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Abstract

In this thesis we study the rational homotopy theory of the spaces of self-equivalences of Koszul
spaces - that is, of simply connected spaces which are simultaneously formal and coformal in
the language of rational homotopy theory. The primary tool to do so is the Homotopy Transfer
Theorem for Lo.-algebras. We begin with a Lie model for the universal cover of Baut X where
X is a Koszul space, and construct a well-behaved contraction to a smaller chain complex using
relations between the cohomology algebra and homotopy Lie algebra of a Koszul space. Then we
study the transferred structure which retains all information about the rational homotopy type,
and derive several structural properties. We establish criteria for coformality of the universal
cover of Baut X, improving on existing results, and provide examples: highly connected mani-
folds and two-stage spaces, among others. Our main example is that of ordered configurations in
R™, for which our model is small enough that we can compute several rational homotopy groups
of the universal cover of Baut X. Finally we study the group of components my(aut Xg) for a
Koszul space X, and establish a sufficient condition for it to be isomorphic to the group of algebra
automorphisms of the cohomology algebra of X, or equivalently the Lie algebra automorphisms
of the homotopy Lie algebra of X.

Resumé

I denne afhandling studerer vi den rationale homotopiteori for rummene af selvaekvivalenser af
Koszul rum - det vil sige, af enkeltsammenhaengende rum der er bade formelle og koformelle.
Det primeere veerkstgj til at foretage studiet er “Homotopy Transfer Theorem” for L..-algebraer.
Vi begynder med en Lie model for den universelle overlejring til B aut X hvor X er et Koszul
rum, og konstruerer en paen sammentraekning til et mindre keedekompleks ved hjelp af relationer
mellem kohomologialgebraen og homotopi Lie algebraen for et Koszul rum. Sa studerer vi den
overfgrte struktur der husker al information om rational homotopi type, og udleder flere struktu-
relle egenskaber. Vi fastsaetter kriterier for koformalitet af den universelle overlejring af B aut X
der forbedrer eksisterende resultater og giver eksempler: hgjtsammenhaengende mangfoldigheder
og “two-stage” rum, blandt andre. Vores hovedeksempel er ordnede konfigurationer i R", for hvil-
ke vores model er tilstraekkelig lille til at vi kan udregne adskillige rationale homotopigrupper af
den universelle overlejring for B aut X. Endeligt studerer vi gruppen af komponenter my(aut Xg)
for et Koszul rum X, og finder tilstraekkelige betingelser for at denne er isomorf til gruppen af al-
gebraautomorfier af kohomologialgebraen, eller sekvivalent af Lie algebraautomorfier af homotopi
Lie algebraen for X.






Contents

Abstract

Contents

1.

Introduction

1.1. Background . . ... ... .. ... ...
1.2, Overview . . . . . . . . . e
1.3. Consequences of main results . . . . . .. .. ... ... .....
1.4. Technical results . . . . . . . . . .. ... .. ... ........
1.5. Structure of the thesis . . . . . . . .. ... ... ... ... ...
1.6. Acknowledgments . . . ... .. ... ... 0oL

Preliminaries

2.1. Differential graded (co)algebras and Lie algebras . . . . . . . ..
2.2. Twisting morphisms, bar and cobar constructions . .. ... ..
2.3. Koszul duality for Lie and commutative algebras . . . . . . . ..
2.4. Ly-algebras . . . . . . .
2.5. Algebraic models for rational spaces . . . . . .. ... ... ...
2.6. Classification of fibrations . . . . . . . ... ... .00

Transferred L. -structure

3.1. Induced contractions . . . . . . . ... .. ... ...
3.2. Contractions for Koszul algebras . . . . . ... ... ... ... ..
3.3. Contractions and gradings . . . . . .. .. ... ... ... ...
3.4. Transferred operations and gradings . . . . . .. ... ... ...

On homology

4.1. Positive homological part . . . . . . . ... ... ... ......
4.2. Degree zero . . . . . . ..o e e
4.3. Degree zero by simplicial methods . . . . . . . ... ... .. ..

Configuration spaces
5.1. Rational homotopy groups . . . . . ... .. ... ... . ....
5.2. Leo-structure . . . . . . . . . .

Suggestions for further research

6.1. The role of non-linear Maurer-Cartan elements . . . . . . . . ..
6.2. Coformality of Baut F(R™,3) . . .. ... ... .........
6.3. Onaut F(R™",k)fork>4. ... ... .. ... ... ....

References

12
12
17
19
21
25
31

32
32
37
41
42

46
50
o7
60

66
67
70

78
78
80
82

85






1. INTRODUCTION

1.1. Background. This thesis is about the rational homotopy type of the space of
self-homotopy equivalences, or homotopy automorphisms, of certain nice topological
spaces, called Koszul spaces. These are simply connected spaces of finite Q-type
with the property that they are simultaneously formal and coformal in the language
of rational homotopy theory. Returning to more explicit statements at a later
point, we just note here that there are plenty of interesting examples of spaces
which satisfies this condition: loop spaces, suspensions of connected spaces, various
classes of manifolds, ordered configuration spaces for points in R™. We may also
note that products and wedges of Koszul spaces are again Koszul spaces.

The terminology: Koszul space, is borrowed from Berglund [2], and justified
by the fact that the rational cohomology algebra H*(X;Q) of such a space X
is a graded commutative Koszul algebra and the rational homotopy Lie algebra
m.(2X) ® Q is a graded Koszul Lie algebra, such that these are Koszul dual to
one another under the duality between the operads governing respectively graded
commutative algebras and graded Lie algebras.

It has long been known that for a simply connected space X of finite Q-type
with Quillen model %, the space of homotopy automorphisms aut X is related to
the derivations on %, cf. Schlessinger-Stasheff [33]. Concretely the positive part
of the homotopy quotient of the derivations by the inner derivations Der £ //.% is
a Lie model for the universal cover of Baut X (see Tanré [38]). See also [34] for a
survey of the literature on homotopy theory of mapping spaces, and in particular
spaces of self-equivalences.

Where as the model of Schlessinger-Stasheff and the work of Tanré does not
address mg(aut X), there are also results on this. Denote by Xg the rationalisation
of X. There are obvious maps

mo(aut Xg) — aut H*(X;Q),
mo(aut Xg) — aut 7. (2X) ® Q,

given by sending a homotopy class to the induced map on respectively cohomology
and homotopy. Sullivan [37] showed that the first of these maps is always surjective
for a formal space, and Neisendorfer-Miller [30] showed that the second map is
always surjective for a coformal space. Sullivan [37] and Wilkerson [40] also showed
that mo(aut Xq) is a linear algebraic group if X is either a finite CW-complex, or
has finite Postnikov tower.

There exist general models for mapping spaces expressed in terms of so called
Maurer-Cartan elements of a simplicial dg Lie algebra constructed from models
of source and target respectively. See Berglund [3] for details on this, or Buijs-
Félix-Murillo [9] for a related approach. The first of these is particularly useful to
investigate set of path components of aut Xg, but for the main part our starting
point is the Lie model of derivations given by Schlessinger-Stasheff, from which we
proceed as follows.

1.2. Overview. For a formal space the Quillen model .Z is relatively small - we
may take the Quillen construction on the cohomology A = H*(X;Q). For a space
which is also coformal, the Quillen model is quasi-isomorphic to the homotopy Lie
algebra L of the space. The explicit nature of the Koszul duality lets us do even
better: there is always an explicit surjective quasi-isomorphism f: ¥ — L. We



8

extend this to a well-behaved contraction of .Z onto L, and by standard homological
perturbation theory this induces a contraction of Der % onto the f-derivations
Der(Z, L). This in turn is isomorphic to the complex sA® L twisted by a Maurer-
Cartan element x corresponding to f. Thus the positive homology of this twisted
complex sA®, L computes the positive rational homotopy groups 7. (aut X, 1x)®Q.
This has been noticed by Berglund [2, 3]. However our approach here lets us obtain
more information in two distinct ways.

Recall that the homotopy Lie algebra of a simply connected space X, is the
graded abelian group 7.(2X) ® Q, equipped with the Samelson bracket. The first
way we obtain more information is by the Homotopy Transfer Theorem for L..-
algebras: the dg Lie structure on Der .Z transfers along the contraction to sA®, L,
and further to the homology H,.(sA ®, L). With this transferred structure, the
homology computes 7, (aut X, 1x) ® Q not only as a graded abelian group, but as
a graded Lie algebra - the homotopy Lie algebra of the 1-connected covering space
Baut X(1). Even better: the L.-algebra H,(sA ®, L) completely determines the
rational homotopy type of Baut X (1).

Secondly, the degree zero homology of the dg Lie algebra Der .Z contains infor-
mation about mp aut Xqg. In addition to Sullivan and Wilkersons results mentioned
above, Block-Lazarev [6] later identified the Lie algebra of mpaut Xg in terms of
the Harrison cohomology of the minimal Sullivan model for X, and we observe how
the Lie algebra for mp aut Xg is computed by Hy(sA ®,, L) in our case where X is
a Koszul space.

To obtain more information about mp aut Xg we also employ the model alluded
to above. Berglund [3] shows that there is a bijection

[Xq, Xo] = mo(MCe(A® L))

between the homotopy classes of self-maps of Xg and the path components of the
Kan complex MCo(A ® L). This Kan complex is the simplicial set of Maurer-
Cartan elements in the simplicial dg Lie algebra Q0 ® A ® L, where ), is Sullivans
simplicial de Rham algebra. We use this to identify a sufficient condition for when
the group mp aut Xq is isomorphic to the groups aut L and aut A.

1.3. Consequences of main results. The following are some interesting conse-
quences of the main technical results of the thesis discussed further below. First
we express the rational homotopy of automorphisms of certain manifolds in terms
of derivations of their homotopy Lie algebras.

Theorem 1.1 (cf. Example 4.14). For n > 1, let M be an n-connected manifold
of dimension d < 3n + 1, and let L denote the rational homotopy Lie algebra
(M) ® Q.
If rank H*(M) > 4 then there are isomorphisms of graded Lie algebras
mso(aut, M, 1p) ® Q ~ (Der L),
msolaut M, 157) ® Q =~ (Der L/ ad L) ~.

If rank H*(M) = 4 then L may have a center, on which the derivations act, and
there are isomorphisms of graded Lie algebras

mso(auty M, 1p) @ Q ~ (Der L)so X sZ(L)xo,

mso(aut M, 1) ® Q ~ (Der L/ ad L)~ X $Z(L)>o.
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If rank H*(M) > 4 then the universal cover of the classifying space B aut, M (1) is
coformal, and Baut M (1) is coformal if the centre Z(L) is zero.

This generalises the result by Berglund-Madsen [5] who showed this for a 2d-
dimensional (d — 1)-connected manifold M with rank H*(M) > 4. The strongest
statement of this kind that we obtain here, is that the conclusion holds for any
Poincaré duality space X which is Koszul and has cup length at most 2.

The following can be thought of as a Koszul dual statement to Theorem 1.1,
which will be more clear from the context where it appears in the thesis.

Theorem 1.2 (cf. Theorem 4.19). Let X be a simply connected space with finitely
generated cohomology A concentrated in even degrees, and let q be a homogeneous
non-degenerate quadratic form in the generators of A, such that

A>~Qlzy,...,z,)/(q).

Then there is an action of (Der A)~o on the centre Z(L) which is 1-dimensional,
and isomorphisms of graded Lie algebras

mso(aut X) ® Q =~ (Der A)~q x sZ(L),
mso(aut, X) @ Q ~ (Der A)~o,
and Baut, X (1) is coformal.

Secondly, for some Koszul spaces the group mo(aut Xg) is as small as it can
possibly be. Recall that according to Sullivan [37] and Neisendorfer-Miller [30],
mo(aut Xg) surjects onto aut(H*(X;Q)) and respectively onto aut(m.(Q2X) ® Q)
for a Koszul space, and compare to the following.

Theorem 1.3 (cf. Corollary 4.36). Let X be a Koszul space such that H*(X;Q) is
generated as an algebra in a single cohomological degree d. Equivalently m,(Q2X)®Q
is generated as a Lie algebra in degree d — 1. If
(i) H(X;Q) =0 for all i > d?, or
(i) m(QX)@Q =0 for alli > d(d — 1),
then there are isomorphisms of groups
aut(m, (QX) ® Q) ~ mo(aut Xg) ~ aut(H*(X;Q))

Two interesting classes of Koszul spaces with rational cohomology (or homotopy)
generated in a single degree, arise as examples for Theorem 1.3: those

1) for which the cup length is less than the rational connectivity,
2) for which the Whitehead length is less than the rational connectivity.

Both cases are subsumed by the condition of having rational L.S.-category less than
the rational connectivity.

A non-trivial example from the first class, is that of ordered configuration spaces.
Consider the space F'(R"™, k) of k ordered points in R™. Cohomology is generated
in degree n — 1 and vanishes above degree (k—1)(n — 1), which is less than (n—1)?2
provided that k < n. Thus we get

aut m, (QF(R™, k)) @ Q >~ mp(aut F(R", k)g) =~ aut H*(F(R", k); Q).

Staying with the example of configuration spaces, we produce several computational
results about their rational homotopy groups. For k = 3 and even n > 4 we give
closed formulae for the dimensions of all rational homotopy groups of aut F'(R™, 3),
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and compute several rational homotopy groups in the cases k = 4,5,6. Further we
identify the Lie algebra associated to the linear algebraic group mo(aut F(R™, 3)g),
and see that it is neither semi-simple, solvable or nilpotent.

Finally, we note that the simplicial techniques used to study mo(aut Xg) for a
Koszul space X, immediately yields an explicit computation of my(aut(BG)g) and
of mp(aut Gg) for a (simply) connected compact Lie group G - cf. Example 4.42. In
both cases we get a product of general linear groups, and in the simply connected
case, where both groups can be computed by our techniques, we see that they are
isomorphic

m—+1
mo(aut Gg) =~ H GL(ij,Q) ~ mo(aut(BG)q),

where i; is the number of generators of the rational cohomology algebras in a
particular degree, and m + 1 is the number of distinct degrees for generators. In
the same way we easily compute 7 (aut V) for a real, complex or quartenion Stiefel
manifold V' - c¢f. Example 4.43

n
o(aut Vg) ~ H

where n is the number of generators for the rational cohomology algebra.

1.4. Technical results. To state the main technical results of the thesis we need
the following observation. Koszul algebras come equipped with a weight grading,
that is

A=A0)d A1) ® A2)®
and
L=L1)®»L2)®---

such that the multiplication and respectively bracket preserves the weight. The
weight 1 parts are naturally identified with the indecomposables, and we may choose
presentations for A and L such that all relations are quadratic, in particular we may
identify the weight n parts with elements of word length and respectively bracket
length n. The tensor product A ® L is bigraded by weights, and we may define
the shifted weight grading on the complex sA ®, L by letting bidegree (p, ¢) be the
elements in sA(p + 1) ®, L(¢ + 1). Then the main technical result of the thesis is:

Theorem 1.4 (Corollary 4.2). The Ly -structure on Hy,s(A®y L) transferred from
the derivations Der £ /| L, respects the shifted weight grading in the sense that for
any r > 1 the operation £, has bidegree (2 — 1,2 — 7).

From this we obtain several structural results about H,(sA ®, L), and thus the
homotopy Lie algebra 7. (aut X, 1x)®Q. We identify part of the homology as Der L
and part as Der A and show:

Theorem 1.5 (cf. Structure Theorem 4.8). Let X be a Koszul space with homotopy
Lie algebra L. The graded Lie algebra m,(auts X,1x) @ Q is a split extension of
the positive derivations (Der L)~g.
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The kernel of the extension is known together with the action on it, but writing
out the extension requires more detail than is appropriate here. We refer to the
Structure Theorem 4.8 for details. There is a similar result for 7, (aut X,1x) ® Q,
where we have to take the centre of L into account, and both versions have Koszul

dual statements expressed in terms of the derivations on the rational cohomology
algebra of X.

Theorem 1.6 (cf. Proposition 4.34). Let X be a Koszul space with cohomology
algebra A and homotopy Lie algebra L. If all Maurer-Cartan elements of A® L are
tensors of indecomposables in A and L, then the maps given by sending a homotopy
class to the induced map

mo(aut Xg) — aut A,
mo(aut Xg) — aut L,

are isomorphisms of groups.

Theorem 1.6 is the most general version of Theorem 1.3 that we obtain here.
It gives a sufficient condition for the surjections by respectively Sullivan [37] and
Neisendorfer-Miller [30] to be injective, under the assumption that X is simultane-
ously formal and coformal.

1.5. Structure of the thesis. The thesis consists of six sections including the
current introduction. Second section is a collection of standard facts from the
literature presented in a need to know fashion. That is, each subsection will cover
only what the reader needs to know on a particular subject in order to read the
thesis, and is not meant as a comprehensive introduction to the respective subjects.
We also establish most notation in the second section.

Third section is a technical walk-through on how to obtain a nice contraction of
the general Lie model for universal covers of classifying spaces of self-equivalences
Baut X (1) presented by Tanré , in our case of a Koszul space X. Using this nice
contraction we record the main technical results about the interplay between the
Loo-structure transferred along the contraction, and the various gradings present.

In the fourth section we study the homology of smaller complex produced by the
contraction from above. The homology equipped with the transferred L.-structure
retains all rational homotopy information about B aut X (1) - in particular the pos-
itive part is isomorphic to the rational homotopy Lie algebra of Baut X (1), when
we only consider the binary operation of the L -structure. From the results of
Section 3 we obtain structural result about the homotopy Lie algebra, and identify
sufficient conditions in for coformality of Baut X(1) in several interesting cases.
The degree zero part of the homology is related to mg(aut X), and Section 4 con-
cludes by studying this, both from the point of the complex produced, and by
simplicial methods using a very different model for the space aut X.

The fifth section is dedicated to our main example for application of our theory:
F(R™ k) - spaces of configurations of ordered points in R™. We provide computa-
tions of several rational homotopy groups of aut F(R", k) (all when k = 3 and n
is even), and investigate the induced Lo.-structure on 7. (aut F(R™,3)) ® Q in an
attempt to clarify if Baut F(R",3) is coformal.

Section six is the final section of the thesis and contains suggestions for further
research based on the techniques presented the thesis.
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2. PRELIMINARIES

In this section we will set up some facts for the rest of the thesis. Subsections
are not intended to give exhaustive overviews justifying their titles, but just to give
bare essentials within those areas, needed in the thesis.

We begin by fixing notation and conventions. First of all, we will always be
working over the field of rational numbers Q. We shall use the word map for a
morphism of the relevant category, after we have described what these are. We will
write composition of maps g: A — B and f: B — C, either as f o g, or simply by
juxta-position fg.

2.1. Differential graded (co)algebras and Lie algebras. All claims in this
subsection are standard facts in the literature. See for example Loday-Vallette [27],
Quillen [32] and Félix-Halperin-Thomas [13].

2.1.1. Graded vector spaces. A graded vector space V, is a vector space together
with a decomposition V' = @, ., V. An element v € V,, is said to have degree
|v] = n. A morphism (f,m) € mor(V,W) of graded vector spaces is a linear map
f: V= W and an m € Z, such that f(V,,) € Wy, 4,,. We will just denote this by f,
and say that it has degree |f| = m. This is a symmetric monoidal category under
the tensor product of graded vector spaces, where (V @ W), = @, -, V» ® Wy.
Notably, the symmetry isomorphism 7: V@ W — W ® V is given by

(1) Tvew)=(-1)MMwev
for v € V, and w € W,

Graded vector spaces form a closed symmetric monoidal category by setting

Hom(V,W),, = H Hom(V,, W,) = {f € mor(V,W) | | f| =n}
q—p=n
The rationals Q may be viewed as a graded vector space by setting
_JQ fori=0
Q= { 0 else ’

and the linear dual V'V of a graded vector space V is the graded vector space
Hom(V,Q). Note that (VV), ~ (V_,)*, the n’th subspace of the linear dual, is
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isomorphic to the regular linear dual of —n’th subspace. We will avoid negative
indexing and instead write V" for V_,,, as is convention throughout the literature.
We say that a graded vector space V' is bounded above (respectively below) if
there exist a m € Z such that Vi, = 0 for all £ > m (respectively k < m). Thus, if
V is bounded above, then V'V is bounded below, and opposite.
We say that a graded vector space is of finite type, if it is finite dimensional in
each degree.

2.1.2. Chain complezes. A chain complex (V,dy) is a graded vector space V to-
gether with a differential: a linear map dy : V' — V, of degree —1, such that d%/ =0.
For short we write V' for this chain complex, and d = dy. A chain map f: V — W
is a map of graded vector spaces such that, such that dy o f = (—l)mf ody, and
we denote the graded vector space of such by Homg,(V, W). Chain complexes also
form a symmetric monoidal category by the tensor product of graded vector spaces,
and defining the differential for V @ W by

dv@w) =dy(v) @w+ (=1)"v @ dy (w).

It is a closed symmetric monoidal category with the Hom from graded vector spaces,
equipped with the differential 0 given by

of =dwo f—(-1)lfody,  feHom(V,W).

For a chain complex (V,d), we define the cycles Z C V to be the kernel of d,
and the boundaries B C V to be the image of d. Since the d squares to zero, we
have B C Z and we define the homology of V' to be the quotient Z/B. We write
H,(V,d) for the homology, with

Hy(V,d) := (H,(V,d))p = ker(d: V,, = Viu_1)/Im(d: Vyiyy — Vi).

Accordingly the degree of an element in a chain complex is called the homological
degree. By cohomological degree we shall mean the negative homological degree.
For a chain complex (V,d), we define the positive part V, as follows,

Vi 1> 1
(Vi)i;=1 kerd: Vi = Vy i=1
0 1<0

Denote by sQ the chain complex for which
{ Q fori=1

0 else

sQ; =

ILe. sQ is generated by the single element s in degree 1. For a chain complex
(V,dy), we define the suspension (sV,dsy) as sV = sQ ® V, and there is a natural
isomorphism sV; ~ V;_ for all i. The differential on sV is then given by dsy = —dy,
with the sign enforced by (1). The suspension map is the isomorphism V — sV
given by v — s ® v, the image denoted simply by sv.

The dual (sQ)Y is generated by s* in degree —1, and s*Q ® V is called the
desuspension of V, always written s~'V. The isomorphism given by v — s* ® v is
similarly called the desuspension isomorphism, with the image simply denoted by
s~ 1o,
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2.1.3. dg algebras. By an algebra A, we shall mean a unital associative algebra:
a vector space A equipped with a multiplication morphism p: A ® A — A and
a unit morphism n: Q — A satisfying the usual axioms to make it a monoid in
the symmetric monoidal category of vector spaces. We will be explicit about other
properties, i.e. whether A is commutative, or augmented. We say that A is aug-
mented, if it comes equipped with an algebra homomorphism e: A — Q. The kernel
of ¢ is denoted by A, and is called the augmentation ideal.

A dg (differential graded) algebra is a monoid in the symmetric monoidal cat-
egory of chain complexes with only degree zero morphisms. Unfolding the defi-
nitions, it is a chain complex (A,d4) with multiplication p and unit n of degree
zero: (A, ® A;) C Aptq and n(Q) C Ay, and the differential d4 is a deriva-
tion with respect to the multiplication: it satisfies the Leibniz rule da(ab) =
da(a)b + (=1)l%lads(b) for a,b € A, which corresponds to the commutative dia-
gram:

ApA—Ls A
dA®1+1®dAl ldA

A A5 A

Note that for a graded commutative algebra, the commutativity relation carries
the sign from (1): ab = (—1)%l1%lpq.

We say that a dg algebra A is n-connected if A = Q and A* =0 for n > k. If
A is 0-connected we just say that A is connected, or that A is a cochain algebra.

Let V be a graded vector space. Denote by AV the free graded commutative
algebra on V. It is the tensor algebra

v =ver,

n>0

where multiplication is given by v - w = v ® w, modulo the ideal generated by all
elements of the form v ® w — (—1)/"I"lw @ v for v,w € TV. Alternatively it can be
defined using the coinvariants for the obvious symmetric action AV = @@, -, A"V
where B

A"V = <V®n)2n ’

with the induced product from the tensor algebra. We write an element v € AV
asv=wv1 A... \v, where v; € V.

2.1.4. dg coalgebras. Completely dual to above, by a coalgebra C' we mean a couni-
tal coassociative coalgebra, which may be cocommutative, or coaugmented. l.e. a
vector space C' with a comultiplication map A: C — C®C and a counit ¢: C — Q
satisfying the usual axioms making it a comonoid in the symmetric monoidal cat-
egory of vector spaces. We say that C is coaugmented, if it comes equipped with
a coalgebra homomorphism 7: Q — C. The cokernel of 7 is denoted by C, and is
called the coaugmentation coideal.

A dg coalgebra (C,d¢) is a comonoid in the symmetric monoidal category of
chain complexes with only degree zero morphisms. It is a chain complex (C,d¢)
with comultiplication and counit of degree zero as for an dg algebra, and d¢ is a
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coderivation with respect to the comultiplication: the diagram

CoC<2_C
dc®1+1®dcT Tdc
Coc<2_C

commutes.
We say that a coaugmented dg coalgebra C is n-connected if C, = 0 for k < n.
The linear dual of a dg coalgebra always has the structure of a dg algebra: there
is a (degree zero) chain map p: C¥V @ CV — (C ® €)Y and the composition

YooY L (Ccoc)Y A oY

is indeed a multiplication on CV. The linear dual of a dg algebra which is of finite
type and bounded above or below, has the structure of a dg coalgebra: finite type
and boundedness implies that ¢ is an isomorphism, and the composition

AY 5 (Aw A)Y P AV @ A

is indeed a comultiplication on A".
The free graded commutative algebra AV can be equipped with the unshuffle
coproduct: the comultiplication defined by letting

n—1
A(vi AL Avy) = Z Z(—l)g(vg(l) VANPIRAN Uo(i)) ® (va(iﬂ) VANIRAAN Ug(n)),
=1 o

where o runs over the set of (i,n — ¢)-unshuffles, i.e.
o) <---<o @) and o7li+1) <o <o (n).
The sign is determined by

e= > vyl
i<j
o (@©)>a7 1))

This comultiplication turns out to be cocommutative, and further makes AV the
cofree graded cocommutative (conilpotent) coalgebra on V. When we think about it
in this way we may sometimes denote it AV, not to be confused with the summands
of the graded vector space structure.

In fact AV is even a Hopf algebra with the two defined operations above, but we
will not be using this.

2.1.5. dg Lie algebras. Recall that a graded Lie algebra is a graded vector space L
equipped with a Lie bracket: a graded anti-symmetric binary operation

[-,-]: L®L— L,
with any triple of elements satisfying the Jacobi relation:
[aj? [ya Z]] = [[l‘, y]a Z] + (_1)\x\|y| [y7 [SL‘, Z]]

A dg Lie algebra (L,dy) is a graded Lie algebra L such that (L,dy) is a chain
complex, the Lie bracket has degree zero, and dj, is a derivation with respect to the
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Lie bracket: the diagram

LoL =L

dL®1+1®dLl J/dL
Loy

commutes.
Again note that anti-commutativity, and Jacobi relations carry the signs enforced
by (1), that is for all z,y € L we have

[x,y] = _(_1)\w||y|[y7x].

We say that a dg Lie algebra L is n-connected if L = 0 for k < n.

For a dg Lie algebra L, the positive part L, is a Lie subalgebra.

Let V be graded vector space. Denote by (V') the free graded Lie algebra on
V. Tt is the smallest graded Lie subalgebra of TV such that V C L(V'), where the
tensor algebra on V' is equipped with the bracket given by anti-symmetrising the
usual multiplication:

[v,w] =v@w— (=)o

2.1.6. Quasi-isomorphisms. For any of the above types of dg (co)algebras, there
is an induced structure of the same type on the homology of the underlying chain
complex. A dg algebra homomorphism A — B is a quasi-isomorphism if the
induced map H,.(A) — H.(B) is an isomorphism. A quasi-isomorphism from A to
B is often denoted A — B.

We say that two dg algebras A; and A, are quasi-isomorphic if there exist a
zig-zag of quasi-isomorphisms

Ay Ay S S A A,

Similarly for dg Lie algebras and dg coalgebras.

2.1.7. Contractions. Let (W, dw) and (V,dy) be chain complexes. A contraction
of W onto V is a diagram

P
h CW —V,
K3
where p and i are chain maps such that pi = 1y, dwh + hdw = ip — ly. The
maps have degrees |p| = |i| = 0, and necessarily |h| = 1. Without loss of generality
we may assume the annihilation conditions, that h? = hi = ph = 0, see [24].

Necessarily p and i are quasi-isomorphisms of chain complexes.
Contractions can be composed as follows:

" Qwé v and ¢ QV# U

compose to

U.

qp
nign (W :

j

This is easily checked by using the annihilation conditions.
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Lemma 2.1. For any chain complex V (over a field), we may choose a contraction
P
h C V== H.(V),

K3

where we consider the graded vector space H.(V) as a chain complex with zero
differential.

Proof. Consider the short exact sequences

Since we are working over a field, these are split exact, and we may choose splittings
as already indicated. It is easy to check that the data

qT
opT C V_— H,.(V),
Jw
is a contraction of V onto its homology. O

Finally for this section, note that the homotopy h of a contraction always satisfies
the equation dhd = d.

2.2. Twisting morphisms, bar and cobar constructions. Given a dg coalge-
bra C and a dg Lie algebra L, the set of twisting morphisms is a certain subset of
all linear maps C' — L, and in Appendix B of [32] Quillen shows that the bifunctor
assigning this set to C' and L is representable and corepresentable. We review parts
of the theory below.

Definition 2.2. Let (L,d) be a dg Lie algebra. A Maurer-Cartan element of L is
a degree —1 element T, satisfying the equation

(2) dr + %[T, 7] =0.

Any such Maurer-Cartan element 7 gives rise to a twisted differential d” on L
defined by

d"=d+[r,—].

It is easy to check that this is a differential precisely when the equation (2) is
satisfied. The set of Maurer-Cartan elements of a dg Lie algebra L is denoted
MC(L), and clearly for a dg Lie map f: L — L’ we have f(MC(L)) C MC(L').

Let (C,d¢) be a coaugmented dg cocommutative coalgebra, and (L, dy,) a dg Lie
algebra. The chain complex Hom(C, L) has the structure of a dg Lie algebra, called
the convolution dg Lie algebra. The Lie bracket [f, g] for f,g € Hom(C, L) is given
by the composition

c2.coct® el

A Maurer-Cartan element of the convolution Lie algebra gives rise to a twisted
differential 9™ on Hom(C, L), and we denote by Hom(C, L)” the resulting dg Lie
algebra.
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Definition 2.3. Let (C,d¢c) be a coaugmented dg cocommutative coalgebra, and
(L,d1) a dg Lie algebra. A twisting morphism 7 from C to L is a Maurer-Cartan
element of the convolution Lie algebra 7 € MC(Hom(C, L)), such that T is zero on
the coaugmentation of C. We write Tw(C, L) for the set of twisting morphism from
C to L.

The assignment of Tw(C, L) to the data C' and L defines a bifunctor by pre-
composition of dg coalgebra maps, and composition of dg Lie maps. It turns out
to be the representable and corepresentable bifunctor mentioned above, but be-
fore stating this as a proposition, we briefly review the corepresenting respectively
representing objects.

Definition 2.4 (Cobar construction). Let C denote an coaugmented dg coalgebra.
The cobar construction on C is denoted £ (C), and it is the free Lie algebraL(s~*C)
on the desuspension of C, equipped with a differential d = 69 + 61. Here &y and
61 are derivations given respectively by

So(s7'a) = —stdo (),

1 /
(s~ ) = — S0 s s,
i
for xz € C, and the sum is given by the reduced comultiplication on C, which we
write A(z) =, v @ x) .
The cobar construction gives rise to corepresenting objects for Tw(—, —).

Definition 2.5 (Bar construction). Let L denote a dg Lie algebra. The bar con-
struction on L is denoted € (L), and it is the cofree cocommutative coalgebra A°(sL)
on the suspension of L, equipped with a differential de = do + d1. The differential
is given by the formulae

n
do(sT1 A ANSxp) = — Z(—l)eisxl Ao ASdp () Ao A STy,
i=1
— _1)Iszil+ei; D S G
dy(sx1 Ao A sxy) —Z( 1) islag, xj] NsTi AL ST .. ST .. N\ STy,
i<j

for x € L, with signs determined by

€ = Z |S‘Tj|a

i<j
i1 j-1
€ij = |sx Z |sxr| + |sz;] Z |sxy].
r=1 r=1
The bar construction gives rise to representing objects for Tw(—, —).

Remark 2.6 Classically the bar and cobar construction takes dg algebras respec-
tively coalgebras to dg Hopf algebras. The cobar construction defined above is
exactly the dg Lie algebra of primitives in the classical setting. It also coincides
with the Quillen construction on the dual A := CV.

The bar construction as defined above coincides with the linear dual of the
Chevalley-Eilenberg construction. It is not the same as taking the classical bar
construction on the universal enveloping algebra U L, but the two constructions are
quasi-isomorphic.



19

2.2.1. Universal twisting morphisms. By the definition of the cobar and bar con-
structions it follows immediately that projection to cogenerators and inclusion of
generators give degree —1 morphisms

w: €(L) = L, 1: C = Z2(0).

It is easy to check that these are twisting morphisms, and any twisting morphism
7: C — L factors in two ways

with ¢, a dg coalgebra map and v, a dg Lie map, such that both are uniquely
determined by 7. This is originally due to Quillen, see [32] App B, 6.1 and 6.2. We
summarize as follows.

Proposition 2.7. Let C be a coaugmented dg cocommutative coalgebra, and let L
be a dg Lie algebra. The universal twisting morphisms induce bijections

Homag(Z(C), L)—=Tw(C, L)=——Homge coaty (C; € (L)).

In particular the bar and cobar constructions form a pair of adjoint functors

<
DGCC~— T DGL

-
€

between dg Lie algebras and coaugmented dg cocommutative coalgebras. In fact,

when restricting to connected Lie algebras and 1-connected coalgebras this is even

a Quillen equivalence [32].

2.3. Koszul duality for Lie and commutative algebras. Koszul algebras were
first introduced by Priddy in [31], where the theory is developed for associative al-
gebras. Ginzburg-Kapranov [16] developed Koszul duality for operads, and Koszul
duality for algebras over certain Koszul operads. This in particular encompasses
Koszul duality for Lie and commutative algebras. See also Milles [29] for this. An
introduction to operads and Koszul duality for operads can be found in [27] by
Loday-Vallette. Berglund [2] gives a short and concise review of parts of the the-
ory, and we specialize some of that account here to the case of Lie and commutative
algebras.

A weight grading on a coaugmented graded cocommutative coalgebra C, is a
decomposition

C=C(1)®aC2)®---
such that the comultiplication of C' is weight preserving, i.e. for n > 2

AC() < € Clp)2Clg),

p+q=n
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and A(C(1)) = 0. Setting C(0) ~ Q to be the image of the coaugmentation, we get
a corresponding weight decomposition of C' such that the comultiplication A on C
is weight preserving.

Example 2.8 Let V be a graded vector space. The free graded cocommutative
coalgebra A°V is coaugmented by the identification Q ~ A°V and has natural
weight grading with AV (n) = A"V.

The cobar construction (Z(C), dp+01) on a coaugmented graded cocommutative
coalgebra C' with a chosen weight grading is bigraded by bracket length £, and total
weight £,,. Bracket length is self-explanatory for a free graded Lie algebra, and
total weight of an element is simply the sum of weights appearing in the brackets.
E.g. suppose we have an element z = [[x1, 23], 23] € £(C) with x; € C(i), then
() =3 and l,(x) =1+2+3 =6.

Since any weight grading is positive, Z(C) is concentrated in bigradings with
Ly > £y, and we let

Dy ={zxeZ0) | ly(x)="04(x)} C Z(C)
denote the diagonal. Define the Koszul dual graded Lie algebra to C to be the
quotient Lie algebra
Ch:= Dg/Dg ﬂlm(51).

The natural projection followed by the quotient f: £ (C) — C' gives rise to a
twisting morphism x: C — C'! by restriction to generators (Proposition 2.7 and
discussion above it).

Definition 2.9. We say that C is a Koszul coalgebra if there exist a weight grading
on C such that the natural projection followed by the quotient Z(C) — Ci is a
quasi-isomorphism of dg Lie algebras.

A weight grading on a graded Lie algebra L, is a decomposition
L=L(1)®L(2)a®---
such that the bracket of L is weight preserving, i.e. [L(p), L(q)] € L(p + q).

Example 2.10 Let V be graded vector space. The free graded Lie algebra on
L(V) has a natural weight grading given by L(V)(n) = L(V) N V®". This is just
the bracket length in the free Lie algebra, and we also write it L™ (V).

The bar construction (%(L),dy + d1) on a graded Lie algebra L with a chosen
weight grading is bigraded by wedge length £, and total weight £,,. Wedge length is
the obvious grading for a cofree graded coalgebra, and total weight of an element
is the sum of weights of letters appearing as letters in a word. E.g. suppose we
have an element y = [y1,y2] Ays Ays € €(L) with y; € L(i). Then 4,(y) = 3 and
Ly(y)=(14+2)+3+4=10.

Since any weight grading is positive, € (L) is concentrated in bigradings with
by > Ly, and we let

Dy = {z € €(L) | lw(z) = t(2)} C Z(L)

denote the diagonal. Define the Koszul dual cocommutative coalgebra to L to be
the sub coalgebra

Ll := D¢ Nker(dy) C €(L).
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The inclusion g: Lt — (L) always gives rise to a twisting morphism «': LI — L
by projection to cogenerators k' = mg, cf. Proposition 2.7. Explicitly it is the
composition

—1
k': L' = Dy — sL(1) 2= L(1) — L.

Definition 2.11. We say that L is a Koszul Lie algebra if there exist a weight
grading on L such that the inclusion L1 — %(L) is a quasi-isomorphism of dg
coalgebras.

Notice that the quasi-isomorphisms of Definition 2.9 and 2.11 correspond to
certain twisting morphism Li — L, respectively C' — C' c¢f. Proposition 2.7.

Definition 2.12. An augmented graded commutative algebra A of finite type is a
Koszul algebra if A is a Koszul coalgebra.

Definition 2.13. Let L be a Koszul Lie algebra. The Koszul dual graded commu-
tative algebra is L' = (Li)".

Definition 2.14. Let A be a Koszul algebra of finite type. The Koszul dual graded
Lie algebra to A is A := (AV)l.

The following theorem is a special case of Berglund [2], Theorem 2.11.

Theorem 2.15. Let L be a Koszul Lie algebra. Then L has a presentation of the
form

L=L(V)/(R)

for some R C L(V)(2). The Koszul dual graded commutative algebra L' has a
presentation

L' = A((sV)")/(RY),

where RY C A2((sV)V) is the annihilator of R with respect to the pairing of degree
2

() A((sV)) @ LY(V) = Q,
induced from the standard pairing VYV @ V — Q.

Explicitly the induced pairing is given in terms of the standard pairing by the
formula

(a A Db, [a, B]) = (_1)\bl\a|+\a|+\a|<a,a><b7 B) — (_1)\a||ﬂ|+\b||6|+|a|+\6\<a7 B)(b, ),
with a,b € sVY and o, 8 € V.

2.4. L.-algebras. Our results rely on contracting the underlying complex of a dg
Lie algebra, and studying what structure the contracted complex has. One might
expect it to be a Lie algebra “up to homotopy” in some appropriate sense, and
this is indeed the case. The correct notion is that of an L..,-algebra or strongly
homotopy Lie algebra, introduced by Lada and Stasheff [23], with reference to [33]
by Schlessinger-Stasheff, unpublished at the time. Many of the ideas concerning
Loo-algebras are present in the work of Kontsevich, and a modern treatment is
given in [27] by Loday-Vallette.
We follow the sign conventions from the latter.
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Definition 2.16. Let V be a graded vector space. An Lo.-structure on V is a
family of linear maps

lp: VO 5V, n>1,
of degree n — 2, satisfying anti-symmetry
Uy, ) = —(=D)EWle (g x, . ),

and for all n > 1, the generalized Jacobi identities,

Z Z Sgn n+1 P(gp(ma(l)a Ts(2)s--- axa(p))a Lo(pt1)y--- 7$a(n)) =0,

p=1 o
where we sum over all (p,n — p)-unshuffles, i.e.
o ') <--<o M p) and oTrp+1)<---<o(n).
The sign is given by
=pn—p)+ Y |willayl

1<j
o™ ()>o 7 (4)

The generalized Jacobi identities for n < 3 are

6 (x)
G0 (x),y) + (1)1 (2, 01(y)) = (52(337?;)),
U (Ca(z,y), 2) + (L)W 0y 0y (2, 2), y) — bo(z, la(y, 2)) =
(3) —(l103 + U501 (2 @ y ® 2).

From this we see that ¢; is a differential, and a derivation with respect to ¢5. For
an Loo-structure on a graded vector space V, the chain complex (V, 1) is called the
underlying chain complex. We see from (3) that if either ¢, or ¢3 are zero, then o
is a Lie bracket, but in general (3) just states that the Jacobi relation holds up to
chain homotopy in V®? given by —/3 (note that we have abused notation slightly
so the differential on V3 induced by /1, is also denoted by /7).

We shall say that ¢, for n > 2, is a higher operation. An L.-structure with
trivial higher operations is just a dg Lie structure.

Definition 2.17. An Lo,-morphism g: (V,£) — (W,1) is a family of graded alter-
nating linear maps {gn: V" — W}, of degree n — 1, such that for every n > 1,
gn satisfies

Z Z sgn(0)(—=1)gns1-p(p(To(1), To(2)s - - - > To(p) ) To(p1)s - - - s Ta(n)) =
p=1 o
Z ngn lk(gzl(x'r(l)w">$T('L1))7'"agik(xﬂ'(ik,1+1)7"'a‘r’r(ik)))v
E>1
i1+ tig=n
where o is a (p,n — p)-unshuffles as above, and T is an (i1, ..., i;)-unshuffles, i.e.

T+ 1) << i), forallje{0,...,k—1}, dy:=0,
satisfying the extra condition that

) <7 Vi 4+1) <o <7 Nig g4 Figy + 1),
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The signs are given by

e=pin—p)+ Y. l|wllzl
1<J
o7 (§)>07(j)
k k 451
n=Y (k=N =0+ > |l + D =1 D el
j=1 i<j j=2 m=1
T H>TTH)

For n = 1 the condition is simply that ¢; is a chain map. For n = 2, it is
—g2(lr(z1), 22) — (= 1)1 11721H g0 (04 (22), 1) + g1 (L2 (a1, 22))
= la(g1(21), 91(2)) + (=) 1172145 (g1 (22), g1 (1)) + L (g2 (21, 22)),

which we rearrange

9o (01 (1), 2) + (=1)1" go (@1, €1 (22)) + 11 (ga (21, 22))
= g1(la(w1,72)) — l2(g91(21), g1(22))
and see that the condition is precisely that g is a chain homotopy between g/
and l2(g1 ® g1), so g1 respects the binary operations up to homotopy. Similarly the

higher maps {g,, }n>3 can be thought of as homotopies between homotopies, and so
on.

Definition 2.18. An L., quasi-isomorphism is an Le,-morphism {g, }n, such that
g1 is a quasi-isomorphism of chain complezes.

There is an equivalent definition of L..-algebras, which the following theorem
expresses.

Theorem 2.19. Let V' be graded vector space. An Ly, -structure on V' corresponds
precisely to a square zero coderivation of degree —1 on the cofree cocommutative
coalgebra A(sV').

An Loo-morphisms is a dg coalgebra morphism under this correspondence.

A coderivation § on a cofree coalgebra is completely determined by its corestric-
tion m0: A(sV) — sV. Write 6 = > 0y, where §, lowers word length by r.
Le. for any n > 0 we have restrictions 8,: A"(sV) — A" "(sV) and in particular
8y A(sV)™1 — sV. If § has degree —1, then the family of maps 4, correspond to
the operations ¢,, for an L,-algebra, by setting

$lp(v1,. .. vp) = (=1) 212l F75 L (sup Ao Asuy).

The condition §2 = 0 corresponds to the generalised Jacobi identities.

Taking the graded dual determines a dg algebra, and if V' is of finite type and
concentrated in positive degrees, then the opposite is true: A differential d on the
free graded commutative algebra A((sV)Y) determines an L..-structure on V. The
differential is determined by restriction to (sV')¥, and similar to above we write
dy: (sV)Y — A™((sV)Y) for the restriction, and the n-ary operation can be read of
from this. Further, an L.,-morphism is then just a dg algebra morphism.

This gives a convenient way of packaging the data of an L..-algebra with easy
access to structural properties. For example, a minimal L..-structure on a pos-
itively graded vector space of finite type is given by a free graded commutative
algebra equipped with a differential with no linear part.
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Next, let (W, dw ) and (V,dy) be chain complexes, and
f
4 —_—
(4) (W ==V,

a contraction.

If W is an L.-algebra, then there is an induced L., -structure on V. This is
the Homotopy Transfer Theorem for L..-algebras. It is mentioned in [23] without
proof, and shown by Huebschmann [21]. A version with explicit formulae for the
resulting structure appears in [27] and in [1] by Berglund. The latter also contains
details on how to extend the maps occurring to L..-morphisms.

Before stating the theorem, suppose we are given a contraction (4) and an Le-
structure {£,} on W, and consider rooted trees with each leaf labeled by g, each
vertex by ¢, where n + 1 is the valence of the vertex, each internal edge by h, and
the root by f. Such a tree with n leaves may be taken as recipe for building a map
V®n" — V| by composing from leaves to root, each leaf taking an input from one of
the n copies of V' in the source.

We can then form a signed sum over all such rooted trees with n leafs and labels
as described, to get a map l,,: V®* — V, which we may depict as

g g g g
X p
l, = 12NN + -
o
/

If we decorate the root of each tree by h instead of f, we get recipes for building
maps V®" — W, and forming the signed sum over all rooted trees with n leaves
and this decoration, we get a map g,: V" — W.

Theorem 2.20 (Homotopy Transfer Theorem). Let (L,{{,}) be an Lo -algebra,
and let (V,dy) be a chain complex. Given a contraction

the collection of maps {1} as discussed above defines an Ly -structure on V. The
collection {gn} defines an extension of g to an Lo, quasi-isomorphism (V,{l,}) —

(L; {€n})-

There is an extension of f to an L., quasi-isomorphism, but the description is
more complicated and we will not need it here, cf. [1].

Denote ¢35 by [—,—] for now and let z,y € V. For the binary and ternary
transferred operations we get

la(z,y) = f([g9(x), 9(y)]),

and
(5) Is(z,y,2) = f o (—[hlg(z), g¥)], 9(2)] + (=1)"![g(x), hlg(y), 9(2)]]
+(=)PER[g(2), g(2)], 9(w)] + L3(g(2), 9(y), 9(2)))
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2.5. Algebraic models for rational spaces. There are two approaches by re-
spectively Quillen [32] and Sullivan [37], to model spaces algebraically over Q. With
a few restrictions they succeed in providing complete algebraic invariants for the
rational homotopy type of spaces. Standard references are [13] by Félix-Halperin-
Thomas, and [7] by Bousfield-Gugenheim.

Definition 2.21. A rational space is a simply connected space X such that the
homotopy groups m,(X) are uniquely divisible for all k. Equivalently the homology
groups H, (X) are uniquely divisible for k > 0.

Recall that a uniquely divisible group is a group G where multiplication G - G
is an isomorphism for all non-zero integers n. Equivalently it is a group which
admits the structure of a vector space over Q.

Definition 2.22. A rationalisation of a simply connected space X is a rational
space Xq together with a map r: X — Xqg inducing isomorphisms on rational
homotopy groups

T (X) ® Q = m,(Xg), n>0.
Equivalently r induces isomorphisms on rational homology groups
H,.(X;Q) = H,(Xqg), n>0.

Definition 2.23. A simplicial object in a category C, is a functor F: A°? — C,
where A is the category of finite non-empty linearly ordered sets: objects are finite
non-empty linearly ordered sets, and morphisms are order preserving maps.

Let [n] denote the integers from 0 to n with the usual ordering, considered as an
object of A. A common way to give the data of a simplicial object is then to specify
the n-simplicies F,, := F([n]), together with structure maps F(p): Fy, — F, for
¢: [n] = [m] in A.

A fundamental connection between topology and algebra is given by the Sullivan-
de Rham algebra functor. We remind the reader that all algebras here are defined
over Q.

Definition 2.24. The simplicial de Rham algebra Q is the simplicial commutative
dg algebra with n-simplicies
At;,dt; |i=0,. ..
= (ti,dti | @ =0, ] = 1,
(to+ - +tn—1, dtg+ -+ dity)
differential as suggested by notation and structure maps ¢*: Q0 — Q. given by
©" (tl) = Z tj,

jep (@)

for o: [m] = [n].
See [13] for more details.

Definition 2.25. For a simplicial set X, the Sullivan-de Rham algebra functor is
given by

OF (X) = HomsSet(X7 Qi)a

the set of simplicial maps from X to the simplicial de Rham algebra.
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This is naturally a graded commutative cochain algebra, and integration defines
a quasi-isomorphism to the singular cochains Q*(X) — C*(X;Q), cf. [7].

Definition 2.26. For a graded commutative cochain algebra A, the spatial realiza-
tion functor is given by

(A) := Homeqgq (A, ),
the simplicial set of algebra morphisms from A to the simplicial de Rham algebra.

The Sullivan-de Rham algebra and spatial realization functors form a contravari-
ant adjunction, that is for a simplicial set X and a graded commutative cochain
algebra A there is a bijection

Homeqgq (A4, Q" (X)) >~ Homgger (X, (4)),

and the two functors induce an equivalence of homotopy categories between simply
connected rational Kan complexes of finite Q-type, and cofibrant simply connected
graded commutative cochain algebras of finite type. Together with the standard
Quillen equivalence between simplicial sets and topological spaces, this justifies the
study of rational homotopy theory by the algebraic models discussed below. We
will not introduce too much model category language here, but simply note that
all Sullivan algebras as defined in the following are cofibrant. See [13] for details.

In the following we will write Q*(X) for a topological space X, by which we
mean Q*(5,X), where S¢X is the singular simplicial set of X.

2.5.1. Sullivan models. A Sullivan algebra is a cochain algebra A, which is free as
a graded algebra A = A(V') for some graded vector space V = P, V", satisfying
the following conditions. There is an increasing sequence of graded subspaces

vocvc.-cl vk =V
k

such that d(V(0)) = 0 and d(V(n)) C A(V(n —1)). A Sullivan algebra A = AV is
minimal if d(V') is contained in the decomposables A2V

Remark 2.27 Recall from above that a dg commutative algebra for which the
underlying algebra is free on a positively graded vector space V' of finite type deter-
mines an L,-structure on sV. In particular a Sullivan algebra for a graded vector
space V of finite type determines an L..-structure {£,} on sV, and minimality of
the Sullivan algebra translates to the condition that ¢; = 0.

This is the defining property for a minimal L..-algebra in general.

Let X be a simply connected space. A cochain model for X is a cochain algebra
A together with a quasi-isomorphism to the de Rham algebra Q*(X). A Sullivan
model for X is a cochain model for which A is a Sullivan algebra. A minimal
Sullivan model for X is a Sullivan model for which A is minimal.

One of the main points of Sullivan’s theory is then the following.

Theorem 2.28 (See [13]). There is always a minimal Sullivan model for a simply
connected space. The minimal model is unique up to isomorphism.

Thus we may speak of the minimal Sullivan model for a simply connected space.
The existence of minimal Sullivan models together with spatial realisation gives
a convenient way of rationalising simply connected spaces.



27

Proposition 2.29. Let X be a simply connected space of finite Q-type with minimal
Sullivan model mx — Q*(SeX). Then the realization of the adjoint map SeX —
(mx) gives a rationalisation of X. In particular we may take Xg = |(mx)]|.

2.5.2. Quillen models. Let X be a simply connected space. A Lie model for X is
a positively graded dg Lie algebra L = L>; such that (L)Y is a cochain model
for X. A Quillen model for X is a Lie model for which the underlying Lie algebra
L is free. A minimal Quillen model is a Quillen model for which the differential is
decomposable.

Theorem 2.30 (See [13]). There is always a minimal Quillen model for a simply
connected space. The minimal model is unique up to isomorphism.

Again, we may speak of the minimal Quillen model for a simply connected space.

2.5.3. Formality and coformality.

Definition 2.31. (1) A commutative cochain algebra A is formal if A and
H*(A) are quasi-isomorphic as commutative cochain algebras.
(2) A simply connected space X is formal if the commutative cochain algebra
O*(X) is formal.

Equivalently X is formal if the minimal Sullivan model is quasi-isomorphic to
H*(X).

Definition 2.32. (1) A dg Lie algebra L is formal if L and H.(L) are quasi-
isomorphic as dg Lie algebras.
(2) A simply connected space X is coformal if the minimal Quillen model is
formal.

The homology of the minimal Quillen model for X is the rational homotopy Lie
algebra 7. (2X) ® Q.

Proposition 2.33 (Cf. Loday-Vallette [27] Section 10.4). Let L and L' be dg Lie
algebras, and consider them as L. -algebras with trivial higher operations. There ex-
ists an Lo -quasi-isomorphism L — L' if and only if L and L' are quasi-isomorphic
as dg Lie algebras.

By this proposition, a dg Lie algebra L is formal if and only if there exist an L,
quasi-isomorphism H, (L) — L, where L and H, (L) are considered L..-algebras
with trivial higher operations.

We may always choose a contraction

(6) (== H.(L)

onto the homology, cf. Lemma 2.1. The Homotopy Transfer Theorem for L..-
algebras then produces a minimal L.-structure on H,(L) with [y-operation the
standard bracket induced on the homology, and an L,-quasi-isomorphism

H.(L) = L.
Corollary 2.34. A dg Lie algebra L is formal if there exist a contraction (6) such

that Leo-structure {l,} on H.(L) produced by the Homotopy Transfer Theorem has
I, =0 for allr > 3.
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The detection of a higher operation on the homology is not enough to conclude
that a dg Lie algebra is not formal. There exist minimal L..-algebras with non-
trivial higher operations which have isomorphic minimal structures where all higher
operations vanish.

Example 2.35 Consider the minimal L..-algebra determined by
L= (A(s,t,u,v),du = v + t* + % + 20t + 2vs® + 25%¢?),

with |s| = 2, |t| = 3, |[v| = 6, and |u| = 11. This has non-trivial operations up to
arity 6. The map given by v/ — v + 2 + s® induces an isomorphism of dg algebras

(A(s, t,u,v"),du =v"?) = L

which determines a minimal L.-structure with no higher operations. Point in case
is that we may have chosen a basis for the underlying graded vector space in which
higher operations do not vanish, but they do by a “non-linear” change of basis.

However there is a way around this, as we shall see now.

2.5.4. Massey brackets. Completely analogous to Massey products, there are sec-
ondary operations on the homology of a dg Lie algebra L, called Massey brackets.
For a formal dg Lie algebra all Massey brackets vanish. An L-structure on the
homology provides the choices needed for the construction of such, and detection
of a higher operation for which the corresponding Massey bracket does not vanish
is enough to conclude that a dg Lie algebra is not formal.

We will only introduce the triple Massey bracket here, as this is all we need to
detect a ternary operation in our examples and conclude non-formality.

Definition 2.36. Let (L,d) be a dg Lie algebra, and let x,y,z € L be cycles,
representing homology classes T,y and Z. The triple Massey bracket M3(Z,7y,Z) is
the set of homology classes

{(_1)|x|[x78] - [tvz] - (_l)leyH‘yl[yvu} | ds = [y,z], dt = [x,y}, du = [x,z]} :

Note that M5(Z, 7, z) is non-empty if and only if

[y, 2] = [z, y] = [z, 2] = 0.
Now, let L be a dg Lie algebra with cycles x,y, z such that
[,y = [z.2] = [.2] = 0,
and choose s,t,u € L such that ds = [y, z], dt = [x,y] and du = [z, z]. Define the
operation
(@9, 2)s = (1) [, 8] = [t, 2] = (=) o],
This defines a cycle in L by the Jacobi identity. Define the subgroup
Azyz = [T, Ho(L)] + [9, Ho(L)] + [2, H.(L)] € H.(L).
We can show that
e The class (2,9, 2)s.tu + Azyz € H.(L)/Azy= does not depend on the
representatives chosen for Z,7 and Z,

e The class (z,y, Z>S,t’u+A§’y’3 does not depend on the representatives chosen
for s,t and wu.

Thus Ms(Z,7,Z), when non-empty, is a well-defined class in H.(L)/Az 5z
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Definition 2.37. We say that M3 vanishes on L if M3(c, 8,7) =0 € H.(L)/Aw g,
for all a, B,y € H.(L) such that Ms(«, B,7) is non-empty.

The following lemmas are easy consequences of the bullets above.
Lemma 2.38. Let L be a dg Lie algebra. If d, = 0 then Ms vanishes.

Lemma 2.39. Let f: L — L' be a map of dg Lie algebras. For all o, B,y € Hy(L)
such that Ms(a, B,7) is non-empty,
(1) f induces a well-defined map H.(L)/Aa g — Hi(L')/As, (a),1.(8).f.(7)>
(2) My(a, B,n) is mapped. to Ms(f.(0), fu(8), fu(1)) under this map.

Corollary 2.40. Let f: L — L' be a quasi-isomorphism of dg Lie algebras. For
all o, B,y € Hy(L) such that Ms(a, B8,7) is non-empty, Ms(a, 8,7v) = 0 if and only

if Ms(f+(a), £+(B), f+(v)) = 0.

Proof. For a quasi-isomorphism f the induced map of Lemma 2.39 (1) is an iso-
morphism. ([l

Proposition 2.41. Let L be a dg Lie algebra. If L is formal then M3 vanishes on
L.

Proof. When L is formal, there is a zig-zag of quasi-isomorphisms L ¢— --- —»
H,.(L). By Lemma 2.38 Mj3 vanishes on H, (L), and by Corollary 2.40 we get that
M3 also vanishes on L. [l

Proposition 2.42. Let L be a dg Lie algebra, and denote by {3 the ternary opera-
tion on H,(L) transferred from L along some choice of contraction. If Ms(a, 3,7)
is non-empty for o, B,y € Hy(L) then

63(0436/7) € M3(a’6’7)'
Proof. Let a, 8,7 € H.(L) be such that Ms(«, 8,7y) is non-empty, and let

q
k QL: H.(L)

be a contraction.
Recall the explicit formula (5) for ¢35 on H,.(L), and note that all higher opera-
tions are zero on L. We insert

ls(a, B,7) = g o (—[k[i(),i(B)],i(y)] + (1) */[i(a), k[i(8),i(7)]
+(=)VIM ki), i(7)),4(8)),
and make the choices
v=i(a), y=i(B), z=i(y)
s =kli(B),i(v)], t=kl[i(a),i(B)] and u= k[i(a),i(v)].

)
Using the fact that [i(8),i(y)] is a cycle and thus dk[i(5),i(7)] = [i(8),i(y)], we
check that ds = [y, z|, and similarly that dt = [z,y] and du = [z, z]. Further, it is
easy to check that these choices exhibit I3(«, 3,7) on the form

(—]_)|w‘[x,s] — [t72] — (—1)‘w||y|+|y|[y,u]
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We conclude that the existence of a contraction such that the ternary trans-
ferred operation represents a non-zero class in some Massey bracket, is sufficient to
conclude non-formality.

2.5.5. Koszul Spaces. The term Koszul space is coined by Berglund in [2]. The
essentials for us are outlined below.

Theorem 2.43 (Berglund [2] Theorem 1.2). Let X be a simply connected space
such that H*(X;Q) is of finite type. The following are equivalent:

(1) X is both formal and coformal.

(2) X is formal and the cohomology algebra H*(X;Q) is a Koszul graded com-
mutative algebra.

(8) X is coformal and the homotopy Lie algebra m,(2X)®Q is a Koszul graded
Lie algebra.

Definition 2.44. A Koszul space is a simply connected space X such that H*(X; Q)
is of finite type, satisfying the equivalent conditions of Theorem 2.43.

Theorem 2.45 (Berglund [2] Theorem 1.3). Let X be a Koszul space with rational
homotopy Lie algebra L and cohomology algebra A. The Koszul dual graded com-
mutative algebra L' is isomorphic to A, and the Koszul dual graded Lie algebra A'
is 1somorphic to L.

Corollary 2.46. Let X be a Koszul space with homotopy Lie algebra L and coho-
mology algebra A. Then

(1) ZL(AY) is the minimal Quillen model for X .
(2) There is a surjective quasi-isomorphism

LAY = L,
corresponding to a twisting morphism k: AV — L.

Proof. Let mx be a Sullivan model for X. Recall from section 2.2 that the bar and
cobar constructions form a Quillen equivalence, so £ (mY) is a Quillen model for
X. Since X is formal the minimal model m x is quasi-isomorphic to the cohomology
A, and the functor .# preserves all weak equivalences so in particular Z(AV) is the
minimal Quillen model for X.

That X is also coformal means that . (AY) is quasi-isomorphic to L. We can do
better: AV is a Koszul coalgebra so the natural projection followed by the quotient
map is a surjective quasi-isomorphism of dg Lie algebras

ZL(AY) = (A

which corresponds to the twisting morphism x as discussed in section 2.3. By
Theorem 2.45 we have (AV)i ~ L. O

The existence of this explicit surjective quasi-isomorphism is the special feature
of Koszul spaces upon which this thesis is build.

Remark 2.47 Recall from Theorem 2.15 that L is generated by some graded vector
space V, and that A is generated by the shifted dual (sV)¥. The twisting morphism
K restricts to the canonical identification ((sV)Y)Y ~ V.
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2.6. Classification of fibrations. The classification of fibrations with a given
fibre is mainly due to Stasheff [36] and May [28].

Let X be a space homotopy equivalent to a finite CW-complex. Denote by
aut(X) the topological monoid of homotopy equivalences X — X, the homotopy
automorphisms of X. Let aut.(X) denote the submonoid of base point preserving
maps.

The fibrations £F — B with fibre homotopy equivalent to X are called X-
fibrations in the following. They are classified by Baut(X) in the following sense.
For any space B with the homotopy type of a CW-complex, the homotopy classes
of maps B — Baut(X) are in bijection with equivalence classes of X-fibrations
FE — B, under the equivalence relation generated by fibre homotopy equivalences.

There exists a universal X-fibration Ex — Bx, and the bijection is realised
by pulling back along maps B — Bx. The base Bx is homotopy equivalent to
Baut(X).

In a similar way Baut.(X) classifies fibrations with a section, and further, the
inclusion of monoids aut.(X) — aut(X) induces a map Baut,(X) — Baut(X)
which is equivalent to the universal X-fibration. See [28].

2.6.1. Lie algebra derivations. Having just discussed algebraic models for spaces,
it is natural to ask how the universal fibrations are modeled. We here outline an
answer by Schlessinger-Stasheff [33] in terms of Lie models. See also Tanré [38] for
a detailed account, and Berglund-Madsen [5] for a recent discussion and expansion.

Let f: L — M be a map of dg Lie algebras. An f-derivation 6, is a graded linear
map 0: L — M, such that

0([z,y]) = [0(x), f)] + ()P [f (), 0(»)).

The graded vector space of f-derivations is denoted by Dery(L, M), and it naturally
is a subcomplex of Hom(L, M).

If M = L and f is the identity on L, we write Der L and simply call elements
derivations on L. The chain complex Der L has the structure of a dg Lie algebra,
with the bracket given by the graded anti-symmetrized composition of maps. IL.e.
for 0,0’ € Der L,

0,6/] =606 — (—1)1?17lg' o 6.

The Jacobi identity implies that the map ad,: L — L given by ad,(y) = [z,y] is a
derivation on L. The map ad: L — Der L, mapping x to ad, is a morphism of dg
Lie algebras, and the image is a Lie ideal. The quotient Der L/ ad L is thus a dg
Lie algebra, denoted Out L for outer derivations on L.

We may also consider the mapping cone (homotopy cofibre) of the map ad: L —
Der L, denoted by Der L//ad L. This can also be equipped with a graded Lie
bracket. As a graded vector space it is the direct sum Der L & sL. The bracket and
differential are extensions of those on the derivations by

[0, s2] = (=1)1%50(2), [sz,sy] =0
d(sx) = ad, —sdp(x),
for 8 € Der L and =,y € L.

For a dg Lie algebra L with a free underlying graded Lie algebra, the positive
part (Der L// ad L)+ is the Schlessinger-Stasheff classifying dg Lie algebra for L. It
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classifies fibrations of Lie algebras with fibre L in way analogous to how Baut(X)
classifies fibrations of spaces with fibre X. Even better:

Theorem 2.48 (Cf. Tanré [38] Corollaire VIL.4(4)). Let X be a simply connected
space homotopy equivalent to a finite CW-complex. If £ is a Quillen model for X,
then the 1-connected cover of the map induced by inclusion of monoids

Baut,(X)(1) — Baut(X)(1)
is modeled by the map of dg Lie algebras
(Der L)y — (Der Z// ad L) +

given by the inclusion of the derivations.

3. TRANSFERRED L ,,-STRUCTURE

The Lie model produced by Schlessinger-Stasheff and Tanré is fine for theoretical
purposes, but it is very large. Quillen models are large in the first place, and taking
the derivation Lie algebra on a Quillen model does not help this. In the case of
homotopy automorphisms on a Koszul space we produce a much smaller L.,-algebra
which retains all the information of the larger model. This can be achieved due to
the formality properties of Koszul spaces.

In this section we produce the smaller model, and study the L.,-structure. The
first part of this section sets up contractions and isomorphisms needed. The second
part specializes to the case of interest: Koszul algebras. The third part is mostly
technical. There are several gradings on the objects we study, and in the third part
we record how these interact with the maps set up. This leads to the fourth part
where we record some fairly immediate consequences as to how the L.-structure
interacts with one of the gradings. This has interesting consequences for deciding
formality of the model.

3.1. Induced contractions. In this section we reduce the study of the derivations
Der .Z(C) to the study of a twisted version of the complex C¥ ® L by basic pertur-
bation theory, and application of a standard isomorphism. There is little novelty
in this, and some of the proofs are skipped.

Definition 3.1. Let A be a dg commutative algebra, and L a dg Lie algebra. The
chain complex AQ L is equipped with a graded Lie bracket making it a dg Lie algebra.
The bracket is given by

@z, byl = (—1)"1"ab® [z,y],

fora,be A and z,y € L.

For any Maurer-Cartan element in this dg Lie algebra 7 € MC(A® L), we have
the twisted differential dyq; = dagr + ad,, and write A ®, L for the resulting dg
Lie algebra (in this way A ® L equals A ®q L - the dg Lie algebra twisted by the
Maurer-Cartan element 0).

Let the following be a contraction of dg Lie algebras
f
7 M_—0L.
@) nM ==

That is, L and M are dg Lie algebras, f is a quasi-isomorphism of dg Lie algebras,
¢ is a chain map and h a chain homotopy, such that fg =1, and dh+hd = gf —1..
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We may assume that hg = 0, h?2 = 0 and fh = 0. Note that g and h are in general
not Lie maps.

Lemma 3.2. Given a graded commutative algebra A, a contraction (7) of dg Lie
algebras and a Maurer-Cartan element 7 € MC(A ® M) such that A is nilpotent,
there is an induced contraction of chain complexes

(A M&> A® L
h @ (aef)(r) L
g/

where
(1) 1® f is a quasi-isomorphism of chain complezes,
(2) ¢ is given by the recursive formula ¢ =1® g+ (1® h)ad, ¢,
(3) B is given by the recursive formula h' =1® h+ b’ ad, (1 ® h).

These formulae converge because A is nilpotent.

For most of our applications A will be a finite dimensional Koszul algebra (see
Remark 3.7 though), and thus nilpotent. See [1] for a discussion of weaker assump-
tions which may be adapted to our situation.

Proof. The contraction (7) induces a contraction
1f
1®h AQ® M1<:> AQL.
®g
By the Basic Perturbation Lemma [8, 18] we obtain a new contraction
f/
' CA®T M<4—/> (A L,1®d, +1),
g
where the maps are defined by the recursive formulae
ff=1®f+fad,(1®h)
d=1®g+ (1 ®h)ad, ¢
h'=1®@h+h ad.(1®h)
t'=fad,(1®g).
Since f is a morphism of Lie algebras we have for any a @ m € A ®@ M
(1® flad.(1®h)(a®@m) =adngs)-a® fh(m),
and as fh =0 we get f' =1® f. Further for any a®1 € A® L we get
fa®l)=(1®flad(1®g)(a®!)=adugsn(a®1l),
so that ¢ = ad(1gf)(r)- O

Proposition 3.3. Let C be a dg coalgebra, L a dg Lie algebra, and let Hom(C, L)
denote the convolution dg Lie algebra. The map
¢: C¥ @ L — Hom(C, L),
given by
(f @ 2)(e) = (<1 f(o)a,

is a map of dg Lie algebras with respect to the structure of Definition 3.1 on the
left hand side, natural in C and L. If C and L are of finite type and either CV and
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L are either both bounded above or both bounded below, then ¢ is an isomorphism
(if either C' or L is finite, the other need just be of finite type for ¢ to be an
isomorphism,).

For any Maurer-Cartan element 7 € MC(CY ® L), the same formula defines a
map

¢: CV @, L — Hom(C, L)#("
with the same properties.

The inverse to ¢ is given by sending a map f: C — L to the expression

Sy © fe),
where we have chosen a basis {¢;} for C, and {c}} is the dual basis for CV. Note
that this is a finite sum if either C'is finite dimensional or if C¥ and L both bounded
above or both below.

Remark 3.4 We will need Proposition 3.3 to relate sA ® L ~ Hom(s~*C, L) in
which case the signs work out as follows. For sa @ x € sA® L,

o(sa® x)(s te) = (=1)lll=l+lalg o)z,
For f € Hom(s~'C, L),

90_1(]0) _ Z(—l)‘f“scr|+18€: ® f(s_lci).

i

Proposition 3.5. Let (L,[—, —]L,dL) be a dg Lie algebra, and (C, Ac,dc) a coaug-
mented dg coalgebra. For any twisting morphism 7 € Tw(C, L), restriction to gen-
erators gives a natural isomorphism of chain complexes

v*: Derp(Z(C), L) — Hom(C, L)"
of degree —1, where f corresponds to T under the bijection of Proposition 2.7.

Proof. Clearly restriction gives an isomorphism of graded vector spaces. We must
show that (* is a chain map of degree —1, i.e. that

(8) (9(0)) = =97 (. (9))

for any f-derivation 6.
Observe first that ¢ is a twisting morphism. That is, it satisfies

1 1
(9) Oia(L)+§[L,L] :dg(c)L+de+§[L,L].
We expand the left hand side of (8) using (9)

C(0(0)) = " (def — (=1)0d 2 ()
—1)‘9|_1dL9L + edg(c)b

1
~1)19Ya.00 + 0(—1de — §[L, l]).
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By definition of the bracket in the convolution Lie algebra, and the fact that 0 is
an f-derivation, we get

(0(0)) = (1) Ld 00 — Gudg — 9%[—, L0 ® DA

= —dp*(0) — (=1)9*(0)de — %[—, L0 f+fR0)(®1)Ac

= —0((0)) - %((*1)‘“&*(9)77] +[7,7(0)])
= —0(7(0)) = [, (0)]-
This is precisely —07(+*(0)), and we are done. O

A map of dg Lie algebras f: L — M induces a chain map
f*: Der L — Dery(M, L).

Composing with ad gives a natural chain map L — Derys(M,L), and we may
consider the mapping cone

Der (M, L)//(f* o ad)(L),
which we just write Dery(M, L)//L for short.

Corollary 3.6. Let T be a twisting morphism in Tw(C, L). Restriction to genera-
tors gives a natural isomorphism of chain complexes

Der;(Z(C),L)//L — sHom(C,L)".

Proof. The isomorphism of 3.5 extends to a natural isomorphism of graded vector
spaces

¢: Dery(Z(C),L)//L — sHom(C, L)",

where ¢(sz) for z € L, is the (suspension of the) linear map which annihilates C
and on the counit is given by ¢(sz)(1) = 2. We check that this extension is still a
chain map. On one hand

0" (¢(s2))(1) = (0((sz)) + [, ¢(s2)])(1)
= did(s)(1) — (—1)#e) g(s2)do (1) + [r(1), $(s2)(1)
=dp(z),
and
9™ (¢(s))(¢c) = (9(¢(s7)) + [, ¢(s7)])(c)
= —(=1)?6Dg(sz)de(e) + (=1)[r(e), ¢(sa) (1))
= (=) [r(e), 2],
for ¢ € C. On the other hand

¢(9(s2))(1) = p(ady f — sdr(x))(1)
= _dL(x)a
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and
P(9(sz))(c) = ¢(ady f — sdp(x))(c)
¢(ad, f)(c)
(=), f(s7 )]

- (_1)Iml+(|6|+1)\r|+1[T(C),m]

= (=1l r(e), 2]
The formula we have given is for a map to Hom(C, L)7, and as such has degree —1.
Thus the calculation shows that ¢ is a chain map. (I

Let C be a coaugmented dg cocommutative coalgebra and let L be a dg Lie
algebra, such that C or L is finite, or CV and L are both bounded above or both
bounded below. Write A := C'V. Observe that

Der Z(C) = Der;q(Z(C), Z(C)),

and that the identity on Z(C) corresponds to ¢ € Tw(C,Z(C)) - the universal
twisting morphism from Section 2.2. By Proposition 3.3 and 3.5 respectively 3.6,
we get natural isomorphisms

—1

Der #(C) —— sHom(C, £(C))" = sA@,-1(,) Z(C)

Der.2(C)//.Z(C) — > s Hom(C, Z(C))' —*—> sA &1 L(C).

Combining these natural isomorphisms with the maps of Lemma 3.2, we get com-
mutative diagrams of complexes

1®f

sA Qp-1(.) X(C) sA Qp-1(r) L

Nl iN

Der Z(C) Dery(Z(C), L)

respectively

1f

sA ®p—1(1) Z(C) sA Rp=1(r) L

gi lz

Der #/(C)//#/(C) ———— Der;(£(C), L) /L.

Naturality ensures that (1 ® f)(¢ (1)) = ¢~ 1(7). We will suppress the natural
isomorphism ¢ in the notation from here on.

Under the correspondence expressed by these diagrams, the contraction produced
in Lemma 3.2 is the same as in [5]. Notably, the positive parts of these diagrams
provide contractions of the Schlessinger-Stasheff classifying dg Lie algebra for dg
Lie algebra fibrations with kernels quasi-isomorphic to £(C).

There is no need to treat the case A (modeling B aut.(X)(1), cf. Theorem 2.48)
separately from the case with A (modeling B aut(X)(1)), as we may think of sA®,, L



37

as a subcomplex of sA ®, L, at least until we consider homology. Thus we proceed
with only the one case.

Remark 3.7 Lemma 3.2 illustrates the need for A to be nilpotent, and this assump-
tion on A is carried through the thesis until Section 4.3 where completely different
techniques are employed. Our application of Lemma 3.2 will be for M = Z(C) and
f corresponding to the Koszul morphism « of Section 2.3. Nilpotency of A may be
replaced by nilpotency of L as follows.

Sullivan [37] showed that Der .#x is a Lie model for Baut X (1) for a simply
connected space X, when .#x is the minimal Sullivan model for X. See also
Tanré [38]. For a Koszul space X the dual to the bar construction ¢ (L)Y is the
minimal Sullivan model for X. The injective quasi-isomorphism L — (L) (cf.
Section 2.3) gives rise to a contraction

h C%(L)V —

g

If L is nilpotent, then for any Maurer-Cartan element 7 € MC(% (L)Y ® L) we get
an induced contraction

v 1®f
(10) w (E(L)Y @ L—= A®usasn) L.
g9

with formulae as in Lemma 3.2, now converging because L is nilpotent. Analogous
to above and what follows in the next section for Der .Z(C'), we have an isomorphism
of dg Lie algebras

Der¢ (L)Y ~€¢(L)" ®x L.

The Loo-structure transferred to sA ®(1gf)(r) L along (10) will be L-isomorphic
to the one we produce below, because there are quasi-isomorphisms such that

Der Z(C)//Z(C) = Der ¢ (L)Y

e A

sA®, L

commutes (cf. proof of Theorem 4.22 for the top map). Thus everything goes
through in the case where L and not A is nilpotent.

3.2. Contractions for Koszul algebras. In this section we specialize the results
of the previous section to the setting of our primary interest, the case of Koszul
algebras.

Suppose that C' Koszul coalgebra of finite type with Koszul dual graded Lie
algebra L, and that the twisting morphism 7 from above is the morphism x as
described in Section 2.3. Recall that C' and L have zero differentials.

Lemma 3.8. Let C be a Koszul coalgebra of finite type with Koszul dual graded
Lie algebra L. The surjective quasi-isomorphisms f: £ (C) — L associated to the
twisting morphism k, gives rise to a contraction

h C.z(c*) ! L,

g

where we may choose h and g to have the following properties:
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(i) the image of g is contained in the diagonal
Dy ={z € Z(C) | lw(z) = by(2)},

(i) h preserves the total weight,
(iii) the contraction satisfies the annihilation conditions: fh = 0, hg = 0 and
h?=0.

We may illustrate the structure of .2 (C') and the above claims with the following
picture.

total weight

9
h h h
~ RSB
4 —_—
d d d
h h
Lo
3 _—— . ——
d d
L
R
2 d

T 5 3 1 bracket length

In the picture f is the quotient map to the cokernel of the right most differential
in each row and it is zero outside the diagonal. Since L is Koszul dual to C, it
is isomorphic to this cokernel. The diagonal is the free Lie algebra on s~1C/(1),
and by Koszul duality each generator corresponds to a dual generator of L. The
quotient map f assigns to each generator of C(1) the dual generator of L.

Definition 3.9. For i > 0, define the i’th offset diagonal

o x is homogeneous for £,, and {y,
7= (se o) TR L),

We may illustrate these subspaces as follows

total weight
-@3 -@2 -@1 90 =9

T 5 3 1 bracket length

Observe that the differential lowers offset index by 1, i.e. d(Z;+1) C %; for all 1.
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Proof of Lemma 3.8. For point (i) recall that f is given by projection to Z followed
by the quotient map to cokerd. A section g of the quotient map 2 — cokerd is
trivially a chain map, it is a section of f, and it has the desired property.

For point (ii) consider the bounded below chain complex

d d d d

Ds D Do 0.
The maps f and g then gives rise to chain maps
d T d 7 d o d_ 0
92 Tl/fz 91 T\L)ﬁ 90 Tl/ fo
0 0 L 0

which we also denote f and g. We now have a chain complex of vector spaces
(projective modules) Z,, and a diagram

D+

gf

L

D

where both gf and 1 are lifts of f along the surjective quasi-isomorphism f. The
standard proof of the fact that ¢gf and 1 are then homotopic, proceeds by construct-
ing a homotopy.

First note that gf — 1 factors through ker f, so we may construct a homotopy
h: D, — ker f N D,. That is, a family of maps h;: 9; — ker f N ;41 such that

(11) dh; + hi1d = gi fi — 1;.

We will do this such that and h; preserves the total weight and the annihilation
conditions are satisfied.

First set h_o = h_1 = 0, since &; = 0 for ¢ < 0. Clearly these maps preserve the
total weight and satisfy the annihilation conditions. Now for n > 0 suppose that
we have constructed h; with the desired property for all i < n.

Consider the map gy, fr,—1p—hn_1d: Z,, — ker fNZ,,. If we apply the differential
and use the fact that gf —1 is a chain map together with the equation (11), we get

d(gnfn - 1n - hn—ld) = (gnfn - ln)d - dhn—ld
= (gnfn - 1n)d - (gnfn -1~ hn72d)d
=0.

Thus g, fr, — 1, — hy—1d factors through the cycles Z(ker fN2,,) which is exactly the
boundaries B(ker f N Z,,) since f is a quasi-isomorphism. Then we get a diagram

(kerf N @n+1)
h _ 7
net
@"g—>nfn71n7hn71dB(kerf N Dn)



40

with a lift as indicated because %, is a vector space (thus projective) and the
differential is surjective from ker f onto the boundaries. Such a lift is just a choice
of pre-images d ' ((gn.fr. — 1n — hn—1d)(x;)) for a linear basis {z;} of Z,,. The map
Infn — 1y — hp_1d preserves the total weight by part (i) and the assumption on
hn—1, and since d preserves the total weight, we can always choose pre-images such
that h,, preserves total weight.

Clearly we have f,+1h, = 0, and clearly h, g, is zero for n > 0. Now hggop is a
lift of

(g90fo — 1o — h—1d)go = (g90fo — 10)go = 0,

along the differential. We may choose ho to vanish on Im gy without violating the
condition that hy preserves total weight. Similarly h,1h, is a lift of

(gn+1fn+1 - 1n+1 - hnd)hn = _hn - hndhn
= —hy — ho(gnfn — 1n — hn_1d)
= hnhnflda

along the differential. Inductively this is zero, and again we may choose h,1 to be

zero on Im h,, without violating the condition that h,; preserves total weight.
Finally h,, then satisfies (11) for ¢ = n and by construction the resulting homo-

topy h has the properties (ii) and (iii). O

Now the dg Lie structure on Der Z(C)//Z(C) induces one on sA ®, .Z(C) by
the natural isomorphisms in Proposition 3.3 and Corollary 3.6. This is not the
same as the one from Definition 3.1. We denote the induced bracket by [—, —]per
to remind our selfs that it comes from the derivations.

Suppose now that A is nilpotent. By Lemma 3.2 there are contractions along
which we may transfer the structure using the Homotopy Transfer Theorem for
Loo-algebras to get Loo-structures {¢,} and {l,} as below

sA®, L(C) —=sA®, L—= H.(sA®, L).

[_» _}Der {én} {ln}

Recall that the structure {¢,,} on sA ®, L produced by the Homotopy Transfer
Theorem is obtained by composing maps according to decorations on rooted trees

/ / / / / / / /

g g9 g g g g9 g 9
N S e
[—7—]Der\\" o
[— —IDer [—, _]DerT
1®f 1 f

Since we transfer a dg Lie structure (no higher operations), we only need to consider
binary rooted trees as depicted above.
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It is easy to check that if we transfer the structure further along the contraction
to the homology

k CSA R Lé H.(sA®, L),

we get the same result as we do by transferring the original one along the composed
contraction, and the resulting structure can be obtained by composing maps ac-
cording to the same trees where the decorations are changed so that ¢’ is replaced
by ¢'i, the homotopy h’ is replaced by b’ + ¢’k(1 ® f), and finally (1 ® f) at the
root of a tree is replaced by ¢(1 ® f).

This prompts us to investigate what can be said about all of these maps in
general.

3.3. Contractions and gradings. The bracket length in L is well-defined since
there is a presentation with purely quadratic relations, cf. Theorem 2.15. Fix this
as weight grading for L in the following.

As mentioned in Example 2.10, there is a natural weight grading for a free graded
Lie algebra given by bracket length. The underlying graded Lie algebra of £(C)
is free, so we may choose the bracket length as a weight grading for this. This is
reflected in the notation: we refer to elements of bracket length ¢ by Z(¢), and
elements in the subspace Z; of bracket length ¢ by 2;(q).

The Koszul coalgebra C has a weight grading, and the dual algebra A = C" has
an induced weight grading A(p) = C(p)¥. This is clearly preserved by the induced
multiplication on A. We still assume that C or L is finite or that A = C¥ and L
are both bounded in the same direction.

Lemma 3.10 (Weight Lemma). The given maps f and ¢, and the maps g and
h chosen as in Lemma 3.8, interact with the weight gradings of A,L and £ as
follows. Forp>0,q>1andi >0,

f:Z(q) — L(qg)
g: L(g) = Z(q)
h: 2i(q) = Zis1(q—1)

v sA(p) ® Zi(q) — €D sA(p+m) @ Ditm-1(q+1).

m>1

Recall that we write ¢ as short hand for the map ad, using the structure from
Definition 3.1.

Proof of Lemma 3.10. By construction of Ci' ~ L the bracket length in L corre-
sponds to that of £ (C(1)) = 2. Both f and g factor through the diagonal 2.
Since h preserves total weight and raises the offset index for the diagonals, it lowers
bracket length by 1.

The map ¢ splits as a sum ¢ =)~ tm, with one summand for each weight m
in a linear basis for A. The term ¢, raises weight by m in A, bracket length by 1
in .Z(C), and raises total weight by m in .Z(C). O

In other words, f and g both preserve homological degree and weights (for both
% and C), and h increase homological degree by 1, decrease weight by 1 and
preserve the total weight. As observed in the proof above the map ¢ splits as a sum
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Lt =73 .51 tm- Each term ¢,, decrease homological degree by 1, increase weight in
A by m and in .Z by 1, and increase total weight m.

A consequence of the Weight Lemma is the following proposition, which we
mention for completeness even though the lemma itself is the key element in what
is to come after the proposition.

Proposition 3.11. The maps g', b’ and 1 ® f interact with the weight gradings of
A, L and £ as follows. For p >0 and ¢ > 1,

1® f: sA(p) ®x Z(q) = sA(p) @« L(q)

g': sA(p) ®x L(q) = sA(= p) @« Z(q),

h': sA(p) @k Z(q) = sA(Z p) ®x L(q — 1).
Proof. By Proposition 3.2 we can identify ¢’ and A’ from g, h and ¢.
(12) ¢ => (A1®@h'(leg) and h=> (1®h))(1&h).

i>0 i>0
The proposition now follows by combining these formulae with the Weight Lemma
(Lemma 3.10). O
Similar properties can be deduced for the maps in the contraction to the homol-

ogy.
Proposition 3.12. There is a contraction

b (sA®, [e——= H.(sA®, L),

2

such that q and i preserve the weight grading in L and the homotopy k decreases
the weight by 1 in both A and L.

Proof. Tt is easy to check that the splittings as in Lemma 2.1, can be chosen such
that the contraction produced in that lemma has the desired properties. ([l

3.4. Transferred operations and gradings. Combining the findings of the pre-
vious section, we can work out how the transferred L.-structure interacts with the
weight gradings. Theorem 3.18 of this section is the main technical theorem of the
thesis.

From here we may write .£ for short of .Z(C) for notational convenience. We
begin by giving a formula for the Lie bracket [—, —|pe; on sA ®, Z.
Definition 3.13. Fora € A and x € £, denote by xa% the unique derivation on
Z(C) extending the linear map p(sa @ x): s 1C — L (C), given by

pl(s0® 2)(s7¢) = (—1)ellellalg(c)g
(cf. Proposition 3.3).
Lemma 3.14. The Lie bracket on sA ®, £ induced by the isomorphism
Der Z/)/ ¥ ~sA®, %L

is given by
(13)
(—1)a5b®x8@y— (—1)5sa®y%x a,be A
[sa ® z, $b @ Y|per = (—1)‘“‘+a]m‘+1sl ®rly a€ A be A0)

0 a,b € A(0)
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for x,y € Z(C). The signs are given by

o= (|z| + la])(|o] + 1) + 1,

B =lzl(lyl + [b] + 1) + |al.
Proof. Let {c;}; be a basis for C. The bracket [—, —|pe is by definition the com-
position

gl o[, —Jo(p® ).
For z,y € . and basis elements a,b € A we get
(14) [sa ® x, $b ® Y|per = Z(—l)esc* ® :c2 yg (s7te;)
’ - ‘ da’” Ob

where the sign is given by
0
r—

e=( aa +]yab)|sci|+1
— (2| + lal + |yl + [bl)scZ] + 1.

according to Remark 3.4. We evaluate:

o Ol y_( 9 9 (el+lal+ ) yl+ b+, 9 o O\ (1
[xaa’yab] (s CZ)_<x8aoy8b (=1) Yap° % ) 5 )

and see that first term is non-zero only if ¢; = b, and second term is non-zero only
if ¢f = a. Thus the sum (14) reduces to

0 0
( _ 1)(‘b|+1)(|x‘+|y‘+|a|)+1sb ® .'IJ% ° y%(s_lb*)
_ <_1)(Ix\+|a|+1)(\y\+|b|+1)+(\a\+1)(|x|+|y|+\b|)+1sa ® y% o x—(s‘la*) _
(= 1)(lalHah(b+ 1 0 0 O
da
0
_ (—1)l=I(yl+bl+1)+al 9.
( ) sa & yabm

The result follows by extending linearly.
Let x,y,a be as above and now b = 1 € A(0). Recall that p(s1 ®y) is the linear
map s~ 'C — £ which is non-zero only on C(0) ~ Q, and ¢(s1®y)(1) = sy. Thus

0 0
- - = (—1)lal+lzl+1
[ ? ]O(¢®¢)(Sa®x®81®y) |:xaa78y:| ( 1) Sxaay?

by the definition of the bracket restricted to Der . ® s.. The inverse ¢~ ! on s.Z
is given by sx — s1 ® x, so we get

[sa ® x,51 @ ylper = (—D)1FIH151 @ xagy
a

Finally for a = b =1 € A(0) we have [sz, sy] = 0, and thus
[sa ® x, 8b @ y]per = 0.
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Lemma 3.15. The bracket [—, —|per interacts with the weight gradings of A and
£ as follows. For p1,p2 >0 and q1,q2 > 1

sA(p1) @, L (q1) ® sA(p2) @, L (g2)

.

sA(p1) ®, L(q1 +q2 — 1)
®sA(p2) @ L(q1 +q2 — 1).

Proof. Without loss of generality we may assume that a, b, 2,y in the formula (13)
each is presented by a single term which is a (bracketed) word in the generators
of A respectively .. Thus they are concentrated in a single weight each. The

composition y% o x% is given by,
O 2D (s710) = (—1)kllel+lal g )y 2
yab Omaa(s C) - ( 1) a(c)yab(‘r)
and the recursive formula
(15)
0 (—1)l=llyI+1blp(2)y reZL(1)=s"1C
y%(x) = el _\ly Sl o =
([yab(l‘1),l‘2] +( ) ob [x1,y8b($2)]) €r = [xlva]

From this we see that the weight of y% o x%(c) is the sum of weights of = and

y minus 1. Further, all terms of (13) for which a(¢;) = 0, vanish. Therefore all
the scf appearing in the resulting sum will have the same weight as sa. The same
holds mutatis mutandis, for the other composition x% o y%. O

Example 3.16 Let {a;} be a basis for A, and let {¢;} be the dual basis for C. We
can then calculate the first term of the bracket [sa; ® [c1, 2], sa2 ® [c1, [c2, ¢3]]]Der
(but leave out the signs):

sa1 ® [e1, o] m——(c1, [c2, c3]]

Osas
= sar 0 ([len.cal g, lencl] o, en.cal g fen )

sm®(mw%@18;m¢m+mm%Mmﬂa @m)

0sa M
=sa1 ® [Cla Hcla 62]7 03]]'

Effectively we have scanned the word [c1, [ce, c3]] for occurrences of the letter af =
ca, and replaced it with the word [e1, ¢a.

Notice how sa; is preserved in the first term, and that the bracket lengths in
Z(C) goes from 2 4+ 3 = 5 in the input, to 4 = 5 — 1 in the output. The second
term is computed in the same way.

Definition 3.17. The complex sA ®, L is bigraded by weight in A and L. The
shifted weight grading is the bigrading which in degree (p,q) is sA(p+1)®, L(g+1),
for p,q > 0.

The differential  has bidegree (1,1) in the standard weight grading, and so also

in the shifted weight grading. This is a special case of the following theorem on the
entire L o-structure.
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Theorem 3.18. Let C be a Koszul graded cocommutative coalgebra with Koszul
dual graded Lie algebra L, such that the linear dual A = CV is nilpotent. The Ly.-
structure on SA ®, L transferred from the derivations Der Z(C)//£(C) through
the chosen contraction, respects the shifted weight grading in the sense that for any
r > 1 the operation ¢, has bidegree (2 —r,2 —r).

Recall that the r-ary operation of an L.-algebra has homological degree r — 2,
so it is reasonable to say that the L..-structure stated in the theorem respects the
grading. However there is no a priori connection to the homological grading in
what is discussed.

Proof of Theorem 3.18. We introduce yet another grading for sA ®, Z(C): the
mass m(sa ® x) of an element sa ® x is the total weight ¢,,(x) of  in .Z(C') minus
the weight w(a) of a in A. We verify that h, ¢+ and [—, —]per preserve the mass
grading.

It straightforward to see that h and ¢ preserve the mass by Lemma 3.10. From
the formulae (13) and (15) we see that also [—, —|per preserves the mass: in the
general case we get

m([sa ® z,sb @ ylper) = (luw(r) —w(a)) + (fu(y) — w(b))

= (bw(z) —w(b) + w(y)) — w(a)

- (gw(y) - w(a) + Ly (3:)) - w(b)v
where second and third line is the mass of respectively first and second term of the
right hand side expression of (13) in the first case. The other cases are similar.

For f and g the total weight in £ (C) agrees with the weight in L since f vanish

outside 7y and Im g is contained in this. Thus there is a natural way to speak
of the interaction of f and g with the mass grading, and in this sense they both
preserve it.

In particular, the maps 1 ® f, ¢’ and A’ all preserve the mass grading. Now
consider the operation

Qo1 sA(pr) @x L(ar)
-
SAQ®, L.

It is composed of maps which all preserve mass, as we have just verified. Then since
the weight grading of L coincides with the total weight grading on %, we have for
any element x in the source that

A-weight of £, (x) = L-weight of ¢,(x) — mass of £,(x)

= L-weight of ¢,(z) — mass of x

The mass of z is Y ,_; gk — pk, and by Lemma 3.20 below, the image ¢, (z) has
weight ), g — 2r + 3 in L. Thus the image ¢, (z) has weight

Z% _27"+3_Z(Qk — Pk) :Zpk —2r+3
k=1 k=1 k=1

in A, and ¢, has bidegree (2 —r,2 — r) in the shifted weight grading. O
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Remark 3.19 It is straight forward to check that none of the maps defining the
transferred operations decrease the weight in A. Thus the condition ZZ=1 Pr >
2r — 3 gives a lower bound on the weight in A for where ¢, is non-zero. E.g. /3
restricted to A(1) ® L is zero: in the shifted weight grading it is an operation from
three copies of weight (0, %) to weight (—1, %), but then one of the maps defining /3

would have lowered the weight in A.

Lemma 3.20. For r > 1 the operation £, on sA ®, L, interacts with the weight
grading of L as follows

®p—1 54 @x L(ax)

|

SA®y L(3 4y qk — 21 + 3).

Proof. By the Homotopy Transfer Theorem /¢, is given by composing along binary
rooted trees with r leaves, decorated by maps as established earlier. For each
vertex we apply the bracket, and for each internal edge we apply the homotopy.
Both decrease bracket length in . by 1 and there are (r — 1) + (r —2) = 2r — 3
vertices and internal edges. The other maps do not change the bracket length in
Z or L. O

If we consider only the transferred binary operation we get the following.

Corollary 3.21. Consider the graded anti-commutative (non-associative) algebra
(sA® L,¥ls). Then:

(1) sA®, L(1) is a subalgebra of sA®, L,

(2) sA®, L(j) is a module over sA ®,, L(1) for j >0,

(3) @ jsm sA @k L(j) is a subalgebra of sA®, L for all m > 0.

(4) sA(1) ®, L is a subalgebra of sA®, L,

(5) sA(i) @ L is a module over sA(1) ®, L fori >0,

(6) @;>,, SA(1) ®, L is a subalgebra of sA®, L for all m > 0.

4. ON HOMOLOGY

Having produced a smaller L..-model for the cover of the classifying space of the
homotopy automorphisms, with some knowledge of the structure, we now proceed
to investigate what can be said in general about the L.-structure on the homology
of the model.

We begin the section by noticing that Theorem 3.18 and Corollary 3.21 carries
over to homology. Then we give a “Recognition Proposition”, identifying a small
part of the homology in terms of derivations, not on the Quillen model of the
underlying Koszul space, but on the homotopy Lie algebra.

Having identified the derivations, we use the homology version of Corollary 3.21
to write the positive part of the homology H-((A ®, L) as an extension of the
derivations, and we establish sufficient conditions for coformality of Baut X (1),
which can be verified immediately, and provide examples.

Finally we investigate the homology in degree zero, which is a separate story
entirely. We have two ways of approaching this, and have dedicated one subsection
to each below. The first relies on work by Block-Lazarev [6], and lets us state
similar results for a Lie algebra associated to mgaut X as we have for the higher
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homotopy groups. The second approach is by studying a Kan complex associated
to the Maurer-Cartan elements of A ® L. Hinich [19] and Getzler [15] have both
studied this Kan complex, and Berglund [3] and Buijs-Félix-Murillo [9] have used
it as a model for mapping spaces.

Notation 4.1 Denote the differential on sA®,;, L by k. It increases weight in both
factors by 1, and so it is convenient to restrict x to certain weight components. We
will denote by x* the restriction of k to sA(i) ®, L, and set

Hi(sA®, L), :=kerx'/Imr'1.
Similarly we define k; to be the restriction of x to sA ®, L(j), and set
H;(sA®; L)y :=kerr;/Imk;_q.

Both Hi(sA®, L), and H;(sA ®, L). are graded vector spaces, and * is a place-
holder for the homological grading, not to be confused with gradings induced from
the weight gradings of A and L. We omit ¢ respectively j from the notation if no
restriction is made, so that H(sA® L), := Hf(sA® L)..

Corollary 4.2. The Ly-structure on H(sA® L), transferred from the derivations
Der Z// %, respects the shifted weight grading in the sense that for any r > 1 the
operation ¢, has bidegree (2 —r,2 —r).

Proof. The maps to and from homology i, ¢ preserve weights and so also the shifted
weight. The contracting homotopy k decreases weights by 1, and the result follows
from counting homotopies appearing in the tree formulae for operations transferred
from sA ®, L to H(SA ® L).. O

Thus Corollary 3.21 is also valid once we pass to homology.

Corollary 4.3. Consider the graded Lie algebra (H(sA ®,; L)«,l2). Then:
(1) Hi(sA®, L). is a Lie subalgebra of H(sA ®x L),
(2) Hj(sA®, L)« is a Lie module over Hy1(sA®, L), for j >0,
(3) @ om Hj(sA®y L)s is a Lie subalgebra of H(sA®, L) for all m > 0.
(4) H*(sA®, L), is a Lie subalgebra of H(sA ®, L).,
(5) H(sA®, L). is a Lie module over H' (sA ®,, L), fori >0,
(6) B> H (sA®y L)« is a Lie subalgebra of H(sA @y L)« for all m > 0.

The Loo-structure on the homology ultimately comes from derivations on .Z(C),
so it should perhaps not surprise that we are able to recognize derivations on L as
part of the homology.

Proposition 4.4 (Recognition Proposition). Consider the dg anti-commutative
algebra (sA ®, L,ls). The map F: Der L — sA® L given by

F(0) = (=Dl 50, @ 0(a)
where {a;} is a linear basis for A(1), and {«;} the dual basis for L(1), induces
isomorphisms of graded Lie algebras
(1) Der L ~ ker k', and
(2) ad L ~ Im x°.
Further, ker k¥ ~ sZ(L) the suspension of the centre of L.
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It follows directly from the proposition that
HY(sA®, L), ~sZ(L), and H'(sA®, L), ~DerL/L = OutL.

Before we prove this we will need some notation and a lemma.

Recall from Theorem 2.15 that L has a presentation L = L(V)/(R), and that
the Koszul dual commutative algebra has a presentation A = A((sV)V)/(R*). In
particular we may take A(1) = (sV)V. Let f: L(V) — L denote the quotient map.
Then f*: Der L — Dery(L(V), L) is injective, and the formula for F' defines an
isomorphism of graded vector spaces

F': Dery(L(V),L) — s(sV)¥ ® L.
Since k = (1 ® f)(:) we get the formula
k' (sa®x) = Z(—l)‘o‘i”a""lsaia@ [, x], acA(l),z e L

where {a;} is a basis for A(1) and {«;} the dual basis for L(1). The same formula
also defines a map

(k1) 5(sV)Y @ L — sA*(sVY) ® L.

Lemma 4.5. An f-derivation 0’ is in the image of f* if and only if (k') F'(0") is
in SR+ ® L.

Proof. The pairing
(VA2 (sVY)RLA(V) - Q

of Theorem 2.15 induces a map

sA2(sVV) @ L®L2(V) —= sL

1®(,)
sL® A%2(sVY) @ L2(V).

symm.@ll

The expression
(16) (K1) F/(0') =) (~n)leslledtleallflsg q; @ [, 0/ ()]
4]
is in sR*+ ® L if and only if
p((1) F'(0') ® ) =0,
for all A = 37, ; Agi[ak, oq] in R € L*(V'). Using the following properties:
e the pairing is given by the formula
(ab, [a, B]) = (—1)bllelHlaltlel g o) (b, B) — (—1)lelIBIFPIBIHalH18 (G 8Y (b, o),
e without loss of generality we assume that A\, ; = (—1)lellonl+1y, ;0
e 0 is an f-derivation,

we compute

p((KYF' ()@ \) = QZ 1)leillo1+( || +10" |+l 1) ) j8lai, 0 ()] = s0'(\)

to see that (16) is in sR+ ® IL(V) precisely when 0" vanishes on R and thus induces
a map L — L. It is easy to check that this map is a derivation. ([
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Proof of the Recognition Proposition 4.4. Consider the commutative diagram

where the right column is exact. By Lemma 4.5 an f-derivation 6’ maps to sR*® L
if and only if it comes from a derivation 6 on L. By exactness F'(#) is in the kernel
of k. On the other hand, suppose z is in the kernel of k. Then by exactness the
f-derivation F’~!(x) maps to sR* ® L, and by Lemma 4.5 there is derivation 1)
such that F(¢) = F'F'~!(z) = =

Therefore we get an isomorphism of graded vector spaces F: Der L —» ker x!.
Even better, in [5] it is shown that there is an L,,-morphism ¢, such that the left
triangle of the following diagram commutes,

Der.¥ Derj(#,L) ——= sA®, L

e AT

Der L

In particular f* extends to an L.,-morphism when Der;(.Z, L) is given the trans-
ferred Lo-structure, and so is a map of graded Lie algebras on homology. The right
triangle also commutes. Indeed by Remark 3.4 we get

e (0) = o (0f ) = (=1  sa; @ 0(as) = F(6),

(2

where ¢ is the isomorphism of Proposition 3.3, and r denotes restriction to genera-
tors. Thus F: Der L = ker x! is even an isomorphism of graded Lie algebras. Note
here that even though we are only considering sA® L as a graded anti-commutative
algebra, the elements in ker ! do satisfy the Jacobi identity.

For point (2), we identify of image and kernel of ", again using that x =
(1® f)(v). For z € L,

F(ad;) = Z(fl)lsai”mHlsai ® [z, q;] = Zsai ® [ag, ] = KO (s1 @ x)
Therefore the image of x° is F'(ady), isomorphic to the inner derivations on L, and
the kernel is obviously the centre of L suspended. ([l

A direct consequence of Corollary 4.3 is the following proposition.
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Proposition 4.6. The exact sequence of graded vector spaces
(17) 0 — H>?(sA®, L), — H(sA®, L), — H='(sA®, L). — 0,

is a split extension of graded Lie algebras with brackets given by the transferred
operation lo.

By the Recognition Proposition 4.4 we know the right term as a graded vector
space:

HS'(sA®, L), ~Der L/ad L & sZ(L),

and from Corollary 4.3 we know that sZ(L) is a Lie module over Der L/ ad L.
There is a similar split extension for H(sA ®, L)., and it follows from the
Recognition Proposition 4.4 that

H<Y(sA®, L), ~ Der L.

Remark 4.7 There is a Koszul dual story to the above. The proof of Proposi-
tion 4.4 can be dualized to yield H; (sA®, L), ~ Der A. For the non-augmented case
we note that as a graded vector space H(sA®, L), is a direct sum of Hy(sA®, L).
and the kernel of k1: sA(0) ®,; L(1) = sA(1) ®, L(2). This last summand we may
identify as sZ(L)(1) := sZ(L) N sL(1). It is an abelian Lie algebra, but in general
Der A may act non-trivially on it.

There is a split exact sequence of graded Lie algebras (with transferred bracket),
similar to (17)

0 — H>2(sA®x L)y — H(sA®, L)y — H<1(sA®y L), — 0.

In the next sections we investigate these extensions when A and L arise from a
Koszul space. We begin with positive homological degrees, and then proceed with
degree zero.

4.1. Positive homological part. Let X be a Koszul space with nilpotent coho-
mology algebra A and homotopy Lie algebra L. The Schlessinger-Stasheff classi-
fying Lie algebra models the homotopy automorphisms of X, and so far we have
produced a contraction of this model, whilst keeping track of the L..,-structure to
some extent. The content of this is that the homology H(sA ®, L)so computes
mso(aut X) ® Q as a graded vector space, and the minimal L.-structure on the
homology is compatible with the graded Lie structure on rational homotopy.

Theorem 4.8 (Structure Theorem). Let X be a Koszul space with nilpotent coho-
mology algebra A and homotopy Lie algebra L. There are split extensions of graded
Lie algebras

0 — H>%(sA®, L)so — mo(aut, X) ® Q — (Der L)sg — 0
0 — H>?(sA®y; L)so — Tolaut X) ® Q — (Der L/ ad L), x sZ(L) — 0,
and according to Remark 4.7,

0 — H>2(sA®, L)so —sm=o(aut, X) ® Q — (Der A)s¢ — 0,

0 — Hs3(sA®,; L)so —mso(aut X) ® Q — (Der A)~o x sZ(L)(1) — 0.

Proof. Combining Proposition 4.6 with the above observations regarding the Recog-
nition Proposition 4.4, and with Corollary 4.2 we get the first extension. For the
second extension, recall that H(sA ® L), is identified with the centre of L which
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is concentrated in positive homological degrees. By Corollary 4.2 the centre is a
Lie module for Der L/ ad L.
The last two extensions are similarly produced by using Remark 4.7. (]

Corollary 4.9. Let X be a Koszul space with nilpotent cohomology algebra A and
homotopy Lie algebra L, for which HZ?(sA ®,, L)so = 0. Then

(1) mso(aut, X) ® Q =~ (Der L), and Baut, X (1) is coformal,
(2) mso(aut X) ® Q ~ (Der L/ ad L), , x sZ(L), and Baut X(1) is coformal if
L has no centre.

Proof. The isomorphisms of graded Lie algebras are direct consequences of The-
orem 4.8. All higher operations of the Ly-structure on msg(aut, X) ® Q vanish
because they respect the shifted weight grading and H*(sA ® L)~ is concentrated
in weight * = 1.

In the second case we recall that H'(sA ®, L). corresponds to Der L/ad L and
H°(sA®, L). corresponds to sZ(L). There is a priori the option for the operation
I3 to go from three copies of bidegree (0, %) to bidegree (—1, x) in the shifted weight
grading, but if the centre is zero this operation is then also zero. It is easy to see
that even higher operations also vanish by the same reasoning. (I

Corollary 4.10. Let X be a Koszul space with nilpotent cohomology algebra A and
homotopy Lie algebra L, for which H>2(sSA ®x L)so = 0. Then

(1) mso(aut, X) @ Q ~ (Der A)~q, and Baut, X (1) is coformal,
(2) msolaut X) ® Q ~ (Der A)sg x sZ(L)(1), and Baut X(1) is coformal if
sZ(L)NL(1) =0 (in particular if L has no centre).

The proof is analogous to that of Corollary 4.9, but easier as L(0) = 0. Several
interesting examples arise from these corollaries. In particular when considering
Poincaré duality spaces. We first give an example which do not rely on Poincaré
duality.

Example 4.11 Let X be a connected space of finite Q-type. Then the suspension
¥ X is rationally equivalent to a wedge of, say n, spheres, and thus a Koszul space
with trivial cohomology algebra generated by the reduced cohomology. The homo-
topy Lie algebra is free on the n dual generators, and we write it L = L(x1,...,Zy,)-
In particular H22(sA ®, L), = 0, and Corollary 4.9 states that

mso(aut, 2X) ® Q ~ (Der L),

and Baut,(XX)(1) is coformal. If n > 1 then there is no centre for the free Lie
algebra, so

mso(aut LX) @ Q ~ (Der L/ ad L),

and Baut(XX)(1) is coformal.

Note that the model by Sclessinger-Stasheff and Tanré is only slightly larger in
this case. It is obtained as follows. For each odd generator x;, add to to the free Lie
algebra a generator y; of degree 2|x;| — 1, and define a differential dj, by mapping
[, 2;] = y;. Then the Schlessinger-Stasheff model is (Der L(z1, ..., Zn, ¥, dL))+-
In particular the two models are equal if there are no odd generators, that is 3.X
is equivalent to a wedge of odd spheres.
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Lemma 4.12. Let X be a Koszul space which satisfies Poincaré duality. Let n
be the largest number such that such that A(m) = 0 for all m > n. Then A(n) is
generated by a single class v, and with t = |v| we have

H"(sA®, L), ~ (s'L(1)),.
Further, L(1) is concentrated in homological degrees less than |t|, so we get

Hn(SA Rk L)ZO =0.

Proof. By Poincaré duality there is a top cohomological degree d for A, and A? is
generated by a single element w. Suppose a non-zero element v’ € A(n) has degree
¢ < d. Then there is a non-zero element p € A9~¢ such that v/ - p = w. Since the
multiplication respects the weight grading in A, we have p € A(0) and w € A(n).
For a Koszul algebra A(0) ~ Q, and the multiplication A(0) ® A(n) — A(n) is just
scalar multiplication, so v/ = p~tw for p € Q and thus A(n) is the 1-dimensional
graded vector space generated by w.

It follows that the pairings A(p) ® A(n —p) = A(n) ~ Q for all 0 < p < n are
non-degenerate.

The complex A ®,, L has the form

(18) = A(n — 1) @ L~ A(n) @, L —"=0

Set d = dim L(1). Let {a;} be a basis for L(1), and let {a;} be the dual basis for
A(1). Now choose a basis {b;} for A(n — 1) such that a;b; = d;;w, and denote the
homological degrees |b;| = h; for 1 < i < d. The complex (18) is then isomorphic
to

..4>Sh1L®...®shdL40>StL4>0
where 9(C1,...,Ca) = >, (=D)l¥lleil[a; ¢] for ¢; € s"7L. The image of 9 is then
s'[L, L]. We may identify L(1) ~ L/[L, L] since L is a Koszul Lie algebra, and the
first claim follows.

From the non-degenerate pairing A(1) ® A(n — 1) — A(n) it also follows that
the homological degrees of the generators of A(1) are t — h; for 0 <+ < d. Since L
is Koszul dual to A the generators of L(1) have homological degrees h; —t — 1, and
so s'L(1) is concentrated in degrees h; — 1 < 0. O

Corollary 4.13. Let X be a Poincaré duality space which is also a Koszul space.
If the cup length of X is less than 2 then
(1) mso(aut, X) ® Q =~ (Der L), and Baut, X (1) is coformal,
(2) mso(aut X) ® Q ~ (Der L/ ad L), o x sZ(L), and Baut X(1) is coformal if
L has no centre .

Proof. Since the cup length for X is less than 2, we have A(n) = 0 and thus
H"(sA®, L), =0, for n > 2. By Lemma 4.12 also H*(sA ®, L), = 0. The result
now follows from Corollary 4.9. (]

With Corollary 4.13 we have recovered the result by Berglund-Madsen [5] that
highly connected manifolds (of sufficiently high rank and even dimension) have
coformal homotopy automorphism spaces. However there are no assumptions on
connectivity or parity of dimension in the present, only that it is Koszul and the
condition that all triple cup products vanish.
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Example 4.14 For n > 1, let M be an n-connected manifold of dimension d <
3n+1. Then M is formal by [30], and the cohomology algebra has a natural weight
grading

A=A0)d A1) @ A(2),
respected by the cup product. In particular the cup length is less than 2 (and it is

equal to 2 by Poincaré duality). If dim A(1) > 2, then M is also coformal [30], and
Corollary 4.13 applies:

mso(aut, M) ® Q ~ (Der L)y,
and B aut, X (1) is coformal, and
mso(aut M) ® Q ~ (Der L/ ad L)sq x sZ(L),

and Baut X (1) is coformal if L has no centre.
Further if dim A(1) > 3, then there is no centre for the homotopy Lie algebra L,
as shown in [4]: A non-trivial centre for L implies that the Euler characteristic

X(L) = (~1)"dim Exty;, (Q, Q)
is zero. Koszul duality implies that Extt;; (Q, Q) ~ A(4), so that
Xx(L) =2 —dim A(1).

Examples of Koszul spaces which do not satisfy the conditions of Corollary 4.9
are H-spaces. Instead they satisfy the conditions of Corollary 4.10.

Example 4.15 Let X be a simply connected H-space. Then X is rationally equiv-
alent to a product of Eilenberg-MacLane spaces, and thus Koszul with abelian ho-
motopy Lie algebra L = L/[L, L] = L(1), and free cohomology algebra A. Now A
is in general not nilpotent, but L is (very much so) and by Remark 3.7 this is good
enough.

The differential & is zero, so H(sA ®, L), = sA® L, and in particular

H¥(sA®, L), = sA(k) @ L #0
for all £ > 0.

However, as observed L = L(1) in this case, so H>2(sA ®, L), = 0 and by
Corollary 4.10 we get that

mso(aut, X) @ Q ~ (Der A)~o,
and Baut, X (1) is coformal, and
msolaut X) @ Q ~ (DerZ))>O x sZ(L)(1).

We can not conclude coformality of Baut X (1) from Corollary 4.10 in this case,
but since the higher operations respect the shifted weight grading and L = L(1)
these must again all be zero, and B aut X (1) is indeed coformal.

Note again that Z(L)(1) = L(1) = L, and by Koszul duality L(1) ~ (sA(1))",
so we have sZ(L)(1) ~ A(1)V. Any derivation is uniquely determined by its value
on A(1), and since A is free any map A(1) — A determines a derivation on A, in
particular A(1)Y corresponds bijectively to derivations with values in A(0) ~ Q.
Noting that any derivation on A is identically zero on A(0) we thus get

(Der 4))_, x A(1)Y =~ (Der A))



54

as a graded vector space, and the action of (Der A))_, on A(1)¥ corresponds pre-
cisely to the bracket on (Der A))
the construction.

In this case where A is free, it is also the minimal Sullivan model for X so we
just recover the models for Baut, X(1) and Baut X(1) in terms of the minimal
Sullivan model for X, which are implicit in [33].

~0» as can be checked simply by chasing through

Note that if A is generated in a single degree then (Der A)so = 0, since a
derivation is determined by its value on generators and A is concentrated in negative
degrees. So for a simply connected H-space X with rational cohomology generated
in a single degree, the positive rational homotopy groups 7g(aut. X) ® Q are all
Zero.

Example 4.16 Consider the simply connected H-space S3. The rational homotopy
Lie algebra is abelian with a single generator « in degree 2, and the cohomology
algebra is free on a generator = in degree 3. The the complex sA ®, L is then a
graded vector space generated by

sl a, and szr® a,

in degrees 3 and 0 respectively, and the differential is trivial. The augmented version
sA ®, L is the 1-dimensional graded vector space generated by sz ® a in degree
zero. The positive part of sA ®, L is thus zero, corresponding to the fact that
(Der A)~o = 0. We get

>0 (aut, 53) ®Q =0,

as we should expect, since 7;(aut, S3) ® Q ~ 7,353 ® Q = 0 for i > 0.
The positive part of sA®, L is 1-dimensional generated by s1® «, corresponding
to the class sa € sZ(L) = sL. We get

mso(aut $%) ® Q ~ sL,

a 1-dimensional graded vector space in degree 3. This is also what we should expect
from the long exact sequence in rational homotopy associated to the fibration given
by the evaluation map aut % — S3:

0=m3aut, S°RQ = maut S @ Q — m5° ® Q — maut, S ®Q = 0.

Remark 4.17 Suppose that X is a simply connected formal space such that L is
finite dimensional. Félix-Halperin [12] show that such an X is a so called “two-stage
space”: a simply connected space X such that the rationalisation Xg is the total
space of a principal fibration

Kl —)X@ —)KQ,

for a pair of generalised Eilenberg-MacLane spaces Ky and K7, such that the inde-
composables of the homotopy Lie algebra L is identified with K. One consequence
is that L has brackets of length at most 2, and there is a weight grading on L such
that L = L(1) & L(2) by separating the indecomposables and the decomposables.
If X is Koszul, then this weight grading realises L as a Koszul Lie algebra with
Koszul dual A = H*(X;Q).

Our study of Koszul spaces such that L is finite dimensional thus reduces to
a study of formal and coformal two-stage spaces. The homotopy automorphisms
of formal two-stage spaces have previously been studied by Smith [35] by different
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methods, and without the condition of coformality. On the other hand, some formal
two-stage spaces are automatically Koszul as we explain below.
A two-stage space X is the total space of a principal fibration

[[EW..n) — Xq — [[K(Va,n),

for some finite dimensional graded vector spaces V and W. The Sullivan minimal
model of X is given by #x = (A(VY)®@A(WV),dx) where the differential satisfies
dx(VY) = 0 and dx(WV) C A(VY), and we may assume that the restriction
dx: WY — A(VV) is injective. Choose bases x1,...,zy, for VY and y1,...,yn
for WVY. Then dx(x;) = 0 and dx(y;) = Pj(x1,...2y), a polynomial which by
minimality has no linear terms.

The space X is formal if and only if the sequence P, ..., P, is a regular sequence
in A(V) - that is P; is not a zero divisor in A(V)/(P1,...,Pj—1) for 1 < j < n.
Then X is Koszul if and only if P; is quadratic for all j.

Remark 4.18 Let X be a Koszul space with finite dimensional homotopy Lie
algebra. Then X is a two-stage space as noted above. The complex sA ®, L then
takes the form

0—=sA®L(1) —=sA® L(2) —=0,

which is isomorphic to the complex produced by Smith [35]. As a special case of
Corollary 3.21 we reproduce his result that Ha(sA ®, L)so is an abelian ideal in
H(sA ®x L)so ~ msp(aut X) ® Q, in the case where X is Koszul. In addition we
get that Hq(sA ®y L)., and in particular Hy(sA ®x L)>o, is a Lie subalgebra, and
that this Lie subalgebra supports no higher operations.

If the differential x happens to be surjective in positive degrees, then B aut, X (1)
is coformal by Corollary 4.10. If Z(L)(1) = 0 in addition, then Baut X (1) is
coformal, also by Corollary 4.10.

Theorem 4.19. Let X be a simply connected space with finitely generated coho-
mology A concentrated in even degrees, and let ¢ be a homogeneous non-degenerate
quadratic form in the generators of A, such that

A>~Qlxy,...,z,]/(q).
Then there is an abelian extension of graded Lie algebras
HQ(SA Rk L)>0 — 7r>0(aut X) & Q — (DQTZ)>07

where Ho(sA Q@ L)so is 1-dimensional and identifies with the suspension of the
centre sZ (L), and an isomorphism of graded Lie algebras

mso(aut, X) @ Q ~ (Der A)~o,
and Baut, X (1) is coformal.

Note that ¢ is homogeneous with respect to homological degrees when A as here
is the cohomology of a space, as opposed to just being a quadratic form.

Proof. A Sullivan model for X is given by (A(z1,...,Zn,y),dy = q), so X is clearly
formal, and the homotopy Lie algebra is finite dimensional, in particular X is
also two-stage and it follows that X is coformal since g is quadratic, and from
Theorem 2.15 that L(2) is 1-dimensional.
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The only non-zero brackets of L are given by the pairings of generators from
g =) cjxiz;. Le. if we denote the generators dual to z; by a;, then the non-zero
brackets are [a;, ;] for 4, j such that ¢;; # 0 (and they are all linearly dependent).
The complex sA ®,, L splits as a sum with summands

0——=sA(p) @ L(1) —“=sA(p+1)® L(2) —=0.

for p > —1. For p > 0 the differential is surjective because ¢ is non-degenerate.
Choose a basis {Z;}; for A(1) such that ¢ = >, d;#?, and let {a;}; be the dual
basis for L(1). Notably the coefficients d; need not be rational, so we tensor the
complex with R and show that x is surjective as a linear map between real vector
spaces. Since k is defined as a map between rational vector spaces, that is the case
if and only if & is surjective as a linear map between rational vector spaces.

In the new basis & is given by the adjoint action of ), #; ® &;. An element of
sA(p+1) ® L(2) is a linear combination of elements of the form

p+1 p+1
Hf?ij ®[6¢i1,6¢i1]=im Hi‘ij ®di1
j=1 Jj=2

if p>1, and
'iil by [dila&il] =*K (1 X dzl)

if p = 0. The same is true when restricting to the positive part of the complex.
For p = —1 the complex is just A(0) ® L(2) with no differentials, and the (posi-
tive) element s1® « spans the entire homology Ha(sA®, L), where « is some choice
of basis for L(2).
The results now follow from the Structure Theorem 4.8 (note that a € L(2)
spans the entire centre of L), and we conclude coformality using again that the

transferred structure respects the shifted weight grading.
O

Example 4.20 Let B be a space with rational cohomology free on finitely many
even generators

H*(B;Q) = Qlz1, . .. 2,

for example B = BG, the classifying space of a compact connected Lie group G.
Consider a sphere bundle

s#m=1 5 X - B,
with an odd dimensional sphere. Then the cohomology of X is of the form

Qlay, .- 2al/(f)

where f is the Euler class of the bundle (cf. [14]), and X is Koszul if and only if f is
quadratic. If f is non-degenerate then Proposition 4.19 applies (f is homogeneous
of degree 2m).
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4.2. Degree zero. The connection between algebra and topology for us, has so far
been the Schlessinger-Stasheff classifying Lie algebra (Der ¥ //.%)+, but our study
has been of the non-truncated Lie algebra Der ¥ // %

It should not be surprising that there is information about 7y aut X contained in
the non-truncated version. Here we compare it to the Harrison cohomology of a Sul-
livan model for X, which Block-Lazarev show is related to mp aut X. Block-Lazarev
use the term André-Quillen cohomology, which agrees with Harrison cohomology
in characteristic zero, but they define it using the Harrison complex.

4.2.1. Harrison cohomology. We introduce Harrison cohomology for dg algebras
following the definition of Block-Lazarev [6], and with sign conventions from Lo-
day [26]. For an associative graded algebra A we may consider the truncated
Hochschild complex

A®? A®2 0,

which we denote C(A, A), where the differential is defined as follows. For all n > 3,
there are maps d;: A®" ! 5 A®" given by

difap®@ - ®ap) =60 @ - ®aiGi+1 @ - & ap, 0<i<n
dn(a0®"'®an) = (_1)€nana0®"'®an7

with €, = |an 41| 37— |aj|. The differential of C(A, A) is given by Y31 (=1)'d;.
For a dga A, the complex C(A4,A) is a double complex. For all n > 2, the
differential d gen on A®™ is defined as Y., (—1)"d;, with §;: A®™ — A®™ given by

di(ap ® - ®ay,) = (—1)|a°|+m+‘ai71|ao ®---Qda(a;) @ - @ an, 0<i<n

and the total differential on C'(4, A) is then Y 7 (—1)"(d; — d gen ).
The shuffle product p: C(A, A) @ C(A, A) — C(A, A) is given by:

pla®ar- ®@an) @ (b any1 @+ @ tngm))
= Z(—l)eab ® ag(l) ® Tt aa(n+m))

where o runs through all (n,m)-shuffles, and the sign is given by

e=b> lail+ > laillal-
=1

i<j
o HD)>071 ()

If A is graded commutative then C'(4, A) is a non-unital dg algebra over A with
the shuffle product, and the indecomposables

CHr (A, A) == T(A, A)/T(A, A)?

is the Harrison complex. This is what Block-Lazarev call the André-Quillen com-
plex.

Definition 4.21. For a dg commutative algebra A we define the complex
Clrar(A, A) := Hom s (C1*"(4, A), A),
and the cohomology of this is Harrison cohomology, denoted Hy, (A, A).
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The Harrison complex of a graded commutative algebra A comes equipped with a
Lie bracket. Block-Lazarev argues that one way to see this is to identify C}j,,. (A4, A)
with Coder C'A the space of coderivations on the cofree Lie coalgebra on A, which
is naturally a dg Lie algebra.

The following theorem is also a direct consequence of Block-Lazarev [6], based
on work of Schlessinger-Stasheff [33].

Theorem 4.22. Let £ be a Quillen model for a simply connected space X of
finite type. The dg Lie algebras Der £ /| and C%,, (€ (L)Y, €(L)") are quasi-
isomorphic.

Proof. Schlessinger and Stasheff [33] (Theorem 3.17), show that for a dg Lie algebra
& such that the underlying graded Lie algebra is free there is a quasi-isomorphism

Der £ /)% —» Coder € ().
If % is finitely generated in each degree, then dualizing gives an isomorphism
Coder ¢(Z£) ~ Der ¢ (£)".

Now Cf.. (A, A) is isomorphic to Coder CA, and by Theorem 2.8(3) [6] the dg Lie
algebras Der A and Coder CA are quasi-isomorphic if A is cofibrant. Now apply
this for A = €(Z)Y. If £ is a Quillen model for a simply connected space X of
finite type, then € (%) is a Sullivan model and in particular cofibrant, and the
underlying graded Lie algebra of .Z is free, so the result follows. (]

Note that mg(aut Xq) is a group. Sullivan [37] and Wilkerson [40] showed that
mo(aut Xg) is linear algebraic group over Q if X is a finite CW-complex or has a
finite Postnikov tower. See Block-Lazarev [6] for a modern treatment. To avoid
introducing a lot of terminology from algebraic geometry, we refer the reader to
Hochschild [20] and Waterhouse [39] for details on algebraic groups and related
constructions. For us a linear algebraic group over Q is just a subgroup of GL,(Q)
for some n > 0, defined in terms of polynomial equations. E.g.

SL(n,Q) = {M € GL,(Q) | det M = 1},

and the determinant of a matrix is a polynomial in the entries.

To any linear algebraic group G we may associate a Lie algebra Lie(G), which
retains a lot of information about G, but not all, as we here give a brief introduction
to. Again, see [20, 39] for definitions and properties of Lie(G) and what else follows.
In good cases the exponential power series converges and exp(Lie(G)) carries a
group structure given by the Baker-Campbell-Hausdorff formula:

x -y = log(eeY)
1 1 1
=z +y+ gyl + (e 2yl + v, [y 2ll) - 57y, o [z, 9]l =
for z,y € L. See also [22] for details on this. There is a surjection from exp(Lie(G))
to the connected component of the identity element e of G in the Zariski topology,
and the kernel can be identified with 71 (G, €). When working over Q, it is necessary
that G is nilpotent to qualify as a “good case”.

Theorem 4.23 (cf. [6] Theorem 3.4). Let X be a nilpotent CW complex which is
either finite or has a finite Postnikov tower, and let A denote a Sullivan model.
Then mo(aut Xg) s a linear algebraic group, and the Lie algebra Lie(mo(aut Xg))
is isomorphic to HY,, (A, A).
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For Koszul spaces Theorem 4.22 and 4.23 combine to the following.

Proposition 4.24. Let X be a Koszul space with homotopy Lie algebra L and coho-
mology algebra A, such that A or L is finite. Then the Lie algebra Lie(my(aut Xg))
is isomorphic to H(sA ®, L)o equipped with the transferred bracket.

The analogue to Theorem 4.8 then reads:

Theorem 4.25. Let X be a Koszul space with homotopy Lie algebra L and coho-
mology algebra A, such that A or L is finite. Then there are a split extension of
Lie algebras

0 — HZ*(sA®, L)y — Lie(mo(aut Xg)) — (Der L)y — 0,
00— HZQ(SA (S L)O — Lie(ﬂ'o(aut XQ)) — (Der A)O — 0.

Remark 4.26 For a simply connected space X we have mp(aut, X) ~ mp(aut X),
and thus the same split extensions for aut, X.

Example 4.27 We return to the examples of suspensions and H-spaces. Let X be
a connected space such that ¥ X is simply connected and rationally equivalent to
wedge of spheres. The cohomology A of XX is a trivial graded algebra generated
by the reduced cohomology and HZ?(sA®, L), = 0. The homotopy Lie algebra of
¥ X is free, so we denote it . and Theorem 4.25 gives us

Lie(mo(aut X Xg)) =~ (Der L)o.

If L is generated on the graded vector space V' then (DerlL)q is in bijection with
linear maps V' — L of degree zero.

Dually, if X is a simply connected H-space, then X is equivalent to a product
of Eilenberg-MacLane spaces. The cohomology A is free, and the homotopy Lie
algebra is abelian. In particular H>2(sA ®, L) = 0, and Theorem 4.25 gives us

Lie(mo(aut Xq)) ~ (Der A)q.

If A is generated on V' then (Der A)y is in bijection with linear maps V — A of
degree zero.

In general mp(aut Xg) is not nilpotent for a Koszul space X, so extracting in-
formation about it from Lie(mg(aut Xg)) is not straight forward. We do know the
following.

Proposition 4.28. The Lie algebras H=%(sA®, L)o and H>2(sA®, L)o are nilpo-
tent if A or L is finite.

Proof. Suppose that A is finite. The transferred bracket on H(sA ®, L). respects
the shifted weight grading, so H=?(sA®, L) is nilpotent because there is a maximal
weight m for A such A(m) # 0. For H>2(sA ®, L)o, we note first that L is
concentrated in positive homological degrees, and since the transferred bracket
respects the shifted weight grading it also increases homological degree strictly in
the L factor. As A is finite and concentrated in non-positive homological degrees
it follows that H>2(sA ®, L)o is nilpotent.

The argument if L is finite is completely analogous. O

This proposition implies that the kernels of the extensions in Theorem 4.25
H=%(sA® L)y and Hs3(sA ® L)o, correspond to normal subgroups of mo(aut Xg)
by the Campbell-Baker-Hausdorff formula. It is also possible to identify a Lie
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subalgebra of the derivations which is nilpotent in both cases. This Lie subalgebra
is also a Lie ideal and the complement is the derivations which preserve the weight
gradings in L and respectively A. In both cases these are identified with degree
zero of the kernel of the restriction of x:

ker(sA(1) @, L(1) = sA(2) @, L(2))o-

This narrows down the problem of non-nilpotency, but as we shall see in Exam-
ple 5.11, we cannot expect to circumvent it entirely.

Instead we take a different approach to gain information about degree zero in
the next section.

4.3. Degree zero by simplicial methods. Consider A ® L as a dg Lie algebra
with the structure given by Definition 3.1, and zero differential. Recall that a
Maurer-Cartan element of A® L is a element 7 € (A ® L)_; satisfying 1[r, 7] = 0.
We may form the simplicial dg Lie algebra 24 ® A ® L, and consider the simplicial
set of Maurer-Cartan elements

MCy(A® L) := MC(Q ® A® L).

Proposition 4.29 ([3]). The simplical set MCo(A® L) is a Kan complex [15] and
it is homotopy equivalent to the space of maps Map(Xq, Xq). In particular there is
a bijection

[XQ,XQ} ~ ﬂ'oMC.(A ® L)

The path components are given by equivalence classes of Maurer-Cartan elements
in A ® L, with the usual notion of equivalence in a Kan complex: 7 and 7’ are
equivalent if there is a 1-simplex v such that dgy = 7 and d1y = 7/. A 1-simplex
is a Maurer-Cartan element in Q1 ® A® L, and we recall the standard identification

A(tO, i1, dtO; dtl)
(to +t1 —1,dtg + dtq)
where |t;| = |[t| = 0 and |d¢;| = |dt| = 1 with the differential mapping ¢; to dt; and
t to dt as suggested by notation. So v can be identified with a polynomial (¢, dt)
in the commuting variables ¢ and dt where dt?> = 0 because |dt| is odd, and with
coefficients in A ® L. Denote by «; the coefficient for ¢, and by j3; the coefficient

for t/dt. Since |y| = —1 we get that |a;| = —1 and |3;] = 0 for all 4, j. So we can
write

Ql =

~ A(t,dt),

Yt dt) = o(t) + B(t)dt ==Y " aut’ + > Bjtldt.
i i

Recall that dygr = 0. The Maurer-Cartan equation for v expands to

0= %[v(t, dt)(t, db)] + dy(t, db)

%[a(t) + B(t)dt, a(t) + B(t)dt] + d(a(t)) + d(B(t)dt)

1 d
= gla(t), a@®)] + [a(t), B(t)dt] + —a(t).
The simplicial structure maps are then given by evaluating do(y) = 7(0,0), and

d1(y) = v(1,0), so by unfolding the definitions we get 7 ~ 7/ if and only if there
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exist polynomials «(t) € (A® L)_1[t] and 5(¢) € (A ® L)o[t] such that

d

[a(),a®)] =0, [a(t).8()] = —Za(),  a0) =7, ol)=7"

Definition 4.30. The linear part of a Maurer-Cartan element 7 € MC(A® L) is
the image of T under the projection

m: A® L — A(1) ® L(1).
We say that T is linear if w(T) = T.

Proposition 4.31. Two Maurer-Cartan elements 7,7 € MC(A ® L) are in the

same path component of MCoe(A® L) only if their linear parts agree, that is w(7) =
w(1').

Proof. Suppose that 7 ~ 7/. Then there exist polynomials «(t) and §(t) as above
Write a(t) = Y a;t' and SB(t) = > Bit’. The equation [a(t),B(t)] = —Fal(t)
implies that

(19) —(n+ Dans1 = Z [as, Byl n=0

i+j=n
from which we see that «,, 1 is decomposable for n > 0, and so has no linear part.
In particular the linear part of g = 7 equals the linear part of ..oy =7. O

Choose a basis {a;}; for A(1), and let {a;}; denote the dual basis for L(1).
Then a linear Maurer-Cartan element has a presentation 7 = ZZ j Aija; @ o for
some A;; € Q. In this way an I x I matrix with Q-coefficients (\;;) may represent a
Maurer-Cartan element. Such a matrix also represents a linear map A(1) — A(1),
and a linear map L(1) — L(1) since A(1) and L(1) are dual (up to a shift).

Proposition 4.32. The following are equivalent: an I xI matriz with Q-coefficients
represents

(1) a linear Maurer-Cartan element of A® L,
(2) an endomorphism of A,
(3) an endomorphism of L.

The proof of the proposition uses the same techniques as the proof of the Recog-
nition Proposition 4.4. It is technical and with no separate interest, so we skip
it.

Proposition 4.33 (cf. Sullivan [37], and Neisendorfer-Miller [30]). For any space
X there are maps

(20) mo(aut Xg) — aut H*(X; Q)

(21) mo(aut Xg) — aut(m.(2X) @ Q)

by functoriality. For a simply connected space X the map (20) is surjective if and
only if X is formal, and the map (21) is surjective if and only if X is coformal.

Proposition 4.34. Let X be a Koszul space with cohomology algebra A and ho-
motopy Lie algebra L. If all Maurer-Cartan elements of A® L are linear, then the
maps (20) and (21) are isomorphisms of groups.



62

Proof. Since all Maurer-Cartan elements are linear we get by Proposition 4.31 that
ToMCe(A® L)~ MC(A® L),
since two elements are in the same component if and only if they are equal. The
bijections
Hom(L,L) ~ MC(A® L) ~ Hom(A4, A)
resulting from Proposition 4.32 then give us
Hom(L, L) ~ [Xq, Xg| ~ Hom(A4, A)

by Proposition 4.29, and the image of a self-map Xqg — Xg can be identified with
the induced map on respectively homotopy and cohomology. Such a self-map is
a homotopy equivalence if and only if it induces isomorphisms in homotopy and
cohomology (Xg is simply connected and Q-local), and so by restricting we get
bijections

aut L ~ mp aut Xg ~ aut A
O

From the proof we see that the hypotheses of Proposition 4.34 can be weakened
slightly. It is enough that all the Maurer-Cartan elements which correspond to
homotopy equivalences are linear.

Corollary 4.35. If all Maurer-Cartan elements are linear and A or L is finite,
then

(Der L)y ~ Lie(mp aut Xg) =~ (Der A)o.
Proof. Since A or L is finite, mp aut Xgq is a linear algebraic group by Theorem 4.23,
and we may apply Lie(—) to the isomorphisms of Proposition 4.34 to get
Lie(mp aut Xg) ~ Lie(aut L) ~ (Der L)g
and
Lie(mp aut Xqg) ~ Lie(aut A) ~ (Der A)o.
O

Here we have used two more facts from algebraic geometry:
(1) the association of a Lie algebra to a linear algebraic group given by Lie(—)
is functorial, and
(2) for a finite dimensional graded algebra A (not necessarily associative) the
group of automorphisms is a linear algebraic group, and when working in
characteristic zero Lie(aut A) identifies with (Der A)g, the derivations of
degree zero.

Corollary 4.36. Let X be a Koszul space such that H*(X;Q) is generated in a

single cohomological degree d. Equivalently 7.(QX) ® Q is generated in degree
d—1.1If

(i) H(X;Q) =0 for all i > d?, or

(i) m(QX)@Q =0 for alli > d(d—1),
then

mo(aut Xg) ~ aut(H*(X;Q)) ~ aut(7.(2X) ® Q).
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Proof. Since A is generated in homological degree —d, and the homotopy Lie algebra
L is generated in degree d — 1, we get

(A L)1 =P AL +i(d—1)) ® L(1 + id)
i>0
The assumption on A respectively L, implies that (A ® L)_; = A(1) ® L(1) since
all summands with ¢ > 1 vanish. In particular all Maurer-Cartan elements must be
linear and the corollary follows by Proposition 4.34. (]

Corollary 4.36 is formulated to highlight the analogous roles played by cohomol-
ogy and homotopy, but the apparent (almost) symmetric conditions may be a bit
misleading. Recall from Remark 4.17 that a formal space X has finite dimensional
homotopy only if it is a two-stage space. Thus if 7, (QX) ® Q is generated in degree
d—1, then m;(Q2X) ® Q =0 for all i > 2(d — 1) and necessarily d > 3, so condition
(i1) is automatically satisfied if the homotopy is finite. In that case the assumption
that L is generated in a single degree can be weakened.

Example 4.37 Let X be a Koszul space with finite dimensional rational homotopy
Lie algebra L, and suppose L is generated in degrees 5,7 and 9. Then the rational
cohomology algebra is generated in cohomological degrees 6,8 and 10. Now only
the linear part of A ® L contributes to degree —1, as we will show.

We know that X is two-stage, so

(ARL)_1 =(ARL(1))-1® (A® L(2))_1.

The Lie algebra L contributes positively to degrees of elements in the tensor prod-
uct, and A contributes negatively. Thus we just have to check that no linear
combination of 6,8 and 10 equal n +m + 1 for n,m € {5,7,9}, so that

(A® L(2))-1 =0,

and that no linear combination of two or more of 6,8 and 10 equal n + 1 for
n € {5,7,9}, so that

PG @ L(1)) -1 = 0.

i>2
The first condition is satisfied because linear combinations of even numbers are
even, and n + m + 1 is odd, when n and m are odd. The second is satisfied by
inspection: 2-6 > 9+ 1.

In conclusion all Maurer-Cartan elements are linear, and Proposition 4.34 ap-

plies.

In general if X is a Koszul space with finite dimensional homotopy L generated
in degrees {n;},, the condition is that
l

Z(nil -‘1-1) :nj—i—nk—i—l

i=1
has no solutions for 1 < j, k,l <m and 1 < 4; < m, and

l
i=1

has no solutions for 1 < 5,1 < m and 1 <14 < m.
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Example 4.37 illustrates a special case where this can easily be checked, and we
may formulate that as

Corollary 4.38. Let X be a Koszul space such that L = 7,.(QX) ® Q is finite
dimensional, and generated in odd degrees ny < no < -+ < ngyy with 2ny > ngy,.
Then

mo(aut Xg) ~ aut(H*(X;Q)) ~ aut(m.(2X) @ Q)
The proof is completely analogous to the reasoning in Example 4.37.

Example 4.39 Consider the classifying space BSU(3) of the classical Lie group
SU(3). The rational cohomology algebra is free on two generators in degrees 4 and
6, and the rational homotopy Lie algebra is abelian on two generators in degrees 3
and 5. By Corollary 4.38 we conclude that

mo(aut BSU (3)g) ~ aut(H*(BSU(3); Q) ~ Q™ x Q*.

Example 4.40 Let K be rationally equivalent to a finite product of rational
Eilenberg-MacLane spaces concentrated in even degrees as above

K ~q [ K(Q,2k)

i=1
Consider an odd sphere bundle
sl 5 X 5 K

with quadratic non-degenerate Euler class defined over Q cf. Example 4.20. Then
the total space X satisfies the conditions of Corollary 4.38.

Rationally we have BSU(3) ~g K(Q,4) x K(Q,6). For K = BSU(3) in the
above, the only non-degenerate quadratic forms are multiples of zy where x and y
are the generators of H*(BSU(3); Q). Then

mo(aut Xg) ~ aut (Q[z, y]/(xy)) ~ Q* x Q*.
Example 4.39 also (and perhaps better) serves for the following
Proposition 4.41. Let X be a Koszul space such that A = H*(X;Q) is free on

generators x1,...,x, such that
lz1] = = lza, | <l|ziypal = = 2| <o <|zip, 11l =+ = |24

(equivalently L = 7. (2X) @ Q is abelian on generators satisfying the above). Then
m+1

mo(aut Xo) ~ [[ GL(i;,Q),
j=1

that is, a product with a one factor GL(i,Q) for each degree of generator, such that
i is the number of generators of that particular degree, and m + 1 is the number of
distinct degrees for the generators.

Proof. Since L is abelian, also Q4 ® A ® L is abelian. Then two Maurer-Cartan
elements 7,7 € MC(A® L) are in the same path component of MCq,(A® L) if and
only if there exists a polynomial a(t) € (A ® L)_[t] such that La(t) = 0, with
a(0) =7 and «(1) = 7/. But then a(t) is constant and 7 = 7/, so

To(MCe(A® L)) = MC(A® L).
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As in the proof of Proposition 4.34 we conclude that
mo(aut Xg) ~ aut H*(X;Q),
which we identify with the product we wanted. O

For the following examples we refer to [14] for computations of cohomology
algebras.

Example 4.42 Let G be a compact connected Lie group. Then BG is a Koszul
space with free rational cohomology, and by Proposition 4.41 we get
m+1

mo(aut BGg) ~ H GL(ij,Q),
j=1

with notation as in the proposition.

Let G be a compact simply connected Lie group. Then G is also a Koszul
space with free rational cohomology (on odd generators). The generators for the
cohomology are the same as for BG, only shifted once in degree, and in particular
we get

m—+1
mo(aut Gg) ~ H GL(ij,Q) ~ my(aut BGq).
j=1

Surely 7 (aut Gg) and m(aut BGg) have been studied, but we are not aware of
any references at this time.

Example 4.42 also illustrates that having only linear Maurer-Cartan elements is
only a sufficient condition for the maps (20) and (21) to be isomorphisms. Consider
the compact simply connected Lie group SU(T), with

A=H"(SU(7);Q) ~ A(zs, ..., x15)

with cohomological degrees |z;| = ¢, and abelian homotopy Lie algebra L on dual
generators as,...,a15 with homological degrees |a;| = ¢ — 1. Every element in
(A® L)_1 is a Maurer-Cartan element, in particular the non-linear

T3T527 © Q5.

This does not correspond to a homotopy equivalence however, and we have not
decided if having only linear Maurer-Cartan elements which correspond to homotopy
equivalences is necessary for the maps (20) and (21) to be isomorphisms in general.

Example 4.43 Let V be a real, complex or quarternion Stiefel manifold. Then
the rational cohomolgy H*(V; Q) is free with generators all in distinct degrees, and
by Proposition 4.41 we get

mo(aut Vo) ~ H Q*
j=1

where n is the number of generators.

Example 4.44 Denote by F(R", k) the space of ordered configurations of k points
in R™. By Theorem 5.1 in the next section A = H*(F(R", k); Q) is generated in a
single cohomological degree n — 1, and A(i) = 0 for all ¢ > k. Thusif k <n—1
then Corollary 4.36 is satisfied, and we get

mo(aut F(R™, k)g) ~ aut H*(F(R", k); Q) ~ aut(m.(QF (R", k)) @ Q).
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Remark 4.45 Compare Corollary 4.35 to Theorem 4.25. If HZ2(sA® L) is non-
zero, the map from Theorem 4.25

Lie(mo(aut Xg)) — (Der L)o,

has a non-trivial kernel. By Example 4.44 above the map (20) is an isomorphism
for X = F(R™, k) when £ < n — 1, but from the calculations in Section 5 we see
that H=2(sA® L)g # 0 for e.g. k=3 and even n > 4.

In conclusion, the map from Theorem 4.25 is not in general the image of the
map (20) under the functor Lie.

5. CONFIGURATION SPACES

Another virtue of using the complex sA ® L as a model for the cover of the
classifying space of homotopy automorphisms, is the possibility of computing the
ranks of the rational homotopy in particular cases. It was done in [5] for highly
connected manifolds, and we give a different example here.

Denote by F(R™ k) the space of (ordered) configurations of k points in R™.
These spaces are Koszul for all n and k (see [2] and [25]). Recall the structure of
the cohomology algebra and the homotopy Lie algebra of F(R"*1 k).

Theorem 5.1 (cf. [11]). The cohomology algebra H*(F(R"*1 k); Q) is a free graded
algebra generated by elements apq of cohomological degree n where 1 <p < g <k,
subject to the Arnold relations

QpgQqr + QgrGrp + Arpapg = 0,  p, g, 7 distinct,

aiq =0
with the convention that ay, = (—1)""ta,,, for p > q. This algebra has a linear
basis consisting of all monomials a;,j, ...a;, ;. such that iy < --- <1, and ip < jp
for1<p<r.

Theorem 5.2 (cf. [10]). The rational homotopy Lie algebra m,(QF (R" ™1 k)) 2 Q
is generated by elements apq of homological degree n — 1, with 1 < p < q < k,
subject to the (orthogonal to the above) relations

[pg, ars] =0, {p,q} N {r,s} =10
[QPQ’ Qe + Oéqr} = 0, p,q,T distinct

n+1

with the convention that oy = (—1)" "oy, forp > q.

Lemma 5.3. The dimensions of the graded components of the cohomology algebra
A:= H*(F(R™ k);Q) are given by the Stirling numbers of first kind. Explicitly, in
weight j we have
. . k
dim A(j) = Lﬁ - ]} .

Proof. The homogeneous polynomial

k—1

I w+ma)

m=0
generates the Stirling numbers of first kind when x = 1 (backwards), and the
Poincaré polynomial for H*(F(R", k); Q) when y = 1 (with the substitution z =
21, O
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Corollary 5.4. The dimensions of the graded components of the homotopy Lie
algebra L := m,(QF (R™, k)) ® Q are given by the followmg formula

dim L(r) = 1 ”(dJ”) ( ) j
1 =530 Z

Proof. The Poincaré polynomial for A := H*(F(R", k); Q) is

k—1

H (1+ mzx)

m=0
giving the following equation for the generating series of the dimension of the uni-
versal enveloping algebra

k—1
— [ (1 —am™)em n even
[[ (1= ma) { 125, (1 — (=)™ em p odd.

m=0

Taking logarithms and comparing coefficients in the resulting Taylor series we get
kz:l ) et d n even
F 2 S~ )d+redg n odd

and the corollary follows by the Mo6bius inversion formula. ([l

It follows from the given presentation of homotopy Lie algebra that is has the
structure of an iterated semi-direct product of free Lie algebras:

(22) T (QF (R ) © Q ~ Lip—1 X (Lp—z X (-+- x L) -+ ),

where L; is the free Lie algebra on the generators a;; of which there are £k — 1.
Indeed there are no relations among generators with the same first index, and the
relations

[apqvars] =0, {p7 (J} N {T, S} =0
[Qpgs Qpr + gr] =0, p, g, 7 distinct

describe the action of the free Lie algebras of greater first index on those with lesser.

The isomorphism (22) gives a linear basis. As a graded vector space the Lie
algebra is isomorphic to the direct sum of the free Lie algebras, and the natural
bases for those provide one which we will call the unmized basis. This also gives an
alternative way of arriving at the dimension formula. Simply add up the dimensions
of the free Lie algebras in question. These dimension are given by the well known
Witt formula

dim L;(r) = % S (D) u(5) (k= i)t
d|r

5.1. Rational homotopy groups.

Example 5.5 Consider F(R™,3) for n > 6 and even, with cohomology A and
homotopy Lie algebra L. In non-negative degrees the complex (sA ®, L) splits as
a direct sum with summands

0> sA(0) @ L(t) "> sA(1) @ L(t + 1)~ sA(2) @ L(t +2) — 0,

for t > 1 (with the obvious restrictions of k° and «?!).
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By Proposition 4.4 x° can be identified with the map ad: L — Der L, and so the
kernel is the center of L. When n is even the center is 1-dimensional, spanned by
the element oo + 13 + agg € L(1). That is, for ¢t > 2 the map ° is injective.

Recall that (a12,a13,a23) is a basis for A(1) and (aj12a23,a13a23) is a basis for
A(2). Using the presentation of A given in Theorem 5.1, we find that the matrices
representing the maps given by multiplication by a generator, are

(0 1 1 (10 0 (-1 0 0
@22 \g —1 0 ) M\ 1 o0 1) ™\ o -1 0)

Now by slight abuse of notation, let a;; denote the matrix representing ad,,,. Then

k! is represented by the block matrix

—Q13 — Q23 12 a2
Q13 —aip —ag3 aiz )
As noted above, the element >, ; is central in L, and so the matrices denoted
the same way also satisfy Z aj; = 0. Apply this and reduce the resulting block

matrix:
—Q13 — (23 12 12 o Q12 Q12 Q12
13 —Qr2 — Qie3 (3 Q13 Q13 (13

~ 0 0 12
0 0 13 ’

L(ags) x L(aiz2, a13),

The Lie algebra L is isomorphic to

so the maps given by a2 and a3 respectively are injective on L(> 2), and therefore
k! has rank dim L(t + 1) when restricted to the t-summand.

We can now compute the homology of each summand. For t = 1 we found that
k% has rank 2 and k! has rank 1. The dimensions of A(i) and L(j) are found in
Corollary 5.3 and Corollary 5.4 and if we write the ¢ = 1 summand with just the
dimension of each vector space, and the rank of the maps decorating the arrows:

2 1

0 3 3

4 0,

we find that the homology is of dimension 1, 0 and 3 respectively. Since A is
generated in homological degree 1 —n and L is generated in homological degree
n — 2, these graded vector spaces are concentrated in degrees n —2, n—3 and n—4
respectively.

For the summands ¢ > 2 the map «° is injective, and we get homology of dimen-
sion

72 ) (1+29) —*Zué ) (1+2%) and

dt+1 dft
2 1
s 3 H(E) 42 - o S () a2,
t+2 t+1
d|(t+2) dlt+1

concentrated in degrees (¢t 4+ 1)(n —2) —n+ 1 and (¢ + 1)(n — 2) — n respectively.
Clearly this is a recurring pattern.
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When n > 6, only a single summand contribute to each degree of the homology
of the entire complex sA ® L, and so we have computed the dimensions of

H(sA®y L); ~ mi(aut F(R™,3),1p®n 3)) ® Q, i>1.
Take e.g. n = 6: The first non-zero rational homotopy groups is obtained for ¢t = 1:
dimm =3, dimmy3 =0, dimmy =1.
The next ones appear for t = 2, and from the formulae above we get:
dimnmg =3, dimm; =4,
and so they keep coming in pairs for every ¢ > 2. We list a few more for 3 < ¢ < 6:

dimﬂ'1029, dim7'r11:4
dim7r14 = 12, dimﬂ'15 =9

dimﬂ'lg = 307 dimﬂ'lg =12.

In general we observe that there are infinitely many homotopy groups of the ratio-
nalised space (aut F'(R",3))g and that they grow exponentially: the expression for
the dimension in degree (t+1)(n—2)—n is dominated by the term 15_%2#(1)(1—1—2“”2).

Another observation is that each connected component of (aut F'(R",3))q is
(n — 5)-connected.

Remark 5.6 The same approach works for F((R%, 3) also, but in that case sA(2)®,
L(3) is concentrated in degree zero, and removed when we pass to (sA®,,L)1. Other
than that everything in the above example goes through.

The trick used to compute the rational homotopy groups for F(R™, 3) by reducing
the block matrix representing the differential x does not work in general. In the next
example we present the results of computer aided calculations for configurations
with more than three points.

Example 5.7 In general the complex (sA ®, L)1 for F(R", k) splits as a direct
sum with summands

0—> A(0) ® L(t) —> sA(D) @ L(t +1) —> - —> sA(k — 1)@ L(t + k — 1),

for t > 1. We have computed the homology of some of these summands when
n is even, and k = 4,5,6. The computations are implemented in Magma, and
the code is available upon request. Our results are summarised in the following
tables. To give some perspective we first record the dimensions of the algebras in
consideration.

The dimensions for A(:) and 3 < k < 6 are:
i k|3 4|5 6
0 111 1 1
1 316 [10] 15
2 2111135 8
3 0] 6 | 501|225
4 0] 0 |24 274
5 0| 00120
6 0010 0
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The dimensions for L(i) and 3 < k < 6 are:

i k| 3| 4 5 6

1 3] 6 10 15

2 1 4 10 20

3 2| 10 | 30 70

4 3|21 81 231
) 6 | 54 | 258 882
6 9 | 125 | 795 | 3375
7 181 330 | 2670 | 13830

The computations in Magma are actually implemented for the complex sA ®, L.
Since we have identified the first differential A(0) ® L — A(1) ® L with ad: L —
Der L, and the centre of L has dimension 1 (generated by Zij a;;), it is easy to
correct for this. The case k = 3 has already been exhaustively covered. When
k = 4 the Betti numbers of the summands in the complex are:

summand
1 1 0 45 80
2 0 0 381 230
3 0 1 230 501
4 0 0 502 1410
) 0 1 1410 3515
6 0 0 3516 9571

For k =5 we get:

summand
1 1 0 0 1254 4355
2 0 0 10 4355 13070
3 0 1 0 13079 45660
4 0 0 7 ? ?
Finally for £ = 6 we have computed:

summand

1 10 0 7 7 7

2 00 15 7 7 7

3 o1 7?2 7?2 77

There are several observations to be made from this, but we postpone this to
Section 6.

5.2. Lso-structure. In the following we will study the induced L.-structure on
H(sA ® L), for the configuration spaces. First we make some of the general
formulae produced in previous sections explicit in this case. With notation from
previous sections the structure is transferred along the contraction

H(sA® L),

af
h +g'kf SAR®, L
Crao, 22
where we recall that

g =Y (1eh/(leg) and K => (1®h))1ah).

5>0 §>0
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The map ¢ splits as a sum ¢ = ) -, ty, Where ¢y, increases the total weight in
% by m and bracket length by 1. The homotopy h preserves total weight and
decreases bracket length by 1, so for any j > 1 the map ((1 ® h)t)? preserves
bracket length and strictly increases total weight. In our case A(p) =0 for p > 3,
so only the diagonals 2y and % are non-zero, and in particular (1®h)(1®h) = 0.

In conclusion we have
=129+ (1h(l®g) and W =1®h.

The map i is given by a choice of cycle representatives for the homology, and
the map g as produced by Lemma 3.8 is given by a choice of basis for L. Cycle
representatives will be chosen later, while the unmixed basis for L gives a choice of
g. Finally & is inductively constructed according to the proof of Lemma 3.8.

In the following we assume that n is even, but similar calculation can be made
for odd n. To construct h we first need formulae for the differential on Z. It
is given by the reduced comultiplication on AY. It is dual to the multiplication
on A, and with the bases (a2, a13,az23) for A(1) and (a12a23, a13a23) for A(2) the
multiplication A(1) ® A(1) — A(2) is represented by the matrix

0 1 1 -1 00 -1 0 O
0 -1 0 1 01 0 -1 0)°

From which we get

AN * _ * * * * * * * *
A(ar2as3) = ajs ® ajz + ajs ® as3 — ajz @ ajp — as3 @ ajy

A(aizays) = —aj; ® ajz +ajs ® ajy + ajz @ azg — azg ® ajs.
The differential on .Z is then given by

d(z12223) = [T12, T13] + [T12, T23]
d(z13223) = [213, T23] — [T12, T13],

where we write x;; for st

£ =L(s"'4",d).

Now we can begin to construct h. We know that we may choose hg = 0, and
that g is given by choosing the unmixed basis. Explicitly that means that g behaves
as a Lie map on any bracketed word in the generators a12 and a3 and sends ais
to T12 and a3 to 13, €.8.

ai; and Ty for s_laija;l when denoting elements of

g([onz, a1z, an3]]) = [x12, [T12, 13])-

Further g(aa3) = a3, and if aipg appears in an expression as part of a bracket, then
we can think of g as rewriting the expression using the relations of L, such that it
no longer contains as3 and map it as before, e.g.

g(la1z, ag3]) = g([ais, a12]) = [213, T12].
We immediately get

h(zij) =

h([z12, 713]) =

, for all ij
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Now we will have to make choices for the values of h. To find the valid choices we
apply the differential, and the use inductive definition of h.

dh([r12, 723]) = gf([w12, ¥23]) — [T12, 223] — hd([z12, T23])
= g([on2, a23]) — [712, T23]

= *[$12,11713] - [$12,l’23]~

We see that this is —d(x12293) and choose h([z12,x23]) = —x12223. Completely
similarly we find h([z13, 223]) = —x13223 as a valid choice.
As above it follows immediately that

h([z12, [T12, 713]]) = h([713, [T12, 713]]) = O,

and using that the differential is a derivation we compute (and choose)

h([z12, [v12, T23]]) = —[T12, T12723],
h([z12, [v13, T23]]) = —[712, T13723],
h([x13, [T12, T23]]) = —[713, T12723],
h([x13, [713, T23]]) = —[713, T13723].

By the Jacobi identity we further find

h([fﬂzs, [5512,113]]) = h[[I237I12]7$13] + h[17127 [l’23,l”13]]

= [$12,$135€23] - [9613,%125623].

All that remain in weight 3 is [xe3, [¥12, 223]] and [zas, [T13,223]]. By the same
reasoning as above we find

h([zas, [T12, T23]]) = [T13 — T23, T12T23] — [T12, T13T23],

h([fﬂz& [551379623]]) = [9512 - 9623,%13%23} - [5E137$12$23}-
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From this we can build a table for the values of ¢’ up to weight 2 in L expressed in
the chosen bases. Recall again that ¢ =1® g+ (1 @ h)(1 ® g). We get:

g (1®a12) =1® 12 + a3 @ 12723,
g (1®ai3) =1®x13 + ass @ T13T23,
g (1®as) =1® x5 — a1z @ T12T23 — A13 ® T13T23,

g (1@ (a2, a13]) = 1 ® w12, 213] + a23 @ (212, T13223] — [13, T12T23]),

A
(@12 ® a1z a12 @ T12 — A12023 X T12X23,

/

a1z @ a3 a12 @ 13 — A12a23 X T13%23,

/

a12 @ Qg a12 ® T3 + (a12023 — a13G23) @ T13T23,

A
a13 @ T12 — A13023 X T12X23,

a13 @ (12

a13 @ 13 — 013023 Q T13%23,
!

a13 ® ag3) = a13 ® Toz + (a13a23 — A12a23) @ T1223,
A

23 ® (r12) = a23 Q T12,
/

23 ® (r13) = G23 Q T13

g
g'(

g'(

g'(
g'(a13 ® ass
g'(

q'(

g'(

g

23 ® To3z — a12023 & T12T23 — A13023 & T13T23,

"(a23 ® agg
g (a12 ® (12, a13]) = a12 ® [z12, 213] — a12a23 ® ([212, T13T23) — 213, T12T23]),
g'(a13 @ a2, aa3)) = a13 ® [T12, 213] — a13a23 @ ([T12, T13223] — [T13, T12723)),

g’ (azs @ [a12, a13]) = a3 ® (@12, T13].

)
)
)
)
)
)
)
)
)
)
)
)
)
)

}
]

Because ¢ restricted to A(2) ® L is zero, we also get

g (a12a23 ® ) = arza23 ® g(a), g (a13023 ® ) = ay3a23 ® g(a),
for any a € L.

The following proposition shows that there are no higher operations on the trun-
cated complex (sA ®, L)+ associated to the configuration spaces F(R™,3). This
may be an indicator that there are no higher operations on the positive homology
of the complex either, which we will discuss further in Section 6. The condition
that we only look at the positive part of the complex is important, as illustrated
by Example 5.10 which follows after the proposition.

Proposition 5.8. For the spaces F(R™,3), there are no higher operations on
(SA ®n L)+
Proof. Consider the composition
v:=h[-, ~]pe(g’ @ 7).

Any higher operation on sA® L will factor through v, cf. Section 3.2. The claim is
now that on the positive part (sA®, L)+, we have Imv C sAQIm g®sA® %, and
so the annihilation condition, together with the fact that h(2;) C Z» = 0, forces
any higher operation to be zero.

Since g is given by rewritings to the unmixed basis, the claim reduces to that
Imv N2 consists of sums of elements of the form a ® x for a € A and where x is

a bracketed word in the letters x19 and x13 or T = x93.
The image of ¢’ is contained in

SA®Img @ sA(2) @ Imh,
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where we recall that Img C 2 and Imh C 2. As explained in Example 3.16, the
bracket [sa ® x, sb® y|per effectively scans the word x for occurrences of the letter b
and replaces it with the word y (and the other way around). The bracket [—, —]per
is bilinear, so without loss of generality we may assume that a and b are weight
homogeneous, and that = and y each is contained in either Im g or Im A when both
sa® x and sb® y are in Im ¢’. The possible scenarios are then:

e r and y are in Img. In this case x and y are either both bracketed words
in the letters z15 and 213, and so [sa ® x, sb ® yY|per 1S again in sA ® Im g;
or one or both of x and y equals xo3. Suppose x = xo3. Then we must
have a € A(0) or else sa ® x would have non-positive homological degree.
The only possibly non-zero term of the bracket [sa ® x, sb ® y]|per is then a
multiple of 1®y € sA®Im g, which happens if b is in the subspace spanned
by as3. The same holds mutatis mutandis for y = xo3.

e z is in Img and y is in Imh (again we may switch z and y with the
appropriate changes). Scanning z for b and replacing by y yields a term in
SA ® 2. Scanning y for a and replacing by z yields a term in sA ® 2 if
a € A(1). None of these cases are of interest.

Scanning y for a and replacing by z yields a term in sA®Img if a € A(2)
as we now explain: y is contained in %, so precisely one letter zy (in each
term) is of weight 2 in AY, and we get a non-zero term only if a* is in the
subspace spanned by x(. In this case z € Im g replaces g, and it remains
to argue that the rest of the letters in y are either x5 or z13.

We use that sb ® y is not only in Im(1 ® A) but in Im(1 ® h)(1 ® g).
The first part (1 ® g) gives a bracketed word w in the letters z12 and z13.
Then + produces a term [z,w] for each linear generator = of AV, that is
T12,T13, T23, 1223 and x13xa3 are set as prefixes to w. Only the term for
To3 is not in the kernel of 1 ® h, as the first two are in Im g and the last
two are in &;. Use the Jacobi relation to write

[z23, w] = [w', [T12, za3]] + [w", [x13, z23]],
where w’, w” are sums of words in the letters x12 and z13. Now
dhlzes, w] = g f[zes, w] — [223, W]
= gf W, [x12, 3] + (W, [w13, 223]] — [w', [w12, 223]] — [, [213, w23]]
= —[w, [w12, 213]] + [W”, [212, 213]] — [W', [212, 223]] — [w", [213, 223]]
= —d([w', m12223] + [W", T13723)),
80 h[zag, w] = —([w’, T12xe3] + [w”, x13223]) is a valid choice, and with this

we see that all letters except the one (in each term) of weight 2, are x5 or
X13.

e both z and y are in Im h. Scanning x for b and replacing by y lands us in
sA® 21, and similar the other way around.

O

Remark 5.9 In the following we do computations using the formula for the bracket
[—, —]per from Lemma 3.14, for the configuration spaces F(R™, 3). If n is even then
A is generated in odd degrees, and L is generated in even degrees. In that case
«a and S are both odd. If n is odd then A is generated in even degrees and L is
generated in odd degrees. In that case o and § are both even.
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Example 5.10 We stay with the example of F(R™,3) with n even for now. Here
we shall see that in contrast to Proposition 5.8 there are indeed higher operations
on the non-truncated complex sA ®,, L.

Clearly we must involve a non-positive element, as we see from the example
above. However, a single non-positive element is enough: consider the expression

l3(a12 ® g3, a12 @ (12, 3], a13azs @ [o2, (a2, aa3]]),

where we suppress the suspensions in the notation. Recall from the general for-
mula (5), that

(23)  Ls(x,y,2) = fo (—[N]g'(2),9'(W)]. ' ()] + (~1)"[g'(2), [¢' (v), ' (2)]
DG (@), o' ()], 9 W),
and note that, in our case |z| =0, |yl =n —2 and |2| = n — 3. If n > 4, there is

only the degree zero element x = a13 ® as.
We worked out formulae for ¢’ and h’ above for n even, and with these we find

R'[g'(a12 ® a23), ¢’ (a12 ® [a12, a13])|Der

= h'(a13a23 @ ([213, T12%23] + [212, T13223]) — 12 @ [T23, 213]
+a12a23 ® [T23, 213223])

= —a12 ® T13T23

Next we take the bracket of this and ¢'(ajzass ® (@12, [a12, @13]]) and apply f to
get the first term of (23).

[—a12 ® T13%23, ¢’ (a13a23 @ [aq2, (12, @13]]) ] Der

= —a12 ® [T12, [T12, T13]] + a13a23 @ ([T13%23, [T12, T13]] + [T12, [T13%23, T13]])

which maps to —ajs ® [a12, [@12,@13]] under f, so first term of (23) is a2 ®
[a12, [a12, a13]]. We compute the last term:

h'[g'(a12 ® aa3), g’ (a13a23 @ [a12, [12, @13]]) ] Der
= ' (a12a03 ® [212, [T12, 213]] — a13023 @ ([223, [#12, Z13]] + [T12, [223, 213]]))
= —a13a23 @ (2[T12, T13223] — [213, T12723]),
and this we bracket with ¢'(a12 ® [a12, @13])
[—a13a23 ® (2[w12, T13723] — [*13, T12223]), ¢’ (@12 @ [a12, 213])|Der
= —a13a23 @ (2[[z12, T13], T13T23] + [T13, ([T13, T12223] + [T12, T13223])]
+ai2a93 ® [12, (2[712, ¥13723] — [T13, T12723)).

This expression is contained in sA ® 2, so f maps it to zero. It is an example to
illustrate the following.
Let x be an element in sA® %, and y € sA® L, and write

g(y) =s1®@uvo+sa1 @v1 +saz @va,  a; € A(i),v; € L,
h'(x) = sb; @ wy + sby @ wa, b; EA(i),wi cZ.

Necessarily w; € %4, so for [h/(2), ¢’ (y)]per to be non-zero, a3 must be in the span
of some letter of the word w; or ws, or b} is in the span of some letter of the word
v; for some 4, j. In the latter case, the bracket takes values in sA ® %, again. In
the first case vo replaces the letter which matches as, and if y is in sA(1) ® L then
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v9 is in the image of h, and in particular in %;. In both cases f vanishes on the
bracket.
From this we see that also the middle term of (23) is zero, and in conclusion

l3(a12 ® a3, a12 @ [an2, @13, a13a23 @ [z, [12, a13]]) = a12 ® [aig, [a12, aus]],
which is then a non-zero higher operation on the non-truncated complex sA ®,, L.

Example 5.11 Consider again F(R™,3) for n > 6 and even, with cohomology
A and homotopy Lie algebra L. In this example we describe the Lie algebra
H(sA ® L)o, which by Proposition 4.24 is the Lie algebra of the algebraic group
mo(aut FI(R",3)g). Note that by Example 4.44, we also have

aut L ~ mp(aut F'(R",3)q) ~ aut A.

Since n > 6 the only contribution to homology in degree zero comes from the linear
part of the complex, i.e. the kernel of !

0 — > sA(1) ®, L(1) "> sA(2) @, L(2) — 0.

Again (a2, a13, a23) is a basis for A(1) and (a12a23, a13ae3) is a basis for A(2). The
unmixed basis for L gives a basis (a2, @13, aa3) for L(1) and ([aq2, ai3]) for L(2).
With the standard choice of bases for the tensor products, the map ' restricted
to A(1) ® L(1) is then represented by the matrix

0 1 -1 0 1 -1 0 1 -1
-1 0 1 -1 0 1 -1 0 1 ’
and in particular it is surjective. Thus H(sA ® L)g is a 7-dimensional Lie algebra,

and with the bases chosen we can find generating cycles for the homology. One set
of choices is

a:=(a12 — a13) ® a12, b:=(a12 —a13) ® a3, c:= (a12 — a13) ® o3,
d = (a12 — a3) @ a2, e:=(a12 —a3) a1z, f:= (a12 —azs) ® aas,

g:i=K=a012® a2+ a13 ® a13 + az3 Q Qas,

where we have suppressed the suspension from notation. The bracket is given by the
transferred operation ls which on the chosen representatives equals the composition
flg' (=), ¢’ (=)]per followed by the map to homology (cf. end of Section 3.2). Notice
that the map to homology on A® L(1) is just the projection to cycles, as there are
no boundaries here.

Recall that ¢’ = g+htg+(ht)2g+- - -, and that since hth = 0 actually g’ = g+htg.
So we get

g A1) @ L) — A(l) @ Do ® A(2) @ 21,
and thus [¢'(—), ¢'(—)]per also maps to
Al) ® Zy ® A(2) ® 21,

where the projection to A(1) ® %y comes solely from [g(—), g(—)]per. The summand
A(2) ® 21 is in the kernel of f, so the restriction of Iy to A(1) ® L(1) is given by
flg(—=); 9(=)]per followed by the map to homology. Now ¢ on L(1) just maps c;;
to x;;, and f on Z(1) is the inverse mapping z;; to ;.
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We compute a few values of f[g(—), g(—)]per to illustrate the method:

0 0
f[g(a)vg(b)]Der = (a12 - 013) & (‘Tlgiﬁau T12 — T13 aalsxw)

. — ® R —
(1112 CL13) ($128a125513 Ilzaamxw)

= (a12 — a13) ® x13 + (@12 — a13) ® T12
=b+a,
0 0
flg(a),g(c)lper = (a12 — a13) ® (ngaTul"lz - $238T13$12)

( ) ® (21220 O rs)
— (@12 — ax: T12=—T23 — T12 Lo

12 13 12 8@12 23 12 8(113 23
= (a12 — a13) ® a3
= C.

The images are cycles, as they are in general, and so we can explicitly compute Iy
on all of the generating cycles. The entire structure of the Lie algebra is encoded
by the (anti-symmetric) multiplication matrix for ls:

0 a+bdb ¢ a—d b+d c 0
0 —c —e e 0 0

0 —a—f —-b+f —c O

0 e f+d 0

0 e 0

0 0

0

We see that g = k spans a central ideal. Another observation is that this Lie algebra
is not nilpotent: e.g.

[a, [a,b]] = [a,a + b] = [a,b].

With slightly more effort we also find that H(sA ®,; L)o is not semi-simple. If we
quotient by (g) we find that the Lie ideal generated by [a,b] = a + b is a proper
ideal of H(sA ®, L)o/{g). It has a linear basis given by

a+b,c,a—d,a+ f, and e,

It is easy to see now that H(sA ®, L)g is not semi-simple.

The ideal {a+b) coincides with [H(sA®,L)o, H(sA®«L)o], and the derived series
stabilises at this ideal. Thus H(sA®y L)o is not solvable either. Using the computer
algebra program Magma, we find that H(sA ®, L)o has a Levi decomposition

H(sA®, L)g~ A1 x R

where R denotes the radical and the semisimple factor is isomorphic to the classical
simple Lie algebra A;. Thus R is of dimension 4, and 4-dimensional solvable Lie
algebras over any field are completely classified [17]. Again using Magma, we find
that R is isomorphic to the Lie algebra generated by elements z1,x2,x3 and x4
with non-zero brackets

(4, 21] = @1, [, T2] = T3, [X4, T3] = 3.

We have not had time to find a presentation in the basis given for H(sA ®, L)o.



78

6. SUGGESTIONS FOR FURTHER RESEARCH

In this section we finish the thesis with a discussion of what further research
might be undertaken directly from the open ends we leave. We have dedicated a
subsection to a few suggestions that are better developed than others. Before we
explore those, we give a short list of more vague questions

e What is the meaning of the negative part of the complex sA ®, L?

e Are there other interesting examples of Koszul spaces to apply the theory
to?

e How does the information obtained about aut F(R", k) give information
about automorphisms of F,-operads?

6.1. The role of non-linear Maurer-Cartan elements. Recall Proposition 4.31
and Proposition 4.34: Two Maurer-Cartan elements 7,7 € MC(A ® L) are in the
same component of MCe(A® L) only if their linear parts agree, that is w(7) = 7 (7).
If all Maurer-Cartan elements are linear then o (aut Xg) is isomorphic to aut A and
aut L.

Using this technique, we can say almost nothing if there a non-linear Maurer-
Cartan elements of A ® L. In this section we will discuss the role of such, and
connect the two rather different approaches used in the thesis. One being the
complex sA ®,; L cooked up from contractions of a Lie model, and the other being
the analysis of the components of the Kan complex MCq4(A ® L).

Let 7 € MC(A® L) be a Maurer-Cartan element. Denote by 7 the part of 7 in
ker w. We call this the non-linear part of 7. We begin with a lemma.

Lemma 6.1. For 7 € MC(A ® L) both the linear and non-linear part of T are
again Maurer-Cartan elements, and T is a 7(7)-cycle (and vice versa).

Proof. The Lie algebra A® L is bigraded by weight in respectively A and L. Write
x(; ;) for the part of an element 2 € A ® L contained in A(i) ® L(j). Then 7 =
Zi’j T(,5), (that is 7(7) = 7(1,1)) and expanding we get

0=[r,7l= > [T ki)

i,k>0

Jil=1
where the term [7(; jy, T(x,y] is contained in A(i + k) ® L(j +1). For degree reasons
T(0,1) = 0, so the only contribution to the part in A(2) ® L(2) comes from the
linear part [7(; 1), 7(1,1)]. In particular both the linear and non-linear parts of 7 are
Maurer-Cartan elements, and 7 is a 7(7)-cycle (and vice versa). O

It is natural to ask how the Maurer-Cartan elements with non-linear parts affect
the picture. As noted after Proposition 4.34, we need only worry about those
corresponding to homotopy equivalences. A first thing to observe is that such non-
linear Maurer-Cartan elements can not in general lie in the same path components
of MCo(A ® L) as linear elements. Otherwise Proposition 4.34 would hold without
the assumption of linearity. But that is not very much information. Instead we can
try to connect them to the other approach, namely the complex sA®, L, where they
occur as elements in degree zero. We will show that a non-linear Maurer-Cartan
element gives rise to a non-linear k-cycle.

Should it happen that a Maurer-Cartan element 7 € MC(A ® L) is in the same
path component as k in MCe(A ® L), then 7(7) = k by Proposition 4.31, and 7
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is a non-linear k-cycle, as established above. This is equivalent to 7 corresponding
to a homotopy equivalence which induces the identity on both cohomology and
homotopy. As observed this is not always the case though.

Recall that there is a one-to-one correspondence between linear Maurer-Cartan
elements and endomorphisms of A respectively L. We can show that

Lemma 6.2. Composition of endomorphisms correspond to matriz products under
the correspondence expressed by Proposition 4.32.

Suppose now that 7 is not necessarily in the path component of k, but just
corresponds to some homotopy equivalence Xg — Xg. We can show that

Lemma 6.3. The I x I-matriz (cf. Proposition 4.32) associated to w(7), and the
corresponding endomorphisms @ and v of respectively A and L are all invertible.

The inverse matrix represents a Maurer-Cartan element which we will denote
7(7)71, and it represents the inverse automorphisms =1 and ¢~
Extend the linear bases {a;}ier and {o;}jer for respectively A(1) and L(1) to
linear bases {a;}icr and {¢;}jer for A and L, and write
T = Z Aija; @ o
il jer
Now the linear part of
(p_l.T = Z /\ijgo_l(ai) K oy
iel’ jer
1

equals k because the matrix representing ¢~
same time !

et = Y (DN N (@) (k) @ [o, i
i,kel’ jlel”

is inverse to A;; for 4,5 € I. At the
.7 is again a Maurer-Cartan element because

e DD el Agaiar | @ [ag, adl

jlel” ikel’

is zero if and only if

Z Z (=1)lexllosl a0, © [, ah) = [, 7]

Gl i kel

is zero, and 7 is a Maurer-Cartan element. Then by Lemma 6.1 the non-linear part
of ¢~ '.7 is a degree zero x-cycle in sA ®, L.

In this way there is a map from non-linear Maurer-Cartan elements which corre-
spond to homotopy equivalences, to non-linear x-cycles of homological degree zero
given by mapping 7 to ¢ ~!'.7. This completes the task of connecting the two ap-
proaches, but for all practical purposes we are interested in the positive part of
sA ®, L, so we may hope to do better than just finding a x-cycle of degree zero.

We may use the induced L..-structure to produce a positive cycle.

Lemma 6.4. If there is a k-cycle v € (A ®,; L)~o such that the induced bracket
ly(p~t.7, ) is non-zero, then this bracket is a non-linear element of positive degree

representing a non-zero class in the kernel of (at least one of) the extensions in
Theorem 4.8.
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Proof. The induced operation £, respects the shifted weight grading, so £2(p~1.7,7)
is again non-linear. The induced operation also has homological degree zero, so
l5(o~ 1.7, ) has positive degree, and finally £ maps cycles to cycles. O

It would be interesting to find conditions for when such an element ~ exists. If
it can always be found, then we have shown that existence of non-linear Maurer-
Cartan elements corresponding to homotopy equivalences, implies a non-trivial ker-
nel for the extensions in Theorem 4.8. This again allows for the potential of higher
operations on msq(aut X) ® Q, but does not guarantee it.

We expect that the phenomenon is connected to the action of mpaut Xg =~
m B aut Xg on the higher homotopy groups. Indeed there is an induced action
on homology given by ad|,-1 ) the adjoint action of the class of o~ 1.7, which may
or may not agree with the usual action of 7.

6.2. Coformality of Baut F'(R",3). Even though we have studied the induced
structure ¢, on sA ®, L for aut F(R™,3) extensively, we have not succeeded in
deciding if there are higher operations on the homology H,(sA ®, L) giving rise to
Massey brackets, and thus preventing coformality of B aut F'(R™,3). We take the
opportunity while suggesting further research, to present our progress and chal-
lenges to this task. The rest of the section proceeds as an analysis of how to
potentially obtain a Massey bracket, or alternatively show that all such vanish.

From Proposition 5.8 we know that there are no higher operations on the positive
part of sA®, L. Thus a higher operation on H(sA®, L), comes from the transfer
of the induced bracket /5 to homology along the contraction

szA@HL ?

cf. Proposition 3.12. It is natural to begin the search for a ternary operation, which
is necessarily a sum of compositions along trees of the following form

H(sA®; L),

N

Lo
q

From the interplay between the weight gradings and the maps involved we can limit
the search significantly. First write

HP (sA®, L)@ HP? (sA®, L) @ HP? (sA®, L)

|s

H(sA®, L).

For degree reasons we must have > ©, p; > 3 for I3 to be non-zero, and we must have
q; > p; to stay in the positive part of the complex. Now if p; = ps = ps = 1 then
the image is in H%(sA ®, L) which we have identified with the centre of L. But
> ¢ >>;(pi+1) > 6, and I3 respects the shifted weight grading, so the image is
in bidegree (0, ", ¢; — 3). That is, in weight greater than 3 in L, while the centre
of L is concentrated in weight 1. Thus at least one p; is greater than 1.
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If p1 = p2 = p3 = 2 then I3 = 0 for degree reasons, so it is enough to analyse the
situation where

(p1,p2,p3) €1{(0,2,2),(1,1,2),(1,2,2)}.
Let us note first that a basis for the cycles of sA(1) ®, L is given by
{(a12 — a23) ® o, (a13 — a23) ® B | o, B in the unmixed basis for L},
and a basis for the cycles of sA(2) ®, L is given by
{(a12a23) ® a, (a13a23) ® B | a, B in the unmixed basis for L},

where we recall that the unmixed basis for L is just iterated brackets of a;2 and
ay3. That is, we may view a, 5 as elements of the free Lie algebra L(a12, a13). The
cycles of sA(0) ®, L where identified with the centre of L, so they are spanned by
the single element 1 ® ays + @13 + Qo3

We now analyse the composition

HPY (sA®, L)@ HP? (sA®, L) ,
ikéz(i@i)
sAQ®, L

corresponding to the first part of the trees above which any operation /3 must factor
through. If p; = po = 2 this is zero for degree reasons. If p; = ps = 1 then the
image is in sA(0) ®, L also for degree reasons, and it must be of the form 1® g(v)
for some v € L with weight greater than 1. Similarly, if p; = 0 and py = 2 then we
end up in sA(0) ®, L.

In both cases the next part of the composition making up the I3 operation is
given by

sA0) ®, L ® sA(2) ®, L,
-
sA®, L

and in both cases the part in sA(0) ® L is of the form 1 ® o where « is a bracketed
word in the letters a2 and «73. Note that

J(1®a)=1cg(a)+ as @ h[zs, g(a)]

because h vanish on the image of g. Denote the other input to ¢ by a ® 8 €
sA(2) ® L, and expand

L1 a,a® )= f([1®gla)+ az ® hzaes, g(a)],a @ g(B)]per)-

Since a € A(2) the only possible non-zero term from this is

o & £ (9(6) hloasg(@)] )

but this is not a cycle in sA®, L, so such terms of /3 all contribute with zero. Thus
a non-zero contribution to /3 must come from the case p; = 1 and py = 2.

Recall from Section 2.5.4 that to decide formality we must produce a non-zero
Massey bracket, or show that they all vanish. That is, we should look elements
x,y,z € H(sA® L), such that Iy on any pair is zero, but I3(x,y, z) # 0, or show
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that this can not be the case. In combination with the above analysis we see that
we should search for elements r € H*(sA® L) and y € H?*(sA ® L) such that

while

kta(i(x), i(y)) # 0.

Recall that ¢ and k both factor through the projection to cycles, and ¢ then quotient
by boundaries, while k is defined by projection to boundaries and a choice of lift
along the differential. Thus x and y should satisfy that the cycle part of €2 (i(x),i(y))
is a (non-zero) boundary. For degree reasons ¢ (i(x),i(y)) is contained in sA(2)®, L,
and all boundaries there are of the form

a12a23 ® (2, o] + a13a23 ® (13, @,

for some a € L. For i(x) and i(y) in the chosen bases for the cycles, we get that
lo(i(x),i(y)) is a linear combination of

0 9(B)

Oai2

0 9(B)

Oaqs

0 9(B)

6@12

0 9(B).

8a13

aizazs @ g(B) hlz23, g(a)] + a12a23 @ g(a)

aa12a23

aizazs ® g(B3) hlza3, g(@)] + a12a23 @ g(a)

8a12a23

aizazs ® g(B3) hlza3, g(a)] + a13a23 ® g(a)

Oday3as3

aizazs ® g(5) hlz2s, g(a)] + a13a23 @ g(a)

dayzazs
We have not been able to decide if it is possible to obtain a non-zero boundary

from this. The analysis for even higher operations is similar but longer, and we are
stuck at the same point.

6.3. On aut F(R", k) for k > 4. As advertised in Example 5.7 there are several
observations to be made regarding the tables of Betti numbers. Recall that we
identified the first differential

k:sA0)® L — sA(1)® L

with the map ad: L — Der L. Thus the first column of each table of Betti numbers
is dimensions of the centre of L in each weight. As noted, the centre is concentrated
in L(1), and is 1-dimensional spanned by the element ", ; ¢ij. Second column in
each table is then the dimensions of the space of outer derivations Out L, which
raise weight by respectively 1,2,3,.... There is one such outer derivation raising
weight by 3 (and 5 for k = 4), and we might guess that there is one raising degree
with 2m + 1 for all m > 1 in each case k > 4. We give a short discussion of how
we might approach this.

Consider the Hochschild-Serre spectral sequence for computing the Lie algebra
cohomology H'(L, L) ~ Out L using the split extensions

L — Lk — Lk—l;

and the fact that Lo is a free Lie algebra on one generator. This gives an inductive
tool to approach higher values of k. Notice also that there is a ¥ action on
F(R™ k) permuting the k ordered points, and this induces actions on both A and
L. We can show that the differential x is equivariant for this action, and it seems
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likely that there is information to be gained by studying the vector spaces as Y-
representations.

From the very sparse data, we might also hope that H<*~3(sA®, L), is relatively
small in general. This suggest that it can be possible to check if higher operations
on H,(sA ®, L) vanish or not, as we know that they respect the shifted weight
grading and so, if they should not vanish for degree reasons, must mainly have
input from small values of i,,, when writing

T
lr: Q) sA(im) @ L(jm) = SAQ im — 2r +3) @ LY _ jm — 2r +3).
m=1

Another pattern appears which we are in fact able to explain, and which may
help calculations.

Proposition 6.5. For any value of k, there are exact sequences of graded vector
spaces

0— HY(sA®x L) —= H}(sA®, L) —> -+ —> H{ " '(sA®, L) —= 0
for j > 1, with maps induced by multiplication by any fized algebra generator a € A.
Recall the table of Betti numbers for k = 4:

summand
1 1 0 45 80
2 0 0 381 230
3 0 1 230 501
4 0 0 502 1410
) 0 1 1410 3515
6 0 0 3516 9571

The exact sequences of Proposition 6.5 can be read on the diagonals from bottom
left to top right. The table is only concerned with positive homological degree, so
the first occurrences of such sequences are

0 Q QSI Q8O 0

0 0 QQBO Q230 0

0 Q Q502 QSOI 0

and so on.

Proof of Proposition 6.5. 1t is easy to check that the maps m,: A — A given by
multiplication by a fixed generator a gives rise to exact sequences

0— A(0) — A1) — -+ — A(k—1) — 0,
and that the squares
A@) ® L(j) — = A(i+1) @ L(j +1)

mai ima

A(i+1)® L(j) —= A(i +2) @ L(j + 1)
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commute in the graded sense for all i, j. Thus sA ®, L is a double complex which
is exact in one direction, and bounded above and below in either direction for any
fixed degree. We get two spectral sequences, both with Fy? = sA(i — j) @ L(j) and
both converging to the homology of the total complex. Since one direction is exact
the total complex has zero homology, and so the sequence with

Ef"" =H.(sA® L,r), and
Ey" = H.(H.(sA® L, k), (mg)«)
converges to zero. In fact it collapses at the Es-page, as we will show below in

Lemma 6.6, and so the maps induced from multiplication by a generator (m,)s
again give exact sequences

0— H%(sA®, L) —= H}(sA®, L) — -+ —= H" 1 (sA®, L) —=0
and the maps (mg). preserve the weight in L. O

These exact sequences give a way of computing dimensions of H;(sA ®, L) for
greater values of i, using what we might know about the space for lesser values
of 9. In combination with the suggested approach of studying the spaces as ¥
representations, and gaining knowledge about H ]1 (sA ®, L) using the Hochschild-
Serre spectral sequence, we might be able to push the calculations further, and
perhaps even give formulae for the Betti numbers in general.

Lemma 6.6. The spectral sequence for the double complex sA ®, L, with

Ei‘,* — H*(SA®LaK)? and
E;"* = H*(H*(SA®L7I‘€)a (ma)*>7

collapses at the Fo-page.

Proof. The higher differentials of the spectral sequence for a double complex are
all constructed in similar fashion, and we only show that all differentials on the
Es-page are zero. The rest follows by similar arguments. Let [z] € Ea represent
the class of an element = € Fj, in particular (mg).(x) = 0. The element z is itself
the class of & € Ey, so in particular [k, Z] = 0. The condition that (m,)«(z) = 0 is
equivalent to a - & = [k, y] for some y € Fy. Now

[k,a-y] = ta- [k, Y] = +q?

i =0,
so a -y is a k-cycle. Then z := [a-y] € F; is a cycle too, as
(ma)«(2) = [a® -y] = 0.

The differential on Es is then defined by da([x]) := [2] € Es. For any such [z] we
may write z = a -y + Im k (notice that z has weight greater than 1 in A), and we
have

a-[k,v] = £[k,a-v] € Imx,

because the bracket on sA ® L is essentially just that of L induced by extension of
scalars by A. Thus [z] = 0 as claimed. O
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