THE COHOMOLOGY RING OF FREE LOOP SPACES
LUC MENICHI

ABSTRACT. Let X be a simply connected space and k a commu-
tative ring. Goodwillie, Burghelea and Fiedorowicz proved that
the Hochschild cohomology of the singular chains on the space of
pointed loops HH*S,(2X) is isomorphic to the free loop space
cohomology H*(X* ' ). We prove that this isomorphism is compat-

ible with the usual cup product on H*(X* 1) and the cup product
of Cartan and Eilenberg on HH*S,(QX). In particular, we make
explicit the algebra H* (Xsl) when X is a suspended space, a com-

plex projective space or a finite CW-complex of dimension p such
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1. INTRODUCTION

Let X5 (respectively £2.X') be the space of free loops (respectively of
pointed loops) of the space X. We work over an arbitrary commutative
ring k and for any space Y, we denote by S,(Y’) the normalized singular
chains with coefficients in k.

Recall that the diagonal map ¥ — Y X Y induces a natural di-
agonal S,(Y) — S.(Y xY) — S.(Y) ® S.(Y) such that S.(Y) is
a differential graded coalgebra. The homology of the dual algebra
S*(Y) = Hom(S.(Y),k) is the singular cohomology of Y. The in-
duced product on H*(Y), called the cup product, makes H*(Y) into a
commutative graded algebra.

Now recall from the book of Cartan and Eilenberg [8, XI.6] that,
if A denotes an algebra (over k) equipped with a diagonal A — A ®
A then the Hochschild cohomology of A (with coefficients in AY =
Hom(A, k) [29, 1.5.5]), denoted HH*(A), is naturally equipped with
a cup product. If A is a Hopf algebra, HH*(A) becomes a graded
algebra with this product. These results extend to the case when A is a
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differential graded algebra. In particular, since S,(22X) is a differential
graded Hopf algebra, H H*(S,(Q2X)) is naturally a graded algebra. Our
main result reads

Theorem A(Theorem 3.1). If X is a path connected space, the iso-
morphism of graded modules

HH*(5,(0X)) = H*(XS")

established by Goodwillie in [19], Burghelea and Fiedorowicz in [7], pre-
serves cup products.

We emphasize that Theorem A allows us to compute the algebra
H*(X Sl) from the cellular structure of X and from a cellular approxi-
mation of the diagonal map. Indeed, if we consider the Adams-Hilton
model [1] of the space X, A(X) — S,(Q2X) and the natural diagonal
map

A(A
AX) AL A(X % X)——=A(X) @ A(X)
as defined in [2, Lemma 8.2], then we prove

Theorem B(Theorem 4.4). If X is a simply connected CW complex
then the two graded commutative algebras

HH*(A(X)) and H*(X%")

are 1somorphic.

With Theorem B, we are reduced to a purely algebraic problem:
computing the algebra H H*(A) when A is a free graded algebra which
is also a differential graded Hopf algebra up to homotopy (notion de-
fined page 14). In section 5, using the Perturbation Lemma, we con-
struct a small algebra up to homotopy whose homology is isomorphic
to HH*(A).

In section 6, we make explicit this algebra up to homotopy in the fol-
lowing particular case. Consider a cocommutative differential graded
coalgebra C. Tts dual CV = Hom(C,k) is a commutative differen-
tial graded algebra. Recall that for any commutative algebra A, its
Hochschild homology denoted HH,(A) is endowed with the shuffle
product [8, XI.6]. So HH,(CV) is a commutative graded algebra. On
the other hand, the cobar construction on C, denoted Q2C, is a co-
commutative differential graded Hopf algebra [39, 0.6 (2)]. So the cup
product of Cartan and Eilenberg is defined on HH*(QC)).

Theorem C(Theorem 6.2). Let C be a simply connected cocommuta-
tive differential graded coalgebra k-free of finite type. The isomorphism
of graded modules established by Jones and McCleary in [26, Theorem
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Al (See also [21, Theorem II] and [38, Theorem 1.1])
HH*(QC) = HH.(CV)

1s a morphism of commutative graded algebras.

In the last two sections, we give explicit computations of free loop
spaces cohomologies. In section 7 we consider the case X = XY, the
suspension of a space Y.

Theorem D(Theorem 7.8). Let Y be a path connected space such that
H.(Y) is k-free of finite type. Then the cup product on H*(Y') deter-
mines a product on HH,(H*(XY')) such that HH,(H*(XY)) becomes
a commutative graded algebra. This algebra is naturally isomorphic to

the algebra H* <(ZY)51).

Notice that if the cup product on H*(Y) is trivial then this product
on HH,(H*(XY)) is the shuffle product (Corollary 7.9). In section 8,
we give two other cases where the algebra H*(X Sl) is isomorphic to
the Hochschild homology of a commutative differential graded algebra.

First X = CP", the n-dimensional complex projective space or X =
HP", the n-dimensional quaternionic projective space.

Theorem E(Proposition 8.1). There exists isomorphisms of commu-
tative graded algebras

e ((@pn)51> ~ HH,(H*(CP"))

and

H* ((]HI]P’“)51> ~ [ H,(H*(HP")).

Secondly, consider a simply-connected CW-complex X of finite type
such that all the integers in the range [2, dimension of X) are units in k.
When k = Q, Sullivan constructed a cochain algebra Ap(X), called
the polynomial differential forms [18, §10], and proved with Vigué-
Poirrier [41] that there is a natural isomorphism of commutative graded
algebras

H*(X5") = HH,(Ap.(X)).

Over an arbitrary commutative ring k, Anick [2, Proposition 8.7(a)l,
extending Sullivan’s result, constructed a cochain algebra C*(L(X))
weakly equivalent as cochain algebras (in the sense of [17, page 832])
to the singular cochains on X, S*(X). We extend the result of Sullivan
and Vigué-Poirrier in this new context:

Theorem F(Theorem 8.4). For X as above, there is a natural isomor-
phism of graded commutative algebras

H*(X%") =~ HH, (C*(L(X))).
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When k is a field, this Theorem has been first proved by Dupont and
Hess [12, 13].

We now compare our results to others. Indeed the problem of com-
puting the algebra H*(X* 1) has been considered by many people.

The algebra H*(X5') can sometimes be computed via spectral se-
quences. For example, Kuribayashi and Yamaguchi [27], by solving
extensions problems by applications of the Steenrod operations, were
able to compute, via the Eilenberg-Moore spectral sequence, the alge-
bra H*(XS") for some simple spaces. Using fibrewise homotopy tech-
nics [10], Crabb and James have, before us, computed the cohomology

with integer coefficients H* ((CP")Sl;Z>. In [9], Cohen gives a com-

binatorial model for the free loop space on a suspension, (EY)SI. It
should be interesting to see if one can deduce from this model, the

algebra structure or the Steenrod operations on H* <(EY)51>.

Another approach is to use algebraic models like us. Suppose that k
is a field. Given an Adams-Hilton model of X, A(X), equipped with its
diagonal, Dupont and Hess [14] have constructed, with some indeter-
minacy, a cochain complex equipped with a product whose homology is
isomorphic to the algebra H*(X5"). They don’t mention any relation
between their complex and the Hochschild complex on A(X). Again,
when k is a field, Ndombol and Thomas [35] have found an “Eckmann-
Hilton dual” to our main result (Theorem A): using the “strongly ho-
motopy commutative” structure on S*(X), they constructed a product
on the Hochschild homology of S*(X') and proved that the isomorphism
of Jones [25] H*(X5') = HH,(S*(X)) is an isomorphism of algebras.
The equivalence between their result and our main result has by now
been proved by Idrissi [24].

We thank S. Halperin, J.-C. Thomas and M. Vigué for their constant
support. The main results of this paper were expound in September
1999 at the GDR Topologie algébrique meeting in Paris Nord.

2. ALGEBRAIC PRELIMINARIES AND NOTATION

We work over a commutative ring k. We denote by ,k and ;%k re-
spectively the kernel and cokernel of the multiplication by p in k.

DGA stands for differential graded algebra, DGC for differential
graded coalgebra, DGH for differential graded Hopf algebra and CDGA
for commutative DGA. The denomination “chain” will be restricted to
objects with a non-negative lower degree and “cochain” to those with
a non-negative upper degree.
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The degree of an element x is denoted |x|. The suspension of a
graded module V is the graded module sV such that (sV),41 = V.
Let C' be an augmented complex. The kernel of the augmentation is
denoted C'.

The exterior algebra on an element v is denoted Ev. The free divided
powers algebra on an element v, denoted ['v, is

e the free graded algebra generated by 7' (v), i € N*, divided by

© ‘:‘{)' it
il

e and is just Fv when |v| is odd.

the relations 7' (v)y? (v) = (v), if |v| is even,

The tensor algebra on a graded module V' is denoted TAV. The tensor
coalgebra is denoted TCV. Their common underlying module is simply
denoted TV. Given a conilpotent coalgebra C' then any morphism
¢ : C — V lifts uniquely to a unique morphism ¥ : C' — TCV of
coaugmented coalgebras. The formula for ¥ is given by

(2.1) V(o)=Y ¢ oAg

where Aic_l : 0 — O is the iterated reduced diagonal of C.

Let A be an augmented DGA. The bar resolution of A, denoted
B(A4; A; A), is the unique (A, A)-bimodule (A ® T(sA) ® A,d; + d)
such that d; denote the differential obtained by tensorization and such
that, for any [saq|---|sax] € T(sA)

do[saq|- - - |sax] =aq[sas]| - - - |sag]
k-1
(e say| - sasag] - fsa)
i=1
— (—1)|Sa1|+"'+|sa’f*1|[salf | sag_1)ag.

The (reduced) bar construction on A, denoted B(A), is the coaug-
mented DGC (TCsA, d; +dy) whose underlying complex (TsA, d; +ds)
coincides with k ® 4 B(A; A; A) @ 4 k [17, §4]. The cyclic bar construc-
tion or Hochschild complez is the complex A® s 400 B(A; A; A) denoted
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C(A). Explicitly C(A) is the complex (A ® T(sA),d; + dy) with d; ob-
tained by tensorization and

doalsay| - - |sag] :(—1)|“‘aa1[sa2\ o |sag]
k—1
+ ) _(=1)%a[sai] - |sa;ais1| - - |say]
i=1
— (—1)|S“k|€k*1aka[sa1| e |sag_1];

Here ¢; = |a| + [sa1| + - - - + |sa;].
The Hochschild homology is the homology of the cyclic bar construc-
tion:
HH.(A) := H.(C(A)).
The Hochschild cohomology is the graded module
HH*(A) := H*(Homa 4)(B(A; A; A), AY)) = H*(C(A)")

where A is considered as an (A, A)-bimodule.
Let A and B be two augmented DGA’s. The Alexander-Whitney
map is the unique morphism of (A ® B, A ® B)-bimodules

AW :B(A® B;A® B; A® B) — B(A; A; A) @ B(B; B; B)
such that the image of a typical element [s(a; ® by)] - |s(axr ® by)] is

k
D (=1)%[sar| - |sailaizr - ap @ by - bilsbia] - |sb).
=0
Here [32, 3.7]
k i—1
G= > lbllal+ D G —dlas| + > (i — )byl
1<i<j<k j=i+1 j=1

AW is natural and associative exactly. It is also commutative up to
a homotopy of (A ® B, A ® B)-bimodules. So we get an Alexander-
Whitney map for the cyclic bar construction

AW : C(A® B) — C(A) @ C(B).

Consider an augmented DGA K equipped with a morphism of aug-
mented DGA’s A : K — K ® K. Then the composite

A CE) Y ok o K) 2 ¢(K) @ C(K)

is a morphism of augmented complex. Therefore HH*(K) has a prod-
uct. This is the cup product of Cartan and Eilenberg [8, XI.6], also
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called Hopf wedge product by Mac Lane [30, VII1.4.(4.5)]. In partic-
ular, if K is a DGH then C(K) is a DGC and HH*(K) is a graded
algebra.

3. FROM THE CHAINS ON THE BASED LOOPS TO THE CHAINS ON
THE FREE LOOPS

The object of this section is to prove the following theorem linking
the chains on the based loops of a space to the chains on its free loops.

Theorem 3.1. Let X be a path connected pointed space. Then there
15 a natural DGC quasi-isomorphism

C(5,(0X)) = S,.(x5.
In particular, HH*S,(QX) = H*(XS") as graded algebras.

Goodwillie [19], Burghelea and Fiedorowicz [7] proved the isomor-
phism HH*S,(QX) = H*(X5") as graded modules only. To obtain our
theorem, we will follow their proofs. We introduce first some terminol-
ogy about simplicial objects.

Let C be a category. A simplicial C-object X is a non-negative graded
object together with morphisms d; : X,, — X,,_1 and s; : X,, — X, 41,
0 < i < n satisfying some well-known relations [30, VIIL.5.2]. A cosim-
plicial C-object is a non-negative graded object together with mor-
phisms §; : X" ! — X" and 0; : X" — X" 0 < i < n satisfying
the opposite relations [6, X.2.1(i)]. If C is a category equipped with a
tensor product ® (more precisely a monoidal category [31, VII.1]) then
the tensor product of two simplicial C-objects X = (X, d;,s;) and Y =
(Yy,, d;, s;) is the simplicial C-object X @ Y = (X, ®Y,,,d; ®d;, s; ® s;).

Consider C to be the category of complexes. To any simplicial C-
object (i.e. simplicial complex) X, we can associate a complex in the
category C (i.e. a complex of complexes) denoted Ky (X) known as
the normalized chain complex of X [30, VIIL.6 for the category of
modules|. Consider two simplicial complexes A and B. We have an
Alexander-Whitney morphism of complexes of complexes [30, VIIL.8.6]
AW : Ky(A® B) — Ky(A) ® Kn(B). Every complex of complexes
can be condensated [30, X.9.1] into a single complex. So by compos-
ing the functor Ky and the condensation functor, we have a functor,
called the realization and denoted | |, from the category of simplicial
complexes to the category of complexes, equipped with an Alexander-
Whitney morphism of complexes AW : |[A® B| — |A| ® |B| for any
simplicial complexes A and B. In particular, | | induces a functor
from the category of simplicial DGC’s to the category of DGC’s (Re-
call that a simplicial DGC can be defined either as a simplicial object
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in the category of DGC’s or as a coalgebra in the category of simplicial
complexes.).
Given any two topological spaces X and Y, the caligraphic notations

AW 0 S, (X XY) = S (X)@S.(Y) and £2Z : S.(X)R5.(Y) — S.(XxY)

are reserved for the standard normalized Alexander-Whitney map and
to the standard normalized Eilenberg-Zilber map concerning singular
chains [11, VI.12.27-8].

Example 3.2. The cyclic bar construction for differential graded alge-
bras. Let A be a DGA. Then there is a simplicial complex I'A defined
byILA=A® - @ A= A%+

doalaq| - -+ |a,) = aaifas| - - - |ay],

dialar] - - |a,] = alaq| - - |asaiq] - - ay) for 1 <i<n—1,
dnala] - - - lag] = apalar] - - |an—1],

sialay| - -+ |ay) = alay| - - - |ai|l|aiq] - - - |a,) for 0 <i <n.

The complex |[I'A] is exactly (signs included) C(A) the cyclic bar con-
struction of A. If K is a DGH then 'K with the diagonal

rK "84 DK @ K) 2 TK @ TK

is a simplicial DGC and |[I'K| is the DGC C(K) denoted in section 2.

Ezxample 3.3. Let GG be a topological monoid. The cyclic bar construc-
tion of G [29, 7.3.10] is the simplicial space I'G defined by I',G =
G x - - x G =G" and with the same formulas for d; and s; as in the
cyclic bar construction for DGA’s. Since the normalized singular chain
functor S, is a functor from topological spaces to DGC’s, S,(T'G) is a
simplicial DGC. Therefore |S,(I'G)| is a DGC.

The following Lemma compares the DGC’s given by the previous
two examples.

Lemma 3.4. (Compare [19, V.1.2]) Let G be a topological monoid.
Then there is a natural DGC quasi-isomorphism |L'S,(G)| = |S.(T'G)|.

Proof. The Eilenberg-Zilber map £Z : S.(G)*" ™ — S,(G") is a
DGC quasi-isomorphism and therefore defines a morphism of simplicial
DGC’s I'S,(G) — S«(I'G). So, applying the functor | |, we get a DGC
quasi-isomorphism. 0

Let A™ be the standard geometric simplex of dimension n. Let §; :
A" — A" and o0; : A" — A" be the i-th face inclusion and the
i-th degeneracy of A™. Then = (A", d;,0;) is a cosimplicial space [6,
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X.2.2(i)]. The geometric realization [33, 11.1] of a simplicial space X

is defined as
1X| = (Hxn X A”)/N
neN

where ~ is the equivalence relation generated by
(diz,y) ~ (z,0), v € X,,, y € A"
and  (s;1,y) ~ (z,00), v € X,,, y € A"
Recall that |S.(X)] is a DGC whose diagonal is the composite

15,05 x X)) Y 5,0 @ 8.(X) | 2 15.(X)| @ |S.(X)|

Lemma 3.5. (Compare [5, Theorem 4.1] and [18, 17(a)]) Let X be a
simplicial space, good in the sense of [37, A.4]. Then there is a natural

DGC quasi-isomorphism f : |S,(X)| = S.(|X]).

1S4 (A
_)

Proof. Let 7, : X, x A™ — | X| be the quotient map. The morphism
f is defined as the composite

idg, (Xp)®Kn
_

Si(X,) Si(X,)®S,(A") 2 Sy (X, xAm) 220, g (1))

where k, € S,(A"™) is the singular simplex ida». By a Theorem of
Moore [5, Theorem 4.1], f is a quasi-isomorphism of chains complexes.
The diagonal map of | X| is equal to the composite

|X| [Ax| |X XX| (Iprojil,|lprojzl) |X| % |X|

where Ay is the simplicial diagonal of X and where proj; and projs
are the simplicial projections on each factors. To check that f is a
DGC morphism, we have to show:

(fef)oAWo|AW|o|S.(Ax)| = AWoS.(([projil, [projal))oS.(|Ax|)o f.

By naturality of f, it suffices to show that f behaves well with respect
to products of simplicial spaces.

Let X and Y be two simplicial spaces. Then S,(X) and S.(Y) are
two simplicial complexes. So we have an Alexander-Whitney map

1S.(X) @ S.(YV)| 2 18,(X)| ®|S.(Y)].
Its formula is given by

LZ S,(d) @ S.(db)

+q=n

LS (X)) ® S.(Ya) — P S.(X,) @ S.(Yy)

pt+q=n

where d? : X, — X, is the composite d, ;1 0---od, (cz denotes the
“last” face operator) and d} : Y, — Y, is the iterated composite of dj.



10 LUC MENICHI

In the diagram page 11, there was not enough space for sums »  and
direct sums €. So we use the indices p and ¢ with the convention
p+ g = n and the indices j and k£ with the conventions that j + k = i.
We use also the maps

09 =06,0---00,1: AP = A" and &) : AT — A"
Both the interchange of factors of a tensor product of modules and
of a product of spaces are denoted by 7.
Consider the diagram page 11.
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12

(rV X "X @ (4 x Yx) g

(Pr)atbg@(dy) i+
1RLRPL)OZ3RZ 3

(prx Jp) 105 @(Prx pp) g

vv\@&\k@@N

(JAD*s @ (Ix]) s © (Vv x ") @ (v x "X)Ts @ (V)'s®Lv)is® (L)l ® ("X)s ("X)15 @ ("X )%

WRLRPYoZIVE 3
(oxp1)1+P5@ (5 xp1) +ig 1P (gp) s ®(p) ‘s ©

(uw) PG @ ()

My (uV X 1)1 @ (¥ X “X) s @ (V)"S ® (av)%s ® (“1)1s ® (“X)‘s (@) 1s©(p) s

® my

(PR1p1)oz 3®

(A XD = g WV XX X Wy X X)TS (uV)"s ® (uv)%s ® (“X)%5 @ (“X)‘s (") @ ("x)"
(Prx1xpr)ttug ® MYy ®
(1eboad o)+ D (uV X uV x K X ") 7z WV xuv)'s @ (X X "X)'s wy
(vxp)itig ® (V)us@pr
(lx x x])*s g WV XX Y) TG = (uV)"s ® ("X x “X)'S v ("X x “x)'S
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Let’s check the commutativity of each subdiagram involved in it.
e 1 commutes since
(AW 0 S,(A)) (k) = D ("&8) = - (5,0 @ S,(8)) (rp2r,)
p+q=n ptq=n

e 2 commutes obviously.

e 3 commutes by naturality of £Z.

e 4 commutes by compatibility of £2Z and AW [18, 1.4.b)].

e 5 and 6 commute by naturality of (EZ2® EZ) o (id ® T ® id).
e 7 commutes since

(lproji|, |proja|) o mp = (mp X m,) o (id X T X id) o (id x A).

e 8 commutes by naturality of AW.
e By definition of the equivalence relation ~ defining the geomet-
ric realisation of a simplicial space,

o(d? x idar) = my o0 (idy, x 69) and 70 (df X idae) = 7, 0 (idy, X 62).
So 9 commutes.
Finally, we have

(f®f)o

3 s.(d) ®s<dp>]o|AW| AW S.((lprojil, loroja)) o f.
p,q

O

Lemma 3.6. [29, 7.3.15] Let X be a path connected pointed space.
Then there is a natural homotopy equivalence |[['QX]| = X5,

Proof of Theorem 3.1. Applying Lemma 3.4 to the Moore loop space
QX, Lemma 3.5 to I'Q2X and Lemma 3.6, we obtain the sequence of
DGC quasi-isomorphisms:
CS.(QX) = |DS.(QX)] 5 |S.(TQX)| = S.(TQX]) = S.(X5).
O

4. HAH MODELS

In order to compute the algebra structure of HH*S,(2X), it is nec-
essary to replace S,(€2X) by a smaller Hopf algebra. Let’s first remark
that the cyclic bar construction preserves quasi-isomorphisms.

Property 4.1. [29, 5.3.5](Compare [17, 4.3(iii)]) Let f : A — B be a
quasi-isomorphism of augmented DGA’s. If A and B are k-semifree
then C(f) : C(A) = C(B) is a quasi-isomorphism of complexes.
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Let f, g : A — B be two morphisms of augmented DGA’s. A
deriwation homotopy from f to ¢ is a morphism of graded modules of
degree +1, h : A — B such that doh+hod = f — g and h(zy) =
h(z)g(y) + (=Dl f(2)h(y) for z,y € A. A derivation homotopy from
f to g is denoted by h : f = g. We say that f and g are homotopic if
there is a derivation homotopy between them.

Lemma 4.2. Let f, g : A — B be two morphisms of augmented chain
algebras. Suppose that A is k-free. If f and g are homotopic then the
morphisms of chain complezes C(f), C(g) : C(A) — C(B) are chain
homotopic.

Proof. We first prove the lemma assuming that A is a chain algebra of
the form (TAV,0) where V is a k-free graded module. Consider the
Baues-Lemaire cylinder of A. This is an augmented chain algebra A
equipped with a commutative diagram of augmented chain algebras

The derivation homotopy between f and g correspond to an morphism
of augmented chain algebra H : IA — B such that Hoiy = f and H o
iy =g ([4, 1.7.12] or[17, 3.5]). Since p : A — A is a quasi-isomorphism,
by Property 4.1, C(p) is a quasi-isomorphism. Since C(p) o C(iy) =
C(p) o C(i1) and C(A) is a k-free chain complex, C(ig) and C(i;) are
chain homotopic. Therefore C(f) = C(H) o C(ip) and C(g) = C(H) o
C(iy) are chain homotopic.

If A is not a chain algebra of the form (TAV,0), consider a quasi-
isomorphism of augmented chain algebras © : (TAV,9) = A where
V is k-free. Since there is a derivation homotopy between © o f and
Oog, C(O©)oC(f) and C(O) o C(f) are chain homotopic. If A is k-free,
C(0) : C(TAV, ) = C(A) is a quasi-isomorphism between k-free chain
complexes and so is a chain homotopy equivalence. Therefore C(f) and
C(g) are chain homotopic. O

A Hopf algebra up to homotopy, or HAH, is a DGA K equipped
with two morphisms of DGA’s A : K — K ® K and ¢ : K — k
such that (¢ ® idg) o A = idx = (idxk ® €) o A (counitary exactly),
(A®1)oA = (1®A)oA (coassociative up to homotopy) and 7oA = A
(cocommutative up to homotopy).
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Let K, K’ be two HAH’s. A morphism of augmented DGA’s f :
K — K'"is a HAH morphism if Af = (f ® f)A (f commutes with the
diagonals up to homotopy).

Definition 4.3. Let X be a pointed topological space. A HAH model
for X is a chain algebra of the form (TAV, 9), where the graded module
V is k-free, equipped with a structure of Hopf algebras up to homotopy
and with a HAH quasi-isomorphism © : (TAV,d) = S,(QX).

Suppose that X is a simply-connected CW-complex. Its Adams-
Hilton model A(X) equipped with its diagonal

AL AX % X)——A(X) @ A(X).
is a HAH model for X [2, Proposition 8.3].

Theorem 4.4. Let X be a path connected pointed space. Let (TAV,0)
be a HAH model for X. There is a isomorphism of graded algebras

HH*(TAV,0) = H*(X5").

Proof. Let © : (TAV,9) = S,(Q2X) denote the HAH quasi-isomorphism.
By Property 4.1, C(0) is a quasi-isomorphism. According Lemma 4.2,

C((©®0) o Amny) = C(As,ax) © O).

By composing with AW and by applying Theorem 3.1, the quasi-
isomorphisms of chain complexes

C(TAV,9) 29 5. (X)) = S.(x5)

commutes with the diagonals up to chain homotopy. 0

5. A SMALLER COALGEBRA THAN THE CYCLIC BAR CONSTRUCTION

The goal of this section is to replace the huge algebra up to homo-
topy C(TAV,0)Y by a smaller one in order to be able to compute the
algebra HH*(TAV,0). When k is a field, Micheline Vigué in [40] gives
a small complex ((k @ sV') ® TV, §) whose homology is the vector space
HH,(TAV,0). In fact, in this section, we show that over any commu-
tative ring k, the complex ((k @ sV) ® TV, 0) is a strong deformation
retract of C(TAV, D).

Definition 5.1. Let (Y, d) be a complex. A complex (X, 0) is a strong
deformation retract of (Y, d) if there exist two morphisms of complexes
V:(X,0) — (Y,d), f:(Y,d - (X,0) and a chain homotopy ¢ :
(Y,d) — (Y,d) such that fV = idy and Vf —idy = d® + ®&d. The

map f is called the projection and the map V is called the inclusion.
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We first consider the case where the differential 0 on (TAV, ) is just
obtained by tensorization of the differential of a complex V and is so
therefore homogeneous by wordlength.

Consider the tensor algebra TAV on a complex V. Define the aug-
mentation on TAV such that the augmentation ideal TAV is

TV = @i VO

The bar resolution B(TAV; TAV; TAV) contains a subcomplex (TV ®
(k® sV)®@TV,dy + dy), since

dy(a®sv@b) = (=1)"av @b —a® vb).

Proposition 5.2. [29, Proposition 3.1.2] The (TAV, TAV)-bimodule
(TV ® (ke sV)® TV,dy + dy) is a strong deformation retract of the
bar resolution B(TAV; TAV; TAV).

Proof. Define the projection f : B(TAV; TAV; TAV) —» TV®(k®sV)®
TV on its components f,, : TVR(sTTV)®"@TV — TV (kdsV)QTV:
The map fo: TV @ TV — TV ® TV is the identity map.
We define f1: TV @ sTTV @ TV — TV ® sV ® TV by
fila[svy - --vp]b) = Z<_1)|vlmvi71‘6w1 ©Uim1 @ SV @ Vigq v - Upb

i=1

for a,b € TV, vy,--- ,v, € V and n € N*.
For n > 2, f,, is the zero map. An easy calculation shows that ds f; =

fods. Since fi(afsaraglb) = fi(alsar]agb) +(—=1)1"1 fi(aas[saz]b), frdy =
0. Therefore f commutes with ds and is a morphism of complexes.
Of course, fV = idrvgkesv)zry. The components

D, : TV (sSTTV)*"@TV — TV @ (sTTV)®" " @ TV

of the chain homotopy ® are defined by:

(I)O = 07
®,(al[say| - |sa,_1|sv]b) = 0,
®, (a[sa| - [san_1|sa,v]b) = —(=1)"a[saq|---|sa,|sv]b

+®,(a[say]| - - - |sa,]vb)

for a,b € TV, v € V and ay,--+ ,a, € TTV. Recall that ¢, = |a| +
|sai| + -+ 4 |sa,].

By a double induction first on n and then on the wordlength, check
that d®,, + ®,,_1d = Vf, —id, n € N. At the beginning for n = 1, use
the formula f;(a[sa,v]b) = fi(a[sa|vb) + (—1)19laa; ® sv @ b. O
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Consider now an augmented DGA (TAV, ) such that TAV = T+V.
The differential 0 decomposes uniquely as a sum d; +dy+---+d; +- -
of derivations satisfying d;(V) C TV = V®. The differential d; is
called the linear part of d.

To pass from the case 0 = d; to the general case, we’ll use the well-

known perturbation Lemma. For an abundant and recent bibliography,
see [28] or [22].

f
Theorem 5.3 (Perturbation Lemma). Let (X,0) S (Y,d) O ® be
v

a strong deformation retract of chain complexes satisfying f® = 0,
OV = 0 and ®? = 0. Suppose moreover that this strong deformation
retract s filtered: there exist on X and on Y increasing filtrations
bounded below preserved by 0, d, f, V and ®. Consider a filtration-
lowering linear map t :'Y — Y of degree —1 such that d +t is a new
differential on'Y (Such t is called a perturbation). Then

0 =0+ > _ f(t2) 1V, Voo =V 4> (01)V,
k>0 k>0

foo=F+ Y f(tD), Do =D+ ) (Pt)'D
k>0 k>0

Joo

are well defined linear maps and (X, 0x) S (Y, d+t) O $u is a strong
Vo

deformation retract.

By applying the Perturbation Lemma to Proposition 5.2 we redis-
cover

Theorem 5.4. [40, Théoreme 1.4] Let (TAV,d) be a chain algebra.
Suppose that V' is a graded module concentrated in degree greater than
or equal to one. Define the linear map of degree +1

S:TVTV — TVesVTV

n
a®v1...vn —s g (_1)"“}1""01'71'&7]1 C U ®8vi ®'Ui+1"'vn
=1

Consider the chain complez (TV ® (k @ sV) ® TV, D) where
Dlrverv = d, Dlrvesvery = di + da,
dila®sv®b) =da®sv@b—S(a®dv).b—(-1)"a® sv® db

and dy(a ® sv @ b) = (=1)1(av @ b — a @ vb) for a,b € TV, v € V.

Then (TV @ (k@ sV) ® TV, D) is a strong deformation retract of the
(TAV, TAV)-bimodule B(TAV, TAV, TAV').
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Proof. By Proposition 5.2 (TV ® (k@ sV) ® TV,d; + ds) is a strong
deformation retract of B ((TAV,d;), (TAV,d,), (TAV,d,)) where d; de-
notes the linear part of d. The annihilation conditions are satisfied:

O, (a[sv]b) = 0 and ®y = 0, therefore PV = 0.

The projection f is null on TV @ (sT*V)®22 @ TV and &, = 0.
Therefore f®, =0 for n € N.

Since Dy, 41Dy, (afsay| - - - |sanv]b) = Ppi1Pp(afsay] - - - |san|vb), by in-
duction on wordlength ®,, 1P, =0 for n > 1.

Let k € Z. An element a[sa,|---|sa,]b is said to have a filtration
degree —Fk if and only if the sum of the wordlengths of a, a4, ..., a, and
b is greater than or equal to k. The filtrations are bounded below since
V =V5;. The maps V, f, ®, d; and d; respect wordlengths. Therefore
the strong deformation retract is filtered. Define the perturbation ¢ to
be equal to the differential of B ((TAV, d), (TAV, d), (TAV, d)) minus the
differential of B ((TAV, d1>, (TA‘/, dl), (TA‘/, dl)) Since dzg =d— d1
increases wordlength by 1 at least, ¢ is filtration-lowering.

So finally we can apply the Perturbation Lemma and (TV ® (k & sV) @ TV, 0)
is a strong deformation retract of B ((TAV,d), (TAV,d), (TAV,d)).

The composite t®,, maps TVR(sTTV)®"QTV into TV®(sTTV)®" g
TV, @, is null. Therefore f(t®)* =0 for k > 1. So f = f. (The pro-
jection is unchanged) and D := 0y = 0 + ftV = dy + fd;V where d;
is the linear part of the differential of B ((TAV,d), (TAV,d), (TAV,d)).
Set d; := fd;V.

di(a®sv®b) = da®@sv@b— (=114 fi(a® sdv@b) — (=1)1*la® sv @ db.

S(a®dv).b=(-1)f(a® sdv®b).
U

Corollary 5.5. [40, Théoreme 1.5] Let (TAV,d) be a chain algebra
such that V = V5. Define the linear map of degree +1

S:TVRTV — sVeTV

n
Ul . rUn ® a — E (_1)‘U1-.-Ui—l||Ui-..Una‘Svi ® Uz-i—l . U?’La/vl . vi—l
=1

Consider the compler ((k & sV) @ TV, §) where
olrv =d,
§(sv@a) = (~1)"M1 @ av — 1 @wva + (—1)*Isv @ da — S(dv @ a).
Then ((k ® sV) ® TV, ) is a strong deformation retract of C(TAV,d).
Proof. Tensor by — @maygrayer TV [40]. [
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Suppose that (TAV,0) is a HAH model of a path connected space
X. Using the inclusion V, and the projection f,, = f of the strong
deformation retract given by Corollary 5.5, it is now easy to transport
the diagonal of C(TAV,0), denoted Ac(mav,s), to ((k® sV)® TV, J).
Define the diagonal of ((k & sV') ® TV, §) simply as the composite (f ®
f) o Acemavg) © Voo Now (k@ sV) @ TV, )" is an algebra up to
homotopy whose homology is isomorphic to HH*(TAV,0) as graded
algebras. This algebra up to homotopy is the smallest that computes
in general the cohomology algebra of the free loop space H*(X* 1). But
the formula for the diagonal of ((k & sV') ® TV, §) is very complicated:
it involves in particular the formula for the inclusion V, given by the
Perturbation Lemma.

We will now limit ourself to two important cases where the HAH
structure on (TAV,0) is simple:

e The differential 0 is the sum d; +d5 of only its linear part d; and
its quadratic part dy. The elements of V' are primitive: TAV is
a primitively generated Hopf algebra. This will be the subject
of Section 6.

e The differential 0 is equal to its linear part d; (hypothesis of
Proposition 5.2). The reduced diagonal A of TAV is such that

A(V) Cc V@ V. This will be the subject of Section 7.

6. THE ISOMORPHISM BETWEEN HH*(QC') AND HH,(CY)

Let C be a coaugmented DGC. Denote by C the kernel of the counit.
The cobar construction on C', denoted QC, is the augmented DGA
(TA(s’la), dy + dg) where d; and dsy are the unique derivations deter-
mined by

dys e = —s7tde and

dys™'c = Z(—l)‘x”s_lxi ®s 1y, ceC

where the reduced diagonal Ac = Z x; @ y;. We follow the sign con-

vention of [16]. When restricted to conilpotent coaugmented DGC’s,
the cobar construction €2 is a left adjoint functor to the bar construc-
tion B [16, Proposition 2.11]. Denote by o¢ : C = BQC the adjunction
map.

Theorem 6.1. (Compare with [26, Theorem A], [21, Theorem II] or
(38, Theorem 1.1]) Consider a coaugmented DGC C k-free of finite

type such that C =k ® Csqe. Then there is a chain complex of the form
(C ®QC,0) such that:
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i) The composite
(C®0C,0) =% aC e ¢ "3 0 @ B(AC) = C(QC)

1S a quasi-isomorphism of chain complezes.
ii) The dual of this complex (C @ QC,0) is isomorphic to C(CV).

In particular, there is a natural isomorphism of graded modules
HH*(QC) = HH,(CY).

We give again the proof of Jones and McCleary since we want to
check carefully the signs. We have explicited the isomorphism in or-
der to transport later the algebra structure. Remark that already at
the level of complexes, there is a quasi-isomorphism from C(QC)Y
c(c).

Before beginning the proof, we precise the signs convention used
in this paper: We have chosen to make constant use of the Koszul
sign convention. For example, let ¢ : M — N be a linear map. If

f € Hom(N, k) then
PV (f) = (=)l f o,
In particular, if (M, d) is a complex, the dual complex is (M"Y, d").

Proof. By Formula 2.1, the adjunction map o¢ : C = BQC is given by

ZZ Cl| Ci+1], CG@

where the iterated reduced diagonal Zic =>c® - Qcyr. We
consider the inclusion map

Voo =V 4> (B1)FV

k>0

of the strong deformation retract given by Theorem 5.4 when the chain
algebra (TAV, d) is the cobar construction 2C. Since the perturbation
t is here the tensorization of the dy of the cobar construction, using the
formulas for ® given in the proof of Proposition 5.2, an induction on
k shows that V., is QC' ® o¢ ® QC, the tensor product of the identity
maps and the adjunction map. Tensorization by — ®qgcgacer 2C gives

i).
We now check ii). By applying Corollary 5.5 when the chain algebra
(TAV, d) is the cobar construction 2C', we obtain a strong deformation
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retract of the cyclic bar construction C(2C') of the form (C' ® QC, ).
The differential 0 is given by

da = dga, a € QC,
S(c®a) = de®a+ (—1)¥c®da
—1@ (s7'c)a— (1) ® (s”'yi)a
+(—1)‘a||8710‘1 ® as—lc + (_1)(|a|+|yz‘)|571xz‘yl ® CZS_lllﬁi.
Therefore (C'® QC, §) is the complex (C ® Ts~'C,d; +dy) where d; is

just obtained by tensorization and dy : C®(s71C)*"t — C®(s71C)®"
is the sum of n + 1 terms dg, d1, ..., 0, given by

bo=—[(Cos oAl ®(s'C)*"
6; =CR(sC)* '@[(s ' ®@s ) oAos|@(sTIC)* T, 1 <i <n—1

and 0, = [C® (s O)*" ' @] 0T (s 10)8n—1° [A® (s7'O)* 1.

Let A denote the augmented DGA CV. The differential dy : A ®
(sA)®" — A® (sA)®" ! is also the sum of n + 1 terms dy, dy, ..., d,
(compare to Example 3.2) given by

do = [po(A®s™)] @ (sA)*"
di=A® (sA)* '@ [sopo(s@s )] ®@(sA)" " 1<i<n—1
and dy, = — [ ® (sA)*" '] o Tygamen140 [A® (AT @57

The isomorphism © : s(C"') = (s~'C)" is such that (s71)V 0 © = s~
20, p. 276]. For any two complexes V and W, the map ® : VVWV —
(Ve W)V given by ®(f ®g) = o (f ®g) is a morphism of complexes
and is associative, commutative, natural with respect to linear maps of
any degree. Therefore the composite

A® (A Ve (7107 % [Co (70
commutes with d; and ¢, for 0 < i < n. So finally
Po[A®T(O)]:C(4) > (Co0C,s)
is an isomorphism of complexes. U

Let V be a graded module. The tensor algebra TAV can be made
into a cocommutative Hopf algebra by requiring the elements of V' to be
primitive [39, 0.5 (10)]. We will call the resulting diagonal the shuffle
diagonal. Dually the tensor coalgebra TCV equipped with the shuffle
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product is a commutative Hopf algebra. The shuffle product is defined
by

[vi] - |vp] - [vpsa] - - [opag] = ZU' [vi] - - [vp+q]

where the sum is taken over the (p, ¢)-shuffles o and a permutation o
acts on [v1] ... |vpte] by permuting the factors with appropriate signs
(20, Appendix] or [39, 0.5 (8)]). Suppose that V" is k-free of finite type
and V' = V5. Then the map ¢ : TC(VVY) = (TAV)Y is an isomorphism
of Hopf algebras.

Let C' be a cocommutative coaugmented DGC. Then the cobar QC =
(TA(s7'C),d; + dy) equipped with the shuffle diagonal is a DGH [39,
0.6 (2)]. Dually, let A be an augmented CDGA. Consider the multi-
plication on A ® TC(sA) ® A obtained by tensoring the multiplication
of A and the shuffle product of TC(sA). Then the bar resolution of A,
B(A4;4;A) = (A® TC(sA) @ A,d; + dy) is a CDGA. The cyclic bar
construction C(A) = (A ® TC(sA),d; + dy) is also a CDGA. There-
fore the Hochschild homology of a CDGA A, HH.(A), has a natural
structure of commutative graded algebra [29, 4.2.7]. The reduced bar
construction of A, B(A) = (TC(sA),d; + dy) is a commutative DGH
39, 0.6 (1)].

Theorem 6.2. Under the hypothesis of Theorem 6.1, if C' is cocommu-
tative then the isomorphism HH*(QC) = HH,.(CY) is an isomorphism
of commutative graded algebras.

This theorem has by now been extended by Idrissi [24] to the more
general case where C'is a “strongly homotopy commutative” coalgebra.

Property 6.3. Let K be a graded Hopf algebra. Consider KerA the
primitive elements of K and the graded coalgebra K @ TC(sKerA) ® K
obtained by tensorization. Then the canonical map K ®@ TC(sKerA) ®
K — B(K; K; K) is a morphism of graded coalgebras.

Proof of Theorem 6.2. In the proof of Theorem 6.1, we have seen that
QC @00 ®QC : (AC ® C @ QC,6) = B(QC; QC;QC)

is a strong deformation retract. The adjunction map o¢ is the com-
posite of two morphisms of graded coalgebras:

C % TC(ss~'0) & TC [sTH(s7'0)] = BQC.

Consider the coalgebra structures obtained by tensorization on QC ®
C ® QC and QC ® TC(ss 'C) ® QC. Obviously

W R0 : Q2 ®C®20 — Q0 TC(ss10) @ QC
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is a morphism of graded coalgebras. Since s~ 'C' C KerAgqe, by Prop-
erty 6.3,

Q0 ® 0y @ QC : QO @ TC(ss7'C) ® QO — B(QC; QC; Q0)

is an inclusion of graded coalgebras. Finally, we have proved that QC'®
oc ® QC is both a morphism of complexes and of graded coalgebras.
Since (QC ® o ® QC)®? is a monomorphism, the coalgebra QC @ C ®
QC' obtained by tensorization is a sub DGC of B(QC; QC; QC). After
tensoring by —®qcencer (2C and dualizing, we obtain the natural DGA
quasi-isomorphisms

~

c(CY) S (C®QC,8)Y & C(Q0) .

7. THE FREE LOOP SPACE ON A SUSPENSION

In this section, we show how to compute the cohomology algebra of
the free loop space on any suspension, H* <(EY)SI> (Theorem 7.8). A
more precise result is given in Theorem 7.6: we construct a finite type
cochain algebra weakly equivalent to S* ((ZY)S 1).

First we introduce some terminology. Let C' be a coaugmented DGC.

The composite C 2 ¢ ® C — TAC ® TAC extends to an unique
morphism of augmented DGA’s

Az : TAC — TAC ® TAC.

This DGH structure on the tensor algebra TAC is called the Hopf
algebra structure obtained by tensorization of the coalgebra C'. Dually,
let A be an augmented DGA. The composite TCAQTCA —» A®A X A
lifts to an unique morphism of coaugmented DGC’s

iy : TOA @ TCA — TCA.

This DGH structure on the tensor coalgebra TCA is called the Hopf
algebra structure obtained by tensorization of the algebra A 1. Using
formula 2.1, we see that the product prz of two elements [ay] - - |ay)]
and [by] - - |by| admits the following description:

'Added in 2013: This algebra is called by Loday, the quasi-shuffle algebra of

A(Proposition 1.3 of “On the algebra of quasi-shuffles”)
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A sequence & = ((0,0) = (zo, o), (21,91). -, (2. 3) = (pr0)) de-
fined by

(i1 +1,951) or

(zi,9i) = § (i1, Y1 + 1) or

(i1 + Ly +1),
is called a step by step path of length n from (0,0) to (p,q). To any
step by step path o of length n, we associate c, = [c1] -+ |cn] € A" by
the rule

Az, if (w3, y:) = (w1 + 1,9i0), i step is toward right,
ci =4 by, if (25, y5) = (251,91 + 1), i step is toward up,
palay ®by) if (xiy) = (i1 + 1, yiq + 1), i step in diagonal.

Then a straightforward computation establishes

(7.1) paca(lar] -+ lap] @ [oa] -+ [bg]) = ) *es

where the sum is taken over all the step by step paths o from (0,0) to
(p,q) and where + is the sign obtained with Koszul rule by mizing the
ai, - ,a, and the by,--- ,b,. In particular, when the product of A is
trivial, the product pipwz is the shuffle product considered on page 22.

Suppose that the DGC C' is k-free of finite type and such that C' =
k ® Cs1. Then the map

o : TC(CV) = (TAC)”
is a DGH isomorphism.
The starting observations of this section are the following conse-

quences of the Bott-Samelson Theorem (see [23, A2.Theorems 1.4 and
1.5] and [34, 7.1] for details).

Lemma 7.2. Let Y be a path connected space. Consider the Hopf

algebra structure on TAS,(Y') obtained by tensorization of the coalgebra
S.(Y'). Then there is a natural DGH quasi-isomorphism

TAS.(Y) = S.(QZY).

Lemma 7.3. Let Y be a path connected space such that H.(Y) is k-
free of finite type. Consider the Hopf algebra structure on TAH, (Y)
obtained by tensorization on the coalgebra H,(Y'). Then there is a HAH
quasi-isomorphism

Oy : TAH, (V) = S5,(QXY).

In particular, the Hopf algebra on TCHT(Y') obtained by tensorization
of the algebra H*(Y") is isomorphic to H*(QXY).
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We can choose Oy to be natural in homology. By the lifting lemma [17,
3.6], such Oy is natural up to homotopy of algebras.

Lemma 7.4. Let C be a chain coalgebra k-free of finite type such that
C =k @ Csy. Consider the Hopf algebra structure on TAC obtained
by tensorization of the coalgebra C'. Denote by A the cochain algebra
dual of C'. Then there is a natural structure of DGA on the cyclic bar
construction C(k@ s~ A) on the trivial cochain algebra (k® st A) such
that the quasi-isomorphism of complexes given by Theorem 6.1

C(TAC)Y S C(k @ s A4)

becomes a DGA quasi-isomorphism. The product on C(k @ s~*A) sat-
isfies the following definition:

Definition 7.5. Let A be an augmented DGA. Consider the Hopf
algebra structure on TCA obtained by tensorization of the algebra A.
Consider the complex (k @ s7tA) equipped with trivial product. The
formulas
(L& m).(1&m') =1 ® pr(m @ m),

(sta@m).(1®ar...a,) =5 'a® prez(m@a ... a,)

+ 5 puala ® a,) @ pea(m @ ay ... any),
(1®a...a,).(s'a®@m) =+ s"'a® ppzlar...a, @m)

+ 5 (a1 ®a) @ ppeglas . .. a, @ m)
and

(s ta®@m).(s7td’ @ m') =0.

for a, @’ € A, m, m' and a;...a, € TA and where + are the signs
obtained exactly by the Koszul sign convention, define a product on
Clk@stA) = (k@ stA) ® TA, the cyclic bar construction on (k @
s71A). We call this product on C(k @ s~'A) and the resulting product
in HH,(k @ s~*A), the products perturbed by the algebra A. If the
product on A is trivial, these products reduce to the shuffie products.

We can now state the main results of this section.

Theorem 7.6. Let Y be a path connected space. If S.(Y) is weakly
equivalent as k-free chain coalgebra to a chain coalgebra C k-free of
finite type such that C' =k @& Csy. Then the singular cochains on the
free loop spaces on the suspension of Y, S*((EY)Sl) is weakly equivalent
as cochain algebras to the cyclic bar construction C(k®s *CV) equipped
with the product perturbed by the algebra CV.
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Remark 7.7. If Y is a simply connected CW-complex of finite type then
Y satisfies the hypothesis of Theorem 7.6. Indeed, S.(Y) is weakly
equivalent as k-free chain coalgebras to the bar construction BS,(2Y)
and so to the bar construction of the Adams-Hilton model of Y, BA(Y).

Theorem 7.8. Let Y be a path connected space such that H.(Y) is
k-free of finite type. Consider the Hochschild homology on H*(XY'),
HH, (ks *HY(Y)), equipped with the product perturbed by the algebra
H*(Y) (Definition 7.5). Then there is natural isomorphism of graded

algebras H* <(EY)SI> = HH,.(H*(XY)).

It s worth noting the following particular case of Theorem 7.8.
Corollary 7.9. Let Y be a path connected space such that H,(Y)
is k-free of finite type. If the cup product on H*(Y) is trivial, then
H* <(ZY)51> is naturally isomorphic as graded algebras to HH, (H*(XY))
equipped with the shuffle product.

This Corollary of Theorem 7.8 can be proved more easily by applying
jJust Lemma 7.3, Theorem 4.4 and Theorem 6.2.

We show now that the algebra H*((XY)S") has a particular form.

Let V' be a graded module. The circular permutation to the right T
acts on TV by

mvy| . on] = (=1)Prllrvnsaliy o | o_q].

Define the module of invariants under T by
TV ={zeT"V,rx =2} and TV =PTV".
n=0

Define the module of coinvariants under T by

™V =
™V, = d TV, = V..
{r — 12,2 € T"V} o HGBO
Definition 7.10. [36, 2.2.11] Let R be a graded algebra. Let M be a
(R, R)-bimodule. The graded module R & M, product of R and of M
equipped with the multiplication

(r1,m1)(r2,ma) = (1172, 71 - Mg + My - 12)
is a graded algebra called the trivial extension of R by M.
Remark that a graded algebra of the form R & M where R and M
are two graded modules is a trivial extension of R by M if and only if

R is a subalgebra of R® M and the product of elements of M is always
null.
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Property 7.11. Consider a DGA of the form (R @ M,d) where the
underlying graded algebra is a trivial extension of a graded algebra R
by a (R, R)-bimodule M. If the differential d satisfies

d(R) C M and d|y =0.
Then

i) Ker(d|g : R — M) is a graded subalgebra of R.
ii) The graded algebra H(R® M, d) is a trivial extension of ker(d|p :
R — M) by coker(d|g: R — M).
Corollary 7.12. Let Y be a path connected space such that H,(Y) is
k-free of finite type.
i) The invariants of the Hopf algebra TCH™(Y') = H*(QXY') form
a graded subalgebra, denoted TCH*(Y)".

ii) The algebra H* <(EY)51> is isomorphic to a trivial extension
of TCHT(Y)™ by s~ [TTH'(Y),], that is the graded module of
coinvariants of positive length up to a desuspension of degree.

When k = Q and Y s a wedge of spheres, this Corollary has been
proved by Parhizgar [36, Theorems 2.2.4 and 3.2.2].

Proof. The cyclic bar construction on (k@ s 'H(Y)), C(H*(ZY)),
equipped with the product perturbed by the algebra H*(Y'), is a cochain
algebra (Lemma 7.4). The underlying graded algebra of C (H*(XY))
is a trivial extension of R = TCH*(Y') by
M=s"H*'Y)®TH'(Y)=s"[TTH(Y)].
The differential d of C (H*(XY")) is given by
d(s 'yly| ... |ya]) =0 and

([l - lya]) = s wnlgel - lyn] — 7 [l - - [y
for y,y1,...,yn € HT(Y). Therefore, by Property 7.11, the Hochschild
homology on H*(XY'), HH,(k®s 'H*(Y)), equipped with the product
perturbed by the algebra H*(Y") is a trivial extension of TCH T (Y)™ by
sTH[TTYHT(Y),]. By Theorem 7.8, this trivial extension is isomorphic

to the algebra H* ((EY)SI). O

1

Property 7.13. Let K be a graded Hopf algebra. The diagonal of the
coalgebra B(K; K; K) restricted to K ® (k@ sK) ® K is the (K, K)-
linear map given by

Alsa] = [sa] @ | + [sy] @ 2[| + (1) [ly ® [sz] + [ © [sa], 2 € K
where the reduced diagonal Ar = >y ® z.
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Proof of Lemma 7.4. The tensor algebra TAC is equal as DGA to the
cobar on the DGC k @ sC with trivial coproduct. Therefore by The-
orem 6.1, we get immediately a natural quasi-isomorphism of cochain
complexes

Ck ® s 'A) & C(TAC)".

But we have to remember how this morphism decomposes in order to
transport the multiplication from C(TAC)Y to C(k @ s~1A).

Since the differential on TAC is only linear, by Proposition 5.2, the
canonical inclusion

TC ® (k ® sC) ® TC < B(TAC; TAC; TAC)
is a quasi-isomorphism of complexes. Since the reduced diagonal of
TAC, Apyg embeds C into C®C, by Property 7.13, TC® (kdsC)@TC
is a sub DGC of B(TAC; TAC; TAC). By tensoring by — Qquaemac
TAC, we obtain the DGC (k ® sC) ® TC with differential given by
Corollary 5.5 and diagonal given by

A(st@c)=szd @1+ (-DFlsyod @10z
+ (_1)|y|+\c'|\sz\1 ® yC/ R sz ® &’ + (_1)|c’||5:c|1 ® C/ Q ST ® &

for » € C, ¢ € TC and where the reduced diagonal Az = 3"y ® z and
the unreduced diagonal Ac = > ¢ ® ¢”. The canonical inclusion

(k ® sC) @ TC < C(TAC)

is a DGC quasi-isomorphism.
In order to dualize (for details, review the proof of Theorem 6.1), we
see that the diagonal on (k @ sC) ® TC' is the sum of three terms,

Apg: TC — TC @ TC,
A sCRTC — sC®TC®TC

and

Ay :sC®TC — TC ®sC® TC.
The first term Ap,5 is just the diagonal of TAC. The second term A,
is the composite

(s@TC®pprp)o(COTCITCR1)o(CRT rpgre) o (Ac®@Apgp)o(s @TC)

where i denotes the inclusion C' < TC. The third term A, is the
composite

(hmag ® s @ TC) 0 (i @ To.7e @ TC) 0 (Ac @ Apyg) o (s7' @ TO).
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Therefore the product on (k& sTTA)RTA is the sum of three terms: the
product g of TCA, the dual of Ay : s TAQTA®TA — s 'A®TA
and the dual of Ay : TA® s 'A® TA — s 1A ® TA. O

Proof of Theorem 7.6. By Lemma 7.2 and Theorem 3.1, there is a nat-
ural DGC quasi-isomorphism

C(TAS,(Y)) = S.((Y)%).

Since the cyclic bar construction (Property 4.1), dualizing and ten-
sorization preserve quasi-isomorphisms between k-free chain complexes,
C(TAS,(Y))Y is weakly equivalent as cochain algebras to C(TAC)Y. By
Lemma 7.4, there is a DGA quasi-isomorphism

C(TAC)Y = Clk @ s~'CV).
Therefore C(k@s~'CV) is a weakly DGA equivalent to S*((XY)5"). O

proof of Theorem 7.8. Using Lemma 7.3, Theorem 4.4 and Lemma 7.4
with C' = H,.(Y'), we obtain the natural isomorphism of graded algebras

H ((zy)sl) ~ HH*(TAH,(Y)) = HH.(H*(XY)).
O

Ezample 7.14. Y = S4 d > 1. If d > 2 using Remark 7.7, S.(S%)
is weakly DGC equivalent to BQH,(S?), therefore to H,(S%). By [17,
7.3], there is a DGH quasi-isomorphism H,(S"') = S,(S"). So by The-
orem 7.6, as DGA
S ((Sd+1)51> ~ CH (S = (E(s'v) @ TCv, dy)
where v is an element of degree d. If d is even, as DGA
S* ((Sd+1)sl) ~ E(s7') @ Tw,0

and

H* ((SdJrl)Sl) ~ H*(SdJrl) ® H*(QsdJrl)

as graded algebras. We suppose now that d is odd. By dualization,
TCv = Fv ® TC(v?) as graded algebras. So as cochain algebras

S* ((SdH)Sl) ~ E(s ')@FEv@I(v?), dyy(v?) = 2(s  0)vye_1 (v?), k > 1.

Therefore, over any commutative ring k, the graded algebra H* <(ZS 4)S 1)

is the module

k@ (k) (v?) @ kv.T'(v?) @ k(s 'v).I'(v?) @ (%)v.(slv)f(zﬂ)
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equipped with the obvious products. In particular, if % € k, all the
products are trivial.

Ezample 7.15. Comparison of ¥ = CP? and YV = S2V ... Vv §%
d > 1. The Adams-Hilton model of CP? is QH,(CP%). Therefore
(Remark 7.7), S.(CP?) is weakly DGC equivalent to H,(CP?). So by
Theorem 7.6, as cochain algebras

S <(Z(CIP>d)Sl> ~ C(H*(SCPY)).
Similarly as cochain algebras
S* ((53 VIRV 52d+1)51> ~ C(H*(Sg VY SQd-&-l))'

The cochain algebras C(H*(XCP%)) and C(H*(S?V - -- Vv §2¢+1)) have
the same underlying cochain complex. But the product on C(H*(XCP?))

is the product perturbed by the algebra H*(CP?) and is far more com-
plicated than the shuffle product on C(H*(S?V --- Vv §2¢F1)),

Remark 7.16. Theorem 7.8 claims that the algebra H* ((EY)51> de-
pends functorially on the algebra H*(Y'). But it is useful to remember
that H* <(ZY)51> depends functorially on the Hopf algebra structure

of the loop space homology H,(QXY) =TAH (V).
For example, if we return to Example 7.15, we obtain the weak equiv-
alences of cochain algebras

S* ((chd)51> ~ C (TAH, (CPY)" ~ CH*(SCP*)
and
5* ((53 Vv s2d+l)51) ~ C(TAHL(S2V -+ v §2))Y ~ CH*(SPV- - v S2HL),
If % € k then by a Theorem of Anick [2, 3.12]
TAH,(CPY) = TAH,(S*V --- Vv 5%

as graded Hopf algebras. And so we have the isomorphism of cochain
algebras

C (TAH, (CPY))" = C (TAH (S V -~V §29)) "

So finally, if 2,..., d are units in k, we have the isomorphism of graded
Hopf algebras

H*(QXCPY) = H* (Q(S3 VIURY. 52d+1))
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and the isomorphism of graded algebras (Compare with Theorem 8.4
or equivalently the Theorem in [13])

H ((5CP)S') 2 e (8% v - v 82T
The converses can be proven easily (Compare with [34, 9.9], [12, §4]
or [35, 4.4]). Denote by z, the generator of H?(QXCP?) = H? (Q(S3 v -+ v S2+1)).
In H*(QXCPY), 24 # 0. If d! = 0ink, 24 = 0in H* (Q(S3 Vv - - v S24H1)).
Therefore, when d! = 0 in k, there is no isomorphism of graded algebras

between H*(QXCP?) and H* (Q(S3 V- -+ v §%*1)). For any space X
such that H,(X;Z) is Z-free of finite type,

d'k d'k
as graded algebras. So we have the implications:
H*(QECP% k) = H* (Q(S? v -+ - v $?1): k) as graded algebras

k k
H*(X;k) =2 H(X;Z) ®z k and so H* <X —) H*(X;k) @k —

k k
= H*(QXCP d'k> = 0" (Q(S3 VAR E ) as graded algebras

d'k

1
d'k is the null ring = a ck.

We prove now that if d! has no inverse in k, there is no isomorphism of
graded algebras between H* <(Z(CIP’d)Sl> and H* ((53 VeV SQdH)Sl).

We have the sequence of isomorphisms of modules [29, 5.3.10]

. ((ECIPd)Sl> > HH, (TA(zs, . . ., 220)) = T(2a, . . ., 220),®(s@1)T(@a, - - 220)"-

Since xs,. .., T9q are elements of even degree, H, <(ECIP’d)Sl; Z) is Z-

free of finite type. So as for the loop spaces, the proof for the free loop
spaces reduces to the case where d! = 0 ink. For X = XCP?or S3V-- -V
S2d+1 by Serre spectral sequence, the inclusion QX — X*° " induces in
cohomology an isomorphism in degree 2 and a monomorphism in even

degree. Therefore if d! = 0 in k, 3 # 0 in H* <(ZC]P’d)SI> whereas
3 =0in H* ((53 VARERY SQdH)Sl).

8. THE HOCHSCHILD HOMOLOGY OF A COMMUTATIVE ALGEBRA

If a HAH model of a path connected pointed space X 1is the cobar
construction on a cocommutative chain coalgebra C k-free of finite type
such that C' =k @ Csq, by Theorems 4.4 and 6.2, the free loop space

cohomology of X, H*(XSI), 15 1somorphic as graded algebras to the
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Hochschild homology of the CDGA CV. In this section, we give various
examples of such a space X.

Denote by A the cochain algebra CV. We suppose now that A is
strictly commutative (i. e. a®> = 0 if a € Agq) and that A is k-
semifree. We start by giving a method as general as possible to compute
the Hochschild homology of A.

Let V' be a k-free graded module of finite type. The free strictly com-
mutative graded algebra on V is denoted AV'. The free divided powers
algebra on an element v has already been defined page 5. Using the
formula T(V @& W) 2 TV @ 'W and an argument of direct limit, we
define the free divided powers algebra on V', denoted I'V. A decom-
posable Sullivan Model of A is a cochain algebra of the form (AV,d)
where V- = {V'};59 is k-free of finite type and d(V) C A=%V, equipped
with a quasi-isomorphism of cochain algebras (AV,d) = A. Ifk is a
principal ideal domain, by Theorem 7.1 of [20], A admits a minimal
Sullivan model. When k is a field, minimal Sullivan models are the
decomposable ones [20, Remark 7.3 1)].

Anyway, suppose now that we have somehow obtained a decompos-
able Sullivan model (AV,d) of A over our arbitrary commutative ring
k. Proposition 1.9 of [15] (See also [21, p 320-2]) is valid over any
commutative ring k, since it is proved “ by induction on a basis of V
ordered by increasing degree ”. Therefore consider the multiplication of
(AV,d):

p: (AV' . d) @ (AV” d) — (AV,d).
By induction on the degree of V', we can construct a factorization of ju:

~

(AV',d) ® (AV”,d) - (AV' @ AV” @ T'sV, D) > (AV.d)
such that
(i) D(sv) — (v =0") e A(V=") @ A(V<") @ I's(V<") forve V™,
(i) D(v*(sv) = D(sv)y*~Y(sv) for v € V4 and
(iii) o(T'(sV)T) = 0.
Moreover, any such factorization satisfies

(iv) @ is an inclusion of CDGA’s such that (AV' @ AV” @ I'sV, D)
is (AV',d) @ (AV”, d)-semifree,

(v) ¢ is a CDGA quasi-isomorphism and

(vi) ImD C (AV' @ AV?")T @ T'sV.

By push out in the category of CDGA’s, the multiplication of A ex-
tends to a CDGA quasi-isomorphism from

(A® A) @uvaenve (AV @ AV? @ I'sV, D),
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which is A® A-semifree, to A. The multiplication of A also extends to
a CDGA quasi-isomorphism B(A; A; A) = A. Since A is k-semifree,
the bar resolution B(A; A; A) is also A ®@ A-semifree. Therefore the
cochain algebras

C(A) =A ®a54 B(A; A; A),
(A®RTsV,D) =A ®aga (A® A) @avaenvae (AV @ AV? @ T'sV, D)
and

(AV @ I'sV, D) =(AV,d) @ av.aenva (AV' @ AV? @ T'sV, D)

are weakly equivalent as CDGA’s (130, VII1.2.3], for details [34, Section
8] or[3,2.3.2]). So finally, we have the isomorphisms of graded algebras

HH.(A) =~ H'(A®TsV,D) = H*(AV ® T'sV, D).

Proposition 8.1. The free loop space cohomology on the complex pro-
jective space CP", H*((CP™)5"), is isomorphic as graded algebra to the
Hochschild homology of H*(CP").

The same result (same proof) holds for the quaternionic projective
space HIP™.

Lemma 8.2. [2, 8.1g),h)][1, Corollary 2.1] [34, part 1. of Theorem
6.2] Let X — Y be an inclusion of simply-connected CW-complezes.
Consider an Adams-Hilton model of X, equipped with a HAH model
structure for X, A(X). Consider an Adams-Hilton model of Y, A(Y)
extending the Adams-Hilton model of X. Then there is an structure of
HAH model for'Y on A(Y') that extends the HAH model structure for
X of A(X).

Proof of Proposition 8.1. By induction on n, we suppose that the Adams-
Hilton model of CP"! equipped with its HAH model structure is the
cobar construction QH,(CP" ') equipped with the shuffle diagonal, de-
noted Ag. Denote by A the diagonal on QH, (CP") = TA(zy, ..., 2041, d2)
obtained by Lemma 8.2. This diagonal A is different from the shuffle
diagonal A only on the top generator zo, 1. So (Ag — A)zg,—1 is a
cycle. Since QCP" =~ S! x Q521 for degree reason, it is a boundary.
Therefore, we can construct a derivation homotopy from A, to A. [

A decomposable Sullivan model of klff} is (A2, Yons1), d) with dys,1 =
To

xy . Using the general method described above, HH,(H*(CP™)) is the
cohomology algebra of

k|z
( Lfl] & st% SYon+1, D)
)
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with Dsyon1 = sz(n+1)a". Therefore the graded algebra H*((CP™)5")
15 the module

k ® @ kaP~y' (sy) @ @ ka? sz (sy)

1<p<n, ieN 0<p<n—1, ieN
k | |
n A n k ¥
@ge?—(wr Re s (sy) EB;@( k)i (sy)

equipped with the obvious products. When k = Z, this is exactly Propo-
sition 15.33 of [10] (Set o; = xv'(sy) and ; = sxv'(sy) to make the
correspondence). In particular, if n +1 = 0 in k, we obtain the iso-
morphism of graded algebras

H*((CP™)") = H*(CP") @ H*((QCP™)).

To compute the Hochschild cohomology of a universal enveloping al-
gebra of a Lie algebra is equivalent to computing the Hochschild homol-
ogy of a commutative algebra:

Consider a differential graded Lie algebra (in the sense of [20, 1.1(1)])
L such that L = {L;};>1 is k-free of finite type. The universal envelop-
ping algebra of L, denoted UL, has a natural structure of DGH |20,
1.1(i1)]. If 1 € k, the reduced bar construction B(UL) contains a quasi-
isomorphic sub-DGC C.(L) = (I'sL,dy + dz). Its dual, denoted C*(L),
is a CDGA called the (reduced) Cartan-Chevalley-Filenberg complex.
Since C.(L) is cocommutative, the cobar construction QC.(L) equipped
with the shuffle diagonal is a DGH. The composite of natural DGA
quasi-isomorphisms

QC.(L) = OB(UL) = UL
1s @ DGH morphism. By Theorem 6.2, we get immediately

Lemma 8.3. Suppose that % € k. Let L be a differential graded Lie
algebra such that L = {L;};>1 is k-free of finite type. Then there is a
natural 1somorphism of commutative graded algebras

HH*(UL) = HH.(C*(L)).

We give now a large class of spaces which admit the universal en-
veloping algebra of a differential graded Lie algebra as a HAH model:

Let r > 1 be a fized integer. Let p > 2 be an integer (possibly
infinite) such that ﬁ € k. Consider a r-connected CW-complex X
of finite type and of dimension < rp. We want to compute the free loop
space cohomology algebra H*(Xsl). If p = 2 then, by the Freudenthal
Suspension Theorem and Proposition 27.5 of [18], X is the suspension

of a co-H space. And so we have already seen in Section 7, particularly



THE COHOMOLOGY RING OF FREE LOOP SPACES 35

using Corollary 7.9, how to compute its free loop space cohomology
algebra H* (Xsl). Therefore, we can suppose that p # 2. The Adams-
Hilton model of X, A(X), is a chain algebra of the form (TAV,d)
on a k-free graded module V' concentrated in degrees between r and
rp — 1, endowed with a structure of HAH model for X. Therefore, by
a deep Theorem of Anick [2, 5.6], there exists a free graded submodule
W C TAV such that d(W) embeds into the free graded Lie algebra
generated by W, LW C TAV and such that the DGA morphism

U(LW,d) = (TAV, d)

is a HAH isomorphism. This free differential graded Lie algebra (LW, d)
is the model L(X) of Construction 8.4 of [2]. By Lemma 8.3, we have

Theorem 8.4. With the above hypothesis and notations, there is a
natural 1somorphism of graded algebras

H*(X5")~ HH, (C*(L(X))) .

This Theorem extends the rational case given by Vigué and Sulli-
van [41]. When k is a field, this Theorem has been first proved by
Dupont and Hess [13]. We had the idea of studying free loop space for
“large primes” after studying fibrations for “large primes” in [34].
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