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Abstract

In this paper, we prove various results concerning DGA-algebras in
the context of the Homological Perturbation Theory. We distinguish
two class of contractions for algebras: full algebra contractions and
semi-full algebra contractions. A full algebra contraction is, in par-
ticular, a semi-full algebra contraction. Taking a full algebra contrac-
tion and an “algebra perturbation” as data of the Basic Perturbation
Lemma, the Algebra Perturbation Lemma (or simply, F-APL) of [20]
and [29] appears in a natural way. We establish here a perturbation
machinery, the Semi-Full Algebra Perturbation Lemma (or, simply, SF-
APL) that is a generalization of the previous one in the sense that the
application range of SF-APL is wider than that of F-APL. We show
four important applications in which this result is essential for the con-
struction of algebra or coalgebra structures in various chain complexes.

1. Introduction

Homological Perturbation Theory [52, 14, 8, 9, 18, 36, 19, 20, 29] is a set of techniques for
the transference of structures from one object to another up to homotopy. An essential notion
in this framework is that of contraction. A contraction r : {N, M, f, g, ¢} [14, 15] is a special
homotopy equivalence determined by three morphisms f : N, — M, (projection), g : M, — N,
(inclusion) and ¢ : N, — N.y1 (homotopy) between two DG-modules N (the “big” one) and
M (the “small” one). The most important element of HPT is the Basic Perturbation Lemma
(BPL) which can be considered as an actual algorithm: its input is a contraction ¢ and a
“perturbation” § of the differential of N and its output is a new contraction rs in which the
graded modules N and M remain unchanged. Contractions are also known in the literature
as SDR-data [36, 19, 20] or Eilenberg-Zilber data [22].

Perturbation results regarding preservation of additional structures (DG-algebras, DG-
coalgebras, Lie algebras, ... ) have been largely considered. The technique for obtaining these
“homological perturbation machines” is the introduction of hypotheses such that BPL allows
to establish preservation results for the additional data structures. Let us now consider the case
of DG-algebras. Let A and A’ be two DG-algebras with respective products p, : A® A — A
and pa : A’ ® A" — A’  and let r : {A, A", f, g, ¢} be a contraction. In [20] and [29], an Al-
gebra Perturbation Lemma is described in which the algebra laws u, and p,s are preserved.
In other words, taking as input a special class of algebra contraction (that we will name here
a full algebra contraction, in the sense that its component morphisms f, ¢ and ¢ have the
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“maximum” degree of compatibility with regard to the algebra structures on A and A’) and
a derivation as perturbation datum, it is proved that the perturbed contraction is also a full
algebra contraction.

In this paper, assuming weaker hypotheses for the data of the Basic Perturbation Lemma,
we prove analogous theorems, where the resulting contraction, of course, has weaker properties
too. More precisely, we analyze conditions under which BPL preserves strict associativity. This
analysis consists in studying the A -algebra structure for the small complex of a perturbed
contraction and leads us to define a special class of contractions: semi-full algebra contractions.
In spite of the fact that the component morphisms of a contraction r of this class have a
“lower” degree of compatibility with regard to the algebra structures than that of full algebra
contractions, the semi-fullness property is sufficient to guarantee that the A,-algebra structure
on M given by the contraction r (see [23]) reduces to the original associative product piy,.
And, what is more important, semi-fullness is a hereditary property by composition, tensor
product and perturbation of contractions. Moreover, it is not difficult to find semi-full (non-
full!!) algebra contractions in Algebraic Topology and Homological Algebra (all the examples
of semi-fullness that we show here are contractions already defined by the firm Eilenberg-Mac
Lane in [14, 15]):

e The explicit contraction given in [15] from the reduced bar construction B(A® A') to the
tensor product B(A) ® B(A'), where A and A’ are augmented commutative differential
graded algebras.

e The explicit contractions established in [15] for the normalized reduced bar constructions
of the algebras Z[Z] and Z[Z,).

e An Eilenberg-Zilber contraction EZ (see the Apendix of the present paper for a explicit
combinatorial description) from CY (X x Y) to CY(X) ® CY(Y), where X and Y are
simplicial groups and CY (K) means the normalized chain complex canonically associated
to the simplicial set K . The fact that the projection and the inclusion of this contraction
are morphisms of DGA-algebras was proved by Eilenberg and Mac Lane in [15]. In [3],
it is proved that this contraction is a semi-full (non-full) algebra contraction.

e In [14], Eilenberg and Mac Lane obtained a reduction g (a morphism inducing an iso-
morphim in homology) from the normalized reduced bar construction B(C¥(G)) to the
normalized classifying construction W (C.(G)), where G is a simplicial group. They con-
jectured that this relationship could be extended to a contraction Ry 5. Having in hand
the homological perturbation machinery, it is an elementary work to obtain a homotopy
equivalence Ry 5 (see [57, 44]). A more complex task is to determining if a contraction
of this type is a full algebra contraction or not. An answer is given in [3], where it is
proved that a contraction R, 5 is a semi-full (non-full) algebra contraction.

e Combining the previous result with those of Section 5 of this paper, it is easy to conclude
that the algebra homology of Eilenberg-Mac Lane spaces can be seen from the viewpoint
of semi-full algebra contractions. There are explicit semi-full algebra contractions from
the normalized chain complex of a K (m,n) (7 being a finitely generated abelian group)
to a (non-twisted) tensor product of Cartan’s elementary complexes. This treatment of
the homology of these prime spaces is extremely important in the design of a general
algorithm computing the homology of twisted cartesian products of two Eilenberg-Mac
Lane spaces via perturbation (see [2]).

Apart from the intrinsic interest of the transference problem dealing with DG-algebras or
DG-coalgebras, in several important situations (see Section 5) our results allow us to determine
and construct essential algebra or coalgebra structures in various chain complexes which have
been constructed via perturbation. For example, the homology theory of commutative DGA-
algebras is entirely examined in terms of semi-full algebra contractions in [1], and “small”
p-local homological models of reduced bar constructions of twisted tensor product of Cartan’s
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elementary complexes are obtained in [6], due to the fact that all the contractions appearing
there are semi-full.

Here is a summary of the present paper. Notation and terminology are introduced in Sec-
tion 2. In Section 3, the basic ingredients in Homological Perturbation Theory are reviewed.
Our contribution starts in Section 4 which is devoted to introducing the notions of semi-
full, almost-full and full algebra contractions and to giving general perturbation results of
preservation of the (co)algebra category. Four important applications of this technique are
established in Section 5, in which the perturbation machinery of algebras given in [20] and in
[29] cannot be applied. The first one deals with the transference problem of the Hopf algebra
structure in the contraction B(r), constructed using an initial contraction r from a commuta-
tive DGA-algebra A to a simple DGA-module M. The contraction B(r) connects the reduced
bar construction B(A) to the bar tilde construction of the DGA-module M [23]. An interest-
ing consequence concerning A, -structures is Corollary 5.7 in which Kadeishvili’s definition
[31] of commutative A -algebra appears. The second application is a multiplicative analysis
of the contraction from B(A ® A’) to B(A) ® B(A’), where A and A’ are both commutative
DGA-algebras, described in [15]. The third one is about the computation, via perturbation,
of small p-local homological models of Cartan’s elementary complexes (see [10]). The elemen-
tary complexes are small commutative DGA-algebras appearing in the Cartan’s method for
computing the homology algebra of Eilenberg-Mac Lane spaces. The fourth application, is
dedicated to analyze the p-local n-homology algebra of a concrete class of commutative DGA-
algebras. Finally, an appendix, written by Frederic Morace, is added. It is devoted to prove
that the homotopy operator of the Eilenberg-Zilber contraction EZ, recursively described in
[15], is defined by an explicit formula discovered experimentally by Julio Rubio and Francis
Sergeraert. I wish to express my sincere thanks to Frederic for having written down this result.

Acknowledgments. I would like to express my gratitude to Professor Francis Sergeraert
for suggesting a problem which led to the present paper. I wish to thank Professor Julio Rubio
for many valuable discussions. I am grateful to Professor Jim Stasheff for his many helpful
suggestions. These suggestions resulted in notable improvements to the exposition.

2. Notations and definitions

The purpose of this section is to give a reasonably complete account of the notions of
homological algebra necessary for this paper -for more complete details the reader is referred
to Mac Lane [38] and Weibel [58].

Let A be a commutative ring with 1 # 0, taken henceforth as ground ring and fixed through-
out. Graded modules are graded by the non-negative integers. The degree of an (homogeneous)
element x of a graded module will be denoted by |z|. We denote ) _, M, by M*. A mor-
phism f : M — N of graded modules has degree i, and it is denoted by |f| = i if it satisfies
f(M,) C Npyj for all n.

All tensor products are over A. Given a graded module M, we will denote M®° = A and
M®" = M® » time= @ M. The identity map of a graded module M will be denoted by 1,,.
Throughout this paper, we adopt Koszul’s convention, which defines the tensor product of
two (homogeneous) graded morphisms as:

(feg)(zey) =(-1)""f@) o gy).

If f: M — N is a morphism of graded modules and n is a positive integer, the morphism
f@ntime @ f: MO 5 NO" will be denoted by f®”.

Let M and N be two graded modules. The morphism of graded modules T : MQN — NQM
is defined by T'(z ® y) = (=1)1*I'Wly @ z.

If f: M® — M is a morphism of graded modules and n is a positive integer, it is possible
to define the following morphism
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n—i

=3 e fe1gr (1)

Jj=0

in the summands for j = 0 and j = n — i, the morphism 1%° is understood to be 1,. We define
the morphism fl1: @;5; M®7 — @) M®* as fll],,en = fI.

Let (M,d,;) be a DG-module. The suspension of M, denoted by S(M), is defined by
S(M)pt1 = M, and its differential is —d,,. Let f : N — M be a morphism of DG-modules
(morphism of graded modules compatible with the differential structures) of degree i. We
define the morphism S(f) : S(N) — S(M) by S(f)(a) = (—1) f(a).

A DGA-module (M,dy,€n,ma) is @ DG-module (M,d,,) equipped with two morphisms
of DG-modules: an augmentation €, : M — A and a coaugmentation n,, : A — M, so that
€x M 1S the identity map of A; morphisms are then required to preserve this structure. The
DG-module M = Ker ¢,, is defined in a natural way. Given a morphism of DGA-modules
f:M — N, it is defined f : M — N by f(z) = f(z).

We shall use without further explanation the concepts of DGA-algebra, DGA-coalgebra,
derivation, coderivation, DG Hopf algebra, etc. The structure maps of a DGA-algebra (A, d,,
tas€a,na) and a DGA-coalgebra (C,dq, Ac, €c,ne) will be

pa:A®A— A (product), and 1n,:A— A (unit)

and

Ao :C = C®C (coproduct), and €;:C — A (counit),

respectively. Moreover, the augmentation e, and the coaugmentation 1. preserve the respective
structures.

We will denote the unit of a DGA-algebra A by 6, = n.(1).

Henceforth, if no possibility of confusion exists for the structure maps, DG-modules, DGA-
modules, DGA-algebras and DGA-coalgebras will be denoted only by the capital letter which
defines the underlying graded module.

If X =),50Xn is agraded set and M is the free graded module with basis X, we denote
by AM the free commutative graded algebra generated by M; it is the tensor product of the
exterior algebra over X°? and the polynomial algebra over Xeve»,

Let A and C' be a DGA-algebra and a DGA-coalgebra, respectively. The morphism ¢ : C' —
A of degree —1 is called a twisting cochain if it satisfies that dt +td = p. (t®t)Ag, €4t = 0. A
twisted tensor product A ®; C' is a DGA-module, such that, as an augmented graded module,
it coincides with A® C and its differential is 1, ®de +d, @ 1o+ (ua®1)(1,®tR1:) (1, @ AL).

A resolution of A over the DGA-algebra A is a DG-A-module X which is projective as an
A-module and such that the homology of X is zero except in degree 0 where it is A. If X is
actually a free DG-A-module, then X is called a free resolution.

Given a DGA-algebra A, the reduced bar construction on A is the DGA-coalgebra

(B(A), ds, A, €5, n5) = (T(S(A)), di +ds, Ar, €r, 1),
where (T'(M),ds, Ay, €r, nr) is the tensor coalgebra of a DGA-module M.
An homogeneous element S@; ® -+ ® S@, € B(A) will be written in the form [a1] - - |ay,].
We also adopt the convention 1 = []. The morphisms d; and ds are called tensor differential
and simplicial differential, respectively. The simplicial differential is defined by:
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n—1

dyfar] -+ Jan] = Y (=1)%[as| - |palai, ai)] - an),

i=1
where e; = i+|a1|+- - -+|a;|. Both differentials are coderivations with respect to the canonical

coproduct. Given an element z = [a1]...|a,], the tensor degree is defined by |z[; = D1 | |asl,
and the simplicial degree is defined by |z|s = n. It is clear that

2l = lzle + [2ls.

Let u = [a1]...|an] and v = [by]...|bs] be two elements of B(A). We define the following
(non-commutative) product:

uev =lay|...|am|bi]-..|bn] (2)

which is extended to B(A) by linearity.

If A is a commutative DGA-algebra, it is well known that it is possible to define a commu-
tative product * on B(A) (called shuffle product).

In this way, B(A) enjoys a Hopf DGA-algebra structure and both simplicial and tensor
differentials are derivations with respect to the shuffle product. Let us recall that the homology
(or more precisely, the 1-homology) of a DGA-algebra A is defined as the homology of B(A).
Due to the fact that the reduced bar construction can be iterated in the case in which A is
commutative, the n-homology of A is defined as the homology of B"(A) = B(" #me= B(A))...).

A resolution of A over a DGA-algebra A is the bar resolution B(A). This complex is the
twisted tensor product of the DGA-algebra A and the DGA-coalgebra B(A), where the twisting
cochain t is given by this formula:

n=1
otherwise.

t([as] - lan]) = { o (3)

We now introduce the notion of twisted tensor product (briefly, TTP) of DGA-algebras, that
we will distinguish from that of twisted tensor product of algebra and coalgebra (in Brown’s
sense) and that of TTP of chain algebras of [12].

Let {A;}icr be a set of commutative DGA-algebras. A twisted tensor product ®f€1Ai is a
commutative DGA-algebra satisfying the following conditions:

i) as a graded algebra, ®f€IAi coincides with the tensor product ®;crA;,

ii) and its differential is the sum of the differential of the banal tensor product and a
derivation p.

As an example of TTP of algebras, we can consider the bar resolution B(A) of a commutative
DGA-algebra A. In this case, B(A) is the commutative DGA-algebra A®” B(A), where

pla® [a]az| - -lan]) = pa(a,ar) [as] - |an]. (4)

Hence, in the commutative case, we can regard B(A) as a TTP of algebra and coalgebra as
well as a TTP of DGA-algebras.

3. A review of HPT

In this paper, we deal with a special type of homotopy equivalence: a contraction.
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A contraction is a data set r : {N, M, f,g,¢} where f : N - M and g: M — N are mor-
phisms of DGA-modules (called the projection and the inclusion of the contraction r, re-
spectively) and ¢ : N — N is a morphism of graded modules of degree +1 (called homotopy
operator), and these data are required to satisfy the rules,

(cl) fg=1.;

(02) ddn +dnd+gf = 1y;

(c3) ¢g=0; (5)
(c4) fé=0;

(c5) ¢o=0.

Given a contraction r : {N, M, f,g,¢}, wehave Ker ¢ = Im g & Im ¢. In fact, the DGA-
module N is a direct sum of M and an acyclic DGA-module. N is called the big DGA-module
of r , and M is called the small DGA-module of r.

In this definition we follow Eilenberg-MacLane ([14]) terminology; we also find in literature
“strong deformation retraction” or SDR (Lambe-Stasheff [36], Gugenheim-Lambe [19] and
Gugenheim-Stasheff [23]), “Eilenberg-Zilber data” (Gugenheim-Munkholm [22]), or “trivial
extension” (Munkholm [42]).

The bar resolution B(A) of a DGA-algebra A supports the following contraction:

Rpcay : {B(A), A, €na), Mnar, 5} (6)
where the homotopy operator s : B(A) — B(A) is given by

s(@@lar]---lan]) = 0. @ [alar]---|an]. (7)

An Eilenberg-Zilber contraction is a contraction from (L x L)y to Ly ® L', where L and L'
are augmented simplicial modules [37]. The subscript N means normalization in the simplicial
structure. At least, one Eilenberg-Zilber contraction exists:

Theorem 3.1. [13] Let L and L' be two augmented simplicial A-modules. The Alexander-
Whitney operator AW : (L x L")y — Ly ® L', the Filenberg-MacLane operator EML :
Ly® L, - (LxL"y and the Shih operator (of degree +1) SHI : (L x L")y — (L x L')x of
L and L' are defined by the following formulas:

AW (2, yn) = Y Oig1 - 0nZn @ 00 - .- Oi 1Y, (8)
=0

EML(z, ®yq) = Z (_l)a(oz,ﬁ) (Sﬁq .88, Tp, Sa, - - -Sa1Yq) (9)
(a,0)e{(m,0)- Shuffles

SHI(zp,yn) =
= Z(_l)n_p_q—w(a’ﬁ) (36q+n—p—q -+ 8814n—p—gSn—p—q—10n—g+1 - - - Onn,

Sapri+n—p—q- - Sar+n—p—qOn—p—q---On—g-1Yn),

where the last sum is taken over all the indices 0 < g <n—-1,0<p<n—q—1, (o, 8) €

{(p+1,q) — shuffles} and o(a,8) =>_ [a; — (i — 1)].
Then, the data

EZ,p :{(LxL")N, LN® Ly, AW, ., EML, ., SHI, ./}

defines a contraction.
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The first definition of the SHI operator was given in an inductive way in [15]. The explicit
formula above for the Shih operator is given by J. Rubio in [48]. Rubio discovered this for-
mula experimentally by means of a lisp program constructed together with F. Sergeraert. An
appendix in this paper, written by F. Morace, is devoted to proving that this explicit formula
satisfies the inductive definition given in [15]. Having a combinatorial formulation for this
operator has been essential for obtaining in [17] a simplicial description for cup-i products,
which open a door to an extremely general computational treatment of Steenrod cohomology
operations.

Let X and Y be two simplicial sets. Using the last contraction, we construct

E'ZX‘Y : {CN(X X Y), CN(X) ®CN(Y), AWX,Y7 EMLX,Y7 SH[X,Y}:

where Cy (K) denotes the normalized chain complex of a simplicial set K.

Several basic and known results ([36], [19]) about constructions of contractions will be
used in this paper. We record that if r : {N, M, f, g, ¢} is a contraction, the suspension ver-
sion S(r) : {S(N), S(M), S(f), S(g), S(¢)} and the contraction 7 : {N, M, f, g, ¢} can be
formed. If we have two contractions

ri : {Ni, My, fi, 95, ¢i} 1=1,2

1. and Ny = M, the following composition contraction can be constructed:

rory : {N1, Ma, fofi, 9192, o1+ g1d2f1}

2. the tensor product contraction can be constructed:

11 @712 {N1 ® Nay My @ M, f1 @ f2, g1 ® g2, ¢1 @ gafo + 1o, ® P2} (10)
Notation 3.2. Of course, if we have a contraction v : {N, M, f, g, ¢}, it is possible to form:

n times

P = @...@r: {N®", MO fOn g®n glrnly

where its homotopy operator ¢ : N® — N®" s described by

n—1
¢[r,n] — Z ¢[r,n,i] (11)
i=0

and ¢lrmil = 1282 ¢ ® (gf)2=i=1): in the case i = 0, the morphism 12 s understood to be
the identity 1,, while, for i =n — 1, (gf)®" =" similarly designates the identity 1,.

Let us observe the similarity between this notation ¢»™ and fI"! defined in (1). The dif-
ference lies in the fact that the dependency of the morphism with regard to the contraction r
is indicated in the notation @™, whereas the morphism f™ exclusively depend on f.

Then, using this notation, the tensor module contraction of r will be T'(r) : {T(N), T(M),
T(f), T(g), T(¢)}, where T(f), T(g) and T'(¢) are defined in each degree by:

T(f)n=F"" T(g)a=g"" and T(¢),=¢"".

The Basic Perturbation Lemma (for its genesis, see [14, 8, 52, 9, 18]; with regard to later
developments see [27, 36, 28, 19, 29, 20, 34, 35, 32, 21, 55, 26]) is a systematic and
efficient technique for transferring structures from one object to another up to homotopy. This
“algebraic fixed point theorem” [7] is a powerful device for obtaining chain complexes that
represent a given homotopy type.
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Remark 3.3. Historical introductions to HPT can be found in the papers [29] and [20]. We
consider that the germ of this idea of differential perturbation is in [14]. In that paper, Eilenberg
and Mac Lane defined the notion of contraction and a preliminary and special version of BPL
1s in Th. 12.1, pages 82-83.

First we recall the concept of perturbation datum. Let M be a graded module N and let
f: N — N be a morphism of graded modules. The morphism f is pointwise nilpotent if for all
x, being a non-null element of N, a positive integer n exists (in general, the number n depends
on the element x) such that f™(z) = 0. A perturbation of a DGA-module N is a morphism of
graded modules § : N — N of degree —1, such that (dy +6)2 = 0 and €56 = 0. For instance, if
A is a DGA-algebra, the simplicial differential dy is a perturbation of T(S(A)). A perturbation
datum of the contraction r : {N,M, f,g, ¢} is a perturbation 0 of the DGA-module N, which

satisfies that the composition ¢¢ is pointwise nilpotent.

Theorem 3.4. (Basic Perturbation Lemma) [52] Let r : {N, M, f,g, ¢} be a contraction
and § : N — N a perturbation datum of this contraction. Then a new contraction

Ts: {(N7dN +676N777N)’ (M)dM +d576M>nM)) f§) gs, ¢6}
is defined by the following formulas:

ds = f0%0g; (12)
fs = f(1=052¢); (13)
95 = 0g; (14)
¢s = S06; (15)

where
20 = Y (1)1 (90) = 1— 60+ $0¢0 — -+ (=1)(¢0)" + -

i>0

Let us note that Ei(m) is a finite sum for each z € N, because of the pointwise nilpotency
of the composition ¢d. Moreover, it is obvious that the morphism ds is a perturbation of the
DGA-module (M,d,,, €y, ). From now on, the Basic Perturbation Lemma will be called
BPL.

For later references, we shall state two special cases.

Proposition 3.5. [19] Under the conditions of Theorem 3.4:

1. If the projection f verifies fo¢p =0, then fs = f and ds = fdg.

2. If the inclusion g verifies ¢dg = 0, then gs = g and ds = fdg.

It is well known that BPL has a good behaviour when we use classical algebraic construc-
tions.

Proposition 3.6. (/20], [29]) Letr : {N,M, f,qg,¢} be a contraction and let §, §' and § + &'
be perturbation data of r. Then, the following commutativity properties are satisfied:

Ts =T5; (16)
S(rs) = [S(M)]s(); (17)

(r®r)eei+10e) =5 @ T (18)
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T(rs) = [T(r)]st; (19)

(rs)er = (rs)s = T(5+67)- (20)

4. Perturbation machinery for algebra and coalgebra categories

In [20] and [29] it is shown that BPL accepts algebra or coalgebra data without a change
in the formulas, provided that the initial contraction satisfies a strong compatibility condition
with respect to the underlying structures. In this section, we assume weaker conditions on the
morphisms of the initial contraction such that BPL produces a new contraction between two
DGA-algebras. The main motivation for doing this is the fact that the (Co)Algebra Pertur-
bation Lemma of [20] and [29] cannot be applied to several important cases in Homological
Algebra and Algebraic Topology (see Section 5).

In this section, we will set up perturbation theorems for DGA-algebras and DGA-coalgebras
and give the details for DGA-algebras.

Definition 4.1. Let A and A’ be two DGA-algebras and let r : {A, A', f,g, ¢} be a contrac-
tion. We say that r is an algebra contraction if f or g are morphisms of DGA-algebras.

We hereby define the notion of algebra homotopy.

Definition 4.2. (/19]) Let A and A’ be two DGA-algebras and let r: {4, A', f, 9,6} be a
contraction. The homotopy ¢ is an algebra homotopy if

pad™ = .

An easy way for determining that a homotopy operator of one contraction is not a (co)algebra
homotopy is provided by the following lemma. Its proof follows straight from condition (c5)
in (5).

Lemma 4.3. Letr: {A, A, f,g,0} be an algebra contraction. If the composite

Dha ¢[T’2]

is mot identical to zero, then ¢ is not an algebra homotopy.
Now, we define two notions that will allow us to distinguish algebra contractions.

Definition 4.4. Let r : {4, A', f,g,¢} be an algebra contraction. We say that ¢ is a quasi
algebra homotopy if the following conditions hold:

Pa(p ® @) =0,
07

Ppalg® @) = (21)
Pus(p®g) =0.

We say that f is a quasi algebra projection if the following conditions hold:
fra(d®¢) =0,
fralg® ) =0, (22)
fri(d®g) =0.

Let us note that the product of the DGA-algebra A’ is not involved in the previous defini-
tions.
We shall now characterize various classes of algebra contractions.
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Definition 4.5. Let r : {4, A', f, g, ¢} be an algebra contraction. We say that r is

e a full algebra contraction if f and g are morphisms of DGA-algebras and ¢ is an algebra
homotopy;

e an almost-full algebra contraction if f and g are morphisms of DGA-algebras and ¢ is a
quasi algebra homotopy;

e a semi-full algebra contraction if f is a quasi algebra projection, g is a morphism of
DGA-algebras and ¢ is a quasi algebra homotopy.

One can see immediately that in the context of algebra contractions, the designation of full
implies almost-full and that almost-full implies semi-full. Let us observe that each of these
classes is closed by composition and tensor product of contractions.

Examples of full algebra contractions are given in [20], using the “tensor trick”. On the other
hand, it is very easy to find almost-full (non-full) algebra contractions in Algebraic Topology.
For instance, Eilenberg and MacLane determined in [15] explicit algebra contractions of this
type from B(Z[Z]) to the exterior algebra E(u,1) on one generator u of degree 1, and from

B(Z[Zp)) to the twisted tensor product E(u, 1)®6hF(v,2), where T'(v,2) is the polynomial
power algebra on one “generator” v of degree 2 and d,(v) = h - u is a derivation. An explicit
almost-full (non-full) algebra contraction Rz, can also be established from B(P(u,2n)) to
E(v,2n + 1), where P(u,2n) is the polynomial algebra on one generator u of degree 2n. More
precisely, the component morphisms of Rz, are given in positive degree by:

Fanlrt] - Irm] = v fm=1landr =1
il "ml = 1 0 otherwise;
g9sr(v) = [1]
and
Gaplri|rel - |rm] = [Lry = 1ra| - |rm];
where [ry|r2| -« |rm] denotes the element [u" |u"2|- - |u"] of B(P(u,2n)).

)

If the DGA-algebra A is commutative, the contraction Rg 4, (see (6)) is an almost-full
algebra contraction too.

Finally, it is not difficult either to establish semi-full (non almost-full) algebra contractions.
An example is the explicit algebra contraction that can be constructed from Q) (u, 4)®6E (v,5)
to E(w,9), where Q(s)(u,4) = P(u,4)/(u?) is the truncated polynomial algebra on one gen-
erator u of degree 4 and 0(v) = u. In the following section, we will also deal with several
important semi-full algebra contractions that will appear in a natural way in the context of
the homology theory of commutative DGA-algebras.

The following proposition gives us a more concise definition of full-algebra contraction.

Proposition 4.6. An algebra contraction v : {A, A', f,g,$} in which ¢ is an algebra homo-
topy, is a full algebra contraction.

Proof.

Suppose, for instance, that the projection f is a morphism of DGA-algebras. We will prove
that g is also a morphism of DGA-algebras.

Making use of the fact that ¢ is an algebra homotopy:

Ppia = pag™?, (23)

and composing (23) respectively with d, from the left and with d? from the right, we obtain
the following relations
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dadpa = ,UAd[A2]¢[T’2]:
ddaps = paglm2d.

If we sum these last two equalities, we have:

(dad + 9da)pa = pa(diIgin? + g021d)) (24)
Plugging the rules (¢2) of (5) for the contractions r and r ® r into (24), we get

(L= gf)pa = pa(l,02 — g®2 f€?)

or, simplifying

9fia = nag® f2. (25)
Taking into account that f is a morphism of DGA-algebras, (25) can be rewritten as
gpsf = pag®? f22.

Thus, since the morphism f is onto, the preceeding equality is equivalent to the following
one:

s = pag®®.
Hence, we have deduced that r is a full algebra contraction.
In an analogous way, we can prove that if g is a morphism of DGA-algebras, then f must

also be a morphism of DGA-algebras.
O

The next result describes the failure of compatibility of the component morphisms of a
contraction from a DGA-algebra to a simple DGA-module with respect to the “products”.

Proposition 4.7. Let A be a DGA-algebra, M o DGA-module and r : {A, M, f, g, 6} a con-
traction. We have the following equalities:

Fria = (Frag®) %) = du(frad™@) + (Fuagh?)dy, (26)
1149%° — g(fra9®?) = du(dpag®) + (dpag®)da, (27)
bty — pad™? = puad™2dZ — d pp, o — gfpagn?. (28)

Proof.

We will only verify here the equality (28), since (26) and (27) can be obtained in an analo-
gous way.

First, we use the property (c2) of the contraction r®2:

192 — g2 %2 = aflgln?) 4 gln2al), (29)
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Composing (29) with u, from the left and using the facts that g is multiplicative and p,
commutes with the differential d,, we obtain:

Mty — gNA’f®2 = dA,uAQS[TJ] + ,UAQS[T’Z]dExQ]- (30)

Composing again (30) with ¢ from the left and using the annihilation property (¢3) of r,
we have

Ota = ddapad™? + puaglndl. (31)
Now we apply the property (c2) of r to the second term of (31)

da = (1a—gf —dad)pad™? + gpug™?d3). (32)

Finally, (32) can be rewritten in the following form

bty — pad™? = puad™2dZ — d pp, ™ — gfpagn?. (33)

To distinguish almost-full algebra contractions from full algebra contractions, we can use
the following result, whose proof is left to the reader.

Proposition 4.8. Let r : {A,A', f,g,¢} be an almost-full algebra contraction. It is a full
algebra contraction if and only if pu,(1® ¢) = 0.

We also leave the proof of the following result to the reader.

Proposition 4.9. Letr : {A, A', f, g, ¢} be a semi-full algebra contraction. It is an almost-full
algebra contraction if and only if fu,(l® ¢) =0.

The following proposition states that a semi-full algebra contraction is an algebra contrac-
tion in which Ker ¢ is a sub-algebra of A.

Proposition 4.10. Let r : {A, A', f,g, ¢} be a semi-full algebra contraction. Let u and v be
two elements of Ker ¢. Then

fra(w@wv) = pa(f @ f)u@w) (34)

and

dua(u@v) = papA(u®v). (35)

Proof.

We will only prove here the equality (35), since (34) can be demonstrated in an analogous
way.

We shall consider here the equality (28). Since ¢ is a quasi algebra homotopy and f is a
quasi algebra projection, the second term of (28) turns out to be:

Y = ¢NA(1A & ¢)d[A2] - dAQS,uA(]-A b2y ¢) - ngA(lA & ¢)

If w and v are elements of Ker ¢ = Im g ® Im ¢, the relation ¢(u ® v) = 0 is immediately
proved.
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Hence, for these particular arguments, we get (35).

In order to determine the pairs of elements for which the projection and the homotopy
operator of a semi-full algebra contraction become multiplicative, we may refine the last result.

Proposition 4.11. Let r : {4, A’, f,g,6} be a semi-full algebra contraction. Let u and v be
two elements of A. If u or v are in Im g, then

frauev) = puo(f @ fluzw) (36)

and

dua(u@v) = papN(u®v). (37)

We also leave the proof of the following result to the reader. In spite of its simplicity, this
proposition will be essential in the proof of our main theorems.

Proposition 4.12. Let A be a DGA-algebra, M a DGA-module and r : {A, M, f, g, ¢} a con-
traction. Let us suppose that

bpag® = 0,
(resp. fuagl™? = 0).

Then the morphism vy, = fu,g®? defines a product on M (n,, being its unit) and r is an
algebra contraction from (A,d 4, pa,€4,M4) to (M, dur, Unr, €rr, s ) with multiplicative inclusion
(resp. multiplicative projection).

It is time to introduce the notion of algebra perturbation datum.

Definition 4.13. [20] Let A and A’ be two DGA-algebras and let r: {4, A", f,g,¢} be a
contraction. An algebra perturbation datum ¢ of this contraction is a perturbation datum of r
which is also a derivation.

At this point, it is natural to pose this question: if we have an algebra contraction
r:{A A" f,g,0} and an algebra perturbation datum § of r, under which conditions can we
state that the composition

v = fapalgs)®? (38)

on A’, that is defined by transferring the product on A to A’ by means of fs and gs, is an
actual product on (A")s7.

In [20] and [29], the perturbation problem for algebras is solved assuming that the homotopy
of the contraction is an algebra homotopy. In this way, they establish a preservation result
of (co)algebra laws. The following theorem for DGA-algebras (that we will call Full Algebra
Perturbation Lemma or, more briefly, F-APL) is a translation, in our language, of this result.

Theorem 4.14 (F-APL). [20] Let r : {A, A', f, 9,6} be a full algebra contraction and 6 an
algebra perturbation datum of r.

Then the contraction s obtained by applying BPL (Th. 3.4) is a full algebra contraction
from (A, ds + 8, ppa,€4,m4) to (A da +ds, piar,€ar,mar). Moreover, the perturbation ds for the
DGA-module A' is a derivation.



Homology, Homotopy and Applications, vol. 2, No. 5, 2000 64

The preceding theorem tells us that the class of full algebra contractions is closed by per-
turbation. The goal of this section and the main aim of this paper is to establish perturbation
machineries for other classes of algebra contractions. The idea is to generalize the following
proposition (that we will call Special Algebra Perturbation Lemma or S-APL) which is an
enriched version of Proposition 3.5:

Proposition 4.15 (S-APL). [19] Let A and A’ be two DGA-algebras, r : {A,A', f,g9,0} a
contraction and § an algebra perturbation datum of v. If f (resp. g) is a morphism of DGA-
algebras and

$dg =0 (resp. fop =0) (39)

then the morphism gs = g (resp. fs = f) of the contraction rs, obtained by applying BPL, is,
consequentely, a morphism of DGA-algebras and the perturbation ds = fdg obtained in A’ is
a derivation.

In order to obtain perturbation results preserving the DGA-algebra category, we use Propo-
sition 4.12, taking as datum the perturbed contraction rs. In this way, we state the following
result (that we will call General(inclusion) Algebra Perturbation Lemma or, more briefly G1I-
APL) that guarantees the preservation of the strict associativity in a perturbed contraction.

Theorem 4.16 (GI-APL). Let A and A’ be two DGA-algebras, r : {A, A, f,g, ¢} a contrac-
tion and & an algebra perturbation datum of r.
Let us assume that g is a morphism of DGA-algebras and

b (@A g®2 = 0 vyn > 1. (40)

Then the inclusion gs of rs, obtained by applying BPL, is a morphism of DGA-algebras
from (A',dy +ds,va,€a,m41) to (A, dy + 8, pia,€4,n4), where the product v, is given by:

Fra(gs)®?

FralX pso(=1) (2101 m g2],
Moreover, if we assume that f is also a morphism of DGA-algebras, the product v, coin-

cides with the initial product i, of A'.

(Y

(41)

Proof.
Considering Prop. 3.6 (18), we have

(95)%% = (9%)gtz1 = D_(=1)" (@15l g=2.

n>0

Hence, condition (40) and the fact that g is a morphism of DGA-algebras imply that
dua(gs)®% = 0, and consequently, s (gs)®? = 0. If we now apply Prop. 4.12 to the contrac-
tion 75, we endow A’ with an algebra structure

v = fopalygs)®?
= (f— f6520)ua(g®?) 5
= falXso(=1) (g™ g®2,

Furthermore, the contraction rs is an algebra contraction from (A,d, + d, s, €4,74) tO
(A", ds + ds,var, €4r,m4) with multiplicative inclusion.

If f is also a morphism of DGA-algebras, and making use of the properties (c1) and (c4)
of the contraction r, we get
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v = FialE e (-1 (98 g
=l o (1) (@126 g
= par f22¢%?
= NA!,

The previous result was already enunciated in [45].
We now give a similar result to the preceding one without proof.

Theorem 4.17 (GP-APL). Let A and A' be two DGA-algebras, r : {A, A", f,g,6} an alge-
bra contraction and § an algebra perturbation datum of .
Let us suppose that f is a morphism of DGA-algebras and

)" pa ¢ =0,  Vn > 1 (42)

Then the projection fs of the contraction rs, obtained by applying BPL, is a morphism of
DGA-algebras from (A, da + 0, pa, €4, Na) to (A, dar +ds, vVar, €41, Nar), where the product
var 15 given by the following formula:

v = f5 pa g%%. (43)

Moreover, if we assume that g is also a morphism of DG A-algebras, the product v, coincides
with the initial product p, of A'.

The last theorems can be considered as respective generalizations of S-APL Theorem. On
the other hand, when we work with a full algebra contraction as initial input, GI-APL and
GP-APL theorems only tell us that the perturbed morphims fs and gs are morphisms of
DGA-algebras, giving us less information than F-APL Theorem.

Let us note that, in general, the perturbation datum ¢ is involved in an essential way
in the last perturbation results. However, if we take contractions in which its homotopy
operator is a quasi-algebra homotopy, we can prove the following perturbation result:

Theorem 4.18 (SF-APL). Let r : {A,A', f,g,0} be a semi-full algebra contraction and 0
an algebra perturbation datum of r. Then the perturbed contraction rs is a semi-full algebra
contraction from (A,d, + 0, fa,€4,M4) t0 (A", dyr + ds, par,€47,Mar).

Proof.

Taking into account the formulas of the morphisms of the perturbed contraction rs, we
see directly that fs and ¢s are, respectively, a quasi algebra projection and a quasi algebra
homotopy.

With regard to g5, taking into account that ¢ is a quasi algebra homotopy and g is a
morphism of DGA-algebras, we obtain

Ppa(gs ® gs) = 0. (44)

Now, by GI-APL (Th. 4.16), we determine that gs is a morphism of DGA-algebras from
(A", dar + ds,0ar,€ar,ma) 10 (A, da + 6, 144, €4,m4), where the product v, is given by (41):

var = fralgs®gs) o
= fual(Xiso (=1)'(#0)'9) @ (Y50 (1) (46)7g)].

Taking into account that f is a quasi algebra projection, g is a morphism of DGA-algebras
and the property (c1) of the contraction r, the formula (45) turns out to be:

(45)
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var = fralg®g) = fgpar = par.
O
Hence, semi-fullness in algebra contractions is a hereditary property under homological per-
turbation. It is important to note that the perturbed differential ds is completely determined
by its effect on the generators of the algebra A’, due to the fact that this morphism is a
derivation. This represents a substantial improvement in a later homology computation.
The development of the ideas above for DGA-coalgebras is analogous. Note, however, that

some care must be taken in establishing the hypotheses of the coalgebra perturbation results.
In this way, GI-CPL, GP-CPL and SF-CPL Theorems can be enunciated.

5. Applications

In this section, we will put forward several examples in which F-A(C)PL cannot be applied,
but the hypotheses of SF-A(C)PL or GI-A(C)PL Theorems are verified.

In order to understand the importance of these applications, it is convenient to define our
notion of homological model for a commutative DGA-algebra.

Definition 5.1. A n-homological model (n > 0) for a commutative DGA-algebra A is a pair
(H,r), such that H is a commutative DGA-algebra that is free and of finite type as graded
module and 7 is a semi-full algebra contraction from B™(A) to H.

A more restrictive definition of homological model will be given later, working over Z
localized at a prime.

Let us note that, if the ground ring is Z or Z localized at a prime p, the condition of
formality for a commutative augmented differential graded algebra [4, 16, 25, 21] is stronger
than that of the mere existence of a small computable homological model.

In this section, we give four applications of the perturbation result SF-APL for semi-full
algebra contractions. The first one deals with the transference of the Hopf algebra structure
in the contraction B(r), which is constructed, via perturbation, using a contraction r from a
commutative DGA-algebra A to a simple DGA-module M. The contraction B(r) is established
from the reduced bar construction of A to the bar tilde construction of M [53, 23]. The second
one concludes that the contraction given by Eilenberg and Mac Lane in [15] from the reduced
bar construction of a tensor product of two commutative DG A-algebras to the tensor product
of reduced bar constructions of both DGA-algebras is an almost-full algebra contraction. The
third one describes p-local homological models of Cartan’s elementary complexes. The paper
[6] makes use of these last results in order to progress in the computation of p-local homo-
logical models of TTPs of Cartan’s elementary complexes. Taking into account the results
of this section, the p-local n-homology theory of commutative DGA-algebras is appropriately
developed in terms of semi-full algebra contractions in [1]. This application is also an essential
step for considering the p-local homology algebra of Eilenberg-Mac Lane spaces from the point
of view of Homological Perturbation Theory (see [3]). This last study assists us in the search
of homological models for some fibre bundles in Topology [2].

To extend these positive results to a broader class of spaces is an interesting question.
This could be available, for example, by suitably modifying our perturbation technique for
DG Hopf algebras. Using a closely related perturbation machinery, Saneblidze constructs a
model for a given DG Hopf algebra A [50] (with not necessarily commutative product) by
the homology H(A). He takes any multiplicative bigraded resolution of H(A), he fix on it an
induced coproduct (not necessarily coassociative) from H(A) using the standard Adams-Hilton
argument (see [29, Th. 3.4]), and then he perturbs simultaneously the resolution differential
(compare [25]) and the coproduct. This, at least, gives a homotopy Hopf algebra (in the sense
of Anick [5]) model for A.
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Finally, we here analyze the p-local n-homology algebra of an extremely concrete class of
commutative DGA-algebras.

Definition 5.2. A connected minimal Koszul-Sullivan (K-S) algebra of finite type (or, simply,
minimal K-S algebra) is a free commutative DG-algebra (AM,d) where M is the free graded
module generated by a strictly positive graded set of finite type X =3 _ X, and

(KS.1) The set X is indexed by a well ordered set I, such that |z;| < |z;] if i < j.
(KS.2) d(X) C (ATM)(ATM).

In [24], the notion of K-S complex is defined. In fact, the differential d of the previous
definition satisfies the “nilpotence” and minimality conditions required for K-S complexes of
[24] and the unique difference is limited to the degree of d that is here —1 (see also [56]).
We establish in the last subsection that the p-local n-homology algebra of a minimal K-S
algebra (AM,d) can be represented by a homological model that is a (non-twisted) tensor
product of Cartan’s elementary complexes. More precisely, in the case n = 1, we derive that
the homological model H is a banal tensor product of exterior and divided power algebras.
That is to say, H is the 1-homology algebra of AM and, therefore, the DGA-algebra B(AM)
is Z-formal.

5.1. Application 1: Hopf algebra structures on the bar construction contraction
Let r: {A, A', f, g, ¢} be a contraction where A and A’ are two commutative DGA-algebras.
We shall here study the multiplicative behavior of the contraction B(r) with respect to the
shuffle product *. Let us recall that the bar construction of a commutative DGA-algebra A is
a Hopf DGA-algebra denoted by (B(A), ds, *, Az, €5, 1z).
We begin with the following result:

Theorem 5.3. [20] Let A and M be a DGA-algebra and a DGA-module respectively, and
r: {A, M, f,g,0} be a contraction. Hence, the following full coalgebra contraction can be
established:

B(r) = [T(S(Mlas : {B(A), B(M), B(f), B(g), B(¢)} (46)

where d2 is the simplicial differential of B(A) and the DG-module B(M) is the bar tilde
construction of Stasheff [53].

From the contraction B(r), it is possible to determine the operations m; : M®* — M (i > 1)
of the A,-algebra on M (see [23]).

In the next result, we state the compatibility of the bar construction contraction and the
perturbation machinery.

Theorem 5.4. Let r : {A, M, f, g, &} be a contraction where A and M are a DGA-algebra
and a DGA-module, respectively. If § is an algebra perturbation datum of r, then the following
commutativity property is satisfied:

B(rs) = [B(r)ls@)n
Proof. _
First, by applying Prop. 5.3 to rs, we get the perturbed contraction B(r;) = [T(S(75)]4a -
On the other hand, using the product of A, we define the following morphism of DG-modules
of degree -1:

S(r) : S(A) ® S(A) — S(A)



Homology, Homotopy and Applications, vol. 2, No. 5, 2000 68

defined by S(7z3)(Sa' ® Sa") = (—1)!5% I, (Sa’ ® Sa”). ~
It is easy to verify that the simplicial differential d# of B(A) is the morphism S(f;)!!. Since
0 is a derivation, then

S@USE)T + SEnts@)l! = o.

Finally, taking into account the good behaviour of BPL in (16), (17), (19) and (20), we
have:

O

If M = A" is a DGA-algebra and r is an algebra contraction, then the contraction B(r)

“connects” two bar constructions (see [20]). For example, if g is a morphism of DGA-algebras,

then B(r) is a contraction from B(A) to B(A') and its inclusion B(g) coincides with T'(S(g)).

Since this morphism preserves shuffle products, B(r) is an algebra contraction with multi-

plicative inclusion. Without making use of any assumption, we demonstrate here that B(g)
always preserves shuffle products.

Theorem 5.5. Let v : {A, M, f, g, ¢} be a contraction where A is a commutative DGA-
algebra and M is a DGA-module. Then

B(r) : {B(A), B(M), B(f), B(g), B(¢)}

is a semi-full algebra contraction.

Proof.

It is known (see [20]) that B(r) is a full coalgebra contraction. It suffices to prove that the
inclusion of B(r) is multiplicative with respect to the shuffle product.

First, both differentials d; and d? are *-derivations. Secondly, T'(S(7)) is an almost-full
algebra contraction. Indeed, it is obvious that both T'(S(f)) and T'(S(g)) are compatible with
the shuffle products. It is also a simple exercise to prove that T(S(¢)) is a quasi algebra

homotopy. Moreover,

T(S(6)) * T(S(@)TE2([Sa] @ [S8]) # 0

for a,b € A with ¢(a) # 0 # ¢(b). Hence, it follows from Proposition 4.8 that T(S(¢)) is not
an algebra homotopy.
With these ingredients, the result directly follows from SF-APL.

Remark 5.6. Of course, if r is a semi-full algebra contraction then B(r) is a semi-full algebra
contraction from B(A) to B(M).
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From the theorem above, we have in particular that the differential of B(M) is a derivation.
This fact means that B(M) is a DGA Hopf algebra and leads us to the notion of commutative
Aso-algebra introduced by Kadeishvili in [31].

Corollary 5.7. Let r : {A, M, f, g, ¢} be a contraction where A is a commutative DGA-
algebra and M is a DGA-module. Let (my, ms, ms3,...) be the Ax-algebra structure on M
derived from the algebra structure on A wia the contraction B(r) (see [23]). If i > 2 and a
and b are two elements of B(M), with |a|s + |b|s = i, being |al,|b| > 1 then

m;(a*b) =0, (47)

where the shuffle product a b is interpreted having its image on M?.

5.2. Application 2: A particular Eilenberg-Zilber contraction

A contraction Rgsg, described by Eilenberg-MacLane in [15], from B(A® A') to
B(A) ® B(A"), where A and A’ are two commutative DGA-algebras, is recorded here. Let
us note that the reduced bar construction B(A) of a commutative DGA-algebra A has a
DGA-algebra structure with regard to the shuffle product . In this section, we show that the
contraction Rz is an almost-full algebra contraction. Moreover, taking this contraction as ini-
tial datum, if we perturb the differential of A® A’ or we modify the product of A® A’ in such a
way that we still have a new commutative DGA-algebra, we determine the (co)multiplicative
behaviour of the perturbed contraction by making use of SF-APL and GI-CPL Theorems.

The study done in this section can be generalized in a natural way to the contraction from
B(®",A;) to @ B(A;), for n =3,4,....

Theorem 5.8. [15, pp. 59-60] If A and A' are two commutative DGA-algebras, then there
is an algebra contraction Rz with multiplicative projection and inclusion from B(A ® A') to
B(A) ® B(4").

R5g is also a coalgebra contraction with comultiplicative inclusion.

Eilenberg and Mac Lane in [14, pp. 75-76] assign to each commutative DGA-algebra A, a
construction B(A) that may be regarded, in particular, as an augmented simplicial A-algebra
(that we will call B=#(A)) and, hence, they establish the normalized construction B"?(A).
This last construction endowed with the degree, differential, product and coproduct induced by
B(A) coincides with our definition of bar construction B(A). Eilenberg and Mac Lane exploit
the Eilenberg-Zilber Theorem (Th. 3.1) and they establish a contraction EZgsmp 4, gsmp ar)
from (B*m?(A) x B*m*(A'))n to By (A) @ By'?(A'). The desired contraction

Rsg : {B(A® A"), B(A) ® B(A'), fss, 9ss: Psel}-

is obtained by composing the preceding contraction with iso-contractions which amount largely
to sign changes.

Let us recall the explicit formulas of the projection and inclusion of this contraction given
by Eilenberg-Mac Lane in [15]:

* foplar ®ay] - -la, @ ay]

ai] ® [a2+1| U |a;] .

= ZEA(,UA(%H ) (par(ay - - -ap))[ay] -

* gso([ar] - |an] @ [ay]---[ap,])
= a1 @ 00| - Jan ® O] % [0, @ )|+ |0. ®d].

The formula of the homotopy operator is:

¢1§® - §71 SHIésmpA,ésmpAl q.
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The morphism SHIzsmp 4 5sm» 4/ is the homotopy operator of the contraction EZzsmp 4 gemp 41
which is explicitly described in Theorem 3.1 (face and degeneracy operators of B*™P A are de-
fined in [14, p. 75]), and the isomorphism of DG-modules ¢ : B(A ® A') — (B*™P(A) x
B*mP(A")) N is defined in [15, p. 60].

Hence, the image ¢sglar ® al|---|a, ® al,] is a sum taken over all (p + 1, g)-shuffles (with
0<p<n—qg—1<n—1) of elements of this kind (up to sign):

€a(fta (an—q+1 coeap))[ar ®aq - |an—P—q—1 ® a’;z—p—q—1|:u’A' (a’,n—p—q Tt aln—q)|
[(lan—p—ql---lan—ql *[an_ gyl - lap])].
Now, it is easy to see that ¢5¢ is not an algebra homotopy.
As counterexample, we take u = [a ® a'] and v’ = [b ® b'], where a,b € A, a',b' € A’ and
|| >0, for z=a,b,ab.
On one hand, we have,

Ppa(uru’) = —la®a'[V'|b] + [pa (a',b)]alb] + [b® V'|a’|a] — [ar (a’, 1) [B]a];
On the other hand, we get

u* Pae(u') + Ge (1) * gos fas (u') = [V'[bla @ a'] = [V']a ® o' [b] + [a @ a'|b'|D)].

In addition, the morphism ¢5g is not a coalgebra homotopy. In fact, the projection fzg is
not a morphism of DGA-coalgebras. If we take [a|a'] € B(A ® A’), where a and a' are elements
of A and A’ respectively, we have

(fse ® fre)Anglala] = ([]@[]) @ (o] @[a']) + ([d] @ []) @ ([] @ [a'])+
+(al @) @ (1e[])

and on the other hand,

(1eT®1)(As ® Ap) faglald’] =
(M@)o (ade[)+(do[]) (][] +
+(1e[he(ade])+(del]) e ((1e]])

Since gse is a morphism of DGA-coalgebras and taking into account Proposition 4.6, we
deduce that ¢zg is not a coalgebra homotopy.
The rest of this subsection is devoted to proving that Rz is an almost-full algebra con-

traction.
First, we introduce the following definitions:

Definition 5.9. Let A and A’ be two DGA-algebras. An element a of A (resp. a’ of A’) can
be regarded as an element of the tensor product A ® A’ by the morphism of DGA-algebras:

arc=a®6,,
(resp. a' — ¢ =6, ®ad").

The elements of ¢ € A® A’ (resp. ¢/ € A® A’) which are obtained in this way are called simple
elements of A ® A’.

Remark 5.10. We can consider the DGA-algebras A and A" as sub-DG-algebras of A ® A’.
In the same way, the constructions B(A) and B(A') can be viewed as sub-DG-algebras of
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B(A® A") and of B(A)® B(A'). From now on, we will make use of these identifications when
they may be considered appropriate.

Definition 5.11. Let A and A’ be two DGA-algebras. Let u = [c1]- - |e;] be an element of
B(A® A"). We say that u is simple if for all 1 < i < m, ¢; is a simple element of A® A'. In this
case, this element has s inversions if there are exactly s elements ¢,, € A’ withi =1,...,sand

rp <71y <. <7, such that ¢, 11 € A. The graded module generated by the simple elements
of B(A® A") will be denoted by SB(A® A').

Of course, if u is a simple element of Ker fz4, this element has at least 1 inversion.

Definition 5.12. Let A and A’ be two DGA-algebras. Let u = [¢1] - - |e;] be an element of
B(A ® A"). We say that u is 1-simple if there is only one subscript k € {1,... ,m} such that
¢; is simple, for i # k, and ¢, € A ® A’. In this case, this element has s + 1 inversions if there
are exactly s elements ¢, € A" withi=1,... , mandr <7 <...<7, such that Cr.4+1 € A
or ¢,,+1 = ¢ € A® A’. The graded module generated by the 1-simple elements of B(4A ® A’)
will be denoted by S1B(A ® A’).

Definition 5.13. Let A and A’ be two DGA-algebras. Let u = [¢1] - - - |ey] be an element of
B(A ® A"). We say that u finishes with an inversion if there is a subscript k& € {1,... ,m} such
that [ck|ckr1|- - |em] is an element of SB(A ® A') having one inversion. The graded module
spanned by these elements will be denoted by IB(A ® A’).

The proof of the following proposition follows from the explicit definition of the morphisms

fse, 95e and ¢sg of the contraction Rzg.
Proposition 5.14. Let A and A’ be two commutative DGA-algebras. Then,

a) SIB(A® A") C Ker fsg.

b) Imgsy CSB(A®A") C Ker ¢sg.

c) SB(A® A") * SB(A® A") C SB(A® A").

d) As(SB(A® A')) C SB(A® A)® SB(A® A").

e) The homotopy operator ¢zg carries 1-simple elements with s inversions to zero or to

sums of simple elements of Ker fzq with at least s inversions.

f) IB(A@AI) = Im ¢§® C Ker ¢E®-
From the proposition above, it is easy to obtain:

Theorem 5.15.
(1) The contraction Rgg is an almost-full algebra contraction.
(2) The contraction Rgzg is a coalgebra contraction with comultiplicative inclusion. Neither
is fse @ quasi coalgebra projection nor is ¢ps5 a quasi coalgebra homotopy.

The following result directly follows from SF-APC and Theorem 5.15 (1).

Corollary 5.16. Let A and A’ be two commutative DGA-algebras and § an algebra pertur-
bation datum of the contraction Rze from B(A® A') to B(A) @ B(A). Then the perturbed
contraction (Rgg)s is a semi-full algebra contraction.

Now, we define two special types of perturbation data of the contraction Rzg.

Definition 5.17. Let A and A’ be two commutative DGA-algebras and § a perturbation
datum of the contraction Rzg. We say that ¢ is a simple (resp. 1-simple) perturbation datum
if it is a derivation, a coderivation and carries simple elements into simple or 1-simple (resp.
into 1-simple) elements.
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The perturbations for Rsg arising from perturbations of the differential of A ® A’ (for
examples, PTTs of algebras) or from “modifications” of the product of A® A’ so that the new
modified tensor product is still a commutative DGA-algebra, are simple perturbation data.
We will find specific perturbation data of this type in the next section.

The use of the coalgebra perturbation result GI-CPL is essential in the following theorem.

Theorem 5.18. Let A and A’ be two commutative DGA-algebras. Assume that § is a simple
perturbation datum of Rsg.

Then the inclusion of the perturbed contraction (Rzg)s is a morphism of Hopf DG A-algebras
from

(B(A) ® B(A"),d2 + ds, (x4 © %) 19 T © 1), Ay g, €2%,93?)
to
(B(A ® AI)7dE + 67 *A®A’7A§7€§777§)7

where

A®1§ = (fae ® f52)A5(g5s)s-

Moreover, the perturbation ds over B(A) ® B(A') is a derivation and a coderivation.

Proof.

With regard to algebra structures, all have been proved in Theorem 5.16 which is valid for
every algebra perturbation datum 4.

To complete the proof, it suffices to verify that the following condition holds:

(1® ¢sg + ¢se @ grefae)Aa(0se6)"9se = 0, Vn 2> 0. (48)

First, by Prop. 5.14 b) we have that Imgzy C SB(A ® A'). From the fact that § is a
simple perturbation datum and Prop. 5.14 e), the composite (¢550)" carries any element of
SB(A® A’) into an element of this same graded module. Finally, (48) follows from Prop. 5.14
d) and b).

Thus, we are able to apply GI-CPL and this proves the theorem.

O

5.3. Application 3: p-minimal homological models of Cartan’s elementary com-
plexes

Let us recall that in 1954, Henri Cartan [10] determined the integer homology algebra of
FEilenberg-MacLane spaces. To do this, he introduced the notion of construction and several
homological operations (suspension, transpotence and divided powers) constructing, thanks to
them, tensor products of a certain number of “elementary complexes”, one for each appropri-
ated homological operation (admissible words). The homology of this tensor product reduced
by several identifications gave the desired integer homology of an Eilenberg-MacLane space.
On the other hand, an extensive study of the p-local (p prime) homology of Cartan’s little
constructions was given by John C. Moore in [40]. A short account of the work of Moore on
this subject is given in [54].

As a third illustration, taking A = Z,) (Z localized at a prime p) as the ground ring, we
here show a method for representing the homology algebras of Cartan’s elementary complexes
in terms of semi-full algebra contractions.

We must point out that the relation of the methods of the Séminaire Cartan to Homological
Perturbation Theory is studied in [33], [34] and [35], in which it is proved that Cartan’s little
constructions can be considered as small resolutions which split off of the bar resolution. In
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these papers, a constructive version of the comparison theorem for resolutions is used for
establishing a splitting (contraction) of the bar resolution. Here, we use the techniques of
Eilenberg and Mac Lane in [14] and [15] for obtaining homological information of Cartan’s
elementary complexes, under the form of semi-full algebra contractions. Thanks to Theorem
3.3 of [6], it is possible to translate all this information to resolutions in an appropriate way. In
our process, a case appears in which SF-APL will be the unique algebra perturbation theorem
that could be applied. In the method developed by Cartan, the generators of the elementary
algebras appearing in this iterative process admit an interpretation in terms of homological
operations. Here, we maintain this notation in order to provide a comparison with Cartan’s
method. Finally, let us note that this work is extremely important in the design of algorithms,
based on perturbation techniques, for computing the homology of simplicial fibre bundles in
Topology [2] or the n-homology (with n > 2) of commutative DGA-algebras [1, 11].
We begin with the following definitions:

Definition 5.19. [10] Let A be a commutative DGA-algebra. We define the following mor-
phisms of graded modules:

e THE SUSPENSION,

o : A — B(A) defined by
o(a) = [a], where a € A.

e THE p-TRANSPOTENCE, where p is a prime number,

oy : A — B(A), defined by
op(a) = [alaP~!] where a €A.

Let us notice that Cartan defines the additive functions suspension and transpotence with
values in H,(B(A)), whereas here we define analogous functions from a DGA-algebra A to its
reduced bar construction.

Now we shall define Cartan’s elementary complexes.

Definition 5.20. [10] Let p be a prime number. An elementary complex is a DGA-algebra
of the form:

e TYPE I: an exterior algebra E(u,2n — 1);

e TvypE II: a divided power algebra I'(u, 2n);

o TvypE III: a twisted tensor product E(u,2n — 1)@ (v, 2n);
e TvyPE IV: a twisted tensor product T'(u,2n)&"**" E(v,2n + 1);

where n > 1 and the derivation d4, is given by the formula

dipr(v) = £p"u, r>1.

Definition 5.21. (/29]) Let p be a prime number and let A = Z,) be our ground ring. A
DGA-module (M, d,y, €x,m) is called p-minimal if it is free, of finite type as a graded module
and dy, (M) Cp- M.

Definition 5.22. Let p be a prime number and let A = Z ;) be our ground ring. We say that
H is a p-minimal n-homological model of a commutative DGA-algebra A if there is an algebra
contraction from the iterated bar construction B™(A) to the p-minimal DGA-algebra H.

Working over Z,), our goal in this subsection is to obtain by perturbation semi-full algebra
contractions from bar constructions of Cartan’s elementary complexes to p-minimal DGA-
algebras.

A first result on the homology of elementary complexes is given by Eilenberg-MacLane:
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Theorem 5.23. [15] Let A be a commutative ring with 1 # 0 and let n be a natural number.
There is_an isomorphism of Hopf DGA-algebras between the bar construction of an exterior
algebra B(E(u,2n — 1)) and the divided power algebra T'(o(u),2n).

In an obvious way, the last isomorphism can be considered as a full algebra contraction:

Rg; : {B(E(u,2n — 1)), T'(c(u),2n), fsr, gsr, 0} (49)
where

Far (] * i

ul) = k(o (w));

and

grr(k(o(u)) = [u] * Hmes u].

From now on, in order to compare later our method with the one developed by Cartan, we
will denote the generators of the small DGA-algebras of the contractions that may appear, by
making use of the suspension, transpotence and divided power morphisms . For example, the
generator v of the divided power algebra in the last contraction has been denoted by o(u).
The notation o(u) means that gz,;(v) = o(u).

Now, it is about to find an explicit contraction for the bar construction of a divided power
algebra (complex of type II). This case is quite complicated. This was the principal problem
Eilenberg and MacLane encountered when studying the homology of K (7, n)s.

Here, we can solve this question if we work with coefficients in Z,, (p prime). We will
only deal with odd primes p. For p = 2, similar results can be obtained. In the sequel of this
subsection, we will take as the ground ring Z ).

First, we establish the following result

Proposition 5.24. Let n and p be a natural number and a prime number, respectively. There
is an isomorphism of DGA-algebras between the divided power algebra T'(u,2n) and

Ri0Q p) (us, 2np").

As  Zp)-module, this last DGA-algebra is equal to the ordinary tensor product
®iz0Q (p) (us, 2np?). Its multiplicative law is

U?@U? Zfl#],
ubul = ubth ifi=jandk+h <p, (50)

—putuiy ifi=jandk+h=p+t.

Proof.
We can consider the above isomorphism as a full algebra contraction:

RF:{F(UHQ”): ®120Q(p)(u172npl)a fFa gr, 0} (51)

We take the function Sp(n) = pp"_—11’ Vn = 0,1,2,.... The explicit morphisms of R, are
defined by:

fro i T(u,2n) = @ix0Q(p) (us, 2np’)

_ 77:1 kiSp(i)
p)— 0
fF(’Yk(U’)) = ( ) k?' U’O "‘U"r' )
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where ¥ = ko + kip+ ... + k.p" (0 < k; < p) is the p-adic development of k,
and

gr: ®i>0Q(p) (us,2np’) — P(u,2n)

(=)™ k(kp" — 1)!

gF(u,ﬁl) N kap(n)fn Vkpm (’LL), 0<k<p.
o\ i kiSp(4) -1 nkk. ko — 1)!
Notice that the numbers (=p) k'l and (=1 S (( 1;) ) are invertible elements in
: phepln)—n
Z(p)-

Remark 5.25. From now on, we will identify the generators u; of the truncated algebras with
the elements i (u) of I'(u, 2n); in fact, gr(u;) coincides with v, (u), excluding the coefficient.

This simplification of the DGA-algebra I'(u, 2n) tells us that knowing the homology of the
truncated algebras is essential for obtaining by perturbation the homology algebra of a divided
power algebra. In order to get an explicit contraction for the bar construction of a truncated
algebra, we have slightly modified an argument used by Eilenberg-MacLane in [15].

Proposition 5.26. Let n and p be a natural number and an odd prime number, respectively.
There is an almost-full algebra contraction:

Riq : {B(Q(y)(u;2n)), E(o(u),2n+1) ® Ppy(u), 2np + 2),

fBQagBQ>¢BQ} (52)

Proof.

We denote an element of B(Q(p)(u,2n)) with the form [u™|...|u""] by [r1]...|ry], where
0<r; <p.

The explicit morphisms of R, are the following:

fealriltil. . |rmtm] = {HZ:1 Op,ry+ti Y Ym(0p (1)),

fralriltal .. |rmtm|l] = 51,1{1_[2:1 Op,retts, O (W) Y (pp(w)),

where the symbols d; ; are defined by:

0 i#g
0ij = { 1 i=y

The morphism gzq : E(a(u),2n + 1) ® [(pp(u), 2np + 2) — B(Q,)(u,2n)) is defined over
the generators as follows:

gse(o(u)) = (1],

gra (v (pp(w))) = [1lp — 1| <+ [1]p —1].

The homotopy operator ¢ is defined by:
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¢BQ1 = 0; QSBQ[]‘] = 0;
Prolz] = —[llz —1] 1<z <p;
Prelzly] = —[1|lz — 1]y);

Psolzlylz] = =1z — 1|y|2] — 0paty[1lp — 1|d(2)]

where z € B(Q ) (u,2n)).
Finally, proving the almost-fullness of this algebra contraction is a simple exercise that it

is left to reader.
O

Remark 5.27. For p = 2, the truncated algebra Q(2)(u,2n) coincides with E(u,2n) as DGA-
algebras.

We are ready to establish:

Theorem 5.28. Let n and p be a natural number and an odd prime number, respectively.
There is a semi-full algebra contraction Rz, from B(T'(u,2n)) to the DGA-algebra

E(o(u),2n + 1) ® (®is1[E(0v,i (u), 2np* + 1)®6’T(g0p'ypi71 (u), 2np’ + 2)])

Proof.

For the sake of clarity, we will write the DGA-algebras without noting the degree of the
generators.

Proposition 5.24 tells us that there is an isomorphism of DGA-algebras between I'(u) and a
tensor product ®;>0Q () (7, (u)) (note that we are using the identifications of (5.25)). This then
enables us to state that the respective bar constructions of these two algebras are isomorphics
too. This isomorphism of Hopf DGA-algebras is denoted by B(R;), where the construction

B() over a contraction is defined in Theorem 5.3 and the contraction Ry is determined by
(51).

Then,ifor the construction of Rz;;, we need to establish a contraction for the Hopf DGA-
algebra B(®i>0Q (p) (Vpi (1))). To this end, we first consider the ordinary tensor product, ex-
cluding the modification of the product of the truncated algebras ®;>0Q (,)(7V,:(v)) (50), and
we take:

e the almost-full algebra contraction:

Rsga : {B(®i20Qp) (Vi (1)), ®iz0B(Q(p) (Vpi (W)), fasar Isear Preals

which is constructed thanks to Theorem 5.8,

e and the almost-full algebra contraction:

Rosq  {®iz0B(Q(p) (1 (), Rizo E(oyyi () @ Ty (u),
f®J§Q7 g®J§Q) ¢®BQ})

which is constructed thanks to Proposition 5.26 and (10). In fact, Rgs, is the contraction
®RixoRYy,, where

R;Q : {B(Q(p) ('Yp" (u))v E(U'Yp" (u)) ® F(‘Pp’)/pi (U))) fLi;Q: gi}Q: ¢;Q}

is a contraction of type (52).
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It is time to apply the machinery of homological perturbation to the composition con-
traction Rppr = RysoR5g0, Where the perturbation datum ¢ is the difference between the
differentials of the bar constructions B(®i>0Q () (vpi (1)) and B(®iz0Q ) (1pi (w))). It is
clear that § is a derivation and represents the perturbation induced in the simplicial dif-
ferential of B(®i20Q () (Vi (1)) by the modification produced in the product of the algebra
®i>0Q (p) (1pi (u)). The projection, inclusion and homotopy operator of the contraction Ryp
will be denoted by fzr, gsr and ¢zp, respectively.

From SF-APL, we directly deduce that (Rs»)s is a semi-full algebra contraction. Moreover,
S-APL can be applied in this case. Our aim here is to verify the following relation:

¢BP693P =0,

or, written in a more developed form:

(P80 + I50ePenefree) 0 (958edesa) = 0. (53)

First, the composite gsgoggse carries any generator w into an element z of the form [1]
or [1lp — 1] of B(Q(p)(pm (1)) C B(®i0Q(p)(7pi (u))). Obviously, z is a simple element, of
B(2:50Q) (s ().

We shall now study the image of z under 4. It is not difficult to see that this image is zero
if z = [1] and [ypi+1(u)] if 2z = [1|p — 1]. Then the image of any generator under 6gsgo9ssa
lies in S(®;0@Q{,)) and, hence, in Ker ¢5qq (see Prop. 5.14).

Thus, it is clear that fsgodgsr(w) is zero or an element [1] € Ker ¢}, C Ker ¢gpo. This
completes the proof of (53).

Therefore, Theorem S-APL tells us that the perturbed contraction Rs;; = (Rgzp)s from
B(®i0Q ) (1t () to E(0(u)) ® (@is1 [E(07,: ()@ T(pprpi-1 (u))]) can be constructed,
where its inclusion gz, is precisely gspr = ¢s809ss0. Consequently, gs,, is a morphism of
DGA-algebras.

We can easily check that the formula given by BPL for the twisted differential of the pairs

i =0p i
E(o7pi (u), 2np" + 1)@ T (@pypi-1(u), 2np" + 2)

is the following:

dp ('Yk‘Ppr"—l (u)) fBF‘SgBP(%‘Pp'Yp"—l (u))

= p(ovp(u) @ Vr—19pYpi-1(u)),
VE>1 and Vi>1.

This yields the desired result.
O

Therefore, a complex of type II presents as p-minimal 1-homological model a tensor product
of complexes of type I and ITII. We are now concerned with an explicit algebra contraction for
the bar construction of a complex of type III.

Theorem 5.29. Let n and p be a natural number and an odd prime number, respectively.
There is a semi-full algebra contraction Rgyrr from B(E(u,2n + 1)®JPTF(’U,2(TL +1)) to the
DGA-algebra

[L(o(u),2(n + 1)@~ E(o(v),2n + 3)]®

— s ; (54)
(@iz1[E(o7pi (v),2(n + 1)p* + DO T(pppi-1 (v),2(n + 1)p* + 2)]).
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——

The notation oy, (v) means that a change of basis has taken place in which the generator
of the algebra E(ovy,:(v)) has been modified.

Proof.
For brevity, we shall write the algebras omitting the degree of the generator.
First, we shall consider:

e the almost-full algebra contraction:

Rﬁg : {B(E(U) ® F(U))’ B(E(U)) ® B(F(’U)), f1§®>gl§®7 ¢1§®}
which is constructed using Theorem 5.8,

e and the semi-full algebra contraction R = Rs; ® Ry, from B(E(u)) @ B(T(v)) to the
DGA-algebra

T(ou) © E(ov) ® [@i51E(07,:0) @ T(pyi-10)]-

This contraction is obtained from the contraction (49) and that of Th. (5.28). We shall
denote the projection, inclusion and homotopy operator of the contraction Ry by fgs,
Jss and ¢g 5, respectively.

Hence, we are interested in the semi-full algebra contraction Rgzzr = RggRgg. The projec-
tion, inclusion and homotopy operator of this last contraction will be denoted as fgzgr, 9ser
and ¢@gzr, respectively.

Here, the perturbation datum p for Rgsr will be the modification generated by d,- that
is induced in the tensor differential of the bar construction B(E(u)&" T'(v)). The morphism
p is a derivation because it is the difference between the differentials of the constructions
B(E(u)&""T'(v)) and B(E(u) ® T'(v)). Additionally, it is not hard to prove the pointwise
nilpotency of the composite ¢zprd.

Hence, the SF-APL perturbation machine guarantees that (Rser), = R/ is a semi-full
algebra contraction from

B(E(w)&™ T(v))
to

(D(0(u) ® E(0(v)) ® @izt [B(09,: ()& Ty (v)], d)

where d’' denotes the differential obtained by perturbation.
We shall now compute the differential d’ in the small DGA-algebra of the perturbed con-
traction Rz;,;. First at all, we analyze the inclusion of Ry;;;:

(gBEF)p = Z (_l)n(¢BEFp)ngBEF- (55)

n>0

The morphism gz r is defined by:

9ser = 9BeY3E — gé®(gé1 ®91§H) = gé®(gé1®93r‘)-

The previous morphism carries any generator of the small DGA-algebra (54) to an element of
B(E(u)) or an element w of the form [I] or [llp — 1] of
B(Qp) (i (v))) € B(T(v)) C B(E(u) ® T'(v)). Obviously, this image lies in Ker ¢ 5.

We can now concentrate our study on determining the image under p of an argument w of
the form [1] or [1|p — k] (with 0 < k < p) of B(Qp) (i (v))). This image is, in general, a sum
of two 1-simples elements of B(E(u) ® I'(v)). The only term with 1 inversion in this sum is
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W=[u®bez (56)

where b € T'(v) and z is [] if w = [1] or [p— k] if w = [1|p — k] € B(Q(p) (7, (v))). Let us note
that in the case i = 0, @ is the simple element [u] o Z.
Now, the homotopy operator of the contraction Rgzr has the form:

¢BEF = ¢B® + g§®¢®§f§® = ¢E® + gE®(1®¢EH)f§®'

By Proposition 5.14 g), the image of a 1-simple element of B(E(u)®'(v)) with r inversions
(r > 2) under ¢sg is zero or a sum of simple elements of Ker f5, with at least r inversions.
It is easy to check that if we take a simple element of Ker fzg with r inversions (r > 2),
the image of this element under p is a sum of 1-simple elements with at least r inversions
or simple elements of Ker fz5. On the other hand, fsz5 carries a 1-simple element into zero.
Furthermore, from Prop. 5.14 b), the morphism ¢ carries a simple element of Ker f55 into
zero.

Now we pick w' = [u ® b] ® [u| »~ 1time
2" =[] € B(Qp (1 (1)),

In ¢54(w"), the unique simple element with 1 inversion (up to sign):

ulez' withr > 1,b € I'(v) and 2/ =[] or

[b] @ [u] ™ times

ul ez (57)

Now the morphism p maps an argument of the form (57) onto an element of B(E(u) ® I'(v))
which only has one term with at most 1 inversion:

[u®@b'] e [u] " times

ul ez, (58)

where d,r(b) =p" (u V).

In fact, if b = y1(v), the element (58) is the simple element z = [u| "t 1.times |y @ 2. Since
¢5r = 0, we determine that ¢z carries the element z into zero if 2’ =[] or 2’ = [1], and into
the shuffle product y = [u| "t 1tmes |u] % [1|h — 1] if 2’ = [h] with A > 1. On the other hand,
feer maps x to y,q10(u) if 2" =[], to zero if 2’ = [h], with h > 1 and to v,110(u) ® 07, (v)
if 2/ =[1].

Taking into account that p is a derivation and Proposition 4.11 (37), we have

(¢BEFp)n(y) = [’LL| m ot tmes ’LL] * (¢BEFp)n([1|h - 1])

Summarizing, we can determine the image (up to invertible coefficient in Z,)) of different
generators of (54) under d' = fg5 pX° ggp:

d(o(v) =—po(u); (59)
d (07 (v))z—p pio(u) (60)
& (oprpi-1(0)) = —p " P Vi, o (u) @ i (v). (61)

That is to say, a scheme of the behaviour of the differential d’ could be the following,

d'(T(o(u))) = 0;
d'(E(o(v))) C T(o(w)); (62
d'(E(o7y: (v))) € T(o(w)); (63
d' (T (ppypi-1(v))) C T(o(w)) @ E(oypi-1(v)) (64
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We can see that (62) corresponds to (59), (63) corresponds to (60), and (64) corresponds
to (61).

Now (63) and (64) can be eliminated, making a basis change. This basis change can be seen
as a full algebra contraction R, (with homotopy operator zero) from

(IP(o(w) ® E(0(0)] @ (Diz1 [E(07: (0)) & T (g (0)]), ),

to

(D(0(u)&"" E(0(v)) @ (Dis1[E(07, ()& Ty (0))]).

As we have mention before, the notation o,:(v) means that a change of basis has been
carried out in which the generator of the algebra E(o7,:(v)) has been modified.

In fact, this process of “normalization” was determined by Moore [40] in his study of the
p-adic homology of the Eilenberg-MacLane spaces.

The expression (62) coincides with the derivation §_,-. In the same way, the differential d,
of the couples E(oy, ('U))@dpr(@p’ypi—l (v)) remains unchanged too.

Therefore, the desired contraction is:

RBIII = Rnorm (RB EF)p .
O

Thus, an elementary complex of type III has a tensor product of elementary complexes of
type III and IV as p-minimal 1-homological model.

Proceeding as we did in the previous proof, we obtain an explicit semi-full algebra contrac-
tion for an elementary complex of type IV. In this case, it is possible to apply S-APL Theorem.
Its p-minimal 1-homological model will be a tensor product of elementary complexes of type
ITI. We leave the details to the reader.

Theorem 5.30. Let n and p be a natural number and an odd prime number, respectively.
There is a semi-full algebra contraction Rgyy from B(T(u, 2n)®6”r E(v,2n+1)) to

[E(o(u),2n + 1)@ T(o(v), 2n + 2)]®
(@31 [E(07y (u), 2np* + 1)@ T(0p -1 (u), 20np' + 2)])

Remark 5.31. For p = 2, all the previous results are valid, with the sole modification in
their statements of changing the symbol , for the composition 20 and the inclusions of
contractions which are, in this case, morphisms of Hopf DG A-algebras.

The behavior of elementary complexes of any type when we apply the bar construction to
them, corresponds to symbol rules for its generators; that is to say, as we have denoted the
generators in relation to the operations of suspension o, transpotence ¢, and k-th divided
power 7, these generators are in one-to-one correspondence with “admissible words” in the
alphabet composed by the indicated three letters. These results agree with those described by
Cartan (see [10]).

We are able to translate the Cartan-Moore approach (for obtaining the homology algebras
of Eilenberg-Mac Lane spaces) to the homological perturbation framework. Working over Z
localized at a prime p, we here obtain explicit semi-full algebra contractions from bar con-
structions of Cartan’s elementary complexes to tensor products of these same DGA-algebras.
On the other hand, an old conjecture established by Eilenberg-Mac Lane (see [14]) can be
immediately solved by means of Homological Perturbation Theory [57]. An explicit contrac-
tion Ry from CY¥(W(G)) to B(C¥(G)) is described in that paper, where C( ) means the
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normalized chain complex canonically associated to a simplicial set and W (G) is the classify-
ing simplicial set of the simplicial group G. It is proved in [3] that Ry 5 is a semi-full algebra
contraction. Appropriately combining this result with those showed in this section, it is pos-
sible to determine the homology algebra of the K (7,n) by semi-full algebra contractions from
CY(K(m,n)) to (non-twisted) tensor product of Cartan’s elementary complexes. That is, we
have a p-minimal homological model of these simplicial groups. From these data, it is very sim-
ple to design algorithms, via perturbation, for computing the p-local homology of some fibre
bundles (see [2]). That work is influenced by the organization of effective homology versions
of various important spectral sequences given in [51, 48, 49, 45]. Significant improvements of
these algorithms can be done whenever we deal with twisted cartesian products of simplicial
groups which are themselves simplicial groups. These improvements rest on the fact that the
Eilenberg-Zilber contraction (Th. 3.1), in the case of working with simplicial groups, is an
almost-full algebra contraction [3].

Finally, the results obtained in this subsection tell us that it is possible to “control” the
differential structure of the p-minimal 1-homological models of these particular algebras, in the
sense that the small complexes are simple tensor products of Cartan’s elementary complexes.
The problem of generalizing these results to a large set of twisted tensor products (TTP) of
exterior and divided power algebras is studied in [6]. In that paper, given a twisted tensor
product A of n (exterior and divided power) DGA-algebras, it is established that a tensor
product of TTPs of i (exterior and divided power) DGA-algebras, with ¢ < n, is a p-minimal 1-
homological model of A. In this way, we have a phenomenon of controllability of the differential
for this kind of algebras.

Passing from reduced complexes to resolutions can be done using Theorem 8.1.3 of [34], but
there the multiplicative structures are not studied in the commutative case. Using SF-APL,
one can directly prove the following result affecting to Cartan’s little constructions.

Theorem 5.32. Let Zy,) be the ground ring. Let A be a Cartan’s elementary complex. There

is a free resolution A ®° H that splits off of the bar resolution. More precisely, the splitting is
a semi-full algebra contraction.

The reduced complex H is determined by one of the Theorems 5.23, 5.28, 5.29 or 5.30. A
generalization of this construction of small free resolutions is given in [6, Th. 3.3].

Finally, the A.-coalgebra structure of the 1-homological model {H,r} of a Cartan elemen-
tary complex can be obtained from the contraction r, via the cobar functor. An interesting
question is the determination of the higher homotopy coalgebra structure on H derived from
r.

5.4. Application 4: On the p-local n-homology algebra of a minimal K-S algebra

With all the results established in this section at hand, we are able to get n-homological
information for minimal K-S algebras (see Def. 5.2). For n = 1, we can state the following
result:

Theorem 5.33. Let (AM,d) be a minimal K-S algebra. There is a semi-full algebra contrac-
tion from B(AM,d) to a tensor product of exterior and divided power algebras. That is to say,
we obtain a 1-homological model (in fact, its algebra homology) for (AM,d).

This result tells us that B(AM,d) is formal over the integers.

We shall not specify full details of the proof, only the ideas involved in it.

Using the almost-full algebra contractions Rz (see (49)), Rsp (see page 4) and R4 (see Th.
5.8), we construct an almost-full algebra contraction R from B(AM) (excluding the differential
d) to a (eventually infinite) tensor product of exterior and divided power algebras H. Moreover,
at graded algebra level, each E(z;,2n — 1) factor in AM contributes a I'(o(z;), 2n) factor to

H and each P(z;,2n) factor in AM contributes a E(o(z;),2n + 1) factor to H.
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The differential-derivation d produces an algebra perturbation datum § for R. Now, let us
denote by f, g and ¢ the projection, inclusion and homotopy operator of R. We deduce the
pointwise nilpotency of the composite ¢d from the facts that ¢ increases simplicial degree by
1 and ¢ does not change simplicial degree (in fact, this morphism decreases tensor degree by
1).

By applying SF-APL, we obtain a semi-full algebra contraction Rs from B(AM,d) to the
connected commutative DG-algebra (H,ds). Since the differential ds is a derivation we only
need to compute this morphism on the generators of this DG-algebra. Due to the minimality
condition of the differential d and to the fact that the projection f is the last morphism that
is applied when we obtain the image of a generator x; under ds = fd¥% ¢, it is easy to deduce
that ds is zero. In other words and recalling the terminology of Subsection 5.2, § is a 1-simple
perturbation datum (see Def. 5.17) and f is zero over 1-simple elements (see Prop. 5.14 a)).
All this means that the 1-homological model of the minimal K-S algebra (AM,d) is a banal
tensor product of exterior and divided power algebras.

O

We now proceed to construct a n-homological model for a minimal K-S algebra.

Theorem 5.34. Let Z,) be the ground ring and (AM,d) be a minimal K-S algebra. There is a
semi-full algebra contraction from B™(AM) (n > 2) to a tensor product of Cartan’s elementary
complexes. That is, we have a p-minimal n-homological model for (AM,d).

Let X = > _,Xn be the graded set generating the free graded module M. Recall that
the set X is indexed by a well-ordered set I, such that d(z;) is a polynomial in those z; with
i <j.

The starting point here is the semi-full algebra contraction Rs obtained in Theorem 5.33
from B(AM,d) to a tensor product H1 of exterior and divided power algebras. Working over
Z(py and applying the contraction construction B() (see Subsection 5.1) to Rs, we determine
a semi-full algebra contraction C; from B2(AM,d) to B(H1). Since H1 can be expressed by a
tensor product ®;crA;, where A; = E(o(x;), |x;|+1) (with |z;| even) or A; = T'(o(x;), |zi|+1)
(with |x;| odd), using the contractions Rsg, Rsr and Rsr (see Th. 5.28) we construct a
semi-full algebra contraction Cy from B(H1) to a tensor product H2 of Cartan’s elementary
complexes. Therefore, the composition C3C establishes a “small” p-minimal 2-homological
model for the K-S algebra. Proceeding in an analogous way and taking into account that the
1-homology of elementary complexes can be represented as a tensor product of elementary
complexes (see the previous Subsection), we obtain the result for every homological degree n.

O

6. Appendix: The Shih operator

The complex of simplicial chains (respectively of normalized simplicial chains) of a simplicial
set X will be denoted C(X) (respectively Cy (X)).

The Eilenberg-Mac Lane operator is the only (see [43]) natural transformation Cy(X) ®
Cx(Y) oMy Cx(X xY) ; it has been defined in (9). The Alexander-Whitney natural trans-
formation, Cy (X x Y) AW O (X) ® Cx(Y), has been defined in (8).

Recall that for any simplicial operator D = s;, ...s;,0;,...0;, of degree r — s and initial
dimension p, one can associate its derived simplicial operator D’ of degree r — s and initial
dimension p + 1, defined by

!
D' = Sir+1...Si1+1a's+1...aj1+1.

We call Shih natural transformation to the natural transformation C(X xY) 2c (X xY)
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satisfying the inductive formula

By =0
B, = —(®,_1) + (EMLo AW)' s

It induces a natural transformation on normalized complexes.

Let us recall Rubio’s formula for C(X x Y) 5 C(X xY)

SHI(zn,yn) = (65)
Z(_l)n_p_(ﬁ_a(aﬂ) (884+n—p—q--561+n—p—gSn—p—q—10n—g+1.--OnTn,

Sozp+1+n—p—q---Sal-l—n—p—qan—p—q---8n—q—1yn)-
where the sum is taken over all 0 < ¢ < n—1,0 < p < n—¢—1 and (a, 3) € {(p+1, q) —shuffles}.

Remark 6.1. Note that this formula makes sense whenevern > 1. We set SHI = 0 : CJ(X x
V) — CY(X xY).

This explicit formula has already been used in [48], [49] and [47].
To obtain more information about the previous definitions, the reader may consult [48],
[37] and [39].

Theorem 6.2. The Shih natural transformation is characterized by Rubio’s formula.

Proof of the theorem.
Thanks to remark 6.1, in dimension 0 both definitions correspond to &y = 0. It remains to
demonstrate that Rubio’s formula satisfies the inductive formula given by Shih :

SHI = —SHI' + (EMLo AW)' s

We are going to make calculations in C(X x Y) and only at the end of this proof, we will show
that the expected result is true in Cy (X x Y).

To begin with, let us apply the first term of the right member of this identity to any
n-simplex (zp, yn)

—SHI' (%, yn) = — Z(_l)(nfl)*P*lI‘FJ(a,ﬁ)

(35q+(n71)7p7q+1 =581+ (n—1)—p—g+15(n—1)—p—qg—1+1 8(n71)7q+1+1 ---8(n71)+1xna

Sapt1+(n—1)—p—g+1 ---Sa1+(n71)7pfq+18(n71)7p7q+1 ---8(n71)7q71+1yn)

where the sum is taken over all 0 < ¢ < n—2,0 < p < n—¢—2and («, ) € {(p+1, ¢)—shuffles}.
The previous expression may be simplified and can be rewritten as
_SHI’(xnyyn) = (66)
Z(_l)n_p_q+a(a7ﬁ)(SBqunfpfq---3B1+nfpfq3nfpqulq6nfq+l---anl'm

Sap+1+n—p—q---3a1+n—p—q8n—p—q---8n—q—1yn)
where the sum is taken over ¢, p and («, 8) describing the same sets.
Let us now compute (EM L o AW)' so on any n-simplex (%, yn). First,

EML o AW (zp, ypn) =

n

Z Z ’B) (58, _;---58,0it1+--OnTny Sa;--Sa,00---0i—1Yn)
0 (a,3)
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where the second sum is taken over all the (i,n — i)-shuffles.
We can derive this operator and apply it on the 0-degenerate simplex (soZn, So¥n)

(EMLo AW)'(soa:n, SoYn) =
Z Z a'(a,ﬁ Sﬁn_H_l...Sﬁ1+18i+2...an+18056n,Sai+1...8al+181...aiSOyn)
0 (,3)
where the second sum is still taken over all the (¢,n — ¢)-shuffles.

Using the identities 0;s; = sj0;—1 whenever i > j + 1, since ¢ + 2 > 1, we can write
(EML o AW)I(S()CUn, S0Yn) =

Z Z a'(a,ﬁ Sﬁnii+1...Sﬁ1+1808i+1...an1'n, saiH...salHalsOal...8i,1yn)

0 (,3)
Using the identity 0159 = 1, we get
(EML o AW)' (s, soyn) = (67)

Z Z a'(a,ﬁ Sﬁn,i+1---551+1308i+1---6nxn;
=0 (a,8)

Sai+1---3a1+181---8i—1yn)-
When, in the previous sum, i = 0, there is only one (0,n)-shuffle corresponding to the
identical permutation of n terms (8 = k — 1, for all 0 < k < n — 1). The single corresponding

term in the previous sum (sy...515001 ...-On%n, Soyn) is clearly O-degenerate. Indeed, using the
identities sj4150 = sps;, whenever j > 0, we can write
(81-+-518001 ---On T, SoYn) = ($08p—1---8001--.OnTn, SoYn)
= 50(Spn—1--5001.--OnTn, Yn)-
Let us set z = (Sp—1.--5001--OnTn, Yn)-

Remark 6.3. The soz class is null in the normalized complex.

The expression (67) may be written
(EML o AW) (S0Zn, SoYn) = (68)
spz + Z ’B) (88, 4+1---58,+1500n—j+1---Onn,
Sai+1--Sa;+101.0n—j—1Yn)

where the sum is now taken over all 0 < j < n — 1, and all the (4,7)-shuffles («, 8) with
t=n-—7j.

Note that when i = 1, there are no face operators in the second terms of the couples. In
fact, we once again find those couples in Rubio’s formula (see (65)) when ¢ =n —1 and p = 0.
This suggests a change of indices. Let us now consider the new indices p and ¢, defined by
p=1i—1and g =j. The relation (68) becomes

(EML o AW) (son, SoYn) = (69)
spz + Z ’ﬁ) (88,4+1---58,+1500n—q+1---OnTn,
Sozp+1+1---Sal—i—lal---an—q—lyn)

where the sum is taken over all 0 < ¢ < n—1, and all the (p+1, g)-shuffles with p =n—q¢—1.
If we add the right terms of (66) and (69) and subtract spz, we get exactly (65). Indeed, as
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in (69), p=n—q—1then n—p—q=1and (7) becomes

(EMLo AW) (son, SoYn) = (70)

S0z + Z(—l)"(a’m (88,4n—p—q--5814n—p—q500n—q+1.--OnTn,

Sap+1+n—p—q---3a1+n—p—q8n—p—q---8n—q—1yn)
where this last sum is still taken over all 0 < ¢ < n — 1, and all the (p + 1, ¢)-shuffles with
p =n —q— 1. The expression of the summands in (70) is now the same as in (66) and (65),
except the term sgz but this is of no consequence since it is degenerate. It then suffices to note
that the set of shuffles over which the sum is taken in (65) is the disjoint union of those over

which the sums are taken in (66) and (70).
Due to Remark 6.3, we get the expected result in the normalized complex. |
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