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Abstract  The loop homology ring of an oriented closed manifold, defined by Chas and Sullivan, is
interpreted as a fibrewise homology Pontrjagin ring. The basic structure, particularly the commutativity
of the loop multiplication and the homotopy invariance, is explained from the viewpoint of the fibrewise
theory, and the definition is extended to arbitrary compact manifolds.
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1. Introduction

In [3] Chas and Sullivan defined the loop product on the (rational) homology, H,1q4(LM),
of the free loop space of an oriented closed d-manifold M, with a dimension shift d,
and showed that the product gave H,q(LM) the structure of a (graded) commutative
associative H*(M)-algebra. The free loop space LM, defined as the space of continuous
loops a : R/Z — M, fibres over M by evaluation at 0: o« € LM — «(0) € M, and the
fibre at x € M is naturally identified with the space of based loops 2(M, x) in the space
M with basepoint x. In this framework the loop product can be interpreted as a fibrewise
Pontrjagin product in the fibrewise homology of p : LM — M over M. This paper gives
an account of loop homology from this point of view, with some examples. Although the
elementary definitions can be made for any compact Euclidean neighbourhood retract
M, the proof of the commutativity of the loop product given in §5 requires M to be
a smooth, but not necessarily orientable, closed manifold. The results are extended to
a compact manifold with non-empty boundary OM by looking at the relative fibrewise
homology over (M,0M).

Granted some familiarity with fibrewise homology theory, the definition of loop homol-
ogy as a fibrewise theory and the verification of its basic properties are straightforward
exercises. In §2 we provide a brief review of fibrewise homology theory. For more details
the reader is referred to [9, Part II, § 15]; the account of fibrewise stable homotopy given
there was written primarily as a source for applications to geometry, and this is one
such application (see also [8]). Section 3 describes the basic definition and structure of
loop homology as a fibrewise homology theory. In §4 we relate the construction to the
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definition given by Cohen and Jones [4] in terms of the Thom space of the pull-back
—p*TM to LM of the negative of the tangent bundle 7M of the smooth manifold. (The
relationship between the two definitions is, in fact, a rather old result, going back at least
0 [10].) Section 5 treats the commutativity of the loop product.

There is now a fairly extensive literature on loop homology. The reader is referred, in
particular, to [12-16].

2. A review of fibrewise homology theory

We fix a base space B, which will be a compact Euclidean neighbourhood retract (ENR).
All fibrewise pointed spaces over B will be understood to be locally fibre homotopy
trivial with each fibre of the homotopy type of a pointed CW complex. We also make the
technical restriction that fibrewise pointed spaces be homotopy well pointed (as in [9]).
A subscript « is used to indicate the fibre of a fibrewise space at a point € B of the
base.

2.1. Definitions

Let E — B and F — B be fibrewise pointed spaces with the fibres of E being of the
homotopy type of finite complexes. Denoting the Eilenberg-MacLane space K (Z,n) by
K,,, we define the fibrewise cohomology groups (with Z-coefficients) for i € Z as direct
limits of sets of fibrewise pointed homotopy classes over B:

HL{E;F} := lim[S3E; (B x Knyi) Ap Fp,

where Yp is the fibrewise suspension. More generally, if A C B is a closed sub-ENR, of
B, we define the relative groups

Hip y{E;F} = M [EEE; (B X Knyi) A Fl(p,a)

as homotopy classes of fibrewise maps over B which are null (that is, zero) over A.

If B is a point, we drop the suffix and write simply H*{X;Y} for pointed CW com-
plexes X and Y (with X finite). (The notation is not widely used in algebraic topol-
ogy, but the cognate K K-notation for Kasparov’s K-groups of C*-algebras is stan-
dard.) Thus, H*{X;S°} is the (reduced) cohomology H*(X) of the pointed space X,
and H'{S% Y} = H_;(Y) is the homology of Y. In simplicial terms, H*{X;Y} is the
Z-module of chain homotopy classes of chain maps of degree ¢ from the reduced singular
chain complex C,(X) of X to C,(Y).

In general, we refer to H5{E; B x S°} as the fibrewise cohomology of the fibrewise
pointed space E — B, and to Hy{B x S% F} as the fibrewise homology of F over B.

2.2. Fibrewise cohomology

The fibrewise cohomology group is easily seen to be just the (reduced) cohomology
group of F modulo the subspace B included as the fibrewise basepoint:

HL{FE;B x S8°} = H'(E/B).
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More generally, when F is trivial, say FF = B x Y, we have the identification:

HY{E;BxY}=H{E/B;Y}.

2.3. Fibrewise homology
The fibrewise homology groups do not have a corresponding classical interpretation.
We shall be concerned in this paper with the functor

X — Hy{B x X;F}

on pointed finite complexes X, for a fixed fibrewise space F' — B. In the special case that
B is a closed manifold there is a representability theorem, stated precisely as Proposi-
tion 4.1:

Hj;{B x X;F}=H"{X;(N Ag F)/B},

where N is a certain stable space over B (an appropriate fibrewise desuspension of the
fibrewise one-point compactification of the normal bundle of an embedding of B in some
Euclidean space).

2.4. Products

The fibrewise cohomology has smash and composition products:
A: Ho{E;F}®@ Hy{E';F'} - HF"{EAp E';F Ap F'},
o: HL{E;F}® Hy{D;E} — HL"{D; F}

(for fibrewise pointed spaces E, E', F, F' and D over B with the fibres of E, E' and D
finite). In particular, H5{E; F'} is a (graded) H*(B)-module.

2.5. The Serre spectral sequence

The classical construction generalizes to give a Serre spectral sequence, functorial for
E and F in the category of fibrewise pointed spaces, with Es-term

EyY = HP(B; 1Y),

where H? is the local coefficient system with He = HI{E,; F,}, © € B, converging to
HE{E; F}. The differential d" has degree (r, —r+1) (see [9, Part II, Proposition 15.20]).
The spectral sequence is multiplicative, that is, the differentials are derivations, with
respect to the smash and composition products (in §2.4).

2.6. The fibrewise Pontjragin product

Let & — B be a locally fibre homotopy trivial fibrewise space over B (with fibres of the
homotopy type of CW complexes). We write ¢, 5 — B for the fibrewise pointed space
obtained by adjoining a disjoint basepoint in each fibre. (Thus, the total space @, p is
the disjoint union of ¢ and B.)
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Suppose that & — B is a fibrewise Hopf space with (homotopy) associative multipli-
cation m : @ x g® — @ and (homotopy) identity e : B — ®. Then we have an associative
Pontrjagin product

My Hp{E; @15} @ H{E'; 915} — Hp{E Ap E'; 915}

In particular, H5{B x S% &5} is an associative algebra over H*(B) with identity ele-
ment e, € HY{B x S &, p}.

3. The definition of loop homology

Let M be a compact ENR, for example, a closed manifold or finite complex. Consider
the fibrewise pointed space M x M — M : (z,y) — z, pointed by the diagonal section:
2 +— (z,x). We shall show that it is a pointed homotopy fibre bundle, in the terminology
of [9], that is, it is locally fibre homotopy trivial as a fibrewise pointed space. (In more
standard, but less geometric, terminology, M x M — M is a based fibration.)

Lemma 3.1. Let M be a compact ENR. Then the fibrewise pointed space M x M —
M, pointed by the diagonal section, is locally fibre homotopy trivial.

Proof. We may assume that M is a subspace of an open subspace U of some Euclidean
space V' and that r : U — M is a retraction. Fix a € M. There is a neighbourhood W of
a in M such that z +(b—a) € U for all x € M, b € W. Define ¢, 00 : W x M - W x M
by ¢(b,z) = (x, f(b,x)), where f(b,z) = r(xz+ (b —a)), and (b, x) = (b, g(b, z)), where
g(b,z) = r(x — (b — a)). Thus, ¢(b,a) = (b,b) and (b,b) = (b,a). By an appropriate
choice of W we may arrange that hy(b,z) = (1 —t)f(b,g(b,x)) + tx € U and ki(b,z) =
(1—t)g(b, f(b,z))+tx €U forallz € M,be W, t € [0,1]. Notice that h.(b,b) = b and
ki(b,a) = a. Then r o hy and r o k; give homotopies ¢p o) ~ 1 and ¢ o ¢ ~ 1. The map ¢ is,
thus, a local fibre homotopy trivialization of the fibrewise pointed space M xM — M. O

Remark 3.2. If M is a closed manifold, the fibrewise pointed space M x M — M
is even topologically locally trivial, essentially because the diffeomorphism group of a
connected closed manifold acts transitively (see, for example, [9, Part I, Example 1.20]).

The fibre of M x M — M over © € M is the pointed space {x} x M with basepoint
(z,z). It is naturally identified, by projection, with the space M with the basepoint x,
and we shall think of the fibres in this way.

The (continuous) free loop space LM = map (R/Z, M) fibres over M by evaluation at
the basepoint 0 € R/Z as the fibrewise loop space 2, (M x M):

p: LM = Qpy(M x M) — M, a— a0).

The fibre at € M is (naturally identified with) the loop space 2(M,z) of M with
2 as basepoint. Topologically, LM is an absolute neighbourhood retract (ANR); for, if
M is a retract of an open subset of a finite-dimensional R-vector space V', then LM is
a retract of an open subset of the Banach space of continuous loops in V. Recall that
(LM)yp = LM U M is the fibrewise pointed space over M obtained by adjoining a
basepoint to each fibre.
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Definition 3.3. To the compact ENR M we associate the generalized cohomology
theory H}, defined by )
M (X) = Hy{M x X; (LM) 0}

for a finite pointed complex X. The graded abelian group H*M(X ) is a module over
H*(M). As usual, for a finite complex P we write H?,(P) = H%, (P, ), where P, is the
pointed space obtained by adding a disjoint basepoint to P, and, if @) is a subcomplex
of P, we set H%,(P,Q) = H%,(P/Q).

There is a fibrewise Hopf structure

defined in the fibre over x by the standard homotopy associative loop multiplication
R(M,x) x 2(M,z) = (M, x), with (homotopy) identity

e: M — 2y (M x M)

given in the fibre by the inclusion of the constant loop at x.
The fibrewise Pontrjagin multiplication (see § 2.6) thus gives an associative loop product

p Hy (X)) @ B, (Y) —» HYF (X AY). (3.1)

In particular, the coefficient ring Hj}, (x), which (following [3,4]) will be called the loop
homology of M, is an associative graded H*(M )-algebra with identity 1 € H9, () given
by the section e. (The algebra is also equipped with an involution, given by reversing
loops: 2p (M x M) — 2y (M x M).)

We record two immediate consequences of the definition.

Proposition 3.4. For each point x € M, there is a natural multiplicative transfor-
mation:

Hi (X) = H{X; (2(M, 2))+}.
Proof. This is given by restriction to fibres at x:
Hj(X) = Hif{M x X; (LM)sar} — HY{X; (Q2(M, )4}
O

Proposition 3.5. There exists a natural multiplicative transformation of H*(M)-
modules:
%, (X) — H* (M, A X).

Proof. The transformation is induced by the projection LM — M:
H3,(X) = Hy {M x X; (LM) 0} — Hi{M x X; M x S°} = H* (M A X).
It is evidently multiplicative with respect to u and the cup product:
H* (M ANX)® H*(My AY) — H*(My A (X AY)).
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Next we investigate the dependence of the loop homology on M.

Lemma 3.6. Let f : M — N be a homotopy equivalence between compact ENRs.
Then the fibrewise map
(LM) s —= (f*LN) 1M

| |

M————M
determined by f is a pointed fibre homotopy equivalence.

Proof. On the fibres at x € M we have the induced map
QM,z) = 2N, f(x)),

which is a pointed homotopy equivalence because the ENRs M and N are well pointed
by any choice of basepoint. In view of Dold’s theorem (as, for example, in [9, Part I,
Theorem 1.29]), we recognize a pointed fibre homotopy equivalence over M. O

We thus obtain isomorphisms

Hi (M x X5 (EM) a0} £ By AM % X5 (f*LN) 40} & H3{N x X5 (EN) 4},
the first induced by the fibre homotopy equivalence in Lemma 3.6 and the second by
lifting from N to M. Denoting the composition (f*)~! f. by f4, we have established the
following homotopy invariance property of loop homology.

Theorem 3.7 (homotopy invariance of loop homology). Let f : M — N be a
homotopy equivalence between compact ENRs. Then there is an induced equivalence of
multiplicative cohomology theories

F - Hy (X)) = Hy (X).
O

The Serre spectral sequence in §2.5 yields the following spectral sequence for loop
homology, which has appeared, as an independent construction, in [5].

Proposition 3.8 (Serre spectral sequence for loop homology). There is a mul-
tiplicative spectral sequence with Es-term H*(M;H*), where H* is the local coeffi-
cient system with Hi = H_.(2(M,z)) at x € M, converging to the loop homology
ring H}, (). O

Example 3.9. The calculation of the loop homology ring HY,(x) of an odd-dimen-
sional sphere M = S?"*1 n > 1, was made in [9] (see Part II, Proposition 15.28) and the
discussion following Part II, Remark 15.31)) and in [5]. If we write M as the unit sphere
S(C"*1) in C*HL| we can split the tangent bundle as 7M = R@(, where the fibre ¢, at x
is the orthogonal complement of Cz in C™. Then 2(M, z) can be written as 25(Cz® ()

https://doi.org/10.1017/50013091505001483 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091505001483

Loop homology as fibrewise homology 33

and identified with 25X, where the sphere (;' is the one-point compactification of ¢,.
This allows us to write LM as the fibrewise loop space

LM = 2,5,,Ch

of the fibrewise suspension of the fibrewise one-point compactification C]J\Z of the vector
bundle ¢. The inclusion of the (pointed) sphere bundle

G — “QMEMC]\J;I

by the James construction (in each fibre) gives, as the image of the Thom class of the
oriented vector bundle (, a fibrewise homology class z which generates the loop homology
as a polynomial ring over H*(M):

Y, (%) = (Z[u]/(u?)) ® Z[z], where u € H*" (M), z € H]Tf"(*)

More generally, we can look at the loop homology of M = N x S§?"*! for any compact
ENR N. By the same method we obtain

Hiy g2t (X) = Hy (X) © Hganra ().
]

Example 3.10. Let M = U(n), where n > 1, be the unitary group. Then the bundle
LM — M is trivial as a fibrewise Hopf space: LU(n) = U(n) x 2U(n). So we may write
down the loop homology as

B(n)(*) = H*(M) ®Z[I0,Jjal][ﬂ;‘1, e axn—1]7

where z; € H,7*(%). (For the related calculation of the fibrewise Pontrjagin ring of the
fibrewise Hopf space LB U(n) — B U(n) with fibre U(n), see [8,9].)

This includes the special case M = U(1) = S, for which the free loop space LM — M
is fibre homotopy equivalent to M x Z — M and

H (%) = (Z[u]/(uQ)) ® Z[z, 2", where u € Hl(M), z € H%/[(*).
O

In [2] we established a fibrewise stable splitting of LM — M when M is a sphere or
real projective space. This result specializes to give the following additive decomposition
of the loop homology.

Example 3.11. Let M be the real projective space of dimension d. Then
Hiy (x) = H* (M) @ @ £+ (S(rM) 17 ™M),
1>1

as a module over H*(M), where 7 : S(tM) — M is the sphere bundle of the tangent
bundle 7M. (Here and elsewhere we write B¢ for the Thom space of a finite-dimensional
real vector bundle £ over a base B.) O
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The Serre spectral sequence in Proposition 3.8 was used by Cohen et al. [5] to calculate
the loop homology of even- (and odd-) dimensional spheres and of complex projective
spaces. (See also [9, Part II, Propositions 15.30 and 15.33] and [1] for similar calculations
of fibrewise Pontrjagin rings.)

In considering manifolds with boundary, as in the next section, we shall require the
following extension of the basic definition.

Definition 3.12. Let A be a closed sub-ENR of the compact ENR M. Then we define
H7pr ) (X) = Hipg ay{M x X; (LM) 4 ar}-
The Pontrjagin product provides an associative loop multiplication
o Yy 0 (X0) © By 40 (V) = Hly 0 (X AY). (3.2)
In particular, HfM)A)(*) is an associative H*(M)-algebra. It will not normally possess

an identity element if A is non-empty.

Example 3.13. Indeed, if M is the disc D¢, d > 1, and A is its boundary dD?, the loop
homology algebra is Z concentrated in dimension d. For the inclusion, M x S® — (LM) s
is a fibre homotopy equivalence and we may, more generally, calculate

7y ) (X) = Hipy ay{M x X; M x 8%} = H*~4(X).

4. The loop homology of a smooth manifold

We recall the following result from [10, § 9, particularly Lemmas 9.3 and 9.11].
Proposition 4.1. Suppose that M is a closed (smooth) manifold, with tangent bundle

7M. Then there is a natural equivalence,

Aart Hi{M x X; F} = H*{X;(F,M)P" ™™},

for any finite pointed complex X and any pointed homotopy fibre bundle p : F' — M with
fibres of the homotopy type of CW complexes. Naturality in X and F has the obvious
meaning; naturality in M is to be understood as follows. Suppose that f : M' — M is a
(continuous) map from a closed manifold M', and write p’ : F' — M’ for the pull-back
of F'— M. Then there is a commutative diagram

Hi M x X; Fy — 1 12 M % X F')

A]\{lu ﬁi)\kjl

H*{X, (F, M)—p*TM} T> H*{X, (FV7 M/)—p/*T]\/I/}

in which f* is given by lifting from M to M’ and the Umkehr map f' is defined by the
Pontrjagin-Thom construction. (I
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In the statement, the relative Thom space (or, rather, spectrum) (F, M)~? ™ is the
homotopy cofibre of the inclusion

M—TM N F—p*TM

of Thom spaces (given by the inclusion of the basepoint section M < F').

Although the result in Proposition 4.1 was described in [10] as ‘more or less standard’,
it was, perhaps, not so well known at that time. Other accounts have since become
available (see, for example, [9, Part II, Corollary 12.41 and Proposition 12.43)] or [13]).
When F is a trivial bundle, the isomorphism Aj; reduces to the Poincaré—Atiyah dual-
ity between M, and M~"™ and the naturality involving f is the standard relation
between the Umkehr f' and the induced map f* under duality. As is explained in [10,
p. 401], the general result can be established, like the duality theorem, by constructing
Ay and an inverse map pps explicitly using Umkehr maps and then checking, by an
essentially formal argument using the properties of the Umkehr, that Ay, and up; are
mutual inverses. The correspondence between f* and f' (which was not discussed in [10])
follows from the functoriality of the Umkehr map. It is also clear, from the nature of the
proof, that the result (stated in [10] for stable cohomotopy) holds for other cohomology
theories.

The correspondence in Proposition 4.1 allows us to relate our definition (Definition 3.3)
of loop homology in terms of fibrewise homology to the definition given by Cohen and
Jones in [4].

Theorem 4.2. Let M be a closed (smooth) manifold. Then there is a natural equiv-
alence,

under which the fibrewise product in H}"W(X ) corresponds to the product defined by
Cohen and Jones using the Pontrjagin—-Thom construction.

Proof. We have to show that the fibrewise Pontrjagin product corresponds under
the equivalence \j; of Proposition 4.1 to the Cohen—Jones version of the Chas—Sullivan
multiplication. This will follow from the commutativity of the diagram in Figure 1, in
which the left-hand column is a factorization of the loop multiplication p and the right-
hand column defines the Cohen—Jones multiplication.

In the square [1], the maps A are given by the (exterior) smash product and LM x LM
fibres over M x M by the projection p X p. The map A in the square [2] is the diagonal
M — M x M; commutativity follows from the naturality of the equivalence A. The square
[3] commutes by naturality of Proposition 4.1 in F'. a

When M is an oriented closed manifold of dimension d, we may use the Thom isomor-

phism for 7M to identify H*{X;(LM)~? ™M} with the homology H*~%{X;(LM),} of
LM with a shift of degree d. This is the case considered by Chas and Sullivan in [3].
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Hi {M x X;(LM) '} M@ HH{X; (LM)7P MY
QHyA{M x Y35 (LM) 10} QH*{Y; (LM)~P ™M}
A A

Hyp o {M < M) x (X AY);
(LM x LM) 4 (mrxan}

H{XAY;

g (EM)*P*TM A (EM)*Z?*TIVI}

HJTlxM{(M x M) x (X NY); AM x M H*{X NY;
(LM X LM) 4 ()} (LM x LM)~(pxp) T(MxM)y

l A 2 A!J(

H M x (X AY); (EM xap LM) par} —2 s H*{X AY; (LM xar LM) P ™M)

im* (3] My \L

Hi (M x (X AY); (£M) 41} H{X A Y (LM) 77 ™M)
Figure 1.

The structure described in Propositions 3.4 and 3.5 translates under the equivalence
in Theorem 4.2 into [4, Theorem 1 (1) and (2)]. The Serre spectral sequence in Proposi-
tion 3.8 gives the spectral sequence constructed by an ad hoc method in [5]. The homo-
topy invariance (Theorem 3.7) leads, as we now explain, to the homotopy invariance
of the Chas—Sullivan product established in [6]. Suppose that f : M — N is a homo-
topy equivalence between closed, smooth manifolds. Recall that there is an associated
‘homotopy derivative’ df, which is a stable fibre homotopy equivalence

(rM)f; == (f*rN)}; —= (rN)},

S N

M I M 7 N

from the fibrewise one-point compactification of 7M over M to that of the pull-back
f*TN (see, for example, [7, Chapter 8]).

Proposition 4.3. Let f : M — N be a homotopy equivalence between closed, smooth
manifolds. Then the equivalence fy : H},(X) — Hy (X) (Theorem 3.7) of multiplicative
cohomology theories corresponds under the isomorphism in Theorem 4.2 to the compo-
sition

(df)*

(fodf)e s H{X; (LM)P ™M) 208 Bo{X; (eM) 2 TN} =5 H{X; (LN)~ "N},

where q is the projection LN — N.
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Proof. First, we have by the naturality of A a commutative diagram:

Hi{M x X; (LM) 40} % Hi M x X; (f*LN) s} f? H4{N x X; (LN)4n}

)‘Ml: )\Ml/: AN\LZ

H{X; (LM)™7 ™M} ——— H*{X; (f*LN) 7™M} — - H{X; (LN)~a" 7N}

Since df is a fibrewise equivalence over M, we may replace f. o (df). in the square

N df)« * o
H*{X,(EM)fp TM}%H*{X’ (‘CM)fp f TN}

| |

HXG (P EN) 7 ™M} o (X (LN 277N

by (df). o f.. It remains, therefore, to show that the inverse of the Umkehr map f' above
is the composition
16 (fLN) 7 7 S0 (6 (L) TNy L (X ()7 T,

But this is a standard result about the Umkehr map for a homotopy equivalence (following
from the definition of the homotopy derivative itself in terms of the Umkehr map); see,
for example, [7]. O

This proof of homotopy invariance is essentially that given by Gruher and Salvatore
in [12], except that they do not use fibrewise homology and work entirely within the
Cohen—Jones framework.

The equivalence in Proposition 4.1 extends to manifolds with boundary (see [9, Part I,
Proposition 12.44]).

Proposition 4.4. Let M be a compact manifold with boundary. Then there are
natural equivalences

HiypoanAM x X F} = H*{X; (F, M)~PTMy
and
Hi M x X;F} = H*{X; (F,(F | M) U M)~ ™™}

for a pointed finite complex X and pointed homotopy fibre bundle p : F' — M with fibres
of the homotopy type of CW complexes. O
Specializing to (LM)4p — M we obtain the following.

Proposition 4.5. For a compact manifold M with boundary,

H?M,(?M)(X) = H*{X; (LM)"" ™}
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and
H, (X)) = H{X; (LM, LM | OM) =P ™M1,

where LM | OM is the space of free loops « : R/Z — M with «(0) € OM (that is,
beginning on the boundary). O

Example 4.6. Let I' be a finite subgroup of the group Sp(1) of unit quaternions and
take M = Sp(1)/I". For v € I', let §2, denote the space of paths w : [0,1] — Sp(1)
from 1 = w(0) to v = w(1); it is homotopy equivalent to £2Sp(1). Associated to the
adjoint action of I" on itself by inner automorphisms there is the bundle of groups ¢ =
Sp(1) xp I' = Sp(1)/I" = M. A loop o € LM based at gI" € Sp(1)/I", where g € Sp(1),
lifts to a (unique) path gw, with w € (2., from g to gy in Sp(1), and the assignment
a — [gI, ] € @ defines a fibrewise Hopf map p : LM — @. For both LM and & the path
components correspond to the conjugacy classes [y] in I". The component £YM of LM
corresponding to [v] is identified with (Sp(1)/C(y)) x £2,, where C(7) is the centralizer
of v in I'; by mapping « in the description above to (¢C(7v),w). The ~-component $7 of
& is Sp(1) xr [v] = Sp(1)/C(7), and p restricts to the map £YM — &7 projecting onto
the first factor.

Composition with a chosen element of {2, gives a homotopy equivalence £25% = 2; —
{2,. Using Proposition 4.1 and then Poincaré duality for each component to make the
identification

Hy{M x 5% (Sp(1)/C(v)4+m} = H*(Sp(1)/C (7)),

we obtain an additive decomposition of the loop homology as

Hi(x) = @ H*(Sp(1)/C(7)) © Z[2],

]

where z € H,7 () comes from a generator of H_,(025%) = Z|z].

The homology H°{S%; 2(M,I'),} of the fibre at I' € M is the group ring Z[I].
The loop homology HY,(x) = HY{M x S (LM),p} in dimension 0 is identified by
restriction to the fibre at I" with the (commutative) ring of invariants Z[I']!", which as
a free abelian group has a basis indexed by the conjugacy classes of I'. Moreover, the
induced maps

pu ZIT] = HO(S% (M, T) } — HO{S 0}

and
ps ZIT)E = HYAM x 8% (LM) 1} — HY{M x S &, 0}

are isomorphisms.

5. Commutativity

Of course, the fibrewise Hopf space LM = 2p;(M x M) — M is not normally homotopy-
commutative (if only because the fibre need not be homotopy-commutative) and the
Pontrjagin ring H3{E; (LM)4} for a non-trivial fibrewise pointed space E — M need
not be commutative (see [11] for discussion of a related commutativity problem).
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Example 5.1. In Example 4.6, suppose that the group I" is non-abelian. Then the ring
HYY{(D X0 @) ar; (LM ) 401} is not commutative. For it maps surjectively to HY{(® x s
D)y p; Py} by the ring homomorphism p,, and this ring, which contains the Hopf
multiplication of @, cannot be commutative, because the homology H{S%; ®r} of a
fibre is not.

But the loop homology ring of a closed manifold is commutative, as we shall verify
below.

Proposition 5.2. Let M be a closed smooth manifold. Then the loop product p
is commutative, that is, for pointed finite complexes X and Y there is a commutative
diagram:

Hiy (X) @ Hy, (V) —= Hy (X AY)

Ti i

Y, (V) @ Hy (X) —= By (Y A X)

where 7 : X A\Y — Y AX is the canonical equivalence and T is the algebraic transposition

(including the sign). In particular, H}, () is a (super) commutative graded algebra over
H*(M).

The commutativity of the ring H}, (*) when M is orientable was demonstrated by Chas
and Sullivan in [3]. The proof below derives from ideas of Cohen and Jones which were
included in a preprint draft of [4] but did not appear in the published version. Another,
rather different, proof is given by Klein in [14, p. 1826]; see Remark 5.10.

Suppose, more generally, that M is a compact manifold, possibly with non-empty
boundary, of dimension d.

For a loop o : R/Z — M and t € R, we shall abbreviate a(t 4+ Z) to a(t). Consider the
mapping

q: LM xR =M, (a,t)— at).

Since the space LM is metrizable, it is paracompact, and there is a vector bundle iso-
morphism
0:p"tM — ¢*7M (over LM x R)

that restricts to the identity on M x {0}. (To be precise, we should write p*7M x {0}
instead of simply p*7M.) Moreover, such an isomorphism 6 is unique up to homotopy.
It determines, for each loop o € LM, a family of vector space isomorphisms

O(a,t) :Ta(O)M%Ta(t)M, teR,

with 0(c,0) = 1.

Translation 0(a, 1) : Ty )M — T,0)M once around a loop yields a homotopy class
h € [(LM)4;0(2d+1)], which is independent of the choice of the isomorphism 6 (because
any two are homotopic). For we can embed 7M, uniquely up to homotopy, in a trivial
bundle M x R2¥+1 gver M and define h(a) to be 6(a, 1) @ 1 : R2d+1 5 R2d+1,
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Remark 5.3. If the space LM of continuous loops is replaced by the space of smooth
loops, we can specify an isomorphism 6 by choosing a (smooth) Riemannian metric on M.
Parallel translation with respect to the Riemannian connection along any closed smooth
loop a then gives an isomorphism 6(a, ) : T4 yM — To ) M. The corresponding class h
is the (stable) holonomy.

The holonomy map h determines (by the fibrewise version of the classical J-construc-
tion) a self-map
hae : SYPHEM) 1 = S50 (EM) p i (5.1)

of the fibrewise suspension of (LM)ipr over M. We shall show in Lemma 5.4 that h,
acts as the identity on loop homology.
The proof exploits the action of the group R on LM by rotating loops:

(t-a)(u) =alt+u), tueck.

Using the map 6 we can lift rotation through ¢t € R to an automorphism f; of the vector
bundle p*TM over LM:

(a,v) = (t- o, 0(a,t)v), v € Tq@)M,
and this vector bundle automorphism induces a self-map
(Fo)e s (LM) 7T — (LM) =T

of the Thom space of the virtual bundle —p*7M. (A discussion of the category of virtual
bundles can be found, for example, in [9, Part II, §8)].) Here is a concrete description of
(f)«. Let v be the normal bundle of an embedding of M in R?4*1, so that 7M @ = R24+1
is trivial. Then (LM)~?" ™™ is the (2d + 1)-fold desuspension of the Thom space of p*v.
Moreover, there is a vector bundle isomorphism ¢ : p*v — ¢*v over LM x R restricting to
the identity on LM x {0}, and the sum 6@ ¢ is homotopic to the identity automorphism of
the trivial bundle R2¢+1 over LM xR. For t € R, let g; be the vector bundle automorphism

(av w) — (t tQ, (;5(&7 t)w)a w e Va(0)s

of p*v. Then (f;)s is the (2d + 1)-fold desuspension of (g;)«.

Lemma 5.4. Composition with the map h,, (5.1), given by the holonomy h €
[(LM)4;0(2d + 1)] induces the identity on

H zM76M)(Z) = H(*M,BM){M X Zy (LM)+ '}
for any pointed finite complex Z.

Proof. The proof depends upon the following elementary observation. Let & be a
finite-dimensional real vector bundle over a space B. Suppose that a and b are auto-
morphisms, over B, of the trivial bundle B x R™ and of &, respectively, such that a & 1
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and 1 @ b are homotopic as automorphisms of the direct sum R™ @ &. Then the induced
self-maps of the Thom space of R™ & £ are homotopic:

(a®1), ~1Ab, : B¥'® = x(Bf) - BR'®¢ — yn(BY),

The map (f1)«, being homotopic to (fp)« = 1, induces the identity on the homology
H*{Z;(LM)~P ™M} of the Thom space. But f; is a fibre-preserving map over £LM. We
now apply the observation above (with & the pull-back p*v of the normal bundle v to
B =LM,b= g and a = h™') to see that (fi). is induced by h~!, regarded as an
automorphism of the trivial bundle £M x R?¥t! over £M. Hence, A=, and so also A,
induce the identity on H*{Z; (LM)~? ™},

Under the equivalence in Theorem 4.2, the action of h on (LM)~™ corresponds to
composition with the self-map h, in (5.1). O

Remark 5.5. The class h is not, in general, trivial. Indeed, if M is not orientable,
then the restriction to a single loop a € LM may be non-trivial. In homology h gives
a class in H°(LM) which will be £1 on a component: +1 on the component £L*M of
a loop « such that the bundle a*7M is orientable (so trivial), —1 where the bundle is
non-orientable.

It follows from Lemma 5.4 that for the component £*M of a loop a such that a*7M
is non-orientable,

2H 'y onp M X Z5(L5M) 101} = 0.

The standard loop multiplication u : LM X3 LM — LM, taking an ordered pair
(o, B) with «(0) = 5(0) to the loop « defined by

() = {a@t) y

—

B2t —1) i
identifies the fibre product with the subspace
LM = {y € LM | 7(0) = 7(3)}

of LM . Rotation by % € R preserves the subspace LoM and f;/, corresponds on the
fibre product to the map induced by the automorphism

(O(, Ba U) — (ﬂ7 Q, 0(0{7 %)’U), v E Ta(O):ﬂ(O)Mv
of the bundle p*TM over LM X LM.

Lemma 5.6. Let t : LM X LM — LM Xy LM be the map that interchanges the
two factors and let h, be as in (5.1). Then p. ot o(1 A hy) =

HiypoanAM x Z5 (LM v LM)m 't — Hiyg gary {M %< Z5 (LM ) 4ar}-
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Proof. This is similar to the proof of Lemma 5.4. On (LM)~? ™ the map (f1/2)+
is homotopic to 1, and so induces the identity on H*{Z; (LM)~"}. Over the subspace
LoM, the map fy /9 is fibre preserving, and the description above shows that (f;/2).« on
(Lo M)~P ™ s induced by to(h~' A1). It follows that . oto(h;' A1) = .. The rest
is algebra. By squaring, it is found that p, = p.o(hyt A h1l). Multiplying by h. A h.
then yields the result. (I

With this preparation, we are ready to prove the following extension of Proposition 5.2
to manifolds with boundary.

Theorem 5.7 (commutativity of the loop product). Let M be a compact smooth
manifold. Then the loop multiplication p is commutative, that is, the square

y A
v oary(X) © By o0y (V) —2= HI 51 (X AY)

v E
oy - i
¢ pr, 000y (Y) @ Hyp gy (X) —=H{37 gany (Y A X)
is commutative for pointed finite complexes X and Y.

Proof. The multiplication u factors as

Hiy o {M x X5 (LM)par} @ H iy o {M } Y5 (LM )40}
L HivpoanAM < (X NY); (LM xpp LM) 401}
= Hiyponn{M x (X ANY); (LM) a1}

Let @ € H{y; o0y (X), y € HY ), 51 (V). From Lemma 5.6 with Z = X A'Y, we have

2oy = pu(@ A y) = pu(t(@ Ahuy)) = (=1)7 p(hay A ). = (=1)7 hay - 2.
But h.y =y, by Lemma 5.4. |

Remark 5.8. This argument will not apply to Hj}, (%) if the boundary is non-empty
(because the rotation of loops in LM does not preserve the subspace LM | OM of
loops a with «(0) € M), and the author does not know whether this ring, called the
loop homology in this paper, is commutative in general. It may be that the term ‘loop
homology’ is better reserved only for the groups H?M,GM)(X ), defined for a compact
manifold M of dimension d. When M is orientable we have a Thom isomorphism

Hinronr) (%) = Ha—i(LM),

as in the original definition of Chas and Sullivan when M is closed. This isomorphism
lends support to the case for restricting the terminology.
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Remark 5.9. The proof of commutativity is much simpler if the manifold M is ori-
entable. In that case there is no need to look at the holonomy map h. For an orientation
of M determines a homological trivialization of 7M and so of the pull-back p*TM to
LM.

Remark 5.10. Klein’s proof of commutativity in [14] depends on a different approach
to the loop product. Suppose that ¢ : M — B is a map to, say, a finite complex B, and
let M be the space of pairs (z,a), where © € M and « : [0,1] — B is a path in B such
that a(1) = ¢(x). Thus, we have a path-space fibration M — B, mapping (z, ) to a(0)
and a homotopy equivalence M — M. Klein constructs, in the language of this paper, a
composition product

Hy{M x X5 (0" M) par} @ Hy{M x Y5 (9" M) yary = Hy{M x (X NY); (9" M) yar}

in the following way. Consider first the special case in which M — B is a fibre bundle.
Replacing M by M, we may then make the obvious identification

Hiy {M x X5 (6" M) yar} = Hy {M x X5 (M x g M)y} = Hp{(BxX)Ap M, p; My p}.
The composition (see §2.4) defines an H*(B)-bilinear product

Hp{(B x X) Ap My1p;Myp} ® Hp{(B xY) Ap My p; Myp}
— HE{(B X (X AN Y)) AB ]\4_5_3;]\44_3}7

and this lifts to the required product on the H},-groups above. In general, it is necessary
to work with M rather than M (which takes us outside the setting of §2).

When ¢ is the diagonal inclusion M — M x M, we may identify ¢*M — M with the
projection p : LM — M and thus obtain a product on the loop homology.

This construction of the composition product works for any compact ENR M. If M is
a closed manifold, we may use Aj; to make the identification

Hi M % X3 (6" M)sar} = H{X; (6" M) P ™M),

In [14], this equivalence, in a rather more general setting, is called the ‘norm map’.

6. Other cohomology theories

We have restricted our attention to cohomology with integer coefficients. Rational or
mod 2 cohomology can be treated in exactly the same way. As Cohen and Jones observed
in [4], one may just as easily replace ordinary cohomology by other cohomology theories,
such as stable cohomotopy or K-theory (periodic or connective). (A brief introduction to
fibrewise K-theory can be found in [9, Part II, § 15].) In the definition of the generalized
loop homology and in establishing the main properties there is little to change, except
that Remark 5.5 must be replaced by Remark 6.1, below. Otherwise, it is the only the
specific computations performed in integral cohomology that may not be feasible when
working with another cohomology theory.
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Remark 6.1. Let w*, as in [9], denote stable cohomotopy. In the setting of Remark 5.5,
consider the component £L*M of a loop « such that a*7M is non-trivial. Then

QeW?M,aM){M X Zy(LYM)4m} =0,

where the exponent e depends only on the dimension d of M.

For the action of the holonomy h, in (5.1) lifts from a class in the group of units in
the stable cohomotopy ring w®(O~(2d + 1)) of the orientation-reversing component of
0O(2d 4+ 1), and this class has the form —1 + x, where z is nilpotent. If ¢ = 0, then
(267t —2¢ 2 ... (—1) tae ) (2 — 2) = 2¢.
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