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Abstract—Homotopy theories of algebras over operads, including operads over “little n-
cubes,” are defined. Spectral sequences are constructed and the corresponding homotopy
groups are calculated.
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There are two classical homotopy theories:

(1) the homotopy theory of topological spaces, in which the calculation of the homotopy groups
of spheres is one of the most difficult problems of algebraic topology;

(2) rational homotopy theory, in which the calculation of the homotopy groups of spheres is a
fairly simple problem.

In [1], it was shown that rational homotopy theory is equivalent to the homotopy theory of
commutative DG A-algebras. In [2, 3], it was proved that the singular chain complex C,(X)
(cochain complex C*(X)) of a topological space X has the natural structure of an F-coalgebra
( Exo-algebra), and the homotopy theory of topological spaces is equivalent to the homotopy theory
of E-coalgebras ( E-algebras).

A natural problem is to find intermediate homotopy theories between the homotopy theories of
DG A-algebras and E.-algebras and calculate the homotopy groups of spheres in these theories.

In this paper, we define homotopy theories of algebras over operads, in particular, the little n-
cubes operads E,, over little n-cubes, where 1 <n < oo (see [4]). We construct spectral sequences
and calculate the corresponding homotopy groups.

Recall that a family & = {£(j)};>1 of chain complexes £(j) on which the permutation groups 3;
act is called an operad if it is endowed with operations

v:EE)REG)® - @E(r) = EGL+ -+ + Jk)

compatible with the permutation group actions and satisfying certain associativity relations [2].
A chain complex X with operations

w(G): EG) @ X - X (7(j): X — Hom(E(j); X®))

compatible with the permutation group actions and satisfying certain associativity relations [2]
is called an algebra (respectively, a coalgebra) over an operad £, or simply an E-algebra (an E-
coalgebra).

Let us denote the sum

Zg(j) ®2j X®
J
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by £(X). The correspondence X +— £(X) determines a functor on the category of chain complexes.
The operad structure on £ determines the natural transformation of functors v: £0& — £, which
defines a monad structure on £ [3]. Moreover, a chain complex X is an algebra over the operad &
if and only if it is an algebra over the monad £.

Dually, for

E(X) = [[ Homs, (£(); X*).

the correspondence X +— £(X) determines a comonad on the category of chain complexes. A chain
complex X is a coalgebra over the operad £ if and only if it is a coalgebra over the comonad &.
Operads and algebras over operads can also be defined in the category of topological spaces.
In this case, in the definition of the operations -y, the tensor product ® must be replaced by the
usual Cartesian product x of topological spaces [3].
Below, we give examples of operads and algebras (coalgebras) over operads.
Example 1. Let Ey(j) be the free module with one zero-dimensional generator e(j) and trivial
action of the permutation groups ¥; (i.e., Eo(j) = R). Then Ey = {Ey(j)} is an operad. The
operation v: Ey X Eqg — Ej is defined by

V(e(k) ®e(ir) @ - ®e(jr)) = e(d + -+ + jr)-

It is easy to verify that it is associative and compatible with the actions of the permutation groups.
The algebras (coalgebras) over Ej are simply commutative and associative algebras (coalgebras).

Example 2. Let A(j) be the free ¥j;-module with one zero-dimensional generator a(j) (i.e.,
A(j) = R(X;)). Then A ={A(j)} is an operad; the operation v: A x A — A is defined by
Y(a(k) ® a(j1) ® -+ @ a(jr)) = aljy + -+ + Jr)-
It is easy to verify that the required relations do hold.
The algebras (coalgebras) over the operad A are simply associative algebras (coalgebras).
Example 3. An arbitrary chain complex X determines the operads
Ex(j) = Hom(X®’; X),  £%(j) = Hom(X ; X&),

The actions of the permutation groups are permutations of factors in X®7 | and the operad struc-
ture is defined by

IX(fRn® - ®gr)=fo(1® - Dgx), feéx(k), gi€é&x(i);
YfOn® - ®g)=(1® - ®g) o f, fe&X(k), gi€&X().

A chain complex X is an algebra (coalgebra) over the operad £ if and only if there is a map of
operads ¢: & — Ex (respectively, £: & — £X).

Example 4. For n >0, let A™ denote the normalized chain complex of the standard n-simplex.
Then A* = {A™} is a cosimplicial object in the category of chain complexes.
Let E2(j) denote the realization of the cosimplicial object (A*)®7 = A* @ ---® A*, i.e.,

E2(j) = Hom(A*; (A*)®7),

where Hom is considered in the category cosimplicial objects.

The family E* = {EA (7)} is an operad; the actions of permutation groups and the operad
structure are similar to those for the operads £X defined above (in the definition, A* instead of X
is taken).

Note that, since the chain complexes A" are acyclic, the operad E? is acyclic also.

In [3], it was shown that the singular chain complex C,.(X) of a topological space X admits
the natural structure of an E®-coalgebra. Dually, the cochain complex C*(X) admits the natural
structure of an E“®-algebra.
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Example 5. The main examples of operads in the category of topological spaces are the little n-
cubes operads &, , which were introduced by Boardman and Vogt [5] and studied by May [4]. In
particular, May showed that any n-fold loop space "X is an algebra over the operad &, .

The inclusions &, — &,41 hold; we denote the direct limit determined by these inclusions
by €. The operad £ is an acyclic operad with free actions of permutation groups.

Any acyclic operad with free actions of permutation groups is called an FE. -operad, and any
algebra (coalgebra) over an E.-operad is called an E.-algebra (an E.-coalgebra).

Example 6. It is easy to see that if &€ = {£(j)} is an operad in the category of topological
spaces, then the family of chain complexes C.(£) = {C.(E(j))} is an operad in the category of
chain complexes. If £ is an F,-operad, then C, () is an E-operad.

Let us show that any singular chain complex C,(X) (singular cochain complex C*(X)) is
an Fo-coalgebra (respectively, an F-algebra).

Let E be an E.-operad. Consider the operad E® @ E. It is an E.-operad. Consider the
projection of operads p: EA ® E — E®. The composition

EA9E L EA 5600 (BA9E D EA S g0y

determines the structure of an E® ® E-coalgebra (respectively, of an E® @ E-algebra) on C,(X)
(on C*(X)).
We denote the operad E2 ® C,(&,) simply by E, and call it the little n-cubes operad. The
complex C,(X) can be regarded as an E,-coalgebra, and C*(X) can be regarded as an E,,-algebra.
We need the following general property of algebras (coalgebras) over operads.

Theorem 1. If X. = {X,} is a simplicial object in the category of algebras over an operad &,
then its realization |X.| is an & -algebra also. Dually, if X* = {X"} is a cosimplicial object in
the category of coalgebras over an operad £, then its realization |X*| is an & -coalgebra also.

Proof. Suppose that X, = {X,,} be a simplicial object in the category of &£-algebras, and let
tn: E(X,) — X, be an &-algebra structure on X,,. The Eilenberg—Zilber maps

P | X @@ X = | X ® - © Xy
commute with the actions of permutation groups and, therefore, induce maps
¥: E()) @5, | Xu|® — |E(G) @5, XF7).

These maps determine a map ¢: £(|X.|) — |E(X,)|, and the required map £(|X.|) — |X,| is
defined as the composition

(X)) L jE(X) L5 XL O
Corollary. The realization B(E,E,X) of a simplicial resolution
Bi(E,E,X): E(X) « E(X) -+ = EV(X) -+

over an & -algebra X is an & -algebra. Moreover, the augmentation n: B(E,E, X) — X is a chain
equivalence. Dually, the realization F(E,E,X) of a cosimplicial resolution

F*E,6,X): EX) = E(X) = = E(X)— -

over an & -coalgebra X is an & -coalgebra. Moreover, the augmentation £: X — F(E,E,X) is a
chain equivalence.

We proceed to construct the corresponding homotopy theories. Suppose that £ is an operad
and £ — £2 is a map of operads. This means that the chain complexes A™ have &£-coalgebra
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structures compatible with the coface and codegeneracy operators. This requirement is quite
natural for homotopy theories. In particular, it allows us to define homotopy groups in these
theories.

Let Ag denote the category whose objects are £-algebras and morphisms are maps of £-algeb-
ras.

The category Ag is a closed model category [6] in which the fibrations are surjective maps
p: X — Y, the weak equivalences are maps inducing isomorphisms in homology, and the cofibra-
tions are maps i: A — B having the left lifting property with respect to the trivial fibrations.
This means that, for any commutative diagram

A — X

1l ]

B — Y

there exists a diagonal map f: B — X preserving commutativity.

Dually, let K¢ denote the category whose objects are £-coalgebras and morphisms are maps of
& -coalgebras.

The category K¢ is a closed model category in which cofibrations are injective maps i: A — B,
weak equivalences are maps inducing isomorphisms in homology, and fibrations are maps p: X — Y
having the right lifting property with respect to the trivial cofibrations. This means that, for any
commutative diagram of the above form, there exists a diagonal map f: B — X preserving
commutativity.

Theorem 2. For any trivial fibration p: X — Y in the category Ag, there exists a map of
& -algebras §: B(E,E,Y) — X such that

pog=mn: B(E,£,Y)—Y.

Proof. Let p: X — Y be a trivial fibration. This means that p is surjective and induces an
isomorphism in homology. Hence there exists a chain map ¢: Y — X and a chain homotopy
h: X — X such that

pog=1d, d(h) =qop—1d, poh=0, hogq=0, hoh=0.

Let us construct the required map of £-algebras ¢: B(£,£,Y) — X.
It is easy to see that to define such a map is the same thing as to define a family of maps of
E-algebras ¢": £"T1(Y) — Hom(A"™; X) for which the diagrams

n—1

E(y) 4— Hom(A"!; X)

n

Et(y) 4= Hom(A"; X)

are commutative.

Defining a map of £-algebras ¢": E"T1(Y) — Hom(A"; X) is equivalent to defining a chain
map ¢": £"(Y) — Hom(A"™; X); thus, defining a map of £-algebras ¢: B(£,£,Y) — X is equiv-
alent to defining a family of chain maps ¢": £"(A) — Hom(A"™; X) for which the corresponding
maps f" of £-algebras give the commutative diagrams specified above.

Weset " =q: Y — X and §" = hopuo&(h)o&(u)o---0E™ (1) o&™(q). A direct calculation
shows that these maps satisfy the required relations. [
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Corollary. If A is an E-algebra, then the &£ -algebra B(E,E, A) is a cofibered object in the cate-
gory Ag .
Indeed, suppose that p: X — Y is a trivial fibration and f: B(£,£,4) — Y is a map of
& -algebras. Let us construct a map of &-algebras f: B(&,E,A) — X for which po f: f.
Theorem 2 gives a map of &-algebras ¢: B(£,£,Y) — X . Since n: B(€,E, A) — A is a trivial
fibration, there exists a map of £-algebras ¢: B(£,E, A) — B(E,E,B(E,E, A)). We define ¢ as
the composition

B(£,£,f)
_—

B(E,&,A) % B(E, €, B(E, €, A)) B(E,E,V) L X,

The dual assertion is the following theorem.

Theorem 2'. For any trivial cofibration i: A — B in the category Kg, there exists a map of
& -coalgebras j: B — F(E,E, A) for which

joi=¢A— F(E,E,A).

Corollary. If X is an E-coalgebra, then the & -coalgebra F(E,E,X) is a fibered object in the
category Ke .

Consider the category IEg whose objects are £-coalgebras and morphisms f: X — Y are maps
of £-coalgebras f: X — F(£,E,Y).

We say that two morphisms fy, fi: X — Y in the category ]Eg are homotopic and write f ~ g
if there exists a morphism h: A' ® X — Y, which is called a homotopy, such that

hlogx = fo, hlhox = fi.

Let HoK¢ be the localization of the category K¢ with respect to the weak equivalences (i.e.,
morphisms inducing isomorphisms in homology).

By n¢ we denote the category whose objects are &-coalgebras and morphisms are the homo-
topy classes of morphisms of the category ]Eg. The general theory of homotopy in categories [6]
gives the following result.

Theorem 3. The following equivalence of categories hold:
HoKg = k¢

The dual assertion for &-algebras is the following theorem.

Theorem 3’. The following equivalence of categories hold:
HoAe = Ag.

Now, consider the problem of calculating homotopy groups of £-coalgebras. Since the chain
complexes A" of the standard n-simplices are £ -coalgebras, it follows that the chain complexes S™
of the m-spheres are £-coalgebras as well.

We define the homotopy groups 7&(X) of a £-coalgebra X by nf(X) = [S"; F(£,&, X)], i.e.,
as the sets of homotopy classes of maps f: S™ — F(E,&, X) of £-coalgebras.

Theorem 4. For any & -coalgebra X , there is a spectral sequence of homotopy groups =& (X) in

which the term E' is isomorphic to the cobar construction F(&., X.), where &, and X, denote
the homology of £ and X , respectively.
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Proof. Consider the filtration

F(E,E,X)DF'&,,X)D---DF™E&,E,X)D---,
where F™(£,£,X): €7 (X) — gmH(X) —
It induces a spectral sequence. The exact sequences

—m+1

0— F™"I(EEX)—F"E,E,X)—=E  (X)—=0

induce the isomorphisms
—m—+1 m

By =18",8" " (X)] = Ho(E7 (X))
and, therefore, the isomorphism E!' 2 F(€,, X,). O

If S™ is the trivial £-coalgebra, then the differentials of this spectral sequence are determined
by the differentials in the cobar construction F(£, X); thus, we obtain the following result.

Theorem 5. If S™ is a trivial & -coalgebra, then, for any & -coalgebra X , the following isomor-
phism holds:
8 (X) = H,(F(€, X)).

n

Now, suppose that X is a topological space and FE,, is the little n-cubes operad. Note that if
m > n, then S™ has the trivial structure of an F,-coalgebra, which implies the following theorem.

Theorem 6. If X is a topological space and m > n, then

T (X) 22 Ho(F(By, Cu(X)))-

m

The term E! of this spectral sequence can be expressed via the homology of the operad FE,
and, therefore, of the Dyer—Lashof algebra [7, 8].

Theorem 7. If X is a topological space, then the term E' of the spectral sequence of homotopy
groups wE»(X) is isomorphic to the module S"TyR, 1L, 1S~ "H,(X), where Ty is a free com-
mutative algebra, R,_1 is the submodule of the Dyer—Lashof algebra generated by the admissible
sequences of redundancy less than n, and L,_y is the free Lie (n — 1)-algebra.

If X is an n-connected topological space, then the cobar construction F(E, ,C.(X)) is chain
equivalent to the n-fold suspension over the chain complex of the iterated loop space Q"X [§].
Thus, the following theorem is valid.

Theorem 8. If X is an n-connected topological space, then
P (X)) = S"H,(Q"X).

This theorem generalizes the result of Quillen [1, 6] asserting that the rational homotopy groups
of a simply connected topological space can be expressed in terms of the homology of its loop space.
It determines the upper bound on those m for which the homotopy groups (over the operad E,,)
of an n-connected space X are related directly to the homology of the m-fold loop space over X .

The method suggested above makes it possible to reduce the very difficult problem of calculating
the homotopy groups of spheres over the operad F., to calculating the homotopy groups of spheres
over the operads E,, .

In particular, it follows from the theorem proved in this paper that if m < n, then the homotopy
groups (over the operad E,,) of the sphere S™ are isomorphic to the m-fold suspension over the
homology of the m-fold loop space over S™. In this author’s opinion, it would be interesting to
calculate the homotopy groups of the sphere S™ over the operads F,,, E,+1, etc.

MATHEMATICAL NOTES Vol. 78 No. 2 2005



HOMOTOPY THEORIES OF ALGEBRAS OVER OPERADS 257

ACKNOWLEDGMENTS

This research was supported by the Russian Foundation for Basic Research under grant no. 01-
01-00482.

REFERENCES

. D. Quillen, “Rational homotopy theory,” Ann. of Math., 90 (1969), no. 2, 205-295.
. V. A. Smirnov, “On cochain complexes of topological spaces,” Mat. Sb. [Math. USSR-Sb.], 115 (1981),
146-158.

3. V. A. Smirnov, “The homotopy theory of coalgebras,” Izv. Akad. Nauk SSSR Ser. Mat. [Math. USSR-
I.), 49 (1985), 1302-1321.

4. J. P. May, The Geometry of Iterated Loop Spaces, Lecture Notes in Math., vol. 271, Springer-Verlag,
New York, 1972.

5. J. M. Boardman and R. M. Vogt, Homotopy Invariant Algebraic Structures on Topological Spaces,
Lecture Notes in Math., vol. 347, Springer-Verlag, New York, 1973.

6. D. Quillen, Homotopical Algebra, Lecture Notes in Math., vol. 43, Springer-Verlag, New York, 1967.

7. E. Dyer and R. Lashof, “Homology of iterated loop spaces,” Amer. J. Math., 84 (1962), 35-88.

. V. A. Smirnov, “The homology of iterated loop spaces,” Forum Mathematicum, 14 (2002), 345-381.

DN =

oo

MoSCOW STATE PEDAGOGICAL UNIVERSITY
E-mail: V.Smirnov@ru.net

MATHEMATICAL NOTES Vol. 78 No. 2 2005




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


