAgp14) — Co(BAgy) — Co(E"Agy)

Start with some g-simplex [e] — [d]. Then it gets postcomposed to [¢] — [d + 1] where the image
doesn’t contain 0, then we get this same map again but with a different degree, then we restrict to
those entries which don’t map to 0 and so get back the original [¢] — [d] which in the suspension is

killed (mapped to *) and thus we will get zero in A at the end of the composition.

On the other hand, if we had postcomposed instead with the map C*(X*"" 1Ay 1) —
C* (x> 1A¢, ) induced by d - - - dgy1, the vertical map above alone would change, and, proceed-
ing as in the analysis above, we would start with the identity on [0] and this will map under the map
induced by d; - - - dg11 to the inclusion [0] — [d + 1] mapping 0 to 0, and this will be killed by the
map Co(Agi1+) = Co(XA4) (see the definition of the map to the cone in Proposition 4.4).

We have now constructed maps U(A),, 4 = U(A),+1.4+1, 1., maps (U(A),)a = (QU(A)ps1)a
Moreover, one can readily check that these maps commute with the simplicial operators, so that we
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have the desired simplicial set maps U(A),, — QU(A),41.

We now have a spectrum U(A) associated to A. We next show that this construction is functorial

in i?st—algebras A. This is easily seen from the fact that
U(A) g = EL-Alg(A,C* (2% "Ayy) @, F,)

as, given a map A — B, we get an induced map from E}-Alg(B, C* (2" Ay, ) @, Fp) to
El-Alg(A,C* (2 "A4y) ®r, F,) by precomposition. Considering these for a fixed n but variable
d, we get a simplicial set map U(B),, — U(A),, since the simplicial operators act by postcom-
position and so commute with the precomposition maps %;-Alg(B ,C*(X*"Agy) ®p, F,) —
El-Alg(A,C* (2 "Ayy) ®r, Fp). Moreover, one can immediately verify that these simplicial
set maps are compatible with the structure maps of the spectra U(A) and U(B). Thus we have a
functor:
U: El-Alg — Sp*®

Proposition 6.36. The functor U is left adjoint to the cochains functor on spectra, so that we have

an adjunction:

Sp°r El-Alg

Proof. Let E be a spectrum and A a Eg-algebra. We wish to construct the natural isomorphism
between Sp(E, U(A)) and EJ-Alg(A, C*(E)). This requires verifications which are not obvious
but not too difficult, though they are rather lengthy. We shall provide here the part of the corre-
spondence which yields an ZJalgebra map g = {g,}: A — C°(E) when given a spectrum map
f=A{f.}: E — U(A). Fix such a spectrum map f = {f,}: F — U(A). We want an algebra map
g=1{gn}: A — C*(E). Consider a € A, of degree say n. We desire a map g,(a): C,(E) — F,,.
Consider some [m, e, z| in (E,,). where e — m = n. We have an element f,,,(z) € U(A),,., which
is to say amap A — C°(X>*"™A,, ), and so, taking the image of a, a map C, (XA, ) — F,.
Let g(a)([m,e, x]) be the image under this map of [m, e, id|] (note that this cell is of degree
e —m = n); that is, g,(a)([m, e, z]) = fm(x)(a)([m,e,idy)]). Linearity of g, follows from that
of f,.(z). Next, we must check that the differentials are preserved. Fix some a € A™. We have
two (n + 1)-cochains g, 11(9a),dgn(a): Cpi1(E) — F, and we desire that these two to be the
same. Consider some [m, e, 2] where x € (E,,,). and e — m = n + 1. The latter cochain first forms
dlm,e,x] = > .[m,e — 1,d;(x)] and then sends this to > . fr,(d;(x))(a)([m,e — 1,idj_qj]). On
the other hand, the former cochain sends it to f,,()(0a)([m, e, id]). Now, since f,, is a map of
simplicial sets, we have D . f.(di(x))(a)([m,e—1,idj_1j]) = >, (di fm(x))(a)([m, e —1,id_1]).

154



For each i, the map d; f,,,(e) is the composite:
Jm(z) co—m co—m
AT CH(E Acy) SiNTox (2 A1)

It follows that ) . (d; f.(2))(a)([m, e — 1,idje—1)]) = >_;(fm(2))(a)([m, e — 1,d;]). On the other
hand, since f,,,(z) is a map of cochain complexes, we have that f,,,(z)(0a) = 0 f,,(z)(a). It follows
that

fm(@)(Da)([m, e,id]) = (0fm(x)(a))([m, e id[ ]D
= f(x)(a)(0[m, e, id}

) (Zim i])
—me (a) d;))

Thus, as desired, the two cochains coincide. Next, we must check that our map g = {g,}: A —
C*(FE) respects the actions by El. Leta = (g, 01,...) € %Jt(k) Consider some aq, ..., a; € A,
and assume without loss of generality (due to linearity), that the a; are homogeneous, say of

I
s““
/\

degrees nq, ..., ny. If we first act by « and then apply g, we get a cochain whose image at [m, e, x|,
where e —m = ny + -+ + ng, is f()(aas, ..., ar))([m, e, idy]). Since f,,(x) is a map of
algebras, this is equivalent to o fr () (a1), . . ., fim(x)(ar))([m, e,id[]). On the other hand, if we
apply ¢ first and then act by «, we first get cochains gy, (a1), ..., gn, (ax) and then the cochain
(gn,(a1), .., gn,(ax)). Let the coaction of o on [m, e,idg| be Y [m,e1,01] ® - - & [m, e, O],
where 6, is a map [e;] — [e]. Then, considering the map A, — E,, corresponding to the same
x € (E,,). as above, and using naturality of «,,, we find that the coaction of v on [m, e, z] is given
by S.[m, ey, 0i2] @ - - @ [m, ey, Bx]. Now, by definition of the Z]-action on spectral cochains, if

we evaluate the cochain a(gy, (a1), - - ., gn, (ax)) at [m, e, x|, we get

a(gnl (a1)7 s agnk(ak))<[mv 6,1’]) = (gm(a1> Q- ® gnk<ak))(a ’ [m> €, 1’])

which amounts to:

(9, (1) @+ ® gay (a1)) (Do er, 2] @ - & [m ex, O]

On the other hand, we have:

a(fm(@)(ar), -, fm(x)(ar))([m, €,idg]) = (fm(2)(a1) @ - @ f(x)(ar))(a - [m, e, idg])
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which is to say

(fn(@)(@) @+ ® funla) @) (3 lm.er, 0 0 @ [m.er,64))

and this amounts to:

Y fu@)(ar)(Im,e1,61]) ® - @ ful) (@) (Im, ex, 64])

In either case, we only have to worry about summands where e; — m = n; for each 7. In this case,

the former becomes:

Z(fm(gikx)(al)[mv a1, id[qﬂ] Q- ® fm(QZf)(ak)[W Qk; id[%]]

which is to say:

D (01 f) (@) (ar)[m, e, idiey] © - @ (G fon) (@) (ar) [, e, idey

Now, for each i, 07 f,,(x) is the composite:

AE e (memaL,) 5 CEEA, )

It follows that, for each i, ((6]fm)(x)(a1)[m, e;,id] = fm(x)(a1)[m,e;,6;]. Thus the two
cochains coincide, as desired. O

Now we consider homotopical properties of the above spectral cochains adjunction.

Proposition 6.37. The spectral cochains adjunction

@]

op ———=F—
Sp™*

_|

El-Alg

c

is a Quillen adjunction.

Note that here on the righthand side we have a Quillen semi-model category, as opposed to a
Quillen model category. By a Quillen adjunction, we mean one which satisfies the conditions in

Proposition 2.39 (iii).

Proof. We first demonstrate that C" preserves fibrations, which is to say that C’ sends a cofibration
1: E — F of spectra to an epimorphism. Since ¢ is a cofibration, we have that ¢y: £y — Fg and,
for n > 0, the maps

Eni HZEn YF, = Fop
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are cofibrations of based simplicial sets, which is to say that they are injective in each simplicial
degree. In particular, by Proposition 6.3, each i,,: E, — F,,, for n > 0, is a monomorphism.
Since monomorphisms of simplicial sets preserve non-degenerate simplices, each i, for n > 0,
preserves non-degenerate simplices, and of course also the basepoints and their degeneracies. Thus,
upon taking chains C,(—), we get a sequential colimit of monomorphisms, which is once again
a monomorphism since sequential colimits are exact. As we are over a field, we have a split in-

clusion, so that, upon dualizing, reindexing and tensoring, we have the result for the cochains C*(—).

Next, we shall show that U preserves cofibrations. Given a cofibration A — B of algebras, we
wish to show that U(A) — U(B) is a cofibration in the opposite category of spectra. We know that
all cofibrations of algebras may be written as retracts of cell maps. As U is a left adjoint and so
preserves colimits, we need only show that U maps the cofibrations ELM — ELCM to cofibrations.
Here M is an Fp-complex with zero differentials. In fact, since for such M the map M — CM
decomposes as a direct sum of maps S” — D" for various n, we need only consider this case.
We shall show, more generally, that if X — Y is an inclusion of complexes where X and Y are of
finite type (by which we mean they are finite dimensional in each degree), then UELY — UELX

is a fibration of spectra.

To begin, we claim that, given any complex X of finite type, UELX is a strict €2-spectrum. First,

note that, in each spectral degree n and simplicial degree d, we have that:

(UE{X),a = E-AIg(ELX, C (52" Auy) @5, Fy)

= Cog, (X, C*(2*7"Auy) ®F, Fp)

As maps of complexes are closed under addition, we have that, for each n > 0, (UE{, X),, is the
underlying simplicial set of a simplicial abelian group, and so a Kan complex. Next, we will show
that the maps U(A),, — QU(A),,;; are bijections in each simplicial degree d. To see this, first note
that, since X is of finite type, we may dualize to find that

(UE{X),, = Chg (Co(2°7"A,.) @, F,, DX) & Chg, (Co(S°7"A,4),DX)

where DX is the chain complex given by (DX), = Homg (X.,F,). Under this isomorphism,
the map U(A),, — QU(A),11 is given by sending a complex map Co(X>°""A,y) — DX to the

composite

C.(Zoo—n—lAd_i_lﬂ_) — Co(Ad—l-l,—l-) — C.(EAd+) — C.(EOO*HACH_) — DX
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where the first three maps are standard maps defined as part of the definition of U. Consider a
map C,(X°"A,,) — DX which is non-zero. Then there exists some simplex 6: [e] — [d] in
Ay which is not mapped to zero. Consider now the map ¢': [e + 1] — [d + 1] which maps 0
to 0 and maps ¢ to (¢ — 1) + 1 for ¢ > 1. This gives a simplex in Ay, and so an element
of the source of the composite above. Upon applying the first map, we get 6’ again, and then
upon applying the second map, we get the original §: [e] — [d] but in dimension e + 1, then the
original # and then finally a non-zero element in X by our assumption above. This shows that
U(X), — QU(X),.1 is injective in each simplicial degree. It remains to demonstrate surjectivity.
The proof is similar. Suppose given a map f: Co(X°"""'A;,;,) — DX and suppose that it
satisfies the “dy = d; - - - d,,4+1 = *” condition required for membership in QU(X),. 1 4. We then
need to define a map g: Co(X*° A, ) — DX. Given 0: [e¢] — [d], we map it to f(6') where 6’ is
defined as above. One can check directly that this is indeed a map of complexes, and we see that,
upon precomposition with the first three maps above, we get the original map f since, as before,
0’ — 6 under the composite of the first three maps. This completes the proof that UE_)LX 1s a strict

(2-spectrum.

Now, invoking Proposition 6.7 (iii), it remains to show that if X — Y is an inclusion of
complexes where X and Y are of finite type, then UE;Y — UELX is a levelwise fibration of
spectra. Thus, for each n > 0, we desire lifts of the following squares:

(6.38) l P |

-

Aq (UELX )n
Via the earlier identifications, this amounts to a lift of the square:

Ay —— (V(DY),,

(6.39) l ” l

Aq —— (V(DX)),
Here V is the functor Chy — Sp given by setting
V(Z)na = Chg (Co(B%7"Agy), Z)
which we note is a right adjoint to the spectral chains functor taken as a functor to simply chain

complexes, forgetting the coalgebra structure. Considering the composite adjunction
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EOO—’VL E.
SetA 1 Sp 1L Cth
\"

(_)n

we see that the above lifting problem is equivalent to one of the following form in chain complexes:

Co(Z®7"Al,) — DY

T

C.(X°"A,,) — DX

Now, up to shifts, we have that Co(X°7"Ayy) = Co(Agy) and Co (XAl ) =2 Co(A%, ). As are-
sult, Co (X7 "Ay; ) and C,o (X7 "AY, ) are acyclic chain complexes. Moreover, Co (X% "A%, ) —
C.(X>®™A,4, ) is clearly an inclusion between free complexes. Thus the lefthand vertical map is a
trivial cofibration in the standard projective model structure on chain complexes. On the other hand,
since X — Y was an inclusion of complexes, DY — DX is an epimorphism. Thus the lift exists,

as desired. O]

As a result of the above, we have a derived adjunction:

hSp™ " hEl-Alg

6.5 Resolvability Theorems

In this section, we study the derived cochains adjunction

hSp™ " hEl-Alg

constructed in the previous section. We wish to show that, when restricted to the bounded below
p-complete spectra of finite p-type, the map hSp® — hEl-Alg is fully faithful. This is equivalent,
for formal reasons, to showing that, for any such spectrum F, the “unit” of the derived adjunction
E — (der U) o (der C (—))(E) (“der” indicates a derived functor) is an isomorphism. For this

reason, we make the following definition.

Definition 6.40. A spectrum F is said to be resolvable if the unit of the derived spectral cochains

adjunction for this spectrum is an isomorphism.

To begin, we wish to prove that HIF,, and more generally >"HIF,, n € Z, is resolvable. In
order to do this, due to Proposition 6.15, we need not perform any replacement of ¥."HIF,, but do
need to perform a cofibrant replacement of E’(Z”H]F »). We will do this by constructing a cell
model for E'(E”HIE‘p). Fix n € Z. Intuitively, one expects that >"HIF,, on the spectral side ought to
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correspond to E;Fp [n], or something similar, on the algebraic side. As per Proposition 6.32, we
have an operation P° on the cohomology of the free algebra ELE, [n]. As per Proposition 6.24,
P? always acts by the identity on spectral cochains. Moreover, we shall see that this is the only
special circumstance which we need to take into account, in that we shall be able to construct our
cell model for E'(E”HFP) by forcing this operation P to be the identity.

First, recall that C (HIF,) is given by applying — ®p, Fp to the following:
lim(- - - — C*(K(F,, 2))[-2] = C*(K(Fy, 1))[-1] = C*(K(F};,0)))
Thus, in particular c (HIF,) is given by applying — ®p, Fp to the following:
lim(- - - — C*(K(F,,2)) — C(K(F,, 1)) — C°(K(F,,0)))

Next, recall that, for each m > 0, K(FP, m) is the based simplicial set whose d-simplices are given
by Z™(A4; F,) (note that this is * when d < m and F, when d = m). For each m > 0, we have a
canonical fundamental class given by the cocyle k,,, in C"K(F,, m) which sends o € Z™(A,,,; F,)
to a(idpy)). Upon unravelling the definition of the structure maps for Eilenberg-MacLane spectra,
we find that, for each m > 0, the map C" ' (K(F,, m + 1)) — C™(K(F,, m)) sends ky, 11 to k,.
As such, we have a well-defined canonical element (- - - , ko, k1, ko) in the inverse limit and so a
well-defined canonical element hg = (- - - , k2, k1, ko) ® 1 in GO(HIFP). More generally, with n as
above, consider again E'(E”HF]D), which is given by applying — ®p, I, to the following:

lim(--- — C*(K(F,,n +2))[-2] = C*(K(F,,n + 1))[—1] — C*(K(F,,n)))
We have that, in particular, EH(Z"HFP) is given by applying — ®p, I, to the following:
lim(- -~ — C"**(K(Fy, n +2)) = C"(K(F,, n + 1)) = C"(K(Fy,n)))

Once again, upon unravelling the definition of the structure maps for generalized Eilenberg-MacLane
spectra, we find that, for each m > n, the map C"**(K(F,, m + 1)) — C™(K(F,, m)) sends ky, 1
to k,,. As such, we have a well-defined canonical element (- - - , k19, k,, 41, ky,) in the inverse limit
and so a well-defined canonical element h,, = (- -+ , k2, kpi1, ky) @ 1in GR(Z”HFP). Note that,
for each n, h,, is a cocycle, because each k,,, m > 0, is a cocycle.

Now, we shall construct our cell model for E’(E"H]Fp) by attaching a cell to the free algebra

E!F,[n] to set P° to act by the identity. Let i,, denote the degree n cocycle of ELF,[n] given by the
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tensor id ® 1. Let also p,, be a representative of the class (1 — P°)[i,], and then denote also by the
same symbol the map ELFP [n] — ELE, [n] induced by the map F,[n] — EZtFp [n]: 1~ p,. Now
define an @jt-algebra J,, via the following pushout diagram:

EstFp [n] st

| F,[n
|
In

ELCF,[n] —

]

This algebra J,, is our putative cell model for E.(Z”HFP). In order to show that it is in-
deed a model for these cochains in an appropriate sense, we construct a comparison map .J,, —
C'(X"HF,). First, let f: ELFP [n] — C (X"HF,) denote the map induced by the map F,[n] —
C'(X"HF,): 1 — h,,. Next, let g, denote a degree n + 1 element in C" (X"HF,) which is such
that 9(g,) is a representative of (1 — P°)[h,] (such an element g, exists since, as per Proposi-
tion 6.24, (1 — P°)[h,] is zero). Denote by g the map ELCED [n] — C (X"HF,) induced by the
map CF,[n] — C (X"HF,) which sends the degree n and n + 1 generators, respectively, to p,, and
¢n. Now, by checking the images of 7,,, we have that the following square commutes:

Est]Fp [n] EstFp [n]

L

By CF, 0]~ C'(5HE,)
As such, we get an induced map:
a: J, — C (X"HF,)

The following result now makes precise that .J,, is a cell model for E‘(E”HIFP).
Proposition 6.41. For eachn € Z, the map a: J, — E'(Z"HIFP) above is a quasi-isomorphism.

Proof. Consider the composite:

== =i~ a ~e n
EyF,[n] ®gi5 ) BuCFoln] — Ju — C°(3"HF,)

By Proposition 5.47, the first map is a quasi-isomorphism, and so it suffices to demonstrate that the

composite, say ¢, is a quasi-isomorphism. Consider now instead the following composite:

ol bR inilan ¢, Feym
EglFp[n] — EglFy[n] BrlF, EyCFp[n] — C*(X"HFF,)
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Here b is the canonical map from the first summand in the pushout. We claim that, upon taking
cohomology, both b and ¢ o b are onto and have the same kernel. It suffices to do this as then c is
clearly necessarily a quasi-isomorphism. Let ¢ denote the map E;Fp n] — ELCE, [n] and consider

the following exact sequence:

0 — BYF,[n] 2 BYF,[n] © BYCF,[n] — BYF,[n] g5 ) BLCE,[n] — 0

By Proposition 6.31, we can identify the cohomology of ELR, [n] with B ®r, Fp[n], and by Proposi-
tions 6.31 and 6.29, we can identify the cohomology of E!F,[n] & E.,CF,[n] also with B ®r, Fylnl.
Moreover, under this identification, the map corresponding to p,, — b sends 1 to 1 — P° and so, more
generally, becomes right multiplication by 1 — P°. Noting that this map is injective (which follows
from the fact that the Adem relations preserve length), it follows from the long exact sequence
in cohomology that, on cohomology, the map b is onto with kernel the left ideal of B ®F, Fp [n]
generated by 1 — P, which we note, by Proposition 6.27, coincides with the two-sided ideal

generated by 1 — PP,

Now consider the composite ¢ o b. Upon identifying once more the cohomology of ELFP [n]
with B ®r, Fp[n], we have a map B ®r, Fy[n] — H*(C (Z"HF,)). By Propositions 6.24 and 6.27,

we get an induced map:
(B®s, Fy[n])/(1— P°) = A@g, F,y[n] — H*(C'(S"HF,))

Noting that 1 is mapped to the fundamental class [h,,], by the standard calculation of the cohomology
of Eilenberg-MacLane spectra, we have that this map is an isomorphism. As such, just as with b, at
the level of cohomology, c o b is onto with kernel the two-sided ideal generated by 1 — PY and this

completes the proof. O

Having constructed our cofibrant replacement of C (X"HF,), we now need to consider how this

replacement transforms under application of U. For this purpose, we have the following result.
Proposition 6.42. We have the following:

(i) UE;E, [n] = $"HF, and, under the identification, Up,, induces on 78" the map 1 — ® where

D is the Frobenius automorphism of Fp.

(ii) UE;CFP [n] ~ x or, more specfically, UE;CFP [n] is a contractible Kan complex in each

spectral degree.
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Proof. (i): In spectral degree m and simplicial degree d, we have:

(UELF,[n])ma = E-Alg(ELF, [n], C* (S ™Ay )
= Cog, (Fyln], C* (S " Ags))
= 77(C* (5% Agy )
=Z"(C* (" Ayy) ®p, Fp)
= 7"(C*(Aus)[~m)] ®x, F,)
>~ 7V (Ag; Fp)
= (X"HF,),n.q

One can readily verify directly that the action of the simplicial operators coincide and that so do the

spectral structure maps.

By Proposition 6.15 and Remark 6.6, we can compute the n stable homotopy group of E”HFP
via the n'" unstable homotopy group of the space in spectral degree 0. Moreover, we find that, under
the identification 7 (UE!F,[n]) = 7%(X"HF,) = F,, an element A € F, corresponds to the class
of the map

ELF,[n] — C*(S%A,,) 2 C*(A,)

which sends i, to the cochain o which sends ¢, € (A,), to A. To act by Up,,, we precompose
with p,,: ELFP [n] — ELED [n]. Thus, we need to compute the image of 7,, under the following
composite:

EF,ln] 2 ByFyln] — C*(Z°A,) 2 T (Ay)

To do this, we need to act by 1 — P% on o € C*(X*A,,.,). If we unravel the definition of the action
of 1 — PV on the cochains on the spectrum X*°A,,,, we find that this action reduces to the action
of 1 — PY on the cochains on the space A,, and, moreover, in the proof of Proposition 3.46, we
saw that the action of P on the cochains on a space sends a cochain 3 to a cochain 3’ such that
p'(s) = B(s)? for all simplices s. Thus, under the composite above, i,, maps to a cochain which

sends ¢,, to 1 — NP, as desired.

(ii): By Proposition 6.29 (i), as CF, is acyclic, the canonical map f;(O) — ELCFP [n] is a
quasi-isomorphism. Since ELCFP [n] is a cell algebra, by the semi-model categories result and
Proposition 6.37, we have that UELCFP [n] — U%Zt(()) is a weak equivalence of spectra. As fit(())
is the initial algebra, by the definition of U, we have that U%It(O) = *. Moreover, we saw in the

proof of Proposition 6.37 that UELX is a strict {2-spectrum, and so a fibrant spectrum, when X
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is a complex of finite type, so that UELCFP [n] is fibrant spectrum. Thus, by Proposition 6.7 (ii),
UELCE, [n] — U%It(()) is a levelwise weak equivalence, from which the desired result immediately
follows. [

We can now demonstrate the resolvability of X"HIF,,.
Proposition 6.43. For each n € Z, >"HF), is resolvable.

Proof. Consider again the pushout square

ELCF,[n] —

and the map J,, — C*(X"HF,) which we constructed above. Upon applying U to the pushout
square, as U is a left adjoint and maps to the opposite category of spectra, we get a pullback square

of spectra as follows:

UJ, — UE\CF,[n]

|

UEF,[n] Up,, UE[F,[n]
Here the vertical maps are fibrations because ELFP [n] — ELCFP [n] is a cofibration between
cell algebras and because, by Proposition 6.37, U maps cofibrations between cofibrant algebras to
fibrations of spectra. By Proposition 6.41, the unit of the derived adjunction is represented by the

composite
¥"HF, — UC*(X"HF,) — UJ,

so that we need to show that this map is weak equivalence. We saw in the proof of Proposition 6.37
that UELX is a strict {2-spectrum, and so a fibrant spectrum, when X is a complex of finite type.
This implies that all spectra in the square above are fibrant. By Proposition 6.42 and the long
exact sequence in stable homotopy groups, we have that ;' (UJ,) is [F, when ¢ = n, and zero
otherwise. Thus, it suffices to show that the map >"HIF, — UJ,, say 7, is an isomorphism on o

This amounts to showing that the map

hSp(2°S™, S"HF,) — hSp(2°S™, U.J,) = hSp®(U.J,, ©°S") = hE}-Alg(J,, C*(£>S™))
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induced by 7 and the derived adjunction isomorphism is bijective, or equivalently, injective. For
each A € F,, consider the map o,: ¥*°S" — X"HF, given by the map S” — K(F,,n) which
sends the unique non-denenerate n-simplex to the n-cocycle « on A,, defined by «(idp,)) = A. The
images of these maps under the localization functor 7s,: Sp — hSp give the p distinct maps in
hSp(X>°S™, £¥"HF,). Fix A € F,, and consider . Unravelling the definition of the above map, the
image of s,(y) is computed as follows: form the composite J,, — C*(X"HF,) — C*(3>°S"),
where the second map is o and the first map is the adjoint of 7, and then take the image of this map
under the localization functor VE g %L—Alg — hf;—Alg. We have that, for different values of A,
the maps C*(X"HF,) — C*(X>°S") differ on cohomology, and thus so must the composite maps
J, — C*(X"HF,) — C*(X*>°S"), and as a result the images of these maps under V! g TUSE be

distinct. Thus the above map is injective, and so bijective, as desired. 0

Above, we have demonstrated the resolvability of certain Eilenberg-MacLane spectra. We
now demonstrate results which will also allow us to induct up Postnikov towers for more general

resolvability results.

Proposition 6.44. Let I be a spectrum and suppose that it can be described as the inverse limit of
a diagram
"'—)E2—>E1—>E0

such that:

 Eachmap E, 1 — E, is a fibration and FEj is fibrant.

e The canonical map colimH*E,, — H*E is an isomorphism.
Then E is resolvable whenever each of the E,, is resolvable.

Proof. Suppose that the £, are resolvable. We can factor maps of fzt—algebras into relative cell
inclusions followed by trivial fibrations. Applying this to the cotower C*Ey — C*E; — C*E, —

- we get a diagram of fjt-algebras as follows:

Fp( AO( Al(
E.EOHC.E&;)”'

Set A = colim A,. Then, by the assumption that H*E = colimH*E,,, we have that the
canonical map A — C°*F is a quasi-isomorphism. Applying U, we have that UA is the inverse limit

of the UA,, and have a commutative diagram as follows:
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Ey Ey

]

- —— U4 —— UA

Here the vertical maps are the composites £, — UC*E,, — UA,, which are quasi-isomorphisms
as the I, are resolvable and these composites represent components of the unit of the derived
adjunction. Moreover, since U maps cofibrations between cofibrant algebras to fibrations of spectra,
each map in the bottom row is a fibration and each of the UA,, are fibrant. As weak equivalences
between fibrant spectra are simply levelwise weak equivalences (see Proposition 6.7 (ii)), by the
usual argument for inverse limits of weak equivalences of spaces along towers of fibrations, we
find that the induced map on limits £ — UA is a weak equivalence. This map is the composite
E — UC*E — A and so represents the unit of the derived adjunction, which is thus an isomorphism,

and so F is resolvable, as desired. O
Next, we wish to consider resolvability of fibre products.

Proposition 6.45. Let E be a spectrum and suppose that it can be written as a fibre product

E— B,

Lo

B ———F

such that:
» F, Ey and F are fibrant and E1, E5 are of finite p-type.
» The righthand vertical map Fo — F'is a fibration.

* There exists an N such that, for n > N, (E)n, (E2), are connected and F,, is simply

connected.
Then E is resolvable whenever each of E1, Es, F' is resolvable.

Proof. Suppose that E, F, and F are resolvable. For the diagram C*(E;) < C*(F) — C*(E,),

we take a cofibrant approximation:

b)

T

C*(E,) «+— C*(F) — C*(E»)

C
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Suppose that we can show that the map B 114 C — C*(E) is a quasi-isomorphism. Then the
unit of the derived adjunction for F; X r F, is represented by the map £ — U(B 114 C'). We have

the following commutative diagram:

\ UB UA

If Fy, Es, I are resolvable, each of the maps £y — UB, E; — UC and FF — UA is a weak
equivalence. Combining this with the fact that U maps quasi-isomorphisms between cofibrant
algebras to weak equivalences and using 2-out-of-3, we conclude that £ — U(B 114 C) is a weak

equivalence, as desired.

Thus it remains to show that the composite
BIl, C — C*(Ey) ey C*(E2) — C*(E)
is a quasi-isomorphism. Recall that the pushout may be computed via the bar construction

Bar,(B,A,C) = BILAIl--- 1L AIIC

n factors

in that, by Proposition 5.44, the induced map N(Bar,(B, A, C')) — B 114 C from the normalization
is a quasi-isomorphism. We wish to relate this pushout to the fibre product. We first construct

cochains on the fibre product via a cobar construction. The cobar construction is defined as follows:
Cobar"(F1, F,FEy) = By X F X -+ X F xXFy
—_——
n factors

This gives a cosimplicial spectrum with coface maps induced by diagonal maps and codegeneracies

by projections. Applying cochains, we get a simplicial cochain complex:

C*(Cobar®*(Ey, F, Ey))
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Considering £ as a constant cosimplicial spectrum, we have an induced map
N(C*(Cobar*(E,, F, E,))) — C*(E)

and we claim that this is a quasi-isomorphism. Expressing spectral cochains as an inverse limit of
space level cochains, we have that the map C*((Cobar®(E;, F E,))) — C*(E) is an inverse limit of
the maps:

C* (Cobar*(Ev). Fu, (E2)a))[—n] = C*(E,)[—n]

As in the proof of Lemma 5.2 in [ManO1], for sufficiently large n, upon normalization, these maps
are quasi-isomorphisms. Moreover, the maps forming the inverse limit tower are epimorphisms since
E,, E,, F are fibrant. Thus, by a lim' argument, we have that the map C*((Cobar®(E,, F E3))) —
C*(E) between the inverse limits is also a quasi-isomorphism.

Now we relate the bar and cobar constructions. Using the various projection maps on F; X

(F x --- x F) x Ey, we have maps:

BI(AIL---TLA)IIC — C*(E,) 1T (C*(F) 11 - - - I C*(F)) IL C*(E3)
— C*(Ey x (Fx -+ x F) x Ey)

These maps are quasi-isomorphisms because if we postcompose with the map
C(Byx (Fx--XxF)xE)—=C(E,II(FII---IF)IE,)
induced by the canonical map
E II(FII---TF)IIEy = Ey x (Fx---xF)x Fy

(given by a matrix with identity maps along the diagonal and zero maps elsewhere) and make the
identification C*(E, LI (FI1--- 11 F) I E,) = C*(E,) II (C*(F) II--- I C*(F)) I C*(E,), we
get a quasi-isomorphism by definition of A, B and C, and because the canonical map F; IT (F' 1T
- IIF)IEy — Fy x (F x---x F) x Eyis a weak equivalence of spectra by the usual argument
(coproducts and products of fibrant spectra are weakly equivalent). Now, it follows that we get a

quasi-isomorphism of simplicial fjt-algebras

Bar,(B, A,C) — C*(Cobar®*(E,, F, E,))
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and so a quasi-isomorphism:
N(Bar,(B, A, C)) — N(C*(Cobar*(Ey, F, E,)))

Finally, we can make use of this by noting that we have a commutative square as follows

N(Bar.(B, A, C)) ————— N(C*(Cobar*(E,, F, E»)))

NJ JN

Bllc A C*(E)

where the bottom map is the aforementioned composite B 114 C — C*(E}) ee () C*(Ey) —
C*(E), and so we are done. O

We can now extend our resolvability result to include further Eilenberg-MacLane spectra.

Proposition 6.46. The Eilenberg-MacLane spectra Y"HA, for n € Z, with A = Z./p™ for some

m>1lorA= Z;,\ are resolvable.
Proof. Form > 1 and n € 7Z, recall that we have well-known commutative squares as follows:

K(Z/p™,n) ———  PK(Z/p,n + 1)

_J
K(Z/p" ' n) ————— K(Z/p,n + 1)

(Here P denotes a path space, and, given the description of the Eilenberg-MacLane spaces
before, these maps can be given entirely combinatorial descriptions.) An easy check shows that the
maps in these squares in fact assemble together to yield maps of the Eilenberg-MacLane spectra, so

that, for m > 1 and n € 7Z, we have commutative squares as follows:

Y"HZ/p" Tt ————— PY"MHZ /p

Y"HZ/p™ Y HZ/p

Moreover, the conditions of Proposition 6.45 are satisfied, so that, by induction, we have the
desired result for Z/p™ for m > 1. Next, Proposition 6.44 gives us the case of Z”HZQ using the
following tower:

n AN 1 n m n
Y'"HZ, =lim(--- — X"HZ/p" — - -+ — X"HZ/p)
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O]
We are now finally able to provide the desired algebraic models of p-adic stable homotopy types.

Proposition 6.47. All bounded below, p-complete spectra of finite p-type are resolvable. As a result,

the cochains functor
C": Sp»® — %Zt—Alg

induces a full embedding of the homotopy category of spectra into the derived category of %:t-

algebras when we restrict to bounded below, p-complete spectra of finite p-type.

Proof. This follows by our resolvability results above, namely Propositions 6.46, 6.45 and 6.44, and
the fact that bounded below, p-complete spectra of finite p-type admit Postnikov towers in which
the fibres are X"HA, for n € Z, with either A = Z/p™ for some m > 1 or A = ZQ. O
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