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ON A MULTIPLICATIVITY UP TO HOMOTOPY OF THE
GUGENHEIM MAP

Z. KHAREBAVA

Abstract. In the category of differential algebras with strong homotopy
there is a Gugenheim’s map {p;} : A* — C* from Sullivan’s commutative
cochain complex to the singular cochain complex of a space, which induces
a differential graded coalgebra map of appropriate Bar constructions. Both
(BA*,dga~,/\,) and (BC*,dpc~,/\,) carry multiplications. We show that
the Gugenheim’s map

B{pl} : (BA*,dBAMA) — (BC*adBC*,A)

is multiplicative up to homotopy with respect to these structures.
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Let J denote either the category of C'* manifolds (possibly with boundaries
and corners) and C*°-maps, or that of simplicial complexes and simplicial maps.
Let V denote the category of graded vector spaces over the reals or rationals, and
let A*: J — V denote either the classical de Rham functor of differential forms,
or Sullivan’s functor of rational differential forms; see [11]. By C* : J — V
we denote the functor of either normalized singular differentiable cochains or
normalized simplicial cochains. The differentiable cochain (chain) functor is
homology equivalent to usual (continuous) singular functors. This is a well-
known fact; for the proof see, for example, [23].

The transformation of functors p : A* — C* is defined by

(pw,c) = /w,

where ¢ is any singular (or simplicial) chain. This transformation was first
constructed in the 1930’s in the context of smooth manifolds and ordinary
differential forms. The de Rham theorem says, in either case, that p induces a
homology isomorphism. Additionally, although p itself is not a map of algebras,
the theorem asserts that the isomorphism

o H(A®) — H(C?)
is a map of algebras [8].
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Gugenheim in [12] proved that p = p; : A* — C* can be extended to a map
in DASH (the category of differential algebras with strong homotopy) [13], [21],
[22]. This means that there exists a whole family of “higher homotopies”

pi AT — C* (i > 1),
where A*®" = A*® --- ® A* (i times), such that

i—1

Dp; = Z(—l)j{¢(pj @ pig) =17 @o® 1(i_j_l))}-

j=1
Here Dp; = do- - p; + (—=1)% p; - d5., where d9. is a usual differential on A*®*
p; has degree —i + 1 and ¢ stands for multiplication. Thus
dla®PB) =a A (exterior product) if «, € A*(X)
=a— [ (cup product) if «,f € C*(X).
For i =1,2 we get

Dp, =0, Dps = p1¢p — ¢(p1 @ p1)-

The latter statement contains, of course, the classical result that H(p) is mul-
tiplicative.

It is well known that any DASH map {p;} : A* — C* induces a coalgebra
map of appropriate Bar constructions

B{p;} : (BA*,dga+,\) — (BC*,dgcs, N);

both (BA*,dga«,/\) equipped with shuffle ug, and (BC*,dgc+, ) equipped
with product pp introduced by Baues in [3], [4] are Hopf algebras. In this
paper we shall prove the following

Theorem 1. Gugenheim’s map
B{pl} : (BA*, dBA*a A, ,ush) — (BC*, dBC*, A, ,uE)

15 multiplicative up to homotopy.

1. REVIEW OF THE NOTATION AND KNOWN RESULTS

In this section we recollect the definitions and facts we need; most can be
found in [14], [15], [21]. Since these results are not new, we omit their proofs.

1.1. DG module. Let R be a commutative ring with identity 1z. Let {M; }iez
be a sequence of R-modules; M = Y~ M, is called a graded R-module (through-
out this paper we assume M; = 0 for i < 0). An element z € M, is said
to be homogeneous of degree ¢, in which case we write |z| = i. A differential
graded module (DGM) is a graded module M together with an endomorphism
d € End(M) of degree +1 and square zero. Given DGMs M, N and a ho-
momorphism f : (M,dy) — (N,dy) of degree k, define the differential of f
by Df = dnf — (=1)*fdy. The category of DGMs is denoted by DM; its
morphisms are chain maps, i.e., maps f of degree 0 with Df = 0.
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1.2. DG algebra. DA denotes the category of augmented DGAs with unit. If
(A,d,p,m,e) € DA, then the multiplication g : AQ A — A, the unitn : R — A,
the augmentation € : A — R and the differential d : A — A satisfy the usual
requirements. We say that A is connected if n: R — A is an isomorphism. A
morphism in DA is a chain map preserving all structure. Let A = ker(e) be

the augmentation ideal. The exact sequence 0 — A % A5 R — 0 defines a
functor I : DA — DM the multiplication p induces a map Ipu: [IAQITA — TA
given by i(Iu) = p(i ®1).

1.3. DG coalgebra. DC denotes the category of coaugmented differential
graded coalgebras (DGC’s) with counit. If (C,A,d,n,e) € DC, then the co-
multiplication A : ¢ — C' ® C, the counit ¢ : C' — R, the coaugmentation
n : R — C and the differential d : ' — ' satisfy the usual requirements. We
say that C' is connected if € : Cy — R is an isomorphism. A morphism in DC'
is a chain map preserving all structure. Let JC = coker(n) be the coaugmen-
tation ideal. The exact sequence 0 — R —» C' % JC — 0 defines a functor
J : DC — DM; the comultiplication A induces a map JA : JC — JC ® JC
given by (JA)p = (p ® p)A.

1.4. DG Hopf algebra. A differential graded Hopf algebra (DGHA) is a
connected DGA (A, d, u,n,¢) together with a coassociative comultiplication
A:A— A® A such that (A4, A,d,n,¢) is a DGC and A is a map in DA.
The DGHA A is cocommutative if TA = A and commutative if uT" = u, where
T:A® A — A® A is the twisting involution given by T(a®b) = (—1)l*lFlp® q.
Let HA denote the category of DGHA’s; morphisms in HA are the coalgebra
maps f in DA, ie., (f ® f)A =Af.

1.5. Suspension. The suspension (resp. desuspension) functor s : DM —
DM (resp. s~': DM — DM) is given by (sM), = M,_; and d,y = —dy.
On an object M, the map s : M — sM has degree +1, is the identity in each
dimension and Ds = 0. If f: M — N has degree k, so does sf : sM — sN

and the following diagram commutes:

M L N

sM LN sN.

1.6. Tensor algebra. The free tensor algebra T (M) on a graded module M is
the direct sum T (M) = Y ;59 M®', where M®° = R, with multiplication given
by

M(al"'ai)®(a’i+l"'an) — (al"'an)~
Let i1 : M — T (M) be the injection. T (M) has the following universal prop-
erty: If A is any DGA and a : M — [ A is any homomorphism, then there is a
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unique algebra map f, : T(M) — A commuting the following diagram:

M —s T(M)

|
IA —— A
An explicit formula for f, is given by
Ja = MZ(OZ@TL ® "),

where p}y = Id, p% = pa and @y = pa(py @ Id).

Let (C,d,A,n,e) € DC. The Cobar construction Q(C,d, A, n,e) due to
Adams [1] is defined as a free tensor algebra T (s~!(JC)) whose differential dg,
is defined on generators s~1.JC by

do it = —i'(s7'ds) +i*(s 7 @ s (JA)s,

where i* : (s71JC)®% — T(s71JC) is an obvious inclusion.
Thus the Cobar construction of a DGC is a DGA with 1 : R — R as unit
and augmentation.

1.7. Tensor coalgebra. The cofree tensor coalgebra T° (M) on a graded mod-
ule M is the direct sum 7 (M) = 3,5 M®*, where M®° = R, with the diagonal
given by

n

A(al ...an) = Z(al‘.'ai) ® (ai+1...an)_
i=0
Let P, : T(M) — M be the projection. 7° (M) has the following universal
property: If C'is any DGC and « : JC' — M is any homomorphism, then there
is a unique coalgebra map f, : C' — T¢(M) commuting the following diagram:

Te(M) -2 M

fa‘[ CMT

c . Jc

An explicit formula for f, is given by
fo =2 (% @ a®)AL,

i=1

where AL = Id, AL = A¢ and AL = (AL @ Id)Ag.
Let (A,d,pu,n,e) € DA. The Bar construction on DGA (A,d, u,n,¢) is a

DGC T¢(s(1A)) with differential (coderivation)

dpalay---|ay] = Za1|---|6i|dai+1|a,-+2|---|an]
=0
n—2

+ D [a] @l (@ @ aige)lais| - lan), (1.7.1)
=0
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where @ = (—1)/%*1a, and degree of [ay|---|a,] € BA is X1, |a;| + n.

Thus the Bar construction of DGA is a DGC with 1: R — R as counit and
coaugmentation.

Let S, 4 denote shuffle permutations in the set of all permutations -, , i.e.,
o € S,, implies 0(1) < --- < o(p), o(p+1) < --- < o(p + ¢). The shuffle
product pg, : BA® BA — BA is given by

pn ([aa] -+ |ap] @ [apia] -+ lapg]) = D0 e(@)ag1] -+ lag=16prg);
0ESp.q
where ¢(0) = +1 if the number of transpositions is even, and (o) = —1 if the

number of transpositions is odd. If DGA (A, d, i, 1, €) is a commutative algebra,
then differential dg4 : BA — BA on the Bar construction is a derivation of pigy,
in which case (BA, A, d,,, psp) is a DGHA.

1.8. Twisting cochain. In this section we recall briefly the definition of twist-
ing cochains of Brown [7] and some notions and known facts connected with
it.

Definition 2. Let (C,dc, A, ec,ne) be a DGC and (A, da, i, £4,m4) DGA.
The complex Hom(C, A) is defined as a DGA with differential

Df=d-f— (=1l do
and multiplication
f—=g=nlf®g9)l, [ gecHom(C A).

A neutral element in Hom(C, A) is a composition e : C % R ™4 A.

It is easy to check that
D(f —g)=Df —g+(-1)'If — Dg.

From now on, throughout the paper, we shall work only with the augmen-
tation and coaugmentation ideals of DGA and DGC. Thus we consider the
complex Hom(JC, I A).

Definition 3. An element t € Hom(JC, [ A) of degree -1 is a twisting co-
chain in the sense of Brown [7] if it satisfies

Dt = —t — t.

It is easy to show that for any DGA (A,da,p,e4,m4) (resp. DGC
(C,de, AN ec,ne)) the natural map

p1:BA— A (resp. iy : C — QC)

is a twisting cochain.

Let a« : JC — IA be a map of degree -1. By the universal properties,
mentioned in Sections 1.6. and 1.7, any such homomorphism uniquely defines an
algebra map f, : Q2C — A and a coalgebra map g, : C' — BA. Homomorphisms
fo : QC — A and g, : C — BA are chain maps, i.e., maps in DA and DC
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respectively, if and only if o : JC — IA is a twisting cochain; see [15], for
example. Thus there are bijections

Hompe(C, BA) < T(JC,1A) < Hompa(QC, A), (1.8.3)

where by T'(JC, I A) we denote the set of all twisting cochains from JC' to [ A.
Berikashvili in [5] introduced the following equivalence relation on the set

T(JC,IA).

Definition 4. Two twisting cochains «, o’ : JC — [A are equivalent (we
write a ~ ') if there exists a homomorphism

G:JC —TA
of degree 0 satisfying the identity
a—o =Bdec—dsaf+08—ad —a— .

The set T'(C, A) factored by this equivalence relation is denoted by D(C, A).

Let f : A — B be a map in DA. It is trivial to check that for any a €
T(JC,1A) the composition I for, where If : A — IB, is a twisting cochain in
T(JC,IB). Moreover, if a ~ o/, then Ifa ~ Ifo/. Thus for any DGC C a
DGA map f : A — B induces a set map

f.: D(JC,IA) — D(JC,IB)

defined by [a] —— [Ifa]. Moreover, Berikashvili in [6] proved the following
result.

Theorem 5. Let f: A — B be a map in DA inducing an isomorphism in
homology. Then

f.: D(JC,IA) — D(JC,IB)
15 a bijection.
Let f ={f;} : A— B be a DASH map. Kadeishvili in [16] showed that if
aeT(JC ITA), then
¢=> Jfila® - ®@a)A’
belongs to T'(JC,IB). Thus for any DGC C' a DASH map f={f;}: A— B

induces a set map
T(f): T(JC,1A) — T(JC, IB)

(ar— Y, Jfila®- - ®a)JA"), which itself induces a set map
f.: DT(JC,IA) — D(JC,IB)

defined by [a] — [&; Jfi(a ® -+ ® a)JA]. Kadeishvili in [16] generalized
Theorem 5 in the following way.
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Theorem 6. Let f = {f;} : A — B be a DASH map, such that its first
component f1: A — B induces an isomorphism in homology. Then

f« : D(JC,IA) — DT(JC,IB)
15 a bijection.

Remark 7. Note that the surjectivity of f. : D(JC,IA) — DT(JC,IB) im-
plies that for any twisting cochain 3 : JC — I B there exists a twisting cochain
a: JC — TA making the diagram

JC = IA

AN
IB
homotopy commutative; i.e.,  ~ 3, Jfi(a® - @ a)JA"in T(JC,IB).

It is known that if o, : JC — I A are equivalent twisting cochains, then
for for : QC — A (resp. ga,gor : C — BA) are homotopic in DA (resp. DC);
see [17], for example.

We complete this section with

Theorem 8 ([18]). Let K be a simplicial set.
a) Then in DGA A = Hom(C,(K), QC.(K)RQC,(K)) there ezists an element
E of degree —1, satisfying the following conditions
I) DE =—FE — E (i.e., E is a twisting cochain)
IT) The components EYY . C — C® R and E' : C — R® C are given by
EYz)=-2®1,
E%(z)=—-1®u.
1) E™° = E%" =0 when n # 1.
b) If E and E' are elements of A of degree —1, satisfying 1) and having
EYW = E'Y0 and E%' = E'%1 then there exists P € A of degree 0 having
P = 0 and satisfying

FF=E+P-E—-FE —P—-DP.
In the next section we shall prove the dual theorem for Sullivan’s functor A*
[10], [11], [19].
2. SULLIVAN FUNCTOR AND SOME KEY LEMMAS

We begin this section with a short sketch of the Sullivan functor A(K) mainly
following [10], [19]. For more details see [11].

A simplicial object K with values in a category C is a sequence { K, },>o of
objects in C, together with C-morphisms

di» Kppp — K, 0<i<n+1 and s;: K, — K,1, 0<5<n,

called face and degeneracy operators, satisfying certain identities, see [20] for
example.
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A simplicial morphism f : K — L between two such simplicial objects is a
sequence of C-morphisms ¢ : K — L commuting with d; and s;.

A simplicial set K is a simplicial object in the category of sets. Thus it
consists of a sequence of sets { K, },>0 together with set maps.

A simplicial cochain algebra A is a simplicial object in the category of cochain
algebras: it consists of a sequence of cochain algebras {A,},>¢ with an appro-
priate face and degeneracy operators. Similarly, simplicial cochain complexes,
simplicial vector spaces ... are simplicial objects in the category of cochain
complexes, vector spaces . .. .

2.1. The construction of A(K). Let K be a simplicial set, and let A be a
simplicial cochain complex or a simplicial cochain algebra. Then
A(K) = {AP(K)}p>o0

is an “ordinary” cochain complex (or cochain algebra) defined as follows:
e AP(K) is the set of simplicial set morphisms from K to AP.
Thus an element ® € AP(K) is a mapping that to each n-simplex o € K,
(n > 0) assigns an element @, € (AP),, such that &4, = d;P, and Dy,, = 5;D,,.
e Addition, scalar multiplication and differential are given by
(P+9), =0, +V,, A\-P)y=A-P, and (dP), = d?,.
e If A is a simplicial cochain algebra, multiplication in A(K) is given by
(®-0), =, - V,.
o If p: K — L is a morphism of simplicial sets, then A(y) : A(L) — A(K)
is a morphism of cochain complexes (or cochain algebras) defined by
(A(p)®), = Doy

e If ©: A — B is a morphism of simplicial cochain complexes (or simplicial
cochain algebras), then ©(K) : A(K) — B(K) is a morphism defined by
(O(K)®)s = O(Ps).

e When X is a topological space, we write A(X) for A(S,(X)) where S,(X) =
{Sn(X)}n>0 is a simplicial set of singular simplices o : A" — X on the topo-
logical space X.

Remark 9. Note that the construction A(K) is covariant in A and contravari-
ant in K.
n

Let us denote by A" the Euclidean n-simplex (3t; = 1, ¢; > 0) in R"™'and
i=0

d;
by A™ = A" the ordinary coface and codegeneracy operators given by

o
Di(t[),...,tn):(t07...,ti_1,0,ti,...,tn) for OSZSTL—f—l,
and

oi(to, .. tng1) = (to, .. timt, ti + tiya, tigo, .. toy1) for 0<i<n.



ON A MULTIPLICATIVITY UP TO HOMOTOPY 557

Let A be a category whose objects are sets A", while morphisms are compo-
sitions of 9; and o;. A simplicial object in a category B we call any contravariant
functor K : A — B

Let us denote by Apr(A™) the classical cochain algebra of the C* real dif-
ferential forms on A™. The (differentiable) maps 9; and o; induce face and
degeneracy operators

ADR<AH71> &ADR(AH) iADR(AnJrl)

such that the family (Apgr(A™), d;, s;) is a commutative simplicial DGA, i.e., the
simplicial object in the category of commutative differential algebras over the
reals. For the sake of simplicity we remove A" from the notation by writing Apg
for Apr(A™). The Poincaré lemma allows us to prove that each Apr(A™) =
(Apr)n is acyclic (see [19], for example).

Let us denote by Ag a commutative simplicial DGA (over rationals), where
(Ag)n is a subspace in (Apgr), consisting of those differential forms

Zwil...ipdtil VANEIIVAN dtip

coefficients wj,...;, of which relative in the barycentric coordinates (to,t1,...tn)
are rational polynomials.
For a classical homotopy operator we have

h: App(A") — App (A"),

with 14, .» = dh + hd, h(Ag)~ C (Ag)2~'. Thus (Ag), is acyclic as well (see
[19], for example).

Definition 10. The Sullivan functor on a topological space X is defined as
a DGA A*(X, Q) with

AP(X, Q) = Hom(5,(X), (Ag)"),

i.e., an element ® € AP(X, (@) is a function assigning to each singular n-simplex
of X a polynomial p-form on A™, n > 0, compatible with the face and degen-
eracy maps (see the construction of A(K) at the beginning of this subsection).
The Sullivan functor A*(X, Q) is referred to as the cochain algebra of polyno-
mial differential forms on X over rationals.

By analogy we have AP(X, R) = Hom(S,(X), (Apgr)?) over the reals.

2.2. Acyclicity of the complex Hom (A (X)®,A(X)). In this section we’ll
prove two lemmas which will be used to prove the main theorem of the paper
announced in Introduction.

Lemma 11. The complex Hom(A(X)®?, A(X)) is acyclic.

We will use the machinery of contravariant acyclic models used by Gugen-
heim in [12]; the machinery of acyclic models was introduced (covariantly) by
Eilenberg and MacLane in [9].
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For any contravariant functor K : J —{vector spaces} a new contravariant
functor K : J —{vector spaces} is defined by

K(Xx)= ][ {KM

u:M—X

where the product is over all maps u : M — X of J, and M is a “model”, i.e.,
one of the standard simplices A”. If f : X — Y is a map, then K (f) : K(Y) —

K(X) is defined by

K(f){me,v} = {mp., u},

where u: M — X, v: M, — Y, and m, € K(M,).
It K,L:J — YV are contravariant functors, and © : K — L is a transforma-

tion of functors, then there is a transformation of functors © : K — L defined
by

O(X){m,u} = {O(M)m,u}.

For any contravariant functor K : J — V, the transformation ¢ : K — K is
defined by

O(X)h ={K(u)h,u} (he K(X)).
We easily verify that
0d = 6.

In particular, for the functors A* and C* the functors A* and C* are defined
by
(A = (An), (C) = (Cm),
and we get differentials
d:A* = A*, d:C— C~.
To prove Lemma 11 we need the following

Proposition 12. The Functor A* is corepresentable, i.c., there is a trans-
formation of functors W : A* — A* such that V& = the identity.

Proof. We define ¥(X) : A*(X) — A*(X) by
(WX mu, ut, v) = (Mo, 1ag,)

where m,, € A*(M,), m, € A*(M,), v: M, — X, and 1, is an identity map
of M, regarded as a singular chain. Let h € A*(X), then

<\I/(I)<h)7v> = <\P{A*(u)h7u}7v> = <A*(U)h7 1Mu> - <h7v(1Mv)> = <hv U>7

i.e., Y& = the identity. [
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We have mentioned in Subsection 2.1 that the functor A* is acyclic on models
M. Moreover there is a homotopy operator (contraction)

har + AY(M) — A*(M)

with 14+ary = dhas + hard. Tt follows from the definition of tensor product that
the functors ‘ ‘ ‘

A*@z . A*@z(M) N A*@z(M)
are acyclic on models as well. Let fix for each ¢ > 1 and a model M , once and
for all, a contraction ' ‘ '

Ry o AY®(M) — A (M).
For such cases Gugenheim [12] defined the transformation of functors

iLi : A*@z(X) _ ®z‘A*®i(X)
by b {wy,u} = {hi,w,, u}, where v : M — X. Clearly, Dh’, = Lo i=(ary (see
[12], for instance).
Proof of Lemma 11. Thus we have to show that if Df = 0 for any f €
Hom(A®(X), A(X)), deg(f) = k, then there exists g € Hom(A®(X), A(X)) of
degree k — 1 satisfying Dg = f.

Let us assume that g is defined in dimension < n, i.e., on (A% (X)).,, and
satisfies dg;_—(—1)""1g;d = f;_ for any j < n. We write the defining equation
for g, as

gnd = (_1)k71(d9n71 - fnfl)-
For simplicity, we denote ©; = (—1)*"*(dg,_1 — fu_1). Thus ©; is defined in
dimension n — 1 and we have the following diagram:
(A*)n—1+k
o /

(A*®i)n72 7 (A*@z )nfl 7 (A*@z)n .
By the inductive hypothesis, ©;d = 0; indeed,

(=1 g1 — fu1}d = (=1)*dg,_1d + df s
= d{(_1>k_19n—1d + fooo} =ddg, 2 =0.

We have used here Df = 0. Since in the above diagram is functorial, we get

(A1
(i)i/ '\k
A A i:Ll A
(A*®Z)n72 7 (A*®Z)n71 : (A*®Z)na
d

where ©,d = 0. Now we define k; = ©;h" and obtain

kid = ©;h'd = ©;(1 — dh') = 6;.
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Next we define g, on (A*®*(X)), by

and verify
gnd = Uk;®d = Uk;d® = 0O, = ¥DO, = O,

as required.

2.3. Twisting cochains on Hom(BA*®BA*,A*). Sometimes it is be useful
to represent the homomorphism F : BA* ® BA* — A* by the collection of its
components

{EP? = Bl1aongarase((s7) @ (s71)%) 1 (A7) @ (A1) — A"},

Note that if deg E = k, then deg EP* =k — (p + q).

In the set of all twisting cochains from BA* ® BA* to A* there is one re-
markable element. This is the “generator” FEy, = pjpug, of the shuffle product
fsp : BA* ® BA* — BA*. Indeed, since the multiplication on A* is commuta-
tive, the Bar construction (BA*, dga~, psn, 2) of A* is a DGHA (see Subsection
1.7), i.e., psp € DC, by bijection (1.8.3)

Eg, = pipsn - BA* @ BA* — A*

is a twisting cochain. As we easily see FE,, consists only of two nontrivial
components: E;' =1: R® A — Aand E%' =1: A® R — A to which we will
return in the next section.
Let F' € Hom(BA* ® BA*, A*). Let F™ denote the sum of components FP4
of F with p+¢q=n:
F'= Y FP
pta=n

We call a number p + ¢ filtration of F'

Remark 13. Tt is easy to see that the product of two homogenous elements
Fro@ and FP2% in Hom(BA* ® BA*, A*) is a homogenous element of type
Fpripzate - Thus we see that the multiplication in Hom(BA* @ BA*, A*) is
compatible with filtration.

For the sake of simplicity we write A for Hom(BA* ® BA*, A*); if F' € A has
degree m, we write F € A"

_ Definition 14. Let n be a given number. We say the elements Fy, Fy €
A" = Hom™(BA* ® BA*, A*) coincide up to n (write Fy = F) if

FF=FF

for each k£ < n.
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Let X be a simplicial set. Then the differential D on Hom(BA*(X)®BA*(X),
A*(X)) can be expressed as a sum

D = Dl + D27
where
DiF =F(dy®@1+1®dy) DoF = Fldg ® 1+ 1®dg) — (—1)Fld g« (x)F,

d, and dg are given by the formula

i
no

dp[Pa] -+ - | @]

(D] [P (i1 - Piga)|Pigs| - - - [Pn],

i1
~ O

dg[®1] - | ] = D [P1] - -+ |Bi|dDi 11| Pigo| - - - [Py],

1=0
where ®; € A*(X), &; = (—1)I*1+1®; (see Subsection 1.7).
Proposition 15. Let F' be an element in A having F*~' = 0. Then the

equality DF = 0 guarantees that DoF™ = 0, i.e., F™ is a chain map of (chain)
complexes

Y (AX) et @ A(X) @ (A(X) @1 @ AY(X)) — A*(X).

Proof. Clear. [

Now we are ready to prove

Lemma 16. Let the elements E, E' € A satisfy the following conditions

I) DE = —E — E and DE' = —E' — E' (i.e., E and E' are twisting
cochains);

1) B0 = B0 gnd E%! = B,

Then there exists P € A°, P%0 =0, satisfying

EFF=FE+P—FE—-FE —P—-DP
(i.e., E and E' are equivalent twisting cochains).
Proof. Note that it suffices to construct the sequence of elements in A
p(U)’ p(1)7 p(2)7 o

satisfying the following conditions
I) PO = pl) =,
II) PO = P+ 5 =0,1,...,
) (PY)* =0 when k=0,1o0r k> i,
IV) DPO £ F - F' + PO~V _ F— ' — P,
After the construction of such a sequence we define P by

PLpi  i=01,....
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Clearly, P thus defined satisfies the required identity ' = E 4+ P — E— E' —
P—DP.

Assume that PO P®M P®=D have already been constructed. Now we
want to construct P with required conditions I-IV. Consider the following

element in A
Bn—1)=FE—-FE +pP"V_p_fg _ pnb_ppr1,
According to conditions I-IV and Remark 13 we get
DB(n—1) = DE — DE'+ DP"Y _— g4+ p»Y _ DE - DE — P~V
+E - DP" VL _Ep_FE+E _FE+(E-F
+ P _E_F Py E-_PrY_E_E
+E < E PV FE _(E-—E+P")_F
—E - P =p) _p_FE-P"Y _E_FE
+E —F — PV g _F - pr i

(We have used here equalities like P2 — F — F £ p-) _ F _ F;

indeed, since P"=2 P("=1) and E have no nontrivial components with filtration
n—2

of 0, multiplication is compatible with filtration (Remark 13) and P2
P (condition II), elements P2 — E — E and P™ Y — E — E coincide
up to n.) Since F(n — 1) has no nontrivial components with filtration < n — 1,
by Proposition 15

Dof(n — 1)" =0,

or, equivalently, 3(n — 1)™ is a cycle in the chain complex
Hom( Y (AX)® @A (X)) @ (A(X) @ - @A*(X)),A*(X)).
ptg=n

Since the complex above is acyclic (see Lemma 11) there exists an element P"
such that
Now we define P by

pm — pr=1) 4 pn,

Thus it remains to show that P together with PO, P . P"=1 gatisfies
condition [-IV. The first three conditions are checked trivially. Let us show the
validity of IV. Since Dy P™ = (n—1)" and #(n—1) has no nontrivial components
with filtration < n — 1, we have

DP" £ 3(n —1).
Then
DP™ = pp=Y 4 ppr 2 DY 4 B(n — 1)
=pprY _pprVy g F 4PV F-F — prY
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—E-E +P"Y_F_-F P
Thus Lemma 16 is completely proved. [J

3. MULTIPLICATIVITY UP TO HOMOTOPY

In this section we will prove the main theorem of this paper. We use all
the lemmas and theorems which we have proved or mentioned in the preceding
sections.

Theorem 17. Gugenheim’s map
B{pl} : (BA*(X)a dBA*7 A? :ush) - (BC*(X)7 dBC*7 A? /’LE)
18 multiplicative up to homotopy.

Proof. As we have mentioned in Introduction, Baues introduced a multiplication
pg : BC*(X)® BC*(X) — BC*(X)

on BC*(X) so that (BC*(X),dpc+(x), A, ug) is a DGHA, see [4]. Moreover,
it is shown that this product is strict associative and homotopy commutative.
Let consider the twisting cochain

BA*(X) @ BA*(X) PP por () @ BOor(X) & BOH(X) T 0 (X)

which is the composition of coalgebra maps and the twisting cochain P;, see
Subsection 1.8.
Since the first component p = p; : A*(X) — C*(X) ((pw,c) = [.w) of
Gugenheim’s (DASH) map
pi: @A (X) = CHX) ;(i>1)

induces an isomorphism in homology, Theorem 6 says that there exists a twisting
cochain (see Remark 7)

E: BA*(X) ® BA*(X) — A*(X)
satisfying Piup(B{p:} @ B{pi}) ~ Lpi(E® --- @ E)A' = PyB{p; }ji5, where

pz : BA*(X) ® BA*(X) — BA*(X)

is the coalgebra map induced by E (see the universal property of the tensor
coalgebra, Subsection 1.7). As we know, equivalent twisting cochains on T'(C, A)
induce homotopic DG coalgebra maps on Hom(C, BA) (see Subsection 1.8);
thus pup(B{pi} ® B{pi}) ~ B{pi}ug in DC, ie.,

B{pl} : (BA*(X)’ dBA*’ A’ IUE) - (BC*(X)v dBC’*a Av ME)
is multiplicative up to homotopy, but there is no guarantee that such randomly
constructed pz coincides with fugp,.

Let us assume that the components £ and Ej’o of E are identity maps (we
show below that this is always achievable for our ). Then we have two twisting
cochains Ey, (Eg, is the “generator” of the shuffle product py, see Subsection
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2.3) and E on Hom(BA*(X) ® BA*(X), A*(X) having E™ = ELY =1 and
EY = ELY = 1; according to Lemma 16 there exists P € Hom(BA*(X) ®

BA*(X), A*(X)) such that Ey, & E, hence fig), ~ pi or, equivalently,
L: (BA*<X)7 dpas, A, ,ush) - (BA*(X)> dpa~, A, NF)
is multiplicative up to homotopy. Taking the composition

B{pl} -1 (BA*(X)adBA*> Anush)
- (BA*(X)adBA*7A7ME) - (BC*<X)7dBC*7A7,uE)7

we have that Gugenheim’s map
B{pl} : (BA*(X)7 dBA*7 Aa ,ush) - (BO*(X)a dBC’*a Av ,UE>

is multiplicative up to homotopy.

Thus, it remains to show that the components £ and E" are the iden-
tity maps. First of all, note that pz is a homotopy commutative, homotopy
associative and homotopy compatible with unit. Indeed,

{pi}«(E) = PiB{pitug ~ Piup(B{pi} ® B{p:}) ~ PippT(B{p;} ® B{p:})
= Piup(B{pi} ® B{p:})T ~ PB{p:}pi5T = PLB{pi}pigr = {pi}.(ET),

where we have used the fact that pg ~ pgT on BC*(X) [4]. Since {p;}.(E) ~
{pi}+(ET), according to the bijection of Theorem 6

{pi}+ : D(BA*(X) ® BA*(X), A" (X)) — D(BA*(X) ® BA*(X),C*(X)),

E ~ ET, hence ug ~ pgT; ie., pg is homotopy commutative. By analogy,
we can easily show that it is homotopy associative and has a homotopy unit.
Then, according to Anick’s fundamental theory [2], uz can be replaced by the
new product

pr ~ pg: BAY(X) ® BA*(X) — BA*(X)

which is strictly commutative, associative and compatible with unit (see Defi-
nition 5.3, Lemma 5.4 and Proposition 5.5 in [2]). The latter means that the
twisting cochain

F =Ppur: BA"(X)® BA*(X) - BA*(X) — A" (X)
has F%' = 1, F'Y = 1 and, moreover, F** = F¥9 — 0 when k # 1. This
completes the proof. [
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