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An algebraic model for the loop space homology of a
homotopy fiber

KATHRYN HESS
RAN LEVI

Let F denote the homotopy fiber of a map f: K — L of 2-reduced simplicial
sets. Using as input data the strongly homotopy coalgebra structure of the chain
complexes of K and L, we construct a small, explicit chain algebra, the homology
of which is isomorphic as a graded algebra to the homology of GF, the simplicial
(Kan) loop group on F'. To construct this model, we develop machinery for modeling
the homotopy fiber of a morphism of chain Hopf algebras.

Essential to our construction is a generalization of the operadic description of the
category DCSH of chain coalgebras and of strongly homotopy coalgebra maps given
by Hess, Parent and Scott [6] to strongly homotopy morphisms of comodules over
Hopf algebras. This operadic description is expressed in terms of a general theory
of monoidal structures in categories with morphism sets parametrized by co-rings,
which we elaborate here.

55P35, 16W30; 18D50, 18G55, 55U10, 57T05, 57T25

Introduction

In this article we propose a “neoclassical” approach to computing the homology algebra
of double loop spaces, based on developing a deep, operadic understanding of “strongly
homotopy” structures for coalgebras and comodules, a notion that goes back more than
30 years, to work of Gugenheim, Halperin, Munkholm and Stasheff [5; 15]. We also
make extended use of one-sided cobar constructions, which we apply in innovative
ways.

Let Cotor® (—, —) denote the derived functor of the cotensor product —¢—, for any
coalgebra C. Eilenberg and Moore proved long ago [3] that for any (Serre) fibration
E — B with fiber F such that B is connected and simply connected and for any
commutative ring R, there is an R-linear isomorphism

(0-1) H.(F; R) = Cotor*(B:®) (C,(E; R), R).
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In particular, if B is actually 2—connected, then

(0-2) H.(QF; R) = Cotor™©B:B) (C,(QE; R), R),
so that for any 2—connected space X, there is a linear isomorphism
(0-3) Hi(Q2X; R) = Cotor® @R (R R).

The duals of [4, Theorems 4.1 and 5.1] imply that Cotor®*@E:R) (C,(QE; R), R)
admits an algebra structure with respect to which the isomorphism (0-2) can be assumed
to be an algebra morphism.

In this article we define a functor £§F that associates to any map f of 2-reduced
simplicial sets a chain algebra £F( /) such that Hy (83 (f )) is isomorphic as an algebra
to Hx(GF), where F' is the homotopy fiber of f and G is the Kan loop group functor
on simplicial sets (Theorem 6.1). The algebra isomorphism Hj (S% (f )) >~ Hy(GF)
is realized on the chain level by a zig-zag of quasi-isomorphisms of chain algebras

3(f) S0 .. e S C(GE).

As a special case, we obtain a functor £, from the category of 2—reduced simplicial
sets to the category of connected chain algebras over a principal ideal domain R such
that Hy (22 (K)) is isomorphic as a graded algebra to H«(G2K; R).

The model that we propose for the loop homology of a homotopy fiber offers certain
advantages. First, there are no extension problems to be solved: the homology algebra of
the model is exactly isomorphic to the homology algebra of the loops on the homotopy
fiber. Second, our model is functorial, so that it can be applied to determining the
homomorphism induced on double loop space homology by a simplicial map.

Finally, our model is “small” and therefore amenable to explicit computations. More
precisely, if K is a simplicial set with exactly » nondegenerate simplices of positive
degree, where n < oo, then our model £,(K) of G2K is a subalgebra of a free
algebra on 2n generators. Like the differential in the cobar construction on C(K),
the differential in £,(K) depends only on the differential and the comultiplication on
C(K). In particular, in Section 6.2, we provide an explicit, relatively simple description
of our model when K is either formal or a double suspension.

By way of comparison, note that the iterated cobar construction on the chains on
K, which is another model of G2K, is free as an algebra on an infinite number of
generators. Its differential depends not only on the differential and the comultiplication
on C(K), but also on the natural comultiplication on the cobar construction on C(K),
which can be very involved. Another possible model, the cobar construction on C(GK),
is also free, but on a generating set that is infinite in each degree, and, in addition, has

Algebraic € Geometric Topology, Volume 7 (2007)



An algebraic model for the loop space homology of a homotopy fiber 1701

a very complicated differential. Finally, both the multiplication and the differential on
the chain Hopf algebra C(G?K) itself are extremely complex.

In the general case of loops on the homotopy fiber F of a simplicial map K — L,
the dual of Theorem 5.1 in Félix—Halperin—Thomas [4] states that there is a quasi-
isomorphism of chain algebras

C(GF) = C(GK) ®, QC(GL),

where C(GK) ®;, C(GL) denotes the one-sided cobar construction of Definition
3.1, endowed with the multiplication of Corollary 3.6. The chain algebra C(GK) ®q,
QC(GL) is not of finite type, even if K and L have only a finite number of nonde-
generate simplices, and both its differential and its multiplication are quite complicated.
On the other hand, if K and L have exactly m and n nondegerate simplices of
positive degree, respectively, then the chain algebra model constructed here, £5(f), is
a subalgebra of a free algebra on m + 2n generators, so that its multiplicative structure
is relatively simple. Its differential is also much easier to give explicitly than that of
C(GK) ®;:,, RC(GL).

To construct our models, we need the full Alexander—Whitney coalgebra structure of the
normalized chains on a simpicial set. The category F of Alexander—Whitney coalgebras
(cf Definition 2.12) was introduced and studied in Hess—Parent—Scott—Tonks [8]. The
objects of F are connected chain coalgebras (C, A) such that the comultiplication A
is itself a coalgebra map up to strong homotopy, ie up to a coherent, infinite family of
homotopies, which we denote W. Furthermore, there is a functor Q: F— H, where H
is the category of chain Hopf algebras, such that the chain algebra underlying Q (C,¥)
is QC, the cobar construction on C.

An Alexander—Whitney model of a chain Hopf algebra H consists of an Alexander—
Whitney coalgebra (C, ¥) together with a quasi-isomorphism 8: §(C, Y)— H of
chain algebras that is also a map of coalgebras up to strong homotopy, where the
homotopies are appropriately compatible with the multiplicative structure (cf, Definition
5.1). As illustrated by the results in this article, Alexander—Whitney models can be
useful tools for homology calculations in H.

The topologist’s motivation for considering the category F is the existence of a natural
Alexander—Whitney model of the chain Hopf algebra C(GK), where K is a reduced
simplicial set. As shown in [8], there is a functor C: sSet) — F from the category of
reduced simplicial sets to the category of Alexander—Whitney coalgebras such that for
all simplicial sets K, there is a natural quasi-isomorphism of chain algebras

bx: ©C(K) = C(GK),
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which is also a map of coalgebras up to strong homotopy.

Given the existence of natural Alexander—Whitney models, the most important steps
on the path to constructing the model £F( /) and to proving that its homology algebra
is isomorphic to Hy (G F) are the following.

ey

@)

3)

“

For any chain Hopf algebra H and any right H—comodule algebra B, we
observe that Cotor (B, R) admits a natural graded algebra structure (Corollary
3.8 and, more generally, Proposition 3.19). In particular, for any morphism
¢: H — H of chain Hopf algebras, Cotor (H', R), which can be seen as
the homology of the “homotopy fiber” of ¢, admits a natural graded algebra
structure.

We show that the category F admits a natural “based-path” construction, ie a
functor B: F — F such that B (C, ¥) is acyclic for all (C, V), together with a
natural “projection” morphism in F from L (C, ¥) to (C, ¥) (Definition 4.4).
For any morphism w: (C’,¥') — (C, ¥) in F, we prove that the chain Hopf
algebra

(.o [Few)
is cofree over §(C , W) on a cobasis that is itself a sub chain algebra, denoted
£3(w), of Q((C’,¥')[[P(C. ¥)) (Corollary 4.7).

Given an Alexander—Whitney model w: (C’, ¥') — (C, ¥) of a morphism of
chain Hopf algebras ¢: H' — H, we prove that Hy (£§(w)) = Cotor (H', R)
as graded algebras (Theorem 5.6).

Let f: K — L be a simplicial morphism of 2-reduced simplicial sets with homotopy
fiber F. Applying (4) to C(f): C(K) — C(L), we obtain an isomorphism of
algebras

H.(GF) =~ H, (sg(@ ( f))),

thanks to the algebra isomorphism

H.«(GF) = Cotor®“D) (C(GK), R)

that follows from the dual of [4, Theorem 5.1].

To make this article as self-contained as possible and to establish our notation, we

begin in Section 1 by recalling the rather extensive foundations on which our current
research is built. Section 1.3, in which we describe the operadic approach to strongly-
homotopy coalgebra structures of Hess—Parent—Scott [6], is particularly important for
the later sections of this paper and essential to providing a clean description of the
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yoga of Alexander—Whitney coalgebras. Readers unfamiliar with the role of co-rings
in monoidal categories as parametrizing objects for enlarged morphism sets or with
operads will find all of the necessary definitions in Section 1.1 and Section 1.2.

Section 3 concerns the naturality of multiplicative structure on Cotor, which plays an
important role in the proofs of Theorem 5.4 and Theorem 5.6, the key elements of
step (4) in the plan outlined above. Given chain Hopf algebras H and H’, as well
as a right H—comodule algebra B and a right H'—comodule algebra B’, there is
an obvious notion of “morphisms” from (H; B) to (H'; B’): the set of pairs (f;g),
where f: H — H’ is a chain Hopf algebra map and g: B — B’ is a chain algebra
map respecting the coactions of H and H’. It is easy to see that any such pair
induces an algebra map Cotor (B, R) — Cotor” /(B’ , R). There is however a more
general type of “morphism” from (H:; B) to (H’; B’), which we call a comodule
algebra map up to strong homotopy (CASH map), that also induces an algebra map
Cotor” (B, R) — Cotor (B', R).

In Section 3.2 we define CASH maps and establish existence results (Proposition 3.16
and Proposition 3.18) that we use afterwards to prove Theorem 5.4 and Theorem 5.6.
Before verifying the existence results, we provide an equivalent, operadic definition
of CASH maps, modeled on the operadic approach to strongly homotopy coalgebra
structures, that facilitates considerably the bookkeeping involved in working with the
infinite family of homotopies associated to a CASH map. The general study of monoidal
structures and parametrizations by co-rings in Section 2 is essential to the development
of this operadic approach.

Section 4 and Section 5 are devoted to the study of Alexander—Whitney coalgebras
and their use in calculations of the homology of homotopy fibers in the category H of
chain Hopf algebras. Topology comes into play again in Section 6, where we apply the
purely algebraic results of the preceeding sections to constructing our loop-homotopy
fiber model. In particular, we study the special cases of double suspensions and of
formal spaces, obtaining a simplified model for the homology of their double loop
spaces, which is a free algebra on a set of generators we describe completely.

The first author would like to thank the University of Aberdeen for its kind hospitality
during the initial phase of research on this project, while the second author would like
to thank the EPFL for hosting him during the completion of the project. Both authors
would like to thank referees for pointing out the relevance of [4] to their work and for
providing helpful organizational advice.

Notation and conventions

¢ Given objects A and B of a category C, we let C(A4, B) denote the set of
morphisms with source 4 and target B.
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Throughout this paper we are working over a principal ideal domain R. We
denote the category of graded R—modules by grModg and the category of
chain complexes over R by Chg. The underlying graded modules of all chain
(co)algebras are assumed to be R—free.

The degree of an element v of a graded module V is denoted either |v| or simply
v, when used as an exponent, and no confusion can arise.

Throughout this article we apply the Koszul sign convention for commuting
elements of a graded module or for commuting a morphism of graded modules
past an element of the source module. For example, if V' and W are graded
algebras and v @ w,v' @ w’ € V.® W, then

WwRw) vV ew)= (D" euww.

Futhermore, if f: V — V/ and g: W — W’ are morphisms of graded modules,
thenforal v@w e VW,

(f®g)vew) =Dk rw) @ gw).

A graded module V' is bounded below if there is some N € Z such that Vj, =0
for all k < N. It is n—connected if, in particular, V; = 0 for all k <n. We
write V4 for V~g.

The suspension endofunctor s on the category of graded modules is defined on
objects V = @, Vi by (sV); = V;—;. Given a homogeneous element v in
V', we write sv for the corresponding element of sV . The suspension s admits

an obvious inverse, which we denote s~ 1.

Given chain complexes (V, d) and (W, d), the notation f: (V,d) = (W, d)
indicates that f induces an isomorphism in homology. In this case we refer to
f as a quasi-isomorphism.

Let V be a positively-graded R—module. The free associative algebra on V' is
denoted TV , ie,

TV=RaeVa(VRV)a(VRVRV)d---.

A typical basis element of 7'V is denoted vy -+ - v,.

Given a comodule (M, v) over a coalgebra (C, A), we let AY~1 denote the
iterated comultiplication C — C®? and v® the iterated coaction M — M ®
C®! . The reduced comultiplication is denoted A.

If C is a simply connected chain coalgebra with reduced comultiplication A
and differential d, then QC denotes the cobar construction on C, ie, the chain
algebra (T's~1(Cy),dgq), where dg = —s~'ds+ (s~ ® s~ ') As on generators.
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Furthermore, for every pair of simply-connected chain coalgebras C and C’
(0-4) 7:QC®C)SeCcec

denotes the quasi-isomorphism of chain algebras defined by Milgram in [11].

1 Preliminaries

For the convenience of the reader, we recall here certain algebraic foundations of our
work. We begin by reminding the reader how co-rings in monoidal categories can
act as parametrizing objects for categories of modules with enlarged morphism sets,
as described in Hess—Parent—Scott [6] and Hess—Parent—Scott—Tonks [8]. We then
review the theory of operads, seen as monoids with respect to a certain nonsymmetric
monoidal structure on the category of symmetric sequences of objects in a given
symmetric monoidal category. In particular we analyze the category of right modules
over a given operad P, comparing it to the category of P—coalgebras. Finally, we
summarize briefly results in [6] and [8] that provide an operadic description of the
category DCSH of chain coalgebras and of strongly homotopy coalgebra maps, in
terms of a certain co-ring over the associative operad.

1.1 Co-rings in monoidal categories

Let (C,®, I) be a monoidal category, and let (A, i, n) be a monoid in C. If the
category C admits coequalizers and M ® — and — ® N preserve colimits for all
objects M and N, then the category of A—bimodules, 4Mod 4, is a monoidal category
also, with monoidal product —® 4 —. If M and M’ are A-bimodules, then M ® 4 M’
is the coequalizer of the diagram

Idps ®A

MAM' = MM

PRIdp,/
The unit object with respect to — ® 4 — is A itself, where the right and left A—actions
on A are given by the multiplication map w.

Definition 1.1 An A-—co-ring is a comonoid in the monoidal category (4Mod4,® 4,A4).
An A-—co-ring thus consists of an A-bimodule M , together with two morphisms of
A-bimodules

M —->MQuM and e M—A

such that ¥ is coassociative and counital with respect to ¢.
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Examples of co-rings abound in algebra and topology. In particular, any Frobenius
algebra is a co-ring over itself, while the Hopf algebroids of stable homotopy theory are
co-rings with extra structure. Moreover, any ring homomorphism ¢: 4 — B induces a
canonical B—co-ring structure on M = B ® 4 B, where the comultiplication is

M—->MQpM:bb'— (bx1)®(1®D).

Co-rings play an important role in this article, as they induce natural enlargements
of categories of modules, leaving the objects fixed and expanding the morphism sets.
Allowing larger morphism sets translates into weakening the notion of morphism of
modules. In this sense a co-ring plays the role of a family of parameters, with respect
to which such a weaker notion is coherently defined.

Definition 1.2 Let Mod,4 denote the category of right 4—modules. Given an A4—
co-ring (M, v, ¢), let Mod4 ps denote the category with ObMod4, s = ObMody4
and

Mod, 3/ (N, N') :=Mod4(N ®4 M, N').

Given f € Modyg a(N,N') and f’ € Mody, p(N', N”), their composite f” f €
Mod 4, (N, N”) is equal to the composite in Mod,4 of the following sequence of
morphisms of right A—modules.

Idy ® ®4Id 4
No M2 ve, Mo, ve, m LN

Composition in Mod 4, as is associative and unital, since v is coassociative and counital.
Furthermore, there is a natural, faithful functor
(1-1) Jnm: Mody — Mody ay,

which is the identity on objects and which sends a morphism f: N — N’ of right
A-modules to

IM(f)=f®@se: N®4M >N ®4A4=N".
The category Mod 4 as is therefore truly an enlargement of Mod 4.

We conclude this section by clarifying our vision of a co-ring as a family of a parameters.

Definition 1.3 Let (M, ¥, ¢) be an A—co-ring, endowed with a strict morphism of
left A—modules n: A — M . Let N, N’ € ObMody4. A morphism f € C(N,N') isa
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morphism of right A—modules up to M —parametrization if there is a strict morphism of
right A-modules g: N ® 4 M — N’ such that the following diagram in C commutes.

NN®yqA4
IdN®A’7l 4
NosM—F N

There is an analogous enlargement of the category of left A—modules. For the experts,
we note that these enlargements are, of course, coKleisli constructions, induced by the
comonads —®@4 M and M Q4 —.

1.2 Operads and their modules and coalgebras

Let (C,®,I) be a symmetric monoidal category such that C admits coequalizers
and countable coproducts and has an initial object 0. Let CZ denote the category of
symmetric sequences in C. An object X of CZ is a family {X(n) € C | n > 0} of
objects in C such that X'(n) admits a right action of the symmetric group X, for all
n. The object X (n) is called the nth level of the symmetric sequence X .

For all X', ) € C%, a morphism of symmetric sequences ¢: X — Y consists of a family
{on € C(X(n), Y(n)) | pn is Tp—equivariant,n > 0}.

More formally, C¥ is the category of contravariant functors from the symmetric
groupoid X to C, where Ob X = N, the set of natural numbers, and X (m2, n) is empty
if m # n, while X (n,n) = 2.

The category C can be “linearly” embedded in the category C*, via a functor
(1-2) L:C—C%,

which is defined on 4 € ObC by L(A)(1) = A and L(A)(rn) =0 for all n # 1 and
similarly for morphisms.

There is another important embedding of C into C*
(1-3) 7:C—C*

defined by 7 (A)(n) = A®" for all n. The right action of £, on T (A)(n) = A®" is
given by permutation of the factors, using iterates of the natural symmetry isomorphism

7: A® A— A® A in C. For example, if C is the category of graded modules, then

(a1 ® - ®an) 0 =a501)® "+ Qdgn)

Algebraic € Geometric Topology, Volume 7 (2007)
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forall ay,...,a, € A.

As a first indication of the role of differential structure in symmetric sequences, we
introduce the following useful operation on symmetric sequences of chain complexes
in the image of 7 . The analogy with the notion of a derivation on an algebra is evident.

Definition 1.4 Let f, g,¢: A— B be morphisms of graded R-modules, homogeneous
of degrees 0, 0 and m, respectively. The ( f, g)—derivation of symmetric sequences
induced by 7 is the morphism of symmetric sequences

'D(f’g) (l): T(A) — T(B)

that is of degree m in each level and that is defined as follows in level .

n—1

'D(f’g)(l‘)n = Z f®j ®t®g®"_j_1.
j=0
When A= B and f =1d4 = g, we simplify notation and write D(¢) for the (Id4, Id4)-

derivation induced by 7.

Example 1.5 If C is chain complex with differential ¢, then the levelwise differential
on 7(C) is D(d).

In this article we use the following two monoidal structures on the category of symmetric
sequences.

Definition 1.6 The level tensor product of two symmetric sequences X and ) is the
symmetric sequence given by

(X®V)(n) =X(m)@YMn) (n=0),

endowed with the diagonal action of %.
The following, well-known result is very easy to prove.

Proposition 1.7 Let C = {C(n)},>0 be the symmetric sequence with C(n) = I and
trivial ¥, —action, for all n > 0. Then (C*,®,C) is a closed symmetric monoidal
category, called the level monoidal structure on C>.

A (co)monoid in C*¥ with respect to the level monoidal structure is called a level
(co)monoid.

Note that the functor 7 is strong monoidal with respect to the level monoidal structure
on symmetric sequences, ie, for all C,C € ObC, there is a natural isomorphism
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T(CRC')=T(C)RT(C’), given in each level by iterated application of the natural
symmetry isomorphism in C.

The category C* also admits a nonsymmetric, right-closed monoidal structure, defined
as follows.

Definition 1.8 The composition tensor product of two symmetric sequences X and
Y is the symmetric sequence X’ ¢ ) given by

Xodm= [] Xk ®x, (V1)@ ®@V(n)) ®s; 1[Zn],
k>1
nely
where Iy , ={1 = (ny,....ng) e Nk | Zj}’lj =n}and X; = Xy, X=X Xy, , seen as
a subgroup of X,. The left action of X; on ]—[ﬁelk.n V() ®---® YV(ny) is given by
permutation of the factors, using the natural symmetry isomorphism 4 ® B~ B® A
in C.

Proposition 1.9 Let J denote the symmetric sequence with J(1) =1 and J(n) =0
otherwise, with trivial X, —action. Then (CE, ¢, J) is aright-closed monoidal category,
called the composition monoidal structure on CZ.

A proof of this result can be found in Markl-Shnider—Stasheff [10, section II.1.8].

Unwrapping the definition of the composition product of symmetric sequences, we
obtain the next, well-known lemma, which tells us which data determine a morphism
with source a composition of symmetric sequences.

Lemma 1.10 (Markl [9]) Let X, Y and Z be symmetric sequences in C. Let
Impn == (n1,...,nm) | )_;nj =n}. Let

bji .
F={XmM V) ® - @V(m)) — Z(n)| n=0,m=>1,ii € Iy n}

be a family of morphisms in C. If the following diagrams commute for all m, n,
1,0 €%y and 1j € Ty, for 1 < j < m, then § induces a morphism of symmetric
sequences 0: X ¢y — Z.

o®cL

X(m) @ (Y1) ® Q@ V(nm)) —= X(m) @ (V1)) ® - Q Y(1g(m)))

eﬁl eo_lﬁi

0(”0(1) sssss no’(m))

Z(n) Z(n)
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X(m)® (V1) @+ ® V(itm)) 22" X (m) @ (V(n1) @ -+ ® V(iim))

6 i 6 l
10D

Z(n) Z(n)

In the statement above, o~ 17 := (g (1) - - - » Mo (m)) » Which defines a left action of Xy,
on Iy pn.

Remark 1.11 For any objects X', X”,), )" in C¥, there is an obvious, natural inter-
twining map

LAXRX)o(YRY) ——(Xo)R (X)) .

Definition 1.12 An operad in C is a monoid with respect to the composition product,
ie, a triple (P, y,n), where y: PoP — P and n: J — P are morphisms in C*, and
y is appropriately associative and unital with respect to 1. A morphism of operads is a
monoid morphism in the category of symmetric sequences.

The most important example of an operad in this paper is the associative operad
A, given by A(n) = I[X,] for all n, endowed with the obvious multiplication map,
induced by permutation of blocks.

Operads derive their importance from their role in parametrizing n—ary (co)operations
and governing the identites among them. In this article we focus on cooperations and
thus on coalgebras over an operad P. A P—coalgebra is an object A of C along with
a sequence of structure morphisms

O AQP(n) - A®", n>0

that are appropriately associative, equivariant, and unital. We refer the reader to eg,
[10], for the full definition.

A morphism of P—coalgebras is a morphism in C that commutes with the coalge-
bra structure maps. The category of P—coalgebras and their morphisms is denoted
P—Coalg.

Remark 1.13 Algebraists are used to thinking of coalgebras as modules with additional
structure. It is important to note that if P is an operad, then a P—module (in the sense
defined in Section 1.1) is a object of C* with additional structure, while a P—coalgebra
is an object of C with additional structure.
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On the other hand, as explained in [6, Section 2.2], the functor 7 restricts to a faithful
functor
T: P—Coalg——=Modp

from the category of P—coalgebras to the category of right P—modules (with respect
to the composition product ¢), ie P—coalgebra structure on an object 4 in C induces
a right P—action map 7(A4) o P — T(A) in C>.

Let (M, ¥, ) be a P—co-ring, and consider Modp,_,,, the enlarged version of Modp
described in the Section 1.1. Define an enlarged version (P, M)—-Coalg of P—Coalg
by Ob(P, M)—-Coalg = Ob P-Coalg
(1-4)

(P. M)—Coalg(4, A") := Modp r(7(A4). T (A")) = Modp(T (A)opM, T (4)),

for all A4, A’ € Ob(P, M)—Coalg, with composition defined as in Modp .

Let A and A" be P—coalgebras. In keeping with Definition 1.3, we say that a mor-
phism f: A — A’ is a morphism of P—coalgebras up to M-parametrization if
T(f): T(A) — T(A’) is a morphism of right P—modules up to M —parametrization.

From this formulation, it follows that co-rings over operads are, in a strong sense,
relative operads. They parametrize higher, “up to homotopy” structure on morphisms
of P—coalgebras and govern relations among the higher homotopies and the n—ary
cooperations on the source and target.

1.3 Strongly-homotopy coalgebra structures

The category DCSH of coassociative chain coalgebras and of coalgebra morphisms up
to strong homotopy was first defined by Gugenheim and Munkholm in the early 1970s
[5], when they were studying extended naturality of the functor Cotor. Its objects are
simply connected, augmented, coassociative chain coalgebras, and a morphism from C
to C’ is a map of chain algebras QC — QC’. The category DCSH plays an important
role in topology (cf, Theorem 2.13).

In a slight abuse of terminology, we say that a chain map between chain coalgebras
f: C — C'is a DCSH map if there is a morphism in DCSH(C, C’) of which f is the
linear part. In other words, there is a map of chain algebras g: QC — QC’ such that

gls-1c, = s~! fs + higher-order terms.

Let A denote the associative operad in the category of chain complexes. In [6] the
authors constructed an A—co-ring F, called the Alexander—Whitney co-ring, which
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can applied in the framework of Section 1.1 to providing an operadic description of
DCSH. The co-ring F also admits a level comultiplication Ar: F — F ® F that is
compatible with its composition comultiplication V¥ r: F — Fo4F and that plays an
important role in development of monoidal structure in DCSH (cf Section 2.2).

The symmetric sequence of graded modules underlying F is A ¢ S ¢ A, where, for all
n>1,8m) = R[Z,]: zy—1, the free R[X,]-module on a generator of degree n — 1,
and S(0) = 0. We refer the reader to [8, pages 853—-854] for the explicit formulas
for the differential dx : F — F, the composition comultiplication ¥+ and the level
comultiplication Ar. We remark that 7 admits a natural filtration with respect to
which both ¥+ and A £ are filtration-preserving, while dr is filtration-decreasing.
Consider (A, F)-Coalg (cf (1-4)). Any morphism 6 € (A, F)-Coalg(C, C’) gives
rise to a family F(0) of linear maps from C into 7 (C’), defined as follows.

(1-5) §(0) 1= {0 = 0(-®z4_1): C - (CHE  =T(C')(k) | k = 1}.

The existence of such a family F(0) is equivalent to the existence of a morphism of
symmetric sequences of graded modules £(C) ¢S — T(C’), where L: grMod g —
ngod% is the “linear” embedding (1-2). We show below (Proposition 2.7) that, under
certain conditions, the existence of such a family implies that of a corresponding map
in (A, F)—Coalg.

The important result below follows immediately from the Cobar Duality Theorem in

[6].

Theorem 1.14 (Hess, Parent and Scott [6]) There is a full and faithful functor, called
the induction functor,
Ind: (A, F)—Coalg — A-Alg
defined on objects by Ind(C) = QC for all C € Ob(A, F)-Coalg and on morphisms
by
Ind(0)|s-1¢c = Z(S_l)®k0(— Qzp_1)s: s 1Cy — QC’
k>1
for all 6 € (A, F)—Coalg(C,C’).

As an easy consequence of Theorem 1.14, we obtain the following crucial operadic
characterization of DCSH.

Theorem 1.15 (Hess, Parent and Scott [6]) There is an isomorphism of categories

(A, F)-Coalg — DCSH

defined to be the identity on objects and to be Ind on morphisms.
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Remark 1.16 Thanks to this operadic description of DCSH, we see that strongly
homotopy coalgebra maps are exactly morphisms of .A—coalgebras up to F—parame-
trization.

2 Monoidal structures and modules over operads

We carry out in this section a detailed study of monoidal structures on categories of
modules and of coalgebras over a fixed operad P, in both their usual and enlarged, “up-
to-parametrization” forms, with respect to some P—co-ring Q. We devote particular
attention to the monoids in these categories, which we call P-rings (in Modp),
pseudo P-rings (in Modp, o), P—Hopf algebras (in P—Coalg) and pseudo P—-Hopf
algebras (in (P, Q)—Coalg). We begin by treating the general case, then specialize to
(A, F)-Coalg.

2.1 Monoidal structures and co-ring parametrizations

Let (C,®, I) be any symmetric monoidal category admitting coequalizers and co-
products. Thanks to the existence and naturality of the intertwining map i (Remark
1.11), the level tensor product of symmetric sequences induces a symmetric monoidal
structure A on the category of operads. If (P,y) and (P’,y’) are operads, then
P, v)ANP,y):=(PP',y"), where y” is the composite

. ® 7
(PRP)o(PRP) > (PoP)®(P oP) PP,
The unit object with respect to the monoidal product A is C (cf Proposition 1.7).

Henceforth, let (P, y, A, €) be a Hopf operad, ie, a level comonoid in the category
of operads: A: P — P AP is a coassociative morphism of operads that is counital
with respect to e: P — C, which is also a morphism of operads. The category Modp
of right P—modules then admits a symmetric monoidal product, also denoted A,
which is defined as follows. If (M, p) and (M’, p’) are two right P—modules, then
M, p)AM,p):= (MM, p"), where p” is the composite
, 1oA , i , p®p’ ,

MIM)oP — MOIM)o(PRP)—> (MoP)Q(M oP) —— MM’

The unit object is C, endowed with the right P—action given by the composite

coP 5 coc e,

where y¢ is the usual multiplication on C.
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There is an induced, symmetric monoidal structure (P—Coalg, A, I) such that there is
a natural isomorphism of functors 7 (— A —) =7 (=) A7 (—) from C into Modp.

The category of monoids in (Modp, A, P) and morphisms thereof is denoted Ringp.
We call the objects of this category P—rings. Restricting to monoids in (P—Coalg A, 1),
we obtain the category P—Hopf of P—Hopf algebras.

The categories pMod of left P—modules and pModp of P-bimodules over (P, y, A)
also admit symmetric, level-monoidal structures, defined analogously to that on Modp.
The category of P—bimodules is endowed with a second, nonsymmetric monoidal
structure derived from the composition structure. Given two P—bimodules M and
N, their composition product over P, denoted MopN, is defined to be the obvious
coequalizer. Naturality arguments show that the intertwining map induces a natural
morphism of P—bimodules

i (XAX)op(YAY) — (XopY) A (Xop))

intertwining A and op.

Definition 2.1 A level-comonoidal P—co-ring is a P—co-ring (Q, ¥ o, o) endowed
with a coassociative, level comultiplication

Ag: Q—>QANQ,
which is counital with respect to
€gQ: Q —C.
Furthermore, the diagrams
¥
Q . QopQ
lAQQPAQ
Ao (QAQ)op(QAQ)
|
Vory
onQ Z(QopQ) A (QopQ)
and
Ag
Q—=0Qn0Q
lSQ leg/\SQ
Ap
P——=PAP

must commute.
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Recall the “inclusion” functor (1-1)
Jo: Modp — Modp o.
Restricting Jg to P—Coalg defines an “inclusion” functor
2-1) Jg: P-Coalg — (P, Q)—Coalg,
where Jg is defined on a morphism f: C — C’ by Jo(f) :=T(f)opeo.

Bringing the level comultiplication Ag into play, we can define a symmetric monoidal
product A on Modp, g as follows, so that the restriction to Modp is the same as A. On
objects, M AN is the same as M AN in Modp, while the monoidal product 6 A 6’
of 6 € Modp,o(M,N) and 0’ € Modp, o(M’, N) is defined to be the following
composite of morphisms of strict P—bimodules.

(MAM)opQ P22 (MAM)op(QAQ) > (MopQ)A(MopQ) L2 MAM.

The compatibility of the two comultiplications implies that — A — is indeed a bifunctor.
The coassociativity of Ag ensures the associativity of A, while the counit of Ag gives
rise to the unit of A. By restriction, and using that 7 is strong monoidal, we obtain
a monoidal structure A on (P, Q)—Coalg, which is the usual monoidal product of
‘P—coalgebras on objects.

Definition 2.2 The category of monoids in Modp, g with respect to the monoidal
product A and of their morphisms is denoted PsRingp o. We call its objects pseudo P—
rings, suppressing explicit mention of the governing comultiplication {o. Restricting
to A—monoids in (P, Q)-Coalg, we obtain the category (P, Q)-PsHopf of pseudo
P—Hopf algebras.

If (B, ) is a P-ring, where u € Modp(B A B, B) is the product map, it is clear
that (jg(B), ’JQ(/,L)) is a pseudo P-ring. In other words, Jg induces an “inclusion”
functor

Jo: Ringp — PsRingp 4.

Similarly, there is an induced, “inclusion” functor

Jo: P-Hopf — (P, Q)-PsHopf.
When the P-bimodule Q is a free bimodule, there exist “free” constructions in the
category of pseudo P-Hopf algebras, as specified in the next proposition. Before

stating the proposition, we state and prove a crucial lemma, which is useful elsewhere
in this article as well, then introduce one necessary definition.
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Restricting to C = grMod g or C = Chg, let £: C— C¥ be the “linear” embedding of
(1-2). Let u: £ — T denote the obvious “inclusion on level 1” natural transformation.

Lemma 2.3 Let A and B be graded R-modules, and let X be a symmetric sequence
of graded R-modules. Any morphism 6: L(A) o X — T (B) in ngodIZe gives rise
naturally to a morphism 6: T (A) © X — T(B) of symmetric sequences such that
Ouold) =6.

Proof Recall from Definition 1.8 that, in the definition of the composition product of
symmetric sequences X and )/, the left action of Xz on [[ x>1 V(1) ®---® V(ng)
is given by fi€l.n

0N ® - ®Yk) = Vo—1(1) @ ® Vo—1(k)
forall 0 € £ and y; € Y(n;), 1 <i <k.

For all m, n and 7 € I, ,, define
05 T(A)(m) @ (Y1) ® - ® V(1)) —> T(B)(n)

to be the composite

A®MQ (V(11) ® -+ ® V(itm)) — = (A® V(1) ® -+~ ® (A ® Y(1tm))

pon|

B® ®...Q B®m

B®",

Since 6 is a morphism of symmetric sequences, the second diagram in Lemma 1.10
commutes for X =7 (A) and Z = 7 (B). The first diagram commutes in this case as
well because forall a1 ®---®@am € A% andall Y| ® - R ym €Y1 R RV (1),

50—12(0'@0_1)((611 ® - ®am) ® (11 ®"'®ym))

=045-17((ae(1) @ ® to(m)) ® Vo(1) @+ ® Vo(m)))
= £0(a51) ® Vo(1)) ®* ® 0(as(m) ® Yo (m))
= :|:U(I’lg(1), e vna(m)) 0@ ®y1)®--Q0(am ® ym))

=0o(ng(1),--- ,na(m))gﬁ((al R ®am)® (1@ ® ym)).

This completes the proof. a
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Definition 2.4 Let H be a P—Hopf algebra in grMod p or Chg. A free algebraic
‘P—Hopf extension of H by a generator v consists of a morphism of P—Hopf algebras
j: H — H’ such that the underlying morphism of graded algebras is the inclusion map
H < H]]Tv,where H][ Tv is the coproduct in the category of graded algebras of
H and of the free algebra on v.

We first explain in what sense free algebraic P—Hopf extensions truly are free, in the
nondifferential setting.

Proposition 2.5 Let C =grModpy. Let (Q, Vo,e0, Ao, eo) be a level-comonoidal
‘P —co-ring (cf, Definition 2.1) that is free as a 'P—bimodule, generated by X'. Let
H [] Tv be a free algebraic P—Hopf extension of a P—Hopf algebra H , and let H'
be another 'P—Hopf algebra.

For all 6 € (P, Q)-PsHopf(H, H') and . € Mod%(L(R-v) o X, T(H')), there is a
unique morphism

@+ ) € (P.Q)-PsHopt(H | [ Tv. H')

extending 6 and A.
The proof of this proposition, which is somewhat technical, is in the appendix.

Corollary 2.6 Let (Q, ¥ o,e0,Ag,eg) be as in the statement of Proposition 2.5. Let
H and H' be P-Hopf algebras. If the underlying algebra of H is free on a free graded
R-module V that is bounded below, then for all ) € grMod%(L(V) o X, T (H')),
there is a unique morphism

% € (P, Q)-PsHopf(H, H')
extending A.
More informally, we can say that if P is free as a bimodule, then a pseudo-P—-Hopf

algebra map with domain free as an algebra is specified by its values on generators of
‘P and of the domain.

Proof The proof proceeds by induction on degree of elements in a basis of V', starting
in the lowest degree k for which Vi # 0, applying Proposition 2.5 at each step. Here,
6 is taken to be the unique morphism with domain 0. |
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2.2 Application to the Alexander—Whitney co-ring

Specializing to the case where P = A, the associative operad, and Q = F, the
Alexander—Whitney co-ring (cf, Section 1.3), we explain how to verify that a pseudo-
A-Hopf morphism with free domain respects differential structure. The proof of
Theorem 1.14 relies implicitly on the following proposition, which comes in handy
later in this article as well.

Recall the notion of a family §(#) induced by 6 € (A, F)-Coalg(C, C’) from (1-5)
and of a derivation D(¢): 7(A) — 7 (B) induced by a morphism ¢: 4 — B of graded
R-modules (Definition 1.4).

Proposition 2.7 Let C = Chg. Let H || Tv be a free algebraic A—Hopf extension
of an A—Hopf algebra H, and let H' be another A—Hopf algebra. Let A and A’
denote the comultiplications and d and d' the differentials on H || Tv and on H'.
Let

0 € (A, F)-PsHopf(H, H')

with induced family F(0) = {0 | k > 1}.

For any set {A;, € T(H')(k) | k > 1} such that for all k,

2-2)  D@ih —D(A)—1he—t = Ok (dv) — Y (6 ®6))A(v),
i+j=k

0 can be extended to

0 € (A, F)-PsHopf(H | [ Tv. H')
such that /9\(1) ®zr_1) = Ay forall k.

Thanks to this proposition, if 7'V is a chain Hopf algebra with free underlying algebra
and H' is any chain Hopf algebra, it is possible to construct monoidal morphisms in
(A, F)—Coalg from TV to H’ by induction on the generators V.

Proof The family {Ay | kK > 1} is equivalent to a morphism of symmetric sequences
of graded R—modules A: L(R-v) ¢S — 7 (H’). We can therefore apply Proposition
2.5 to obtain 6 as a morphism of nondifferential objects. On the other hand, as we
can see from the definition of dx, the hypothesis on the family {A;} is exactly the
condition that must be satisfied for 8 to be a differential map. a

We recall now the relationship between the functor Ind (Theorem 1.14) and the
monoidal structures on the source and target categories, as developed in [6] and [8].
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Lemma 2.8 (Hess, Parent, Scott and Tonks [8]) The induction functor
Ind: (A, F)—Coalg — A-Alg

is comonoidal, ie, there is a natural transformation of functors into associative chain
algebras
¢: Ind(— A =) = Ind(—) ® Ind(—),

which is given by the Milgram equivalence (0—4) on objects.

Throughout the remainder of this article, we consider objects in the following category
derived from (A, F)—Coalg. Recall zj is the generator of F in level k + 1, which is
of degree k.

Definition 2.9 The objects of the weak Alexander—Whitney category wF are pairs
(C, W), where C is a object in A-Coalg and ¥ € (A, F)—Coalg(C, C ® C) such that

U(-Rzp): C—>CRC
is exactly the comultiplication on C, while
wE((C, W), (C",¥")) = {6 € (A, F)-Coalg(C,C’) | V'0 = (6 A 0)¥}.

The objects of wF are called weak Alexander—Whitney coalgebras.

As noted in the next lemma, the cobar construction provides an important link between
the weak Alexander—Whitney category and the following category of algebras endowed
with comultiplications, which are not necessarily coassociative.

Definition 2.10 The objects of the weak Hopf algebra category wH are pairs (A, V),
where A is a chain algebra over R and ¥: A — A ® A is a map of chain algebras,
while

WH((4,¥). (4" y") ={f € A-Alg(4. 4) |y f = (f & [V}

Lemma 2.11 (Hess, Parent, Scott and Tonks [8]) The cobar construction extends to
a functor

Q: wF — wH,
given by Q(C,¥) = (QC,qInd(¥)), where Ind(¥): QC — Q(C ® C), as in
Theorem 1.14, ¢: Q(C ® C) — QC ® QC is Milgram’s equivalence (0-4) and
Q0 =1Ind(h): QC — QC’ forall € wF((C, ¥), (C', V).

Motivated by topology, we are particularly interested in those objects (C, V) of wF for
which Q (C, W) is actually a strict Hopf algebra, ie, such that ¢ Ind(W) is coassociative.
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Definition 2.12 The Alexander—Whitney category F is the full subcategory of wF
such that (C, W) is an object of F if and only if ¢ Ind(\W) is coassociative. We call the
objects of F Alexander—Whitney coalgebras.

From Lemma 2.11, it is clear that  restricts to a functor
(2-3) Q:F—>H
where H = A-Hopf is the usual category of chain Hopf algebras.

We can now explain the topological importance of the category F.

Theorem 2.13 (Hess, Parent, Scott and Tonks [8]) There is a functor C: sSet; — F
from the category of 1-reduced simplicial sets to the Alexander—Whitney category
such that the coassociative chain coalgebra underlying Cc (K) is C(K), the normalized
chains on K. Furthermore, there is a natural quasi-isomorphism of chain algebras

QC(K) > C(GK)
that is also itself a DCSH map.

3 Extended multiplicative naturality of Cotor

Let C be a chain coalgebra with comultiplication A. If (M, v) and (M',v’) are right
and left C —comodules, respectively, then their cotensor product over C is

MOcM' =ker(M @ M’ 222", v c o M),

In particular, if we endow the ground ring R with its trivial left C —comodule structure,
then

MOcR={xeM|v(x)=xQ® 1},
so that M O¢ R can be seen as a graded submodule of M, which we can think of as
the “cofixed points” of the coaction v.

In this section we study the derived functor of cotensor product, Cotorc (M, M'). We
begin by recalling the formula for Cotor in terms of one-sided cobar constructions, from
which it is immediately clear that Cotor is natural in all three variables, with respect
to morphisms of comodules over a fixed coalgebra and with respect to morphisms
of coalgebras. In [5], Gugenheim and Munkholm proved an “extended naturality”
result for Cotor, ie, that Cotor is actually functorial with respect to a much larger class
of morphisms. In Section 3.2 we reformulate Gugenheim and Munkholm’s result in
operadic language.
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We show in Section 3.1 that if H is a chain Hopf algebra and B is a (left) H —comodule
algebra, then Cotorg (R, B) admits a graded multiplicative structure, which is natural
in both variables, with respect to morphisms of comodule algebras over fixed Hopf
algebras and with respect to morphisms of Hopf algebras. We then prove in Section
3.2 that there is a larger class of morphisms, the class of comodule-algebra maps up
to strong homotopy (CASH maps), with respect to which the multiplicative structure
of Cotorg (R, B) is natural, ie, we establish “extended multiplicative naturality” of
Cotor, which plays an important role in Section 5 and Section 6.

3.1 Cotor: definition and naturality

The derived functor of cotensor product, Cotor, can be calculated in terms of the
following complex.

Definition 3.1 Let C be a simply-connected chain coalgebra, and let M be a right
C—comodule. The one-sided cobar construction M ®;, Q2C is the chain complex
with underlying graded R-module M ® T's~!Cy and with differential Dg given by

Do(x®@w)=dx ®w+ (—1)*x @dquw + (—1)"x; ® (s e’ - w),

where x e M, w € QC, d is the differential on M, dq is the cobar construction
differential (cf Notation and Conventions), v(x) = x; ® ¢ and s711:=0.

There is an analogous definition of QC ®;, N for any left C—comodule N .

Remark 3.2 If M = C or N = C, we obtain the usual acyclic cobar constructions:

C®, 2C and QC Q, C.

Remark 3.3 The formula in the definition above makes it clear that there are functors
—® QC: Comodc — Chp

and
QC ® —: ¢cComod — Chg.

One-sided cobar constructions can be applied to calculations of Cotor, the derived
functor of the cotensor product. Let C be a connected coalgebra, and let M and N
be right and left comodules over C, respectively. Then, as shown in eg [3],

(3-1) Cotor® (M, N) = Hy (M ®, 2C) ®qc (2C ®¢, N)).
It follows from the previous remark that Cotor is a bifunctor

Cotor: Comod¢ x ¢ Comod — grMod .
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We think of this as the linear naturality of Cotor.

Remark 3.4 We can also use the cobar construction to define the homotopy fiber of
a morphism of coaugmented chain coalgebras f: C’ — C. Consider the projection
w: C ®, QC — C, which is a surjective morphism of chain complexes with con-
tractible source, and therefore an acceptable candidate for a fibrant replacement of the
coaugmentation 17: R — C. Consequently, we can define the homotopy fiber of f to
be the pullback of

ca,ocnHcle,

ie C'®;, 2C. The homology of the homotopy fiber of f is thus exactly Cotor® (C",R).

Let H be a chain Hopf algebra. Recall that a chain algebra B that is also an H—
comodule is an H —comodule algebra if the H —coaction map is a morphism of chain
algebras. In [12], Miller proved the existence of a natural chain algebra structure on
the one-sided cobar construction Q2H ®;, B, for any commutative Hopf algebra H
and any left H—comodule algebra B. Here we dualize [4, Theorem 4.1], obtaining
a generalization of Miller’s result to any chain Hopf algebra H. As a consequence,
Cotor? (R, B) admits a natural multiplicative structure for any Hopf algebra H and
any H-comodule algebra B.

We begin by considering a special case: the acyclic cobar construction. Though it
would be possible to prove the next proposition and its corollaries by appealing to [4,
Theorem 4.1] and then dualizing, we prefer to give a direct, constructive proof, since
the explicit formulas we provide are much simpler than those in the dual case and prove
quite useful.

Proposition 3.5 If H is any chain Hopf algebra, then the free left Q2 H—module
structure on Q2 H ®;,, H can be extended to a chain algebra structure such that

(1®c) (s la®l) = (—1) @D 1 u@c+(—1)%s7! (c.a)®1+(—1)C+acis_1 (ci-a)®c"
forall a,c € H, where A(c) = ¢; @ ¢! and
1IRc)(I®e)=1RQc-e
forall c,e € H.
Proof Given the multiplication as partially defined in the statement of the proposition,

we extend it to all of QH ®;, H by associativity, which is possible since 2H is free
as an algebra on s~! H, . Hence all that we must do is verify that Dgq is a derivation
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with respect to this product. We do the second case and leave the first, the proof of
which is quite similar, to the reader.

If image of ¢ and e under the reduced comultiplication are ¢; ® ¢! and ej ® e/,
respectively, then the image of ¢ - e under the unreduced comultiplication is

(c-e)k®(c-e)k =c-e®1+1Qc-e
+e®e+ (—)e®c
+e®c e+ (=1)ici-e®c!
+e-ej®el + (=) ®c-e!
+(—1)efcic,'-ej ®c el
Consequently,

Do(1®c-e)=1Qd(c-e)—s c-e)®1
—sle@e—(—1)sle®c
—sTlg®ce—(=1)is T ci-e) Q¢!
—sHe-ep)®el —(=1)%°s7lej @c- e
— (=) e @l el

On the other hand
Do(1®c¢)-(1®e)=1Qdc-e—s 'e®@e—sle;®c e,
while
(D)0 ®c)-Do(l®e)
=(-=1)l®c-de+ (-1D)°(1®c) (s le®@1—s5"lej ®e)
=— (D% le®@c—sc-e)®1
- (—l)ecis_l(c,- e)®c —(=1)%slej ®c-e’
—s e el — (—l)efcis_l(ci e))®c' ®e’,
It is now obvious that

Do(1®c-e)=Dqg(1®c)-(1®e)+ (—1)(1R®¢)-Da(l®e). |

This proposition admits the following generalization, the proof of which is essentially
identical to that of the proposition.
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Corollary 3.6 If H is any chain Hopf algebra and B is a left H—-comodule algebra,
with coaction map v, then the free left 2 H —module structure on Q2 H ®;, B can be
extended to a chain algebra structure such that

(1@b) (s a®@ )= (=1) @D~ lu@p (1) (c-a)®1+(=1)2F s~V (¢1.a) @b

forallac H,be B, where v(b) =c®1+1®b +¢; ® b’ and
A@bh(1®b)=10b-b'

forall b,b’' € B.

An analogous results clearly holds for right comodule algebras as well.

The multiplicative structure defined above is easily seen to be natural, in the following
sense. Let f: H — H' be a morphism of chain Hopf algebras. Let (B, v) be a left
H —comodule algebra, and let (B’,v’) be a left H'—comodule algebra. Let g: B — B’
be morphism of chain algebras such that (/' ® g)v =’g. It is easy to check that the
chain map

Qf®g: QH ®, B—> QH ®;, B’

respects the multiplicative structure defined in Corollary 3.6.

Let CA® denote the following category. Objects are pairs (H; B), where H is a
chain Hopf algebra and B is a left H—comodule algebra, both over the fixed PID
R. A morphism from (H; B) to (H’; B’) is a pair (f;g), where f/: H—> H' isa
morphism of chain Hopf algebras and g: B — B’ is a chain algebra map such that
(f ® g)v =V'g, where v and v’ are the coactions on B and B’, respectively. The
analogous category for right comodule algebras is denoted CA” .

Corollary 3.7 Let chA denote the category of chain algebras over R. There are
functors

QZ(—; -): CA! > chA
defined by Q2(H; B) = QH ®;, B (with the multiplicative structure of Corollary 3.6)
and Q2(f;g)=Qf ® g and

Q"(—;—): CA" - chA

defined by Q2(H; B) = B ®;, QQH (with the multiplicative structure analogous to that
of Corollary 3.6) and Q(f;g) =g ® Qf .

We show in Section 3.2 that the algebra structure on QH ®,, B is actually natural with
respect to a bigger class of morphisms than those of the category CA". This extended
naturality of the algebra structure of Q2H ®,, B plays a crucial role in Section 6.
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Corollary 3.8 Let grA denote the category of graded algebras over R. The functor
Cotor restricts and corestricts to functors

Cotor(_)(R; -): CA! - grA
and
Cotor™(—: R): CA” — grA.

This is the multiplicative naturality of Cotor.

Proof From the definition of Cotor (3—1), we see that if B is a left H—comodule
algebra, then

Cotor (R, B) = Hy (QH ®, B).
The previous corollary implies that there is a natural graded algebra structure on
H. (QH ®1,, B). The right-comodule case works similarly. O

Remark 3.9 As a consequence of Proposition 3.5, we obtain that QH ®;, H is
itself an H —comodule algebra. To establish this fact, we must show that the following
diagram commutes.

(QH ®tQ H)®2

QH®;, H
(1®A)®2J/ (1®A)

® L QH H®H
(RH ®, (H® H))®™ — R, (H® H)

Here, A is the comultiplication on H and p denotes the multiplication defined in the
statements of Proposition 3.5 and Corollary 3.6. The left H —comodule structure on
H® H is given by A® 1. It suffices to check that this diagram commutes on elements
of the form 1 ® ¢ ® s~ 'a ® 1, which is not a difficult computation. The coassociativity
of A plays a crucial role in this verification.

Analagously, H ®;, 2H is also an H—comodule algebra.

3.2 Maps of comodules up to strong homotopy

In this article we need relative versions of the results from [8] cited in Section 1.3,
to establish conditions under which there is a multiplicative map between one-sided
cobar constructions of the sort considered in Corollary 3.6. As a consequence, we
obtain Proposition 3.19, which is both a multiplicative generalization of the extended
naturality of Cotor, due to Gugenheim and Munkholm [5] (Theorem 3.13 below), and
an extended version of the multiplicative naturality of Cotor (Corollary 3.8 above).
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Let C and C’ be connected chain coalgebras. Recall from Section 1.3 that though
every chain coalgebra map f: C — C’ induces a chain algebra map Qf: QC — QC’,
not all chain algebra maps ¢: QC — QC’ are so induced. In particular, the category
of chain coalgebras can be seen as a wide, but not full, subcategory of the category
DCSH, so that the morphisms in DCSH can be considered as “weak” chain coalgebra
morphisms.

In this section we consider an analogous weakening of the morphisms in the category
CA” defined in Section 3.1, for which we provide equivalent chain-level and operadic
definitions, both of which are quite useful. The operadic definition serves to facilitate
the proofs of the existence results (Proposition 3.16 and Proposition 3.18) that play a
key role in Section 5.

The reader who is not interested in the fine details of our constructions and existence
results can safely limit his perusal of this section only to the definition of the category
CASH (Definition 3.14) and to Proposition 3.18.

Let C denote either the category of graded R—modules or the category of chain
complexes over R. Let C=+ denote the category of shifted symmetric sequences in
C. An object X of CZ+ is a family {X(n) € C | n > 0} of objects in C such that
X (n) admits a right action of the symmetric group %, _, for all n > 0 and such that
X(0) = 0. A morphism in CZ+ from X to ) consists of a family

{on € C(X(n), y(n)) | on is X,_1—equivariant,n > 1}.
There is a faithful functor
7, CxC— C=+

where, for all n, 7,(A4, B)(n) = A ® B®"~!, where X,_; acts by permuting the
factors of B.

The following useful operation on symmetric sequences in the image of 7, is a shifted
version of the notion of derivation of symmetric sequences in the image of 7~ (Definition
1.4).

Definition 3.10 Let f,s: A — B and g,h,t: C — D be homogenous linear maps
of graded R-modules, such that f, g and / are homogeneous of degree 0, and s
and ¢ are homogeneous of degree m. The ( f, g, h)—derivation of shifted symmetric
sequences induced by s and ¢ is the morphism of symmetric sequences

D(f.g.m)(5,1): Tr(4,C) — T,(B, D)
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that is of degree m in each level and that is defined as follows in level 7.
n—2
Difey(On=s@h®" ' +3" f@¢® @1 @h®" /72,
j=0
When A =B, C =D and f =1dy4 and g =Id¢c = &, we simplify notation and write
D(s,t) for the (Idg4,Idc, Id¢)—derivation induced by s and ¢.

It is obvious that there is again a level monoidal structure (C*+, ®,C), where (X ®
V)(n) = X(n) ® Y(n), endowed with the diagonal action of ¥, _1, and C(n) = R,
endowed with the trivial ¥, _;—action. By proofs analogous to those in [10, section
I1.1.8], we can show that the category C=+ also admits a right action by the monoidal
category (C*, ¢, J), ie there is a bifunctor

CE+ xC¥ » C¥+: (X)) > XY

defined by
@aym= [] ¥k) ® Y)® - ®Y@x) ® R[Zpl.
k>1 k=t =
Yelk.n

Here, ¥;_; actson Y(i1) ® --- ® Y (i) by permuting Y (i) ® --- ® Y (i), while
1—é1=(i1—1,i,,...,i}). Furthermore, there is a natural isomorphism X < () ¢ Z) =~
(X <)) < Z for all shifted symmetric sequences X and all symmetric sequences )/
and Z.

Let P be an operad, with multiplication map y: P ¢’P — P, and let X be a shifted
symmetric sequence. We say that X is a shifted right 'P—module if there is a morphism
of shifted symmetric sequences p: X <P — X such that

plp<l)=p(l<y): (X<P)«aP=X<a(PoP)—>X.

A morphism of shifted right P—modules is a morphism of the underlying shifted
symmetric sequences that commutes with the right action maps. We write Mod;;
for the category of shifted right P—modules and their morphisms. Given a shifted
symmetric sequence X that is a shifted right P—module and a symmetric sequence
Y that is a left P—module (in the usual sense), we define X 7<31 Y to be the obvious

coequalizer.

Definition 3.11 Let 6 € (A, F)-Coalg(C, C'), inducing Ind(0) € A-Alg(QC, QC’)
and therefore the structure of a right 2C —-module on QC’. Suppose that M is a right
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C —comodule and M’ is a right C'—comodule. A map of right 2C —-modules
/’l: M ®IQ QC — M/ ®t9 QC/,
is a comodule map up to strong homotopy with respect to 6 from M to M’.

Abusing terminology somewhat, we say that a chain map g: M — M’ is a comodule
map up to strong homotopy if there is such an / satisfying

h(ix®1)—gx)®1e Médegx@)QC'
forall x e M.

A “module” version of Theorem 1.14 holds for right comodules. The proof proceeds
by straightforward generalization of the absolute case. Before stating the theorem, we
remark that if C is a coassociative chain coalgebra and M is aright C —comodule, then
7,(M, C) is naturally a shifted right .A-module. Observe that there is an isomorphism
of graded R—modules

T,(M,C)(k) ® A(i})®---®Aliy)

k—1

=(M @A) ® (T(C)k=1) ® Ali2) @& Alix)-

To define a shifted right .A-module structure on 7, (M, C), we use the right . A-module
structure on 7 (C) coming from its coalgebra structure, as well as the fact that for all
m > 1, the comodule map v: M — M ® C induces a ¥,,_;—equivariant map

v M@ A(m) > M @ C®" 1 (x @) > (Idpr @A D) (x).

In other words, 7, induces a functor from the category of pairs (M, C), where C is a
coassociative coalgebra and M is a right C —comodule, to the category of shifted right
A-modules. We can now state the “module” version of Theorem 1.14.

Proposition 3.12 Letf e (A, F)—-Coalg(C, C’), inducingInd(0)e A-Alg(QC, QC).
If M is aright C —comodule and M’ is a right C' —comodule, then there is a natural
bijection
Ind™: Mod | (7;(M. C) j}“, T,(M', C")) - Modgc (M ®;, QC, M’ ®;, 2C’)
specified by
Ind* (@)(x) = Y (ldy &~ H®* o(x @ z1)
k=1
forall x e M.
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To see why the formula above makes sense, note that
o(x ® zk—1) € T(M'.C)(k) = M' @ (C)®1.

Furthermore, since M ®;, QC is a free right 2C—-module, the specification in
Proposition 3.12 suffices to imply that Ind* (w)(x ® v) = Ind* (w)(x) - Ind(0)(v) for
all x e M and v € QC.

A morphism w € Mod} (7 (M, C) j}", T,(M’,C")) gives rise to a family

(3-2) FH(w) =f{or=w(®z): M > M & (C")®* |degwy =k, k > 0}.

Specifying a family § T (w) is equivalent to specifying a morphism of shifted symmetric
sequences L(M) j]-"—> T.(M',C).

Maps of left comodules up to strong homotopy are defined analogously. A version of
the proposition above, expressed in terms of a functor 7, holds for left comodules as
well.

Comodule maps up to strong homotopy are interesting because of their role in extending
the linear naturality of Cotor (cf (3—1)), first established by Gugenheim and Munkholm
in [5] (dual of Theorem 3.5). This extended naturality can be expressed as follows in
the language we have developed above.

Theorem 3.13 (Gugenheim and Munkholm [5]) Let 6 € (A, F)-Coalg(C,C’),
where C and C’ are simply connected chain coalgebras. Let g: M — M’ and
h: N — N’ be maps of right and left comodules, respectively, up to strong homotopy
with respect to 6, where M and N are C —comodules, and M’ and N’ are C'—
comodules. Then there is a natural induced morphism of graded R-modules

Cotor? (g, h): Cotor® (M, N) — Cotor® (M', N').

Furthermore if all the underlying graded modules are R—flat and 6(— ® zg), g, and h
are all quasi-isomorphisms, then Cotor? (g, h) is an isomorphism.

We sketch a proof of Theorem 3.13, based on Proposition 3.12. Let
&: Z(M,C)jf—)T(M’,C/) and ¢: Tr(N,C)j}"—>T(N’,C/)

be the morphisms of shifted .A-modules of chain complexes, corresponding to g and
h. Thus, under the hypotheses of the theorem, we can set

Cotor? (g, h) = H, (Ind* (&) ®@c Ind™(0)): Cotor® (M, N) — Cotor® (M', N').
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A standard spectral sequence argument then shows that Cotor? (g, h) is an isomorphism
if all modules are R-flat and if H (0(— ®zo)), Hi g, and Hy /& are all isomorphisms.

We devote the remainder of this section to establishing a framework in which to
state and prove a multiplicative version of Theorem 3.13. Recall that if H is a Hopf
algebra, then an algebra B is an H —comodule algebra if it is an H—comodule and the
comodule structure maps are algebra maps. Furthermore, as seen in Corollary 3.6, a
right H —comodule algebra B naturally gives rise to a chain algebra, B ®,, Q2 H .

We can now enlarge the category CA” by weakening the definition of morphisms, in
analogy with the passage from the category of chain coalgebras to the category DCSH.
Definition 3.14 Let CASH be the category specified as follows.

(1) Objects are pairs (H; B), where H is a chain Hopf algebra and B is a right
H —comodule algebra.

(2) A morphism from an object (H; B) to an object (H'; B’) is a pair (6;y), where
0 € (A, F)-PsHopf(H, H')
and
y: B ®t9 QH — B, ®tQ QH/

is a morphism of both chain algebras and 2 H-modules, where the right Q2 H -
module structure on B’ ®;, Q2 H' is given by the algebra morphism

Ind(0): QH — QH'.

Composition and identities are defined in the obvious manner. The morphisms in
CASH are called comodule-algebra maps up to strong homotopy.

Given a morphism (6;y): (H; B) — (H'; B") in CASH, let y, denote the composite

B> B®,, QH > B' ®,, QH 5 B,

where 7 denotes the obvious projection. We say that a chain map g: B — B’ is a
CASH map if there is a morphism (0;y): (H; B) — (H'; B’) in CASH such that
Yo=28&.

Remark 3.15 Corollary 3.7 implies that the category CA embeds into CASH as a

wide, but not necessarily full, subcategory.

The following relative version of Proposition 2.7 is a crucial tool for construction of
CASH maps. The proof proceeds by direct, but somewhat cumbersome, generalization
of Proposition 2.5, the details of which we spare the reader. We use here the shifted
derivations of Definition 3.10.
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Proposition 3.16 Fix chain Hopf algebras H and H' and
0 € (A, F)-PsHopf(H, H')

with §(0) = {6x | kK > 1}. Let B be a right H—comodule algebra and B’ a right
H' —comodule algebra such that B is free as an algebra on an R—free graded module
V' . Then any family of morphisms of graded R—modules

E={: V- B/®(H/)®k | deg&r =k, k >0}

naturally induces a unique morphism of shifted right A-modules of graded
R-modules

§T(B.H)SF > T,(B . H)
such that g(v ® zx) = &, (v) forall v € V and such that
Ind*(€): B®, QH — B' ®;, QH’
is a map of graded algebras and of 2 H —modules.

If, furthermore, for all k > 0 and forall v eV,

(3-3) D(dp.dg)k+16k (V) =DV ANy (v) = Ex(dv)— Y (§;®0)7(v),
i+j=k

where F1 (E) = {Ek | £ > 0}, then E is a differential map.

The next proposition, which explains how to construct a CASH map as a sort of
coproduct of CASH maps when the underlying algebras of the sources are free, is
essential to the proof in Section 5 that our algebraic “homotopy fiber” has the right
homology. Before stating the proposition, we need one observation about coproducts
and tensor products of comodule algebras.

Remark 3.17 Suppose that 4 and A’ are right H—comodule algebras with coaction
maps v: A > AQ® H and v': A’ —> A’ ® H. Let A]] A’ denote the coproduct of
A and A’ in the category of chain algebras. Since v and v’ are algebra maps, they
together induce an algebra map

VAl JA > UM ][4 e H) — 4] [4)®H.

which satisfies the axioms of a coaction because v and v’ do. In other words, the
algebra coproduct of H—comodule algebras is naturally an H —comodule algebra.
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It is easy to check that the tensor product A ® A’, with its usual algebra structure, also
admits a natural H —coaction

, v’ , ~ ’ deu ,
ARA — (AQH)R(AAQH) > (AQA)Q(HQH) ——> (AQA)Q H
that is an algebra map, where i denotes the multiplication in H .
Proposition 3.18 Let (0;y): (H; A) — (K; B) and (6;y'): (H; A") — (K; B’) be
morphisms in CASH. Endow A|] A" and B ® B’ with their natural H—comodule

and K —comodule algebra structures. If the algebras underlying A and A’ are free on
free graded R—modules V and V', respectively, then there exists a morphism

©0:y"): (H; A ]_[A/) —(K;B® B
in CASH such that y{'(v) = yo(v) ® 1 and y"(v') = 1 ® yy(v') forall v e V and

VeV’

In the situation of the proposition above, we write

"

Yo = Yo * Yy

Proof Let

& T(AH)9F > T(B.K) and §: T,(A' H)9F — T(B.K)

be the morphisms of shifted .A—modules of chain complexes, corresponding to g and
g’, with corresponding families 1 (&) = {&, | m > 0} and FT (&) = {£&), | m = 0}.

Define a family of linear maps
B ={&: VeV > (BRB)®K®" |m=>0}
by & (v) =11 0&y,(v) forall ve V and &, (V') =1, 0§, (V') forall v/ € V', where
11: BRK®" > (BOB)QK®" x®11® Qim>xR1® 1 Q- Q ym
and
1 BRK®" > (BRB)RK®": X'®@p1® @ ym>1®X @y ® @ ym.
Note that the algebra map induced by the linear map & is indeed yo * ;.

=/
=

It is easy to check that the family satisfies the conditions of Proposition 3.16, since
& and &' are morphisms of shifted . A-modules of chain complexes. m|
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Inspired by the sketch of the proof of Theorem 3.13, we can easily verify the following
result, establishing extended multiplicative naturality of Cotor, generalizing both
Corollary 3.8 and Theorem 3.13.

Proposition 3.19 Let grA denote the category of graded algebras over R. The functor
Cotor™) (—; R) of Corollary 3.8 extends to a functor

Cotor™) (—; R): CASH — grA.

Proof Let H and H’ be simply-connected chain Hopf algebras, and let
0 € (A, F)-PsHopf(H, H').

Let g: M — M’ be a CASH map with respect to 6, where M is aright H-comodule,
and M’ is aright H'—comodule. Recall the graded algebra structure on Cotor? (M, R)
from Corollary 3.8 and its proof.

Let
& T(MH) 9 F - T(M' . H')

be the morphism of shifted right .A-modules corresponding to g. Since g is a CASH
map, Ind*(£) is a chain algebra map and hence Cotor? (g,1d) is a map of graded
algebras. O

4 Path objects and homotopy fibers in F

In this section we define a functor
PL:F—H,

called the path-loop functor. For every (C, W) in F, there is a natural surjection of chain
Hopf algebras PL(C, V) — §(C , ). The definition of ‘BL is the first step towards
building a particularly nice chain algebra from which we can compute Cotor (R, R),
when H is a chain Hopf algebra endowed with an Alexander—Whitney model, as defined
in Section 5. As we explain in Section 6, the terminology chosen is justified by the
fact that the homotopy fiber of the natural surjection ‘BSC (K) — QcC (K) is indeed
a model for G2K, where C denotes the functor of Theorem 2.13.

We begin by more general considerations. Given any graded module X, let X denote
571X, and let X denote an element s~ !x. Let 0: X — X @ X be defined by o(x) =X,
and let i: X — X @ X denote the inclusion.
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Let (X, d) be any chain complex. The based-path object on (X, d), denoted P(X,d),
is defined to be the acyclic chain complex (X & X.,d), where dx = tdx —X and
dx = —dx, ie,

“4-1 di=1d—cand do = —od.

There is an obvious factorization

0\ (X.d)
PB(X.d)

where 7 denotes the obvious projection, justifying the name we have given to the chain
complex P(X,d).

The based-path construction is clearly natural, ie, there is a functor
PB: Chg — Chp.
Furthermore, the functor P is comonoidal, where the natural transformation
) P=®-) = P OP(-)
is defined for chain complexes X and Y to be the injection
Xy (X®Y)eX®Y)=(XRY)d(X®Y)s(X®Y) > X aX)0 (Y &Y).

In particular, if (X, d, A) is a coassociative coalgebra, then (‘B(X ,d), Z) is also a
coassociative coalgebra, where A = jx,xB(A). Note that the comultiplication on
P(X) is specified by At =(®1)A and Ao = (0 ®t+t®0)A and that the projection
map 7: P(X) — X is a morphism of coalgebras.

The morphisms of graded R—modules ¢ and o induce a morphism of symmetric
sequences D, ,(0): T(X) = T (‘B(X )) that is of degree —1 in each level (cf, Def-
inition 1.4), while the differentials d and d induce D(d): T(X) - 7(X) and
D(J )T (‘B(X )) —T (‘,]3(X )) It is a matter of straightforward calculation to show
that (4-1) implies that

42)  D(d)Dy.(0) = —Dy(0)D(d) and D(d)T (1) = T()D(d) — Dy.(0).

Proposition 4.1 Let C and C’ be coassociative chain coalgebras. Any morphism

0: T(C)ouF — T(C)
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of right A—-modules of chain complexes lifts naturally to a morphism

9: T(B(C))ouF — T(P(C),

ie, there is a commuting diagram of morphisms in (A, F)—Coalg

30 L e
|,
C C’.

Here, the coalgebra morphisms denoted m are considered as morphisms in
(A, F)—Coalg via the inclusion functor.
Proof We remark first that since 6 is a differential map, the following equality holds.
(4-3) D(d"0 = 0(D(d)oal + 10497).
Here, the composition rule applied is that of morphisms of right .A-modules.
We now define a morphism of symmetric sequences of graded R—modules

0" LICHC)oS—>T(C'®C)

by 0'(t(¢) ® Zj—1) = 1®"0(c ® z;u—y) forall ¢ € C, since 0 should extend 6, and
0'(c ® zm—1) =D, (0)0(¢ ® zy—1). In other words,

(4-4) 0'(to1) =T ()0 and 0’ (0 1) =D, ,(0)6.

Applying Lemma 2.3, we obtain another morphism of symmetric sequences
0" T(CHC)oS—T(C' &C),
defined for all k£ and for all wq,...,w; € C ®C by
0" (W1® - @) ® (2, —1®**®Zp, 1)) = £0' (W1 ®Zzp;—1) @+ @O (W Bz, 1),
where the sign is determined by the Koszul rule.
Now use the right .A-module structure of 7 (B(C”)) to extend 6” to a morphism
0:T(CHC)oaF=T(CHC)oSoA—T(IC' &C)

of right .A-modules of graded R—-modules. As an easy consequence of (4—4), we have
that
0 (T ()oal) =T ()0 and 6 (D, (0)) =D, (0)9.
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To complete the proof, we need to verify that 0 is differential, ie, that
9(D(d)oul + 10405) =D(d)8.

It is enough to prove that the two sides of the equation are equal when precomposed
(as maps of right A-modules) with either £(1) ¢ 1: L(C) o F — T(‘,B(C)) oAF or
L(o)o1: LIC)o F = T(P(C))oaF.

Observe that

DA )O(L() o 1) =D(d )T ()0

=D, ,(d1)f
=D, (td—-0)0
= (T(\)D(d') =D, (0))0,
while
G(D(d)o A1) (L) o 1) = 6(T (1)D(d)o a1 =D,y (0)0 1)
= T(1)0D(d) — (D, (0)0 41).
Thus,

(D)0 — 0(D(d)o A (L) o 1) = T(1)(D(d")0 — 0D(d))
=T ()0(1o40F)
= 0(1o497) (L) o 1),
by equation (4-3).
Similarly,
D(d)0(L(c) o 1) =D(d')D,.(6)0 = —D, ,(c)D(d")6,
and

8(D(d)oal)(L(0) 0 1) = =8 (D, (0)D(d)0.41) = —(Dpi(0)(D(d) o 41).

Thus,
(D)6 — 0(D(d)o A1) (L(0) o 1) = —(Dy(0)0(16 43F)
= —0(D, (o)1) (10 405)
=0(10.497)(L(0) o 1),
again by (4-3). .
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Recall that Jr: A-Coalg — (A, F)—Coalg denotes the “inclusion” functor (1-1).

Corollary 4.2 If (C, W) is an object in F, then the based-path object (C) admits a
natural Alexander—Whitney coalgebra structure map V¥, extending V. Furthermore,
the morphism of right A—-modules

Jr(m) =T (w)o4e: T(‘B(C))OA}'—> T(C)

induced by the natural projection map of chain complexes m: P(C) — C is a morphism
inF, ie,
Wir(n) = (Ir(m) A Tr(n)) W,

where the composition is calculated in (A, F)—Coalg.

Proof By Proposition 4.1 , the morphism of right .A-modules
V: T(C)oaF—>T(CRC)
gives rise naturally to
U: T(P(C))oaF — T(P(C @ C)).

Since P(C ® C) injects into P(C) ® P(C), we can look at U asa morphism with
target 7 (P(C) @ P(C)).

To complete the proof that (‘B(C ), Cﬁ) is an Alexander—Whitney coalgebra, we need to
check that ¢ Ind(W) is coassociative. By naturality, however, this follows immediately
from the coassociativity of ¢ Ind(W¥).

Verification that J £ () is a morphism in F is trivial. a

Proposition 4.3 Let 6: (C, V) — (C’, V') be a morphism in F. Then
~ ~ ~7
0: (P(C), V) — (P(C), ¥)
is also a morphism in F, ie, (5/\ 5)5 = {17/5' where the composition is performed in

(A, F)—Coalg.

Proof It suffices to check the desired equality holds when precomposed (as morphisms
of right A-modules) with either £(¢) ¢ 1 or L(0) ¢ 1. To distinguish between com-
position as morphisms of right . A-modules and as morphisms in (A, F)-Coalg, we
denote the first by simple concatentation of symbols and the second by o.
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The definition of ¥ given in the proofs of Proposition 4.1 and Corollary 4.2 implies
that

BAO) o T(LW) o) =(0A0) 0T ()T
= (6T AT ()0 ¥
=TW)(O AO) oW
=T (1)¥’ 00 since 6 is a morphism in F
=T 0T ()0
=T'0(L0) o).
On the other hand,
(BAG)oU(L(6)o1)=(BA0)oD, (o)W
= (6D, (0) AIT (1) + 0T (1) A 0D, ,(0)) 0 W
=D, (0)(H AH)oW
= D,..(0)V 00 since 0 is a morphism in F
=T 0D, (0)0
=U0(Lo)o1).

This completes the proof. |
Corollary 4.2 and Proposition 4.3 imply that the following definition makes sense.

Definition 4.4 The based-path functor %: F — F is defined on objects by ‘:f?(C , W) =
(‘B(C), \IJ) and on morphisms by B(6) = 6.

The second part of Corollary 4.2 implies that ‘Z? is augmented: the projection 7 serves
as a natural transformation 7: 8 — Idy.

For the constructions in the following sections, we need a relative version of the path
functor, ie, a notion of homotopy fiber in F. We consider first the notion of homotopy
fiber in Chg. Any morphism of chain complexes f: X — Y can be factored as

S
X Y,

~

incl._ f+r
X @BY)
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so that it is reasonable to define the homotopy fiber HF( /) to be the pullback

H¥() —= X @ P(Y)
N
0 Y,

or, more prosaically, HF( /) is the kernel of f + 7.

Analogously, to define homotopy fibers in F, we first need to show that F admits
coproducts. It is easy to see, however, that if (C,¥) and (C’, ¥’) are Alexander—
Whitney coalgebras, then their coproduct (C, W) [[(C’,¥’) in F is (C & C’, ¥"),
where
V' T(CoC)oaF - T ((Caoc)®)

is the morphism of .A-modules specified (as in the proofs of Lemma 2.3 and Proposition
4.1) by

V(e ®zp—1) = V(e ®zx—1) and ¥'(c' ® zp_1) = ¥'(¢' ® 2 1)
forallce C,c’ € C’ and k > 0.

Let : (C’,¥') — (C, ¥) be a morphism in F. There is an obvious factorization in F

(4-5) RS 6 (C, ).

~

incl. 0+m

(C" W) [IPC. W)

Note that 6 + 7, seen simply as a map of coalgebras, admits a (nondifferential) section,
the coalgebra map

ipC—>C(Ca0),
which is just the natural inclusion. Moreover, ¥ (j(¢) ® zx—1) = i® K W(c ® zx_;) for
all k, so that the induced algebra map

Qj: QC - Q(C'® (Ca0))

commutes with the induced comultiplications, ie, €2j is a Hopf algebra map, which is
a (nondifferential) section of Q(6 + ).

Recall the functor Q: F — H from (2-3).

Definition 4.5 The algebraic path-loop functor
PL:F——H
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is the composite PL = Qo ‘1“; The induced comultiplication on ‘BL(C, W) is denoted
V.

We prefer the notation L£ for this functor, instead of Qo %, as it reminds us that
PL(C, V) plays the role of the paths on a loop space.

Observe that PL(C) is always acyclic, since ‘:f?(C ) is acyclic and 1-connected.
Consider the natural right €2C —comodule structure on BL(C) given by the coaction
V=1 Q7)Y QCHC) - QUCHC)RQC

It is important for the proof of Theorem 5.6 to know that PL(C) is a cofree right
Q2 C —comodule, which is an immediate consequence of the following more general
result.

Proposition 4.6 Let p: (H',d’) — (H,d) be a surjection of connected chain Hopf
algebras, which are free as graded R—modules. Letv = (1® p)A": H — H' @ H
denote the right H —coaction on H' induced by p. If p admits a (nondifferential) Hopf
algebra section s, then

(1) H'Og R is a sub chain algebra of H', and

(2) (H',v) is cofree as a nondifferential H—comodule, with cobasis H'Og R.

Proof Let (B,dg) = H'Og R. Milnor-Moore [13, Theorem 4.6], implies directly
that H'Og R is a sub chain algebra of H'.

Consider the linear map
h=ul®s): BRHS H,

where 1 denotes the multiplication on H’ and i is the canonical inclusion. According
to [13, Theorem 4.7], 4 is an isomorphism of both right H—-comodules and left B—
modules, since the underlying Hopf algebra of H is connected, while the underlying
algebra of H’ is a connected H—comodule algebra, and all graded R—modules in
question are free. Since / is an isomorphism, we can use it to define a differential d
on B® H by
d=h""d'h.

Then /& becomes an isomorphism of differential right H—comodules and left B—
modules, ie, H' is cofree.
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Observe that for all x € B,
dx®1)=h"'d'(i (x))
=h"ti(dgx)
=dpx®1,

ie, the restriction of dto B®1is simply dp ® 1. In other words, the inclusion of B
into H' is a differential map. O

Corollary 4.7 The path-loop construction ‘LL(C, V) on any Alexander—Whitney
coalgebra (C, W) is cofree over Q(C W), with cobasis PL(C, V)0 R, which

is a sub chain algebra of BL(C, V).

Qv

More generally, for any 6 € F((C’, \If/),iC, V)), the coalgebra Q ((C", ¥)PB(C. v))
is cofree over Q (C, V), with cobasis 2 ((C’, %) [ B(C, \D))D'Q(C ‘IJ)R, which is a

sub chain algebra of Q ((C', ¥) [[B(C, W)).

Proof Since Q(0+7): Q((C’,¥) [[B(C, ¥)) — Q(C, ¥) admits a (nondifferen-
tial) Hopf algebra section 2j, we can apply Proposition 4.6. a

To conclude this section we analyze more precisely the nature of J, the comultiplication
on PL(C), and v, the induced 2 C —coaction. Let ¢ denote the natural (nondifferential)
section QC — Q(C @ C) of Q. Let

k: QC - QCHC)

denote the (i, t)—derivation of degree —1 specified by k(s™'c) = —s~1¢, ie, ku =

pEki+1Q«).
Lemma 4.8 The derivation « satisfies the following properties.
(1) « is a differential map of degree —1, ie, kdg = —JQK.
(2) « is a (¢, t)—coderivation, ie,
Vk=k(R+1RK)Y: RC > QUCHC)®QUC B C).
(3) « is amap of right QC —comodules, ie, vk = (k@ 1)y: QC - QUCHC)RQC.

Proof (1) Let ¢ e C, and let ¢; ® ¢! denote its reduced comultiplication. Then, using
the definitions of d and A from the beginning of Section 4 as well as the definition
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of the cobar construction differential from the introduction, we obtain
kdg(s™l¢) = k(=sVde + (=1) - s eis et
=sVde + (=) (—s7'G - s7 et = (=1)¢is7 e - s71E)
= ggs_lf
= —d~QK(s_lc).
(2) We have defined J so that the desired equality obviously holds on the generators
s~1Cy4 . Thus, to establish that the equality holds on all of C, we must show that
%K,u =k QL+1QK)Yu: QC®? - Q(C & C)®?2
where p denotes the multiplication map.

We verify this equality by induction on total length of elements in £2C ®2 By definition
of 1, the equality holds for total length equal to 1. Suppose that it holds for all elements
of QC®? of total length less than 7.

Let t denote the usual twisting isomorphism 7: A ® B = B ® A. Observe that on
TmS_1C+ X Tn_mS_1C+,

Vi =Yuk @ L+1®k)
—uW(I®TRNWY V) (K QL+ &k)
=1t (k®t+1®)Y)®V + ¥ Q ((k QR+ 1QK)Y))
=uu k2 +®?2 @k R+ 19k +123 1) (1T (Y @ Y)
= (k@ i+10)Ou+p® UKk i+1®k)))(1®T® 1) (Y V)

=Kkpu@u+pu@ku) (1t 1) (Y ®Y)
=KL+ 1RK)YLL.

The induction hypothesis assures that the third equality in this sequence holds.
The equality of part (2) of the lemma therefore holds for all elements of total length .

(3) This is an immediate consequence of (2). O

S Homology of homotopy fibers in H

In this section we describe the homology of the homotopy fiber £,(C, V) of the
path-loop map Qm: PL(C,¥) — Q(C, ¥) on an object (C, V) of F. We show in
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particular that when a chain Hopf algebra H is endowed with an Alexander—Whitney
model 0: Q(C, V) — H (see below), then

H. (£2(C, W)) = Cotor” (R, R)

as graded algebras. We emphasize that this is a true isomorphism and not merely an
isomorphism of associated bigraded complexes: there are no extension problems to
solve. More generally, we apply the path-loop construction to building a model for
computation of the algebra structure of Cotor (H', R), the homology of the homotopy
fiber of a map of chain Hopf algebras H' — H , which endows H’ with the structure of
an H—comodule algebra. In Section 6 we show that our terminology is fully justified
by its application to chain complexes of simplicial sets.

The chain Hopf algebras that we can study by the methods of this paper possess a
model of the following sort. We use here the notion of pseudo A-Hopf algebras of
Definition 2.2.

Definition 5.1 Let H be a chain Hopf algebra, seen as a pseudo .A-Hopf algebra, via
the “inclusion” functor Jr: H — (A, F)-PsHopf. An Alexander—Whitney model of
H consists of an object (C, W) of F together with a morphism

® € (A, F)-PsHopf(Q (C, V), H)

restricting to a quasi-isomorphism of chain algebras

0=0(—®z): QC, V) — H.

Unrolling the definition, we see that the existence of ® is equivalent to the existence
of a family of R-linear maps

F(©) = {6, = O(—®z,): Q(C, V) —> H®T1y

satisfying certain conditions with respect to the differentials (cf, (1-5) and Proposition
2.5). Furthermore, it follows from the formula for the level comultiplication in F (cf
[8, page 854]) that for all a,b € Q(C, V),

On(ab)y= Y (AW @---@AW)G_i (@) e ((6;,-1® @0, 1) AP (D)),
1<k=<n+1
7€li ni1

where e denotes the multiplication in H®"T1 A denotes the comultiplication in
Q(C, V) and in H and the signs follow from the Koszul rule.
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Throughout this section we assume that any chain Hopf algebra mentioned is endowed
with an Alexander—Whitney model, which we usually denote simply by 6: Q(C, V) —
H.

Let H be a chain Hopf algebra, and consider the acyclic H —comodule algebra Q H ®,
H, as constructed in Proposition 3.5. Let

p: QH ®IQ H —— H
denote the natural projection.

We explain first how to lift 6 o Qn naturally to a quasi-isomorphism 0 PLC, V) —
QH ®, H such that the following square commutes.

~

pecv)— L QH®,H
& l”
q(c, v ¢ H

We begin by defining and studying a certain section of p and a derivation homotopy
associated with it. Let y: H——H ® H denote the comultiplication on H .

The proof of the following lemma is an immediate consequence of the definitions.

Lemma 5.2 Define s: H — QH ®;, H to be the linear map of degree 0 given by
s(w) =1®w. Then

1) ps=lg;:

(2) (Dgs—sd)(w)=—s"'w; @w! forall w e H, where y(w) = w; ® w';
(3) s is a map of graded algebras; and

(4) s is a map of right H—comodules.

Using this knowledge of s, we can build an important chain map from H to QH ®;, H ,
as explained in the next lemma.

Lemma 5.3 Leth= Dqos—sd: H— QH ®;, H. Then

(1) pb=0;
(2) b is a chain map of degree —1, ie, Doh = —bhd ;

3) bla-b) =b(a)-s(b) + (—1)%s(a)-bh(b) forall a,b € H, ie, b is a derivation
homotopy from s to itself; and
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(4) b is a map of right H—comodules.

Proof We leave the trivial verifications of (1) and (2) to the reader.
(3) Observe that
h(a-b) = Dgos(a-b)—sd(a-b)
= Dq(s(a)-s(b)) —s(da-b + (—1)%a-db)
= Dgs(a)-s(b) + (—1)%s(a) - Dgs(b) —sd(a)-s(b) — (—1)%s(a) - sd (b)
=b(a)-5(b) + (=1)*s(a) - h(b).
(4) Observe that
(1® b= (1® (Das—sd)
=Do®1+10d)(1®x)s—(s® 1)xd
=DoR14+10d)s@N)x—(sNAR1+1®d)y
=(heDx.

This completes the proof. O
We now apply s and § to the construction of the lift of 0.

Theorem 5.4 Let 0:T sTHC ® E)_tv—) QH ®, H be the graded algebra map
specified by 6 (s~ 'c) =s6(s~'c) and 6 (s~'¢) = hO(s~'¢).
(1) 0 is a differential map, ie, 6 d g = Dgq 0, and is therefore a quasi-isomorphism.
(2) 0:PLIC)— QH ®;,, H is a CASH map.
Proof (1) Let ¢ € C and write A(c) = ¢; ® ¢'. Then
Dgg(s_lc) = Dqgsf(s ™ 'c)
=sdf(s ) +hO(s o)
=s0dg (s 'c) + 0(s~'0)
=s6(—s"!(dc) + (—l)c"s_lc,-s_lci) +0(s"19)
= —(s71(de)) + (=1)50(s L e;)sB(s T ) + B(s™1o)
= —0(s71(de)) + (1) 0(s ™ e)B(s ™ ) + (s 1)
= 5( —s Nde)+s7 e+ (—l)c"s_lc,'s_lci)
= 5( —s~de) + (—l)c"s_lcis_lci)
= fé?ig (s Le).
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Furthermore,
DqoO(s~'e) = Dahf(s'¢)
= —hdO(s"'¢)
= —hbda (s 'c)

=—h0(—s"1(de) + (=1)seis T
= 0(s™'de) — (=1)“p(0(s L enb(s™ )
= 0(—s"'do)
— (=) (h0(s ™ e;) - 50(s T ) + (=D T s0(s T ey) - hO(s T ))
= 0(—s"'do)
— (=1 (7@ - B(s ™ ) = (=1)TB(s T i) - B(s™'E)
= 5( — sV de+ (=)t s Igs Tl 4 (—l)cs_lcis_lEi)
= 0da(s~'0).
Observe that since 6 is a differential map, it is necessarily a quasi-isomorphism, as
both PL(C) and QH ®;, H are acyclic.

(2) Let ® € (A, F)-PsHopf (§(C , W), H) denote the pseudo .A-Hopf algebra map
that 6 underlies. Let F(©) = {fx: QC — H®* | k > 1}, where 6 = O(— ® zj_;).
For k > 0, define

Or:s (CHC)— (QH ®,, H) @ H®*

b
' O(s7e) = (6@ 1% 01 (57" 0)
and
Oi(7'D = (1® 1%9)6h41 (57 0),
where 1 denotes the identity on H .

We claim that
(0r: s H(C®C)—> (QH @4, H) @ H® | k > 1}
satisfies the hypotheses of Proposition 3.16 and therefore induces a morphism
© € (A, F)-PsHopf(BL(C, V), H ®, QH),

ie, 0 is a CASH map. We prove this claim by induction on k and on degree in the
Appendix.
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Note that © lifts ©, in the sense that p®”@(n) = @(n)(fizr o 1) for all n. This is
a necessary condition for € to be a CASH map with respect to 6. O

Summary 5.5 Given an object H of H and an Alexander—Whitney model of H

0: Q(C,¥) — H,

there exists a commutative diagram

(5-1) pec,v)— . QH® H
o
TR 6 H
such that

Q) Qo is a strict algebra and coalgebra map;
(2) p is a strict algebra and right H—comodule map;

(3) the natural right Q2C—comodule structure on ‘PL(C, W) is cofree on
PL(C,¥)Ogc R; and

“4) 0 isa quasi-isomorphism that is a strict algebra map and a CASH map.
Furthermore, this construction is natural in 6.

The next theorem, which is the heart of this article, describes how we can use the path-
loop construction to compute the multiplicative structure of homotopy fiber homologies
in H. Recall from Corollary 3.8 that if H is a chain Hopf algebra and M is an
H —comodule algebra, then Cotor (M, R) = Hy (M ®1,, 2H) has a natural graded
algebra structure. Recall furthermore from Corollary 4.7 that

Q((C', @) ]_[ B(C, W))Dﬁ(C,W)R
is a sub chain algebra of 5((6”, W) [[B(C. ¥)) forall 8 e F((C', V), (C,¥)).

Theorem 5.6 Let ¢: H' — H be a map of chain Hopf algebras. Suppose that there is
aamap w: (C',V') — (C,V¥) in F and a commutative diagram

(5-2) S V)L

G| «oi

QC.) 2= H
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in which 6’ and 6 are Alexander—Whitney models. Let
£3(0) = Q(C'[ [B(©))OacRr.
Then there is a a zig-zag of quasi-isomorphisms of chain algebras
LF(0) — o —> - — o > H' @, QH.
In particular, Hy (2%(0))) is isomorphic to Cotor™ (H', R) as graded algebras.
It is not surprising that there is at least a linear isomorphism between H. (,SS (a))) and

Cotorfl (H', R). Since Q((C’, W) [B(C,W)) is a Q(C, ¥)—cofree resolution of
Q(C’ ;V\Il/ ) and Cotor is the derived functor of the cotensor product,

CotorQ(C’w)(ﬁ(C ', W), R) should be the same as Hy (£F(w)). Naturality then
gives rise to the linear isomorphism H, ()ZS(a))) and Cotor” (H’, R). The challenge
lies in showing that the isomorphism is multiplicative.

Proof The factorization of w described in (4-5)

c’ 2 C,
\ 4

C'e(CaC)

induces a factorization of Qw

\%

QC'd(Ca0))

Note that 5(0) + 7) admits a (nondifferential) Hopf algebra section 2j, where j is
the natural section of w + . We can therefore apply Proposition 4.6 to Q2 (w + 7).

From Proposition 4.6, we know that there is an injection of chain algebras
i: £5(w) — Q(C/@ (c EBF))
and an isomorphism of left £F(w)-modules and right 2 C —comodules
h: £3(0) ®QC - Q(C'd (C & ())
defined by 7 = u(i ® Qj).
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Next, using the right {2C —comodule structure of €2 (C "®(Cd 6)), define the twisted
tensor product Q(C’ é (C @6)) ®o, Q2C , and let

7 QC'®(CHC)) = QC'D(CPCO)) R, R*C

denote the natural (nondifferential) injection of algebras such that n(w) = w ® 1. We
claim that the composition

ni: £§(w) — Q(C'® (C & 0)) &, Q2C
is a quasi-isomorphism of chain algebras.

Note that ni factors as a composite of chain maps

£5(0) 25 (£5(0) ® 2C) @1, 22C 224 Q(C' @ (C 8 0)) @4, Q2C.

The linear map /4 ® 1 is a differential map because / is a map of differential QC —
comodules, while the inclusion £§(w) — (£§(w) @ QC) R, Q2C is a differential
map since £F(w) ® QC is cofree. Since QC ®;, Q2C is acyclic, the first, inclusion
map is a quasi-isomorphism. The second map is also a quasi-isomorphism, as / is an
isomorphism. Thus, ni is a quasi-isomorphism, as claimed.

Similarly, since there is a chain subalgebra inclusion
H/ ®t§2 QH —> H’®tQ (QH®tQ H) ®tQ QHv
which is a quasi-isomorphism since H ®;, 2H is acyclic.

The conditions on diagrams (5-1) and (5-2) imply that we have morphisms in CASH
(cf, Definition 3.14)

(6:0): (Q(C,W); PL(C, ¥)) — (H; QH @, H)
and
(6;8): (Q(C,); QC',V)) — (H; H').
Applying Proposition 3.18, we obtain a CASH map
0'x0:QC'®(C®C)) > H Q1 (QH @1, H),
associated to a chain algebra map

£ Q(C'®(CDC)) @, R*C —> H' ®;, (UH Ry, H) ®1, QH.
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Since Q(C®C) and QH ®, H are acyclic, and Q(C'®(CHC)) = QC' [ [ QC®
C), the vertical arrows in the commuting diagram

Q(C’'a(Ca0)) Ly ®iq (RH Ry, H)

inc].TZ le(@e
0/

Qc’ — H,

where € denotes the augmentation map, are both quasi-isomorphisms. Consequently,
6’ % 0 is a quasi-isomorphism, which implies that ¢ is also a quasi-isomorphism, since
the underlying graded modules of all objects involved are assumed to be free over R.

We have therefore a zig-zag of quasi-isomorphisms of chain algebras

£3(w) H ®, QH

nii: incl.lz
¢

Q(C'® (C @ C)) ®r, Q2C H' ®:o (QH @, H) @1, QH.

~

Consequently,
Hy £3(0) = Hyo(H' ®4, QH) = Cotor (H', R)

as graded algebras. |

Corollary 5.7 Let 0: §(C , W) - H be an Alexander—Whitney model of a chain
Hopf algebra H . If

£2(C. W) = PLC. WO . o R

with its natural chain algebra structure inherited from 2 (C, V), then H, (£2(C, W)
is isomorphic to Cotor (R, R) as graded algebras.

Proof Apply Theorem 5.6 to the unit map R — H. |

Definition 5.8 Given an object (C, W) in F, the chain algebra £,(C, W) is the double-
loop construction on C. Given a morphism w: (C’, V') — (C, W) of F, the chain
algebra £5(w) is the loop-homotopy fiber construction on .

Remark 5.9 Note that £,(C, W) is a subalgebra of PL(C, ¥) = Q oB(C, ¥), which

is free as a graded algebra on C @ C. In particular, if C admits an R—basis of n
elements, then £,(C, V) is a subalgebra of a free algebra on 2n generators. On the
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other hand, Q(§(C , ‘II)) , which is connected by a zig-zag of quasi-isomorphisms of
chain algebras to £,(C, W), is free on an infinite number of generators.

A similar comparison can be made between £3(w) and Q(C’' @ (C & C)) ®;, Q2C.
Remark 5.10 Since the path-loop construction is functorial, the double-loop construc-
tion is as well, ie, a morphism /4: (C, ¥) — (C’, ¥’) in F induces a chain algebra map

Lr(h): £5(C, W) — £,(C’, V). It is evident that if / is a quasi-isomorphism in F,
then £;,(h) is a quasi-isomorphism of chain algebras.

Similarly, the loop-homotopy fiber construction is clearly defines a functor from the
category of morphisms in F to the category of chain algebras. Furthermore if

(C", V) 2= (C. V)
:lh' :lh
(B'. ) —— (B, ®)

is a commuting diagram in F, where 4 and 4’ are quasi-isomorphisms, then the induced
map £5(w) — £§({) is a quasi-isomorphism of chain algebras.

6 The loops on a homotopy fiber
We are now ready to apply the purely algebraic results above to topology.

6.1 The loop-homotopy fiber model

Here we apply the constructions and theorems of the previous two sections to con-
structing a chain algebra, the homology of which is isomorphic as a graded algebra
to H«(GF), where F is the homotopy fiber of a morphism g: K — L of 2-reduced
simplicial sets.

We begin by specifying our input data for the constructions of Section 4 and Section 5:
the canonical enriched Adams—Hilton model of [8].

Recall from Theorem 2.13 that there is a functor C: sSet; — F. In [16], Szczarba
gave an explicit formula for a natural transformation between functors from sSet; to
the category of associative chain algebras

0: QC(—) — C(G(-))

such that Og: QC(K) — C(GK) is a quasi-isomorphism of chain algebras for every
1-reduced simplicial set K.
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Since Q extends to a functor Q: F — H (see (1.5)), there is a natural transformation
Y QC(—) - QC(—) ® LC(—) given for each 1-reduced simplicial set K by the
composition

Ind(Yg) q
QC(K) —— Q(C(K) ® C(K)) —- QC(K)®QC(K),

where 5(1() = (C(K), Wk ). The comultiplication g : QC(K) - QC(K)QQLC(K)
is called the Alexander—Whitney cobar diagonal.

In [8] Hess, Parent, Scott and Tonks established that Szczarba’s equivalence 0 un-
derlies a pseudo A—Hopf map with respect to ¥ g and the usual comultiplication on
C(GK). In other words, for all 1-reduced K,

0x: @ C(K) = C(GK)

is an Alexander—Whitney model, called the canonical enriched Adams—Hilton model of
K. Finally, they showed that ¥ g agrees with the comultiplication on QC(K) defined
in a purely combinatorial manner by Baues in [1].

We now apply the canonical enriched Adams—Hilton model to modelling the loop

homology of homotopy fibers.

Theorem 6.1 Let f: K — L be a morphism of 2-reduced simplicial sets, and let F
be the homotopy fiber of f. Then there is a zig-zag of quasi-isomorphisms of chain
algebras

LF(f) < 0 > .- < o = C(GF).
Thus, _
H (£3(C (/) = Hx(GF)

as graded algebras. In particular,
Hi (£2(C (L)) = H«(G*L)

as graded algebras.
Proof Applying Theorem 5.6 to the commuting diagram

~—~ 6

QC(K) —~ C(GK)
QC( f)J/ C(Gf)l

~—~ 0

QC(L) —= C(GL)
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we obtain a zig-zag of quasi-isomorphisms of chain algebras
LF(f) <0 < 0> C(GK) ®;, QC(GL).
By the dual of [4, Theorem 5.1], there is a quasi-isomorphism of chain algebras
C(GF) = C(GK) ®:, QC(GL),

and so we can conclude. O

6.2 Double suspensions and formal spaces

In this section we provide a more explicit description of £,(C, W) for Alexander—
Whitney coalgebras (C, W) such that Q (C, W) is primitively generated. Since QcC (K)
is primitively generated for all simplicial double suspensions K [7], we have good
control of the model £,(K) for a large class of spaces K.

Our description of £,(C, V) also applies to Alexander—Whitney coalgebras that are
“formal” in some appropriate sense. The chain coalgebras of numerous interesting spaces
satisfy our formality criteria, enabling us to give a more explicit and computationally
amenable formula for the model of their double loop spaces as well.

Our notion of formality is certainly closely related to that of Ndombol and Thomas
[14], but we do not know whether the two notions are actually equivalent.

Definition 6.2 A morphism 6 € F((C, W), (C’,¥)) is an F—quasi-isomorphism
if 6(—® zg): C — C’ is a quasi-isomorphism. Two Alexander—Whitney coalge-
bras (C,W¥) and (C’,V’) are weakly equivalent if there is a zig-zag of F—quasi-
isomorphisms in F

(C’\Ij) = ° = = ° = (C’,lII’) .

Let (C,W¥) and (C’, ¥’) be weakly equivalent Alexander—Whitney coalgebras, with
underlying coalgebras (C, A) and (C’, A’). It follows immediately from the definition
that H.(C, A) =~ H,(C’, A") as cocommutative coalgebras and that H*(§(C, V) =
H*(ﬁ(C’, ¥’)) as Hopf algebras.

Recall the “inclusion” functor Jx: A-Coalg — (A, F)—Coalg from (1-1).
Definition 6.3 An Alexander—Whitney coalgebra (C, W) is formal if it is weakly

equivalent to J#(H«(C)). A simplicial set K is Alexander—Whitney formal if C (K)
formal in F.
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Spheres are obviously Alexander—Whitney formal spaces. More generally, if K is
an r-reduced simplicial set such that all simplices of dimension greater than 2r are
degenerate, then K is clearly Alexander—Whitney formal for degree reasons.

We now recall algebraic notions and results from [2] and [17] that enable us to simplify
£,(C, V) in the formal case. We work henceforth over any integral domain R in
which 2 is a unit or over a field R of characteristic 2.

Definition 6.4 (Cohen, Moore and Neisendorfer [2, Section 3]) A homology Hopf
algebra is a connected, cocommutative, graded Hopf algebra that is free as a graded R—

module. Given homology Hopf algebras H, H' and H”, a sequence H' — H RNy
of morphisms of Hopf algebras is a short exact sequence if

(1) the composite pi is equal to the composite H' SR v

(2) i isinjective, while p is surjective; and

(3) the canonical map 7: H' — HOpg~ R is an isomorphism.

Proposition 6.5 (Cohen, Moore and Neisendorfer [2, Proposition 3.7]) If L' —
L — L” is a short exact sequence of connected, graded Lie algebras over R, then
UL — UL — UL" is a short exact sequence of homology Hopf algebras, where U
denotes the universal enveloping algebra functor, from graded Lie algebras to graded
Hopf algebras.

Proposition 6.6 (Tanré [17, Proposition V1.2 (7)]) Let p: L(V & W) — (V) be
the projection map of graded Lie algebras, determined by p(v) = v and p(w) = 0 for
allve V and w € W. There is then a short exact sequence of Lie algebras

LENV)W) S LV e W) D L(v),
where
QLN(V)(W) = {[vl,[vz,[. v, w]L L lwe W eV Vi k e N}

and [—, —] denotes a commutator.

We can now apply the results recalled above to determining the underlying graded
algebra of £,(C, V) when Q(C, V) is primitively generated.

Theorem 6.7 Let R be either an integral domain in which 2 is a unit or a field
of characteristic 2. If (C, V) is an Alexander—Whitney coalgebra over R such that
Q (C, W) is primitively generated with respect to the naturally induced comultiplication
V, then the underlying graded algebra of £,(C, V) is T (AN(s~1C)(s71C)).

Algebraic € Geometric Topology, Volume 7 (2007)



An algebraic model for the loop space homology of a homotopy fiber 1755

Proof Since the underlying graded Hopf algebra of Q (C, W) is primitively generated
and therefore cocommutative, so is the underlying graded Hopf algebra of LL(C, V).
It follows that there is a short exact sequence of homology Hopf algebras

_ — Q
(6-1) Ts™'(C4 ® C)Opg-1c, R—> Ts™H(Cy & Cy) —> Ts™' (4.,

where T's~1(Cy ®E+)DTS71C+R is the graded Hopf algebra underlying £,(C, V).

On the other hand, since each of the Hopf algebras above is primitively generated,
Qn = Up, where p: Ls™'(Cy @ C1) — Ls~!Cy is the usual projection map of
graded Lie algebras. Combining Proposition 6.5 and Proposition 6.6, we obtain another
short exact sequence of homology Hopf algebras

— — Q
T(@AN(™IC)(s71C)) —» Ts™(C @ C4) —> Ts™'Cyp.
Comparing with sequence (6-1), we conclude that

Ts ' (Cy ® C)Ors-1c, R=TAVT'O)(s710)). o

Corollary 6.8 Let R be either an integral domain in which 2 is a unit or a field of
characteristic 2. If K = E? L is a simplicial double suspension, then the graded algebra
underlying £,(K) is T (AN(C4+ EL)(C4+L)).

Proof In [7] the authors proved that QC (E?L) was primitively generated for all
simplicial sets L. To conclude, observe that s~'Cy EX =~ C X for all simplicial sets
X. |

Corollary 6.9 Let R be either an integral domain in which 2 is a unit or is weakly
equivalent to a chain algebra with underlying graded algebra

Proof Writing J(H) = (H, Vg), we have by definition that Vg = 7 (Ag)o4s.
The induced comultiplication on Q(H, W) is such that Q(H, V) is primitively
generated. Now apply Theorem 6.7. |

If (C, W) is formal and all elements of H,(C) are primitive, then the differential 679
on £,(H, V) is given explicitly by

do(s™ %1, [s 7 [ 5 w5713 T0)
= > s xR LT e s R
1<i<m
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for all xq,...,x,,y € H, where the sign is determined by the Koszul convention. It
is not too difficult to see in this case that if B is a basis of H«(C, [F,), then
H, (£2(C. W) F2) = Falad® ™' (x)(F) | x € B.k = 1].

A similar result holds mod p.

Appendix A Technical proofs

A.1 Proof of Proposition 2.5

Since Q is free as a P—bimodule, there is a symmetric sequence X of graded R—
modules such that @ =P ¢ X ¢ P in pModp.

The morphism 6 consists of a morphism of right P-modules
0: T(H)opQ — T (H')
such that
030 (1) = To(u') (@ A 6): T(H A H)opQ — T (H'),
where the P—coalgebra maps p and u’ are the multiplication maps on H and H’,

respectively.

Let p: T(H || Tv)oP — T (H || Tv) be the right P—module structure corresponding
to the P—coalgebra structure of H [ [ Tv. Since H [[ T'v is an extension of H, the
action p restricts to p: L(R-v) 0P — 7 (H & R-v). In particular, the direct sum of
graded modules H @ R - v underlies a sub P—coalgebra of H[]Tv.

Taken together, A: L(R-v) o X — T (H') and the restriction 0: L(H) o X — T (H')
give rise in the obvious way to a morphism of symmetric sequences from L(H & R -
v) ¢ X to 7(H’), which we call § B X, and then, by Lemma 2.3, to

OBL): T(H®R-v)oX —T(H.
Furthermore, from (6 B 1) and the restriction of p, we obtain a morphism A": L(R -
v) ¢ Q — T (H') of right P-modules as the composite

(PEHEA)S1
——

LR-V)oPoXoP X T(HOR-v)oX 0P TH) o P L T(H),

where o’ is the right P—module structure map corresponding to the P—coalgebra
structure of H’.

We next recursively define a filtration of H [ | T'v by sub P—coalgebras, then construct
6 by induction on filtration degree. Set F° = H and, for m > 0, F™ is the image of
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the iterated multiplication map restricted to F”~! ® (R@® R-v) ® H. By definition
of a free algebraic P—Hopf extension, each F™ is a sub P—coalgebra of H ] Tv.
Furthermore the multiplication ; on H || T'v restricts to a morphism of P—coalgebras

fkm: F*@ Fmk > pm,

for all 0 <k <m and for all m > 0.

Let 5(0) = 0. Suppose that for some 7 > 0 and for all k¥ < m, there exists
0. T(FFyop0 - T(H)

such that for all j <k, 9( ) agrees with 9(]) on 7 (F/)opQ and

~(k ~(j ~(k—i . .
(A-1) 9( )j(uj,k) = 3(;/)(0(’) A 9( ’)): T(F/ A FF"7yop0 — T(H).

~(m+1
To construct 9(m ), we begin by defining a morphism #+1) in ModIEe from
L(F™ 1) o X to T(H'), to which we then apply Lemma 2.3. The morphism 6+1

is defined to be the following composite.

LF™Thox (L(F™)AL(R-v)AL(H)) 0 X
1<>A(Q2)
(E(Fm) ANL(R-V) A E(H)) o QN3
gm+1) i
(L(F™) o Q) A (L(R-v) 0 Q)A(L(H) o Q)
/9\(”1)/\);’/\/9\
T((M/)(Z))
T(H') T((H)®) =T (H)?

Here /9\(m) is slightly abusive shorthand for the composite

~(m)
LF™) o Q—>T(F™) ¢ Q—T(F™"opQ——>T(H').
Applying Lemma 2.3, we obtain glm+1); T(F™t1yo X — T(H'). The composite
polol gim+1 op

T(F" ™Yo Qe T(F"™ YoPoXoP— T(F" ™ HoXoP —

TH) o P 25 T(H')
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. . A(m+1) m+1 Y . .
then induces the desired map 6 T (F™"™HYopQ — T(H'), since Q is a free

bimodule. By construction, equality (A—1) now holds for all k <m +1 and j < k.

To complete the proof, set 6= colimy, @\(m).

A.2 Complete proof of Theorem 5.4(2)

Recall that we have fixed F(©) = {0x: QC — H®* | k > 1}. Furthermore, for k > 0,
we have defined

Or: s (C®C)— (QH @, H) @ H®*

by

i) = (@180 1 (s710)
and

067D =019, 7o),

where 1 denotes the identity on H.
We claim that
(0r: s (CHC)—> (QH R, H) @ H®* | |k > 1}
satisfies the hypotheses of Proposition 3.16 and therefore induces a morphism
O € (A, F)-PsHopf(BL(C, W), H ®;, QLH),

ie, 0 is a CASH map. We have already dealt with the case k =0, since 50 =9.
Suppose that the claim is true for all & < m and for 8, restricted to s~ (C & C) <.

Before proving the claim for 5,,, applied to s~1(C @ C),,, we establish some useful
notation. For all j € Ji ,,, let

05=0j,®06;, ®---®0;, and 6 = 0;, ® 6;, ®---® 0,

as maps from Q(C EB?) ® QC®k to (QH ®re H) ® H®M and from QC®*+1 to
H®™  Furthermore, let

=i g X(jl—l) QR ® X(jk_l) and y} = X(J'o—l) R ® X(jk_l)

as maps from (QH ®;, H) ® H®* to (QH ®;, H) ® H®™ and from H®**+! o
H®™  Recall that x is the comultiplication on H and that v is the right C —comodule
action on PL(C).
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In terms of this notation gm can be defined recursively by

’éJmp, =u Z vj’é“k ®5jv(k) )
0<k=<m
J€Jk.m

where all multiplication maps are denoted © and all coactions are denoted v.

Observe that since s and b are maps of comodules, Vs = (s ® 127)xU~1D and
D= 187)xU=D forall ;.

Let s7lc € s71(C @ C),. Let ¢; ® ¢’ denote the image of ¢ under the reduced
comultiplication in C. Then

Omda(s~1c)

=§m(—s_l(dc)+s_lc_’+(—1)cfs_lcis_lci)

=—(5® 1®¥)0nt1(s7'(d0) + (H @ 1¥™)Opp1 (s )
—l—(—l)c",u( Z ngk(s_lc,-)®§jv(k)(s_1ci))

== (1% p1(s7(d) + (H & 1%™) 01 (s )
+(—1)cw( > vj(s®1®")9k(s—1c,-)®'93-w<"><s—1c"))

0<k=m
J€Jk.m

== (5@ 1%™) 011 (7' (d) + (H ® 1%™) 011 (571 ¢)

+(—1)Cw( T 6w 1®'">xjek(s—1c,~)®<s®1®’")ejw<k>(s—1c">)
0<k<m
J€Jk.m

== (5@ 1%™) 011 (571 (d) + (H @ 1%™) by 11 (571 ¢)

+<—1>"f<s®1®m>u( > xjek(s—lc»®9jw<k>(s—1c"))
Serom
=—(E® 1%™)0pn11 (57 (de) + (H R 1% 11 (s7'0)
+ (=D (@ 1% 0y 1 (s i 571
=(5® 1%")0p11da(s™ ) + (H® 1% b1 (s o).
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Next,
(Do ® 1%™)0,(s ™' ¢) =(Das @ 18™) 041 (s '¢)
=(5d ® 1% 011 (') + (H R 1%™) b1 (s )
=5 1%")(d @ 1%™) 015 )+ (O R 1) 0,11 (s 7 0)

and

(1 ® Y 1¥®d® 1®s)5m(s_1c)

r+s=m—1
:(5® Z 1®’®d®1®s)9m+1(s_lc)
r+s=m—1
:(5®1®m)( > (1®’+1®d®1®s)9m+1(s_lc)).
r+s=m—1
On the other hand

W18 g, (s7le) = (vs® 12" 10, (s L0)
=@ 1) (x @ 1" (s ')

(s® Z 127 ® x ®1%%)0p (s~ '0)

r+s=m-—2
:(5®1®m)( Z (1®r®X®1®s)9m(S_IC))-
r+s=m—1
Finally
Z @ ® O )v(se) = Z 0, ®6)(1® Qn)%(s_lc)

r+s=m r+s=m

= Y (@ @0)(1@Qm) (s )

r+s=m

= Y @ ®0)vc""0)

r+s=m

= Y (6818611 ®0)p( o)

r+s=m

581 T (B oa)ue0)

r+s=m
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The sum of the terms above, with appropriate signs, yields s ® 1% applied to the
difference of the two sides of equation (3-3) for 6,,+. The sum is therefore zero, as
desired, ie, the hypothesis of Proposition 3.16 holds for s~'c € s~1(C & C),,.

Before showing that the same condition holds for the remaining generators, we consider
the relation between the degree —1 map «: QC — Q(C @ C) of Lemma 4.8 and 6.
Note that 8, has been defined precisely so that

Orok=(H®1%)0 11 s71C > (QH ®,, H) ® H®*

for all k. We show now by induction on k and on wordlength in QC that this equality
holds in fact on all of QC, for all k.

Suppose that gkx =h 1®k)9k+1 everywhere in QC for all k < m and that
0 i = (§® 190,41 on T<ts~1C, . Then on DBasp—s T~ 'CL @ Tls™'Cy
we have that

5m/c,u =5m/t(/<®t +1®k)

=u Z (vjakx ®’0Vjv(k)t+vj5/kL®,é}v(k)K)

1<k=<m
J€Jk.m

= u( Y MO 1%)6 ® (@ 196y ©

1<k=m
i€Jk.m

+(s® 18™) 011 @ 0j(k ® 1®k)*ﬁ(k)))

—u( X 00196 0 815y

1<k<m
i€Jk.m

+ (R )0 @ (h® 1®m)9jw(k’))

=01 D k1 ®6Y® + 10141 @ 6y ®)

1<k=m
i€Jk.m

= (h @ 1%™)bp 41 1.
Thus ’me = (h®1%9™)0,,, 1 on Tt ey,
We can therefore conclude by induction that

Ok = (R 18™)0y1: QC — (QH @, H) @ HO™
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for all m.

Suppose now that s~!1¢ € s71(C @ C),. Let ¢; ® ¢! denote the image of ¢ under the
reduced comultiplication in C. Then

Omda(s718) =0 (s~ (dc) — (—1) s Gs ™ e 57 s ™)
=(h ® 1%")6y11 (s (dc))

—(—l)c’ﬂ< > vjﬁ’k(s—la)@%v(k)(s—lci))

0<k=<m
jeJk.m
+u< Z vjak(s_lci)®5}v(k)(s_15i))
0<k<m
jEJk,m

=0 ® 1%™) 041 (s™' (dc))

—(—1)%( > vj<h®1®k>9k(s—1c,~)®’9}w<k>(s—1c">)
0<k<m
i€Jic.m

+u( > vj(s®1®">9k<s—1c,-)®’5j(x®1®k)w<"><s—lc"))

0<k=m
J€Jk.m

=(0 @ 18641 (s (dc))

—(—1)%( > <b®1®’">xjek(s—la-)@(s@l@'")@jw(k)(s—lc"))
0<k<m
jEJk,m

+u( > 1Yo )@ (h® 1®’")9jw<k><s—1c"))
0<k<m
jEJk,m

=0 @ 15641 (s (dc))

+(h®1®mm< > xjek(s“ci)®0J-w(")(s‘1c"))
0<k=<m
jeJkJn

=(h ® 1%™)0p11(s71(de)) + (h & 1®™) 01 (s eis™ ")
=(h ® 1%™)0,11dq (s 0).
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Next,
(Do ® 1%™)0,u(s™'8) =(Dah ® 12™) 04 1(s~"¢)
=—(hd @ 1®™) 041 (s '¢)
=—(h®1®8™)(d ® 1®2™)041(s~"0)
and

(1o > 1°8d®1%)0u(s"')

r+s=m-—1
- (h ® Z 1 ®d® 1®s)9m+1(5_16’)

r+s=m—1

=hQ 1®’")< Y ¥t ede 1®s)9m+1(s_lc)).

r+s=m—1

On the other hand,
@1 N, (s7'0) = Wh @ 1% ) u(s™ ")
=B 1)@ 1% (s o)

and
(18 > 1% @x®1%)0u_1(s"'0)
r+s=m—2
=<h® > 1®’®X®1®s)9m(s_lc)
r+s=m-—2
=(h®1®’")( > (1®’®x®1®3)9m(s—1c)).
r+s=m—1
Finally
>, GreeeTID= Y @0kl
r+s=m r+s=m
= > @:26)kDY("0)
r+s=m
= Y ((6R1%)6,41®65)¥(s o)
r+s=m
=hH® 1®m) ( Z (er—i-l ® QS)W(S_IC)) .
r+s=m

Algebraic € Geometric Topology, Volume 7 (2007)



1764

Kathryn Hess and Ran Levi

The sum of the above terms, with appropriate signs, yields h ® 1©” applied to the
difference of the two sides of equation (3-3) for 6,,+. The sum is therefore zero, as
desired, ie, the hypothesis of Proposition 3.16 holds for s~'c e s™1(C & C),,.

Since we can prove by induction that (3-3) holds for all 71, we can conclude that 0 is
indeed a CASH map. a.
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