Journal of Homotopy and Related Structures, vol. 6(2), 2011, pp.239-288

TENSOR PRODUCTS OF REPRESENTATIONS UP TO
HOMOTOPY
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Abstract

We study the construction of tensor products of represen-
tations up to homotopy, which are the A, version of ordinary
representations. We provide formulas for the construction of
tensor products of representations up to homotopy and of mor-
phisms between them, and show that these formulas give the
homotopy category a monoidal structure which is uniquely de-
fined up to equivalence.
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1. Introduction

This work is motivated by the study of the cohomology of classifying spaces of Lie
groupoids. For a Lie group G, Bott [4] constructed a spectral sequence converging
to the cohomology of the classifying space BG with first page

By = Hig'(G,5(g")), (1)

the differentiable cohomology with coeflicients in the symmetric powers of the coad-
joint representation. If the Lie group G is compact then the first page of the spectral
sequence vanishes outside of the diagonal, and one obtains that the cohomology of
BG is isomorphic to the invariant polynomials on the Lie algebra. The Cartan model
for equivariant cohomology can be seen as a generalization of this computation for
classifying spaces of groupoids associated to compact group actions on manifolds. In
[6] Getzler constructed a model for equivariant cohomology of non compact groups,
generalizing Bott’s spectral sequence to the case of general group actions. Behrend
[5] extended Getzler’s model to the case of stacks that can be represented by “flat
groupoids”. For general Lie groupoids the situation is more subtle because the “ad-
joint representation” is no longer a representation in the usual sense. Instead, one
has to work with the notion of representation up to homotopy. We have shown in
[1] that the Bott spectral sequence does exist for arbitrary Lie groupoids, provided
one has a well-behaved operation of taking symmetric powers of representations up
to homotopy. In the present paper we study the existence and the uniqueness of
tensor products of representations up to homotopy.

For a small category C, the notion of representation up to homotopy is the A,
version of the usual notion of representation. In terms of A., structures, one asso-
ciates to C the differential graded category RC whose objects are those of C, and
whose morphisms are the linear span over R of those of C. Then, a representation
up to homotopy of C is an A, functor from RC to the dg-category of differen-
tial graded vector spaces. We will be interested in the case where C = G is a Lie
groupoid and require the structure operators to be smooth in the appropriate sense.
We would like to point out that the assumption that C is a Lie groupoid does not
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play any role in the construction of tensor products. We chose this level of generality
only because our original motivation comes from studying this case. However, the
whole construction applies to arbitrary categories and, more generally, to twisting
cochains over a simplicial set (see [17]). These more general twisting cochains arise
in the integration of infinitesimal representations up to homotopy to global ones,
which can also be thought of as a version of the Riemann-Hilbert correspondence,
see [2, 3, 8].

The works of Loday [10], Markl-Schnider [14], Saneblidze-Umble [19] and Stash-
eff [17] explain that the construction of tensor products of higher homotopy alge-
braic structures amounts to the construction of certain “diagonal maps” in some
appropriate family of polytopes. In the case of A,,-morphisms, the right family of
polytopes is the multiplihedra (see [7]). Since we consider the case in which the
domain category is strict, the polytopes controlling our problem become much sim-
pler, indeed, they are cubes. See also Sugawara [20] and Forcey [7] for an account
of this. This simplification of the combinatorics allows us to study not only tensor
products of representations up to homotopy, but also of morphisms between them.

Here is a short account of the results of this paper. We provide explicit and uni-
versal formulas for tensor products that are unital and strictly associative or strictly
symmetric, while showing that any two tensor product operations are equivalent.
There is a particularly simple choice for this tensor product, given by the Serre
diagonal, which is associative but not symmetric. Since we are interested in the
symmetric case, and do not want to make any arbitrary choices, we treat all possi-
ble tensor product operations on an equal footing. We explain how to take tensor
products of morphisms between representations up to homotopy, which correspond
to natural transformations between the A, functors. We prove that once a choice
has been made for taking tensor products of objects, there is a natural way to take
tensor products of morphisms. We show that these constructions produce monoidal
structures on the homotopy category of the representations up to homotopy, and
that this monoidal structure is unique up to equivalence.

The category of representations up to homotopy of a Lie groupoid is naturally
a dg-category and it seems natural to ask whether the monoidal structure on the
homotopy category can be lifted to this dg-category by making choices of tensor
products of all lengths in a coherent way. This is an interesting question that we do
not address here.

We conclude this introduction with an outline of the paper.

In §2 we review the definitions of representations up to homotopy, the morphisms
between them, and the homotopies between the morphisms.

The purpose of §3 is to isolate the algebraic structure that controls the problem
of tensoring representations up to homotopy. We show that a representation up to
homotopy of G on a complex of vector bundles E is the same thing as a Maurer-
Cartan element in a certain DGA (differential graded algebra) Ag associated to
G and E. However, for the purpose of handling tensor products, the structure of
DGA is not fine enough: Apgr cannot be expressed in terms of the DGA’s Ax and
Ap. For that reason, we introduce the finer notion of DB-algebra and we describe
a functor K from the category of DB-algebras to the category of complete DGA’s.
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The DGA Apg comes from a canonical DB-algebra Ag and, this time, Apgr is
related to the tensor product of the DB-algebras Ag and Ag. Thus, one can state
the problem of constructing tensor products of representations up to homotopy in
the language of DB-algebras.

In §4 we construct a DB-algebra 2 that is universal with respect to Maurer-
Cartan elements in the sense that a morphism of DB-algebras 2 — A is the same
as a Maurer-Cartan element in the complete differential graded algebra K (A).

In §5 we show that the problem of constructing tensor products of representations
up to homotopy corresponds to finding certain Maurer-Cartan elements in some
universal differential graded algebra. We prove the existence and uniqueness of
these tensor products, and provide explicit formulas for strictly associative or strictly
symmetric one. We show that a tensor product can not enjoy both of these properties
at the same time. We also explain that the tensor product can be chosen so that
the product of unital representations remains unital.

In section §6 we explain how to take tensor products of morphisms between
representations. We show that any two choices are homotopic. We prove that the
homotopy category D(G) has a monoidal structure that is uniquely defined up to
natural equivalence.

Hochschild cohomology appears in §7. There we prove that the universal algebra
K () comes with a canonical Hochschild cocycle of degree zero, and we use this
cocycle to specify a construction of the tensor product of morphisms.

The appendix contains general facts about Maurer-Cartan elements in complete
differential graded algebras, morphisms between them and their relationship to
Hochschild cohomology.

Acknowledgements. We thank Andre Henriques, Jean Louis Loday and Bruno
Vallette for various conversations we had at different stages of this work. We spe-
cially thank Ieke Moerdijk for his constructive comments during the process of
writing this paper. C.A.A. and B.D. also thank Calder Daenzer for suggesting we
think about these questions in his cabin in Lake Tahoe.

2. Representations up to homotopy

In this section, we recall the definition of the category of representations up to
homotopy. As mentioned in the introduction, we work over general Lie groupoids
G (see e.g. [11] for the basics), but the reader may assume for simplicity that G is
a group.

Hence throughout this paper the letter G will stand for a Lie groupoid (which
we also identify with the space of arrows) over the base smooth manifold M (the
space of units). The source and target maps will be written as s,t : G — M. A
representation up to homotopy of G consists of the following data:

1. A graded vector bundle E over M.

2. A differential 0 on F; that is, a degree-one vector bundle morphism
9:E* — E**
with 009 = 0.
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3. A smooth operator that associates to each g € G a chain map
Ayt Esg) = Eig), € Agle),
which we will refer to as the quasi-action. Here, quasi refers to the fact that
it may fail to respect the composition operation.

4. A smooth operation that associates to each pair (g,h) of composable arrows
a homotopy between AgA, and Agp; i.e., a linear map that lowers the cochain
degree by one,

Ra(g,h) : Egny — By
with the property that
AgAn = Agh = O(Ra(g, h)), (2)

where the last expression makes use of the induced differential in the Hom-
bundle:

a(RZ(gvh)) = [67R2(gah)] = 8OR2(gvh) + R2(97h) 0.

5. Similar higher-order operations Ry, in which each R measures the failure
of higher-coherence equations for 9, A\, Ra ..., Rx_1. In order to have more
uniform notation, we will often write Ry = 0, Ry = A.

For the precise definition, we recall that a string of £ composable arrows is a
k-tuple (g1, ..., gr) € G* of arrows satisfying s(g;) = t(gi1) fori=1... k.

Definition 2.1. A representation up to homotopy (E, Ry) of a Lie groupoid G
is a graded vector bundle E over the base M, together with a sequence of operations
Ry, k > 0, where Ry, associates to a string of k-composable arrows (g1,...,gx) a
linear map

Rk(gla s ,gk) : ES(Qk) - Et(gl)’

of degree 1 — k, depending smoothly on the arguments and satisfying the equations

k k

-1
(=1 Ri—1(g1s -+ 9505415 98) = D (=1 R;j(g1, -+ 95)0Rk—5(gj11, -, G)-

j=1 j=0

(3)
The representation up to homotopy (E, Ry) is said to be unital if the restriction
of Ry to the unit space M 1is the vector bundle identity map idg, and if the higher
components Ry, vanish when one of the arguments is a groupoid unit.

We will denote the vector bundle morphism Rg by 0% or simply by d when no
confusion arises. We will say that (E, ) is the complex underlying the representation
up to homotopy E, or that the operators {Rj}r>1 define a representation up to
homotopy on the complex (E,d). With this notation, the equations above read:

k

1 k—1
(=1 Re—1(g1,- -1 93515 98) (=1 Ry, -, 95) 0 Ri—j(gj115 - - k)
1 j=1

=00 Ri(g1,...,91) + (—l)kRk(gl, .oy gk) 0 0.

<.
Il
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We turn now to the definition of morphisms between representations up to ho-
motopy:

Definition 2.2. A morphism from a representation up to homotopy (E, Ry) to

another one (E',R,) is a sequence ® = {®y}r>0, where @y is an operator that

associates to a string of k-composable arrows (gi,...,gx) a linear map
Cr(g1, - 9k) t Esgy — Eifg,)

of degree —k, depending smoothly on the arguments, such that

S (=1®(g1, - g5)0Ri(gjr1s - 98) =Y Ri(g1,--,9:)0Pilgj1,- - gk)(4)
iti=k i+j*k

+Z D@k 1(g1,---+0i G541+ - -+ Gk)-

The composition of morphisms is given by the formula

(PoW)p(g1,.-.,9k) = Z Di(g1,--59) 0 Y(Git1,- - Gk)-
itj=k
We will denote by Rep™(G) the resulting category of representations up to ho-
motopy of G. Note that a morphism ® is an isomorphism if and only if ®q is an
isomorphism of (graded) vector bundles. We will also need the following stronger
notion of isomorphism.

Definition 2.3. We say that two representations up to homotopy (FE,0, Ry) and
(E',0',R,,) are strongly isomorphic if E = E', 0 = 0’ and there exists a mor-
phism ® with &y = Idg. In this case, ® will be called a strong isomorphism.

There is also a natural notion of homotopy between morphisms:

Definition 2.4. Let ® and ¥ be morphisms of representation up to homotopy
from (E,Ry) to (E’,R;C). A homotopy between ® and ¥ consists of a sequence
h = {hy}, where hy is an operator that associates with a string of k-composable
arrows (g1,-..,9xk) a linear map

hk(gh e 7gk) : Es(gk) - Et(!]l)’
of degree —k — 1 depending smoothly on the arguments, and such that

‘I)k — \I/k =0o hk(gla e 7gk) + (—1)khk(gl, e ,gk) o0 (5)
+Z hi(g1,- .-+ 9i) © Ri—i(git1,---, k)
+Z glv"wgi)Ohk*i(g'H’lv"‘vgk)

+Z D (91, 9igit 1 -+ Gk)-
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The composition is well defined on homotopy classes of morphisms. The homo-
topy category D(G) is defined as the category whose objects are representations
up to homotopy and whose morphisms are homotopy classes of morphisms between
representations up to homotopy.

Let us now describe the problem of constructing tensor products. Given two
representations up to homotopy F and F', the tensor product £ ® F' is defined, first
of all, as a cochain complex of vector bundles over M with the standard differential

e® f) =0(e) ® f + (=1)’e @ I(/),

where p is the degree of e. The first step toward giving this complex the structure
of a representation up to homotopy is to define the R;-term. Thinking of it as a
quasi-action, there is again a standard choice, the diagonal one:

Agle® f) = Ag(e) @ Ag(f).

However, for higher R’s, the problem is more subtle. For instance, when looking for
an R, we have to make sure that the equation (2) for E'® F' is satisfied. Already
in this case the equation has more than one natural and interesting solution. For
instance, if one is interested in a symmetric tensor product, then there is only one
solution for Rs:

Ry(g, h)(e® f) = %(Rz(g, h)(e) @ AMgh)(f) + Ra(g, h)(e) @ (A(g) o A(h))(f)
+A(gh)(e) @ Ra(g, h)(f) + (Mg) 0 A(h))(e) @ Ra(g, h)(f))-

On the other hand, this specific second component would not work if we wanted
the tensor product to be associative, in which case we could choose, for instance,
the second component to be

Ry(g,h)(e ® f) = Ra(g, h)(e) @ A(gh)(f) + (Mg) o A(h))(e) @ Ra(g, h)(f))-

For higher values of k, the equations become much more involved. The aim of this
paper is to understand the algebraic structure that governs representations up to
homotopy, and to use it to classify all possible tensor products of representations
up to homotopy and of morphisms between them.

3. Maurer-Cartan elements and DB-algebras

In this section we discuss the algebraic structures that are relevant to the con-
struction of tensor products. First we interpret representations up to homotopy as
Maurer-Cartan elements in a certain DGA (Differential Graded Algebra) and then
we describe the building pieces of the DGAs involved. This underlying algebraic
structure is important when tensoring two representations up to homotopy, and we
axiomatize it under the name of DB-algebra (Differential Bar algebra). Hence the
main outcome is the construction of functors

{Complexes of vector bundles (F, Q) over M} — {DB—algebras} — {Complete DGAS},

Evw Ap — Ag,
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so that representations up to homotopy on E correspond to Maurer-Cartan ele-
ments in Ag and the resulting composition functor behaves well with respect to
tensor products. Moreover, the notion of strong isomorphism on the left hand side
corresponds to the notion of gauge equivalence between Maurer-Cartan elements
on the right hand side. For the general notion of complete DGA’s, Maurer-Cartan
elements and gauge equivalences, we refer the reader to the appendix.

3.1. Representations up to homotopy as Maurer-Cartan elements

We start by constructing Ag. Let G be the submanifold of G* consisting of
strings of k composable arrows of G. By convention, Gy = M. We will also denote by
s and t the maps Gy, — M given by s(g1,...,9x) = s(gx) and ¢(g1,...,9x) = t(g1).
For a graded vector bundle F over M, we consider the pull-back bundles s*E and
t*FE to Gg, and we form the graded Hom-bundle Hom(s*E,t*E) over Gj. Recall
that ¢ : s*E — t*E has degree [ if it maps s*(E*) to t*(E**!). We will consider
the resulting spaces of sections

AL (1) == T(Gy, Hom' (s* E, t* E)). (6)
For ¢ € A% (1), we write
k(c) =k, l(c) =1, |c| = k(c)+(c),

and we call |c| the total degree of c¢. All these spaces together define a bigraded
algebra, with the product  that associates to ¢ € A% (l) and ¢ € A% (I') the

element cx ¢ € A%"’k/(l +1'), given by

(ex )Gy grin) = (CDFEe(gr o g) o < (ghgs- o ghsw). (7)

When E is a cochain complex, then so is the Hom-bundle, with the differential

9(¢) =[0.¢] =000 —(~1)'¢09, (8)
for ¢ € Hom'(s*E, t* E). This defines a differential
0: Ap(l) — Ap(+1), (9)

induced by the differential of E. On the other hand, the groupoid structure induces
a differential along the other degree:

d: Al(l) — ARFL (D),

k

d(c>(gla o 7gk+1) = Z(_l)]0<gl7 s 9595415 - - agk:+1)~
j=1

We denote by Ar the DGA that, in degree n, is given by
AL = T 1= AR(D)

and whose elements should be thought of as infinite sums v + v + 72 + -+ of
homogeneous elements v; € A%, i > 0. The product x and the total differential

dtot(c) = 8(0) + (—1)nd(C)
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give A the structure of a DGA. The signs are chosen so that the differential is
a derivation with respect to x. This DGA is a complete DGA, in the sense of the
appendix, with the filtration:

F,Ap = {’yz'yo+’y1—|—...EAE:%:...:*yp_le}.

Note that the structure of Ar depends on the differential 9 and not only on the
vector bundle E. The formulas that appear in the definition of representations up
to homotopy and of morphisms between them take now the following more compact
form, which follows by a direct computation.

Proposition 3.1. Let G be a Lie groupoid over a manifold M and let (E,d) a
cochain complex of vector bundles over M. Also, let {Ri}r>1 be a sequence of oper-
ators such that Ry, € A% (1—k). Then, (E, 0, Ry) is a representation up to homotopy
of G if and only if

Rp:=Ri+Ry+... € Ag
is a Maurer-Cartan element for Ag. Moreover, for two such sets of operations
{Ri}r>1 and {Ry}ix>1, there is a one-to-one correspondence between:
1. strong isomorphisms between (E, 0, Ry) and (E, 0, R;f) (Definition 2.3), and

2. strong gauge equivalences between the Maurer-Cartan elements Rg, Ry € Ap
(Definition A.5).

3.2. DB-algebras

The description of representations up to homotopy in terms of Maurer-Cartan
elements is still not very useful when it comes to constructing tensor products. The
reason is very simple: given two cochain complexes £ and F, the DGA Apgp is
not directly related to the tensor product of the DGAs Ag and Ag. Looking at the
differential of flE® # it becomes clear that there is more structure present in Ag
and Ap then just that of DGA. This brings us to the notion of a DB-algebra.

Definition 3.2. A differential bar-algebra, or DB-algebra, is a bigraded vector

space
A= P A0

k>0,l€Z
together with:
o A structure of bigraded associative algebra with the product
o AR(1) @ AF (I') — AR (1 41),
For a € A*(l), we write k(a) = k, l(a) = I, and we define the total degree
la] = k(a) + (a).
o A derivation of bidegree (1,0); i.e., a linear map
d: AR — AF(1+1)
that satisfies
d(aob)=0d(a)ob+ (—1)"Vao db. (10)
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e For each k > 1, there are linear maps
di - AF() — AFTYD), i=1,... 0k,
commuting with 0 and satisfying
d;d; = d;d;—1, ifi <j,
and, for a € A¥(l),

di(aob) di(a)ob, k=i (11)
i(aob) =
aodi_r(b), k<i.

A morphism between two DB-algebras is a linear map that preserves both degrees and
commutes with all the structure maps. We denote by DBar the resulting category.

For a general DB-algebra A we introduce the operators
k
d=> (-1)'d; : A¥(1) — AMI(0). (12)
i=1

From the axioms, it follows that d is a biderivation with respect to o.

Lemma 3.3. Let A be a DB-algebra. Then A, together with the total grading, the
signed product

axb=(=1)k@klgop (13)
and the total differential
dioy = 0+ (=1)"d : A" — A",
is a DGA.
Definition 3.4. Given a DB-algebra A, we denote by A the completion of A with

respect to the filtration by the k-degree. In other words, A is the DGA with

A" = H Ak(D),

k+l=n
endowed with x and d;o;. The elements a € A™ will be written as infinite sums
a=ag+a+..., witha,€ A¥(n—k), (14)

and we call ai the k-th component of a. This construction defines a functor

K : DBar — DGA
from the category of DB-algebras to the category of complete DG As.

Example 3.5. It is clear now that the DGA (Ag, diot,*) from the previous sub-
section comes from a DB-algebra (Ag, 0,0, d;):
e the underlying bigraded space is @~ ez Ak (1),

e the product o is the unsigned version of x:

(CO Cl)<gl7 e 7gk?+/€') = C(gh cee agk> o Cl(gk:+1a <o 7gk+7€’>7 (15)
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e the differential 9 is the Hom-bundle differential defined in (9), and

e the operators d; are given by the formulas:
di(c)(g1,-- s Ge41) = (915 - -, GiGit1,- -5 Gh41)-

3.3. The tensor product of DB-algebras

The category DBar has a natural tensor product operation that will be denoted
by X. Given two DB-algebras A and B, their tensor product A X B is defined as
follows. As a bigraded vector space,

(ARB) (1) = P A*(i) @ B*()).
i+j=l
For a € A*(i) and b € B*(j), we will denote by a X b the resulting tensor in AKX B.
The differential 9 and the operators d; are given by
A(aRb) =08(a)Rb+ (—1)"DaRKAOb), di(aRb) = d;(a) X d;(b),
while the multiplication o by
(a®b)o(d ®Y) = (=1 (goa )R (bob).

The previous definition is designed so that the construction £ — Ag behaves
well with respect to tensor products.
Proposition 3.6. For any two complexes of vector bundles E and F over M, the
canonical map

me,r: A XN Ar — Aggr,

mE,F(Cgcl)(glv"'agk) = 0(917"'7916) ®Cl(glv"'agk)

is a morphism of DB-algebras.

For later use we mention here that, for any DB-algebra A, there is a natural
action of the group S,, on A®™. For o € S,,, the associated automorphism of
A¥®™ is denoted by ¢. To define &, it suffices to describe it when o = Tiit1 1S @
transposition that interchanges the positions ¢ and 7 + 1; in this case:

Gl ®.. . Kap) =D R.. Kajio1 Raj Ra; K. .. K ap,,

for a; € A*(1), a1 € AF (I'). Tt is not difficult to see that this defines an action of
S, on A®¥™ by automorphisms of DB-algebras.

4. The Maurer-Cartan DB-algebra

As explained in Proposition 3.1, representations up to homotopy structures on a
complex of vector bundles correspond to Maurer-Cartan elements on the associated
DGA. This observation allows one to translate the problem of constructing tensor
products of representations up to homotopy to that of constructing Maurer-Cartan
elements on the DGAs associated to tensor products of DB-algebras. Clearly, this
problem can be treated at a universal level. This brings us to the Maurer-Cartan
DB-algebra, which is the universal DB-algebra for Maurer-Cartan elements.
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Definition 4.1. For a DB-algebra A, we denote by MC;(A) the set of Maurer-
Cartan elements of A whose zeroth component vanishes. A Maurer-Cartan alge-
bra is a DB-algebra ), together with a Maurer-Cartan element L € MC1 () with
the property that for any DB-algebra A, the map

HomDBar (Q7 A) I MCI (-/Zl)v ¢ = ¢(L)
is a bijection.

Theorem 4.2. The Maurer-Cartan DB-algebra exists and is unique up to isomor-

phisms of DB-algebras. Moreover, for each k, H' (0¥ (e),0) = 0 for all l # 0.

The uniqueness follows by standard arguments. The aim of this section is to
provide several explicit descriptions of €2, proving in particular the theorem above.
The main conclusion of this section is the resulting reformulation of the notion of
representation up to homotopy in terms of §2:

Corollary 4.3. Given a Lie groupoid G over M and a complex of vector bundles
(E, ), there is a 1-1 correspondence between sequences of operations R = { Ry }r>1
making (E,0, Ry) into a representation up to homotopy of G and morphisms of
DB-algebras

kE,R Q) — AE

The map kg, g, also denoted kg, will be called the characteristic map of the
representation up to homotopy (E, R).

4.1. Description in terms of trees

In our construction of €2, instead of proceeding abstractly and use generators and
relations, we follow a pictorial approach. We start by explaining the main idea. Due
to the expected universal property of {2, a representation up to homotopy (E, Rg)
is represented by its characteristic map kg : £ — Apg- uniquely determined by
the fact that it sends the component L,, of L to the operation R’%. Hence general
elements A of Q should encode certain operations R4 on F which arise by combining
all the given operations R%. There are various such operations one can think of.
For instance, one has the following;:

(91, 92+ 93, 94, 95, 6) — R%(g1,9293) © RE(9495) © Ri:(gs)- (16)

The idea is to encode such operations graphically, by forests of height two. For
instance, the operation above is encoded by:

and one should think of the six leaves as labelled by the six elements g1, ..., g¢-

Definition 4.4. We denote by T the set of isomorphism classes of planar rooted
trees whose leaves all have height 2. We denote by S the set of short forests; that
is, the set of finite tuples (T4, ..., T,) of trees in T.
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We represent a short forest by joining the roots of the T;’s by a horizontal line.

For instance,
stands for ( Q/ , Y , { )

Next, we introduce a bigrading on S.

Definition 4.5. A branch of a short forest F' € S is an edge that goes from a root
to a vertex that is not a root. For any short forest F, we define
k(F) = # of leaves of F, called the order of F,
b(F) = # of branches of F,
(F) = # of roots of F,
(F)=r(F)—b(F), called the degree of F.
We denote by S*(I) the set of short forests of order k and degree [.

<

l

Example 4.6. For the tree mentioned above,
F= , K(F)=06,b(F)=4,r(F)=3,I(F)=-1.

The fact that F' € S%(—1) corresponds to the fact that the operation (16) belongs
to A% (—1).

Definition 4.7. We denote by (2, 0) the free algebra over R generated by the trees
in T or, equivalently, the linear span over R of S with the product given by the
concatenation.

Pictorially, F o F” is the forest obtained by joining the roots by an edge, as in
the following example:

WOU:

The bigrading on S induces a similar bigrading on € and allows us to talk about
the spaces QF(1).

Definition 4.8. For eachi=1,...,k, we define the operator
d; - QF(e) — QFF1(e)

)

which acts by replacing the i-th leaf of a forest, counting from the left, by two leaves.
For each I, we define 0 : Q*(l) — Q*(1 +1) by

l
O(F) =Y (-1)T (o) F — OJF), (17)

Jj=1
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where 3}F is obtained by separating the ' pair of adjacent branches (counted from
left to right) and G?F by collapsing the j'" pair of adjacent branches (counted from
left to right).

Finally, we denote by L, the tree in 2 that has one root, n branches, and n

leaves:
L1=¥ L2=U7 Lszw, L4=w e

and we set
L:=ILi+Ls+...€0.

Example 4.9. Here is an example of the action, on the short forests, of the d;

operators,

and, here, of the differential,

()-(1 - )-(W-40F)

4.2. Description in terms of words in three letters

The set S¥+1 of short forests with k + 1 leaves can be naturally identified with
the set of words in three letters {a, b, ¢} of length k as follows. To a short forest F
with k + 1 leaves [y, ...,l;t+1, numbered from left to right, we associate the word
e1...ex, where:

a if l; and [;41 belong to the same branch,
e; = b if [; and [;41 belong to different branches of the same tree,

¢ if l; and [;41 belong to different trees.

The unique short forest in S(1),
e:= o,

corresponds to the empty word. The following figure illustrates this correspondence:

This construction identifies €2, as a vector space, with the free unital algebra
F.(a,b,c) on the generators a, b and ¢ with unit e. In terms of short forests:

a_\(, b_U, C_U, 6_5
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The natural product coming from the concatenation of words will be denoted by o.
Note that ¢ does not coincide with the product o defined on 2. In terms of forests,
FoF' is obtained by identifying the rightmost branch and leaf of I with the leftmost
branch and leaf of F”, as in the following example:

NEEVE,
In terms of words on three letters, the algebraic structure of €2 has the following
description:
e The product on {2 is given by:
ToT =TocoT.
e The operator d; acts according to the formula:
di(er...ex) =e1...ei_1ae;...¢eg.

e The operator 0 is the unique derivation with respect to ¢; i.e., with the prop-
erty that

IFoF)=0(F)oF + (—-1)!F)Foa(F'), (18)
given on generators by
d(e) = d(a) = d(c) = 0andd(b) = ¢ — a. (19)
o L,=b""1forn>2 and L, =e.

The only statement in the list above that requires a proof is the derivation property
(18). Denote by 0 the operator defined on the generators as in (19) and extended by

derivation as in (18). We need to prove that d = 0. Consider a word T = e .. .0ey,
with e; € {a,b, c}; then:

AT) = (-1)"eyo--oei10(c—a)oei 0o, (20)
ei:b
where [(w;) is the degree of w; = e; ¢ ---0¢e;_1. On the other hand,

€10 0€,_10CC€ 410 --0€k :8?(7’),
€10 -06,10a0€1100€Eg :8;-(T).

Thus, from the formula in Definition 4.8, we conclude that d=0.

4.3. Description in terms of faces of cubes

The DB-algebra €2 can also be constructed in terms of the faces of cubes. Namely,
the set of words in three letters can be naturally identified with the set of faces of
the geometric cubes [0,1]% C R¥ as follows. To a word F = ey ... ey, we associate
the face

G(F) = P(er) x - x P(ex) C [0,1],
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with the convention that

{0} ife=a,
P(e) = {1} ife=c¢,
0,1 ife=b.

This simply says that the cells of the cube I* are products of the cells of the interval,
which we label as follows: {0} = a, (0,1) = b and {1} = ¢. Thus, we identify the cells
of I* with words of length k in the letters {a,b,c}. Note that the dimension of a
cell is the number of times that b appears in the corresponding word. The following

figure illustrates this bijection:

A% N &Y

Q/

In this correspondence, a forest of degree —I with k£ + 1 leaves is sent to a I-
dimensional face of the k-dimensional cube. Thus, we obtain the identification

(Q51(e),8) = (Cu(1*),8), k >0, (21)

where C,(I*) is the cellular chain complex computing the homology of the k-
dimensional cube with respect to the natural cell decomposition and negative grad-
ing of the cells. Also, one easily shows that:

e The product F; ¢ F, corresponds to the Cartesian product of cells
¢(F1) x ¢(Fy). This also shows that the product Fy o Fy corresponds to the

operation ¢(Fy) x {1} x ¢(Fs).
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e The operator 0 corresponds to the boundary operator in C(I*).
e L, corresponds to the highest degree cell in I#~1.

e The operators d; correspond to the various ways of embedding the k-cube into
the (k + 1)-cube as a k-face having the origin as one of its vertices. This is
illustrated in the figure below:

F2

@ A {
2

[E3)

4.4. Proof of Theorem 4.2
We will now prove that (2, 0,d;, ), together with

L=Li+Lo+...,

satisfies the universal property of the Maurer-Cartan DB-algebra. The fact that €2
is a DB-algebra is quite straightforward now. For instance, to check that 9% = 0,
one uses the description of 9 as a derivation with respect to ¢, and one is left with
checking this equation on the elements a, b and ¢. We should also prove that 0 is
a derivation with respect to the product o. Using the expression of o in terms of ¢,
we find:

AT oT)=d(TocoT)=dT)ocoT +(—1) M a(coT)
=9(T)ocoT +(~1)Dcod(T) =d(T) o T + (1)) o o(T").

Next, to see that L is a Maurer-Cartan element, one has to show that, for each k,

k—1 k—1
O(Li) =D (1) Ljo Li_j+ > (—1)7d;(Ly-1),
j=1 j=1

which follows immediately from:
8;Lk =0 ocob®kFI) = LjoLy_j
NLe =07 0aob® "9 =d;L,_y.

For the universality property of (€2, L) it is enough to remark that every forest
F € Q can be written uniquely as

F=d; ...d; (Lp, o---0Lyg), (22)
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with 43 > -+ > ipp,.
Finally, the statement about the cohomology follows from the identification with
the cellular complexes of the cubes.

5. Tensor products of representations up to homotopy

The main conclusion of the previous section is that, with € at hand, represen-
tations up to homotopy are characterized by their classifying maps (see Corollary
4.3). With this point of view, the construction of tensor products of representations
up to homotopy amounts to the construction of diagonal maps on the DB-algebra
Q. For each m > 0, we consider the DB-algebra

0, =0K...®Q,
—_——
m—times

as well as the associated complete DGA €2,,,. In what follows, e € € stands for the
component L; of the universal Maurer-Cartan element L.

Definition 5.1. A wuniversal Maurer-Cartan element of length m is any
Maurer-Cartan element w of €, with the property that its degree 1 component
18

wy = &M (23)
We denote by MC,, the set of such Maurer-Cartan elements.

Due to the universal property of €2, elements w € MC,, can be identified with
morphisms in DBar

Ay Q— Qp,

such that A,(e) = €®™. This last condition will allow us to recover the usual
diagonal tensor product of (strict) representations.

Definition 5.2. A universal Maurer-Cartan element w is said to be

e symmetric if 6(w) = w for all 0 € S, (for the action of Sy, see subsection
3.9),

e associative when m = 2 and the induced map A, : Q@ — QX Q is coasso-
ciative.

Coming back to representations up to homotopy, it is now clear that universal
Maurer-Cartan elements induce tensor product operations. For instance, using the
DB-morphisms A, and mg r : Ag X Ap — Aggr of Proposition 3.6, we now
define:

Definition 5.3. Given w € MCs and two representations up to homotopy E and
F, we define E ®,, F as the representation up to homotopy with the characteristic
map

kpo,r =mpro (kg Mkp)oA,.
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From the second part of Proposition 3.1 and the naturality of the construction
we deduce the following:
Corollary 5.4. The operations ®,, have the following properties:

(1) Any strong gauge equivalence between w,w’ € MCs induces a strong isomor-
phism between E @, F and E @, F (see Definitions 2.3 and A.5).

(2) If w is associative or symmetric, then so is the operation ®,,.

Similarly, any universal Maurer-Cartan element w of length m induces a tensor
product operation on m-arguments ®,,(F1, ..., E,,), defined by

k®w(E1~,m,E'm) =mg,,...,.E,, © (kEl X...X kEm) o Auw

As before, a gauge equivalence between Maurer-Cartan elements induces a strong
isomorphism between the corresponding tensor products. Also, if w is symmetric,
so is the associated tensor product.

Corollary 5.5. A symmetric universal Maurer-Cartan element w of length m in-
duces a symmetric power operation E — S™FE on representations up to homotopy.

In this section we study the universal Maurer-Cartan elements. First of all, we
clarify their existence and uniqueness.

Theorem 5.6. For each m > 0, we have the following:
1. Symmetric universal Maurer-Cartan elements of length m exist.

2. Any two universal Maurer-Cartan elements of length m (symmetric or not)
are strongly gauge equivalent, and any two gauge equivalences are homotopic.

Hence the resulting tensor product and symmetric power operations are uniquely
defined up to strong isomorphisms. However, as the next theorem shows, the tensor
product operation does not posses all the properties one would hope for. Namely:

Corollary 5.7. For m = 2,
1. There exist universal Maurer-Cartan elements that are associative.

2. There is no universal Maurer-Cartan element that is both associative and sym-
metric.

In this section we also discuss a more special class of universal Maurer-Cartan
elements, called rigid, which behave well with respect to the additional product ¢ on
Q. One advantage of the rigid Maurer-Cartan elements is that they can be described
completely. More importantly, the resulting tensor products preserve the unitality.
To describe them, we begin by extending the product ¢ from €2 to €2, by the usual
formula

(Cl1 X ag) <& (b1 X b2) = (—l)l(a2)l(bl)(a1 <& bl) X (a2 <& bg),
giving (Q,,©) the structure of a unital algebra with unit e¥™.

Definition 5.8. A universal Maurer-Cartan element w € MC,, is called rigid if
its characteristic map A, : Q — Q,, is a map of unital algebras with respect to the
product ©.
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Here are the main properties of the rigid Maurer-Cartan elements.

Theorem 5.9. For each m > 2,

1. The set of all rigid Maurer-Cartan elements w € MC,, is in 1-1 correspon-
dence with the set R, of elements x € Q2 (—1) that satisfy the following

equation
A(x) = & — oBm, (24)
The correspondence is characterized by
w=e8m 4 Z z" (25)
k>1

2. There exists and is unique a symmetric rigid Maurer-Cartan element in MC,,.

3. If w e MC,, 1is rigid, then the induced tensor product ®, of unital represen-
tations up to homotopy is unital.

In the case m = 2 we deduce the following.

Corollary 5.10. The set of rigid Maurer-Cartan elements in MCs coincides with
the one-parameter family {w:}ier given by

wy :e&e—i—z:(B—&—At)Ok7

k>1

where
B=btKa+cKb A=bKc+aXKb—-—bKa—cXb.

Among these, wi is the only symmetric one, and wg and wy are the only associative
ones.

Example 5.11. For wqg, the second component is B and its third component is
B¢ B. In terms of trees it is given by

LAY
I

It yields, for the third component of the tensor product of the representations up
to homotopy (E, Ry) and (F, Ry,), the expression

R3(91,92,93) = (Rl(gl) o Ri(g2) o Rl(gz)) ® R3(g1,92,93) —
_(Rl(gl) o 32(92,93)) ® (32(91,9293))

+(R2(91792) o Ry (93)) ® Ra(9192, 93)
+R3(91, 92, 93) @ R1(919293)-
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Remark 5.12. Given w € MCs, we can interpret the restriction of the charac-
teristic map A, to Q"1 as a diagonal on the cubical complex of the n-cube (see
paragraph 4.3 ). If we take the rigid and associative universal Maurer-Cartan ele-
ment wy, the resulting (associative) coincides with the Serre diagonal present in any
cubical complex ([16]).

The rest of this section is devoted to the proofs of the theorems stated above.

5.1. Proof of Theorem 5.6

That universal Maurer-Cartan elements exist can be derived abstractly using
Proposition A.3 from the appendix (for r = 3). However, the existence will also
follow from the results on rigid Maurer-Cartan elements. Note also that starting
with any Maurer-Cartan element w € MC,,, one can produce a symmetric one by
averaging:

For the second part of the theorem we use Proposition A.6 of the appendix applied
to r = 2 and to the complete DG-algebra associated to €2,,. Denoting by ... C
F, C Fy C Fy the associated filtration of Q,,, we have F,/Fj,1 = QF(e). Note
that any universal Maurer-Cartan element is congruent to €™ modulo F, and the
induced differential on F/F3 becomes 0. On the other hand, the cochain complex
(QF (e),0) is the the tensor product of the m copies of the complex (Q2F(e),d).
Hence, from the last part of Theorem 4.2, it has trivial cohomology in non-zero
degrees. In conclusion, for the cohomology of Fy/Fy11 indexed by the total degree
(as needed in the theorem of the appendix), we obtain

H'(Fy/Fr1) =0 Yi#k

and we can apply Proposition A.G.

5.2. Proof of Theorem 5.9

For the first part of the theorem, let A, : @ — ,, be the map associated to a
rigid element w € MC,,. We verify immediately that z = A, (b) satisfies Equation
(24) by applying 9 on both sides. For the converse, we need to show that given x,
there is a unique way to extend it to a rigid Maurer-Cartan element w. Recall that
the k" component wy of w is Ay (Ly). Since Ly = b°*~1) and A, is required to
respect o, we conclude that if w exists, then wy, = 2°*¢~Y for k > 2 and w; = ¥,
Now we only need to prove that such w is a Maurer-Cartan element. Note that for

z € O and y € O8Y) with k(z) > 0 and k(y) > 0, the following identities hold:

zoy=xz0® oy,

dpy(zoy) =2 od®" oy
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Using also that 0 is a derivation with respect to ¢, we have

k—1
a(xok—l) — Z(_l)i—i-l(xo(i—l) o (cﬁm _ a@m) <>mo(k—i—l))’
i=1
k—1
— Z(_l)i+1(x<>(i—1) o xo(k—i—l) _ dix<>(k—2))7
i=1

hence w is a Maurer-Cartan element.

For the existence of the second part of the theorem, note that the symmetric
element

1 m—1
xm:—'g E o X - - NcXbK aX---Ka
m: -
o€Sm j=0 j times m—j—1 times

belongs to R,,. This follows by direct computation (recall that 9(b) = ¢ — a and 9
kills @ and ¢). For the uniqueness, note first that the elements of the form

X; = RORAm I 0<j<m—1

span a vector space consisting of representatives of the orbits the action of the per-
mutation group on 02,(—1). Since d commutes with the action of the permutation
group, averaging gives a 1-1 correspondence between symmetric solutions of the
equation (24) a and solutions of type X = ) . a;X; of the same equation, with
a;-some coefficients. It is now easy to see that the resulting equation on the a;’s has
the unique solution a; = 1.

The last part of the theorem requires a more conceptual understanding of the
unitality of representations up to homotopy and is postponed to the final subsection
of this section.

5.3. The case m = 2: the proof of Corollary 5.7 and of Corollary 5.10

We start with the proof of Corollary 5.10. In view of Theorem 5.9, in order to
prove that wy is a rigid Maurer-Cartan element, it is enough to show that B + At €
Ro. A simple computation shows that:

8(B) — CIZIm _ alZIm
0A =0.

For the uniqueness note that, in general, R,, is an affine space with underlying
vector space consisting of d-cocycles in Q2 (—1). Due to the identification with the
cellular complex of the cubes, this vector space coincides with Z*(C(I™)). When
m = 2, this is easily seen to be 1-dimensional, hence the family {w;} exhausts all
the rigid elements.

For the last part of the corollary, let A; : Q@ — QK Q be the characteristic map
of the rigid element w; € MCs. For each t € R, w; produces an associative tensor
product of representations up to homotopy if and only if A, is coassociative. Since
A; respects o, we only need to check coassociativity on the generators a,b ¢ and e.
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This always holds for on a,c and e. A direct computation shows that
(A Xid)(B + At) = (IdXA;) o (B + At)

if and only if ¢t € {0,1}. A similar argument shows that A; is symmetric if and only

ift =2,

2

Turning to Corollary 5.7, we are left with proving the last part. Assume that

w € MCs is symmetric and we show that it cannot be associative. We claim that

A, (b) must belong to Ro. Indeed, since Ag is a DB-morphism and 9(b) = ¢ — a,
c=¢?, a=d(e), we have

(A, (b)) = Aulc) — Aula) = Ay(e)? —di(Ay(e)) = &2 — &2,

Hence, from the uniqueness of symmetric elements of R,,, A,(b) must coincide
with A. But, a simple computation similar to the one above show that But a simple
computation shows that

(A Rid)(A4) # (dBA)(A),

hence w cannot be associative.

5.4. End of proof of Theorem 5.9: unitality

In this paragraph, we look at tensor products of unital representations up to
homotopy, proving in particular the last part of Theorem 5.9. We start by expressing
the unitality in terms of the characteristic map kg : @ — Ag of the representation
up to homotopy. This brings us to the question of the unitality of the DB-algebras
Q and Agp themselves. So far, Q has been nonunital (Q* is nontrivial only for
k > 1). On the other hand, Agr does have a unit (the vector bundle identity map
idg € A%)- but we did not use it so far. Unital representations up to homotopy
force us to consider unital DB-algebras: throughout this section, we regard Ag as
a unital DB-algebra with unit idg, and we formally adjoint a unit to € in degree
0, which we denote by 1 and interpret as the empty tree. The characteristic map
becomes unital by imposing

kp(l) =idg.

Remark 5.13. The set of Maurer-Cartan elements MCj(A) are not concerned
by the unitality of the DB-algebra A, since we require these elements to have no
component in degree zero. For instance, the universal element L = L1+ Lo+ L3+ - -
in the nonunital Q remains the same in its unital version.

Definition 5.14. Let Ag be the DB-algebra associated to a representation up to
homotopy (E, Ry) of a Lie groupoid G over M. For each k > 1, we define the
following operators

si:A%—>A%71, i=1,...,k
by the formula
si(c)(gh"'agk—l) :C(glﬂ"'agi—17$ivgi7"'7gk—1)7

where x; = s(gi—1) = t(g;). For k = 1, we define s1(c) to be the restriction of ¢
to the unit space M of the groupoid. We extend these operators to the powers A%"
diagonally.
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Clearly, (F, Ry) is unital if and only if s1(Ry) = idg and s;(Rg) = 0 for k > 1
and 7 =,1...,k. Now let us define the corresponding operators at the universal
level:

Definition 5.15. For k > 1, we define the operators
s QF S QF L =1,k

as follows. Let F' € QF be a short forest. We denote by F; the forest with k—1 leaves
obtained from F by deleting its i-th leaf. Then,

1. if F; is a short forest, we set s;(F) = Fj.

2. if F; is not a short forest (its i-th leaf is now of height 1), writing F' = Fj o
Ly o Fy, we set

(F) FioFy, if k(Fy)=i—1,
Si =
‘ 0, otherwise.

For k=1, we set s1(L1) = 1. We extend the s;’s diagonally to Q,,.

Example 5.16. Applying ss to the short forests

F_\Q, G_M H_w,

respectively, yields the short forests ¢ for F' and G, and 0 for H.

Deleting the i-th leaf of a short forest F' € QF corresponds, at the universal
level, to plugging a groupoid unit in the i-th argument slot of the operator kg (F')
in A%. In particular, we see that the s;’s commute with the characteristic map
kg : Q — Ag of a representation up to homotopy if and only if the representation
is unital. Namely, our definitions yield that s; o kg(L1) is the restriction of Ry to
the unit space and that kg o s1(L1) is the identity idg. For n > 1, we have that
s; 0 kg(Ly,) is the operator R, restricted to the unit space at its i-th slot and, on
the other hand, that kg o s;(L,,) = 0.

Now we are ready to characterize the universal Maurer-Cartan elements whose
associated tensor products preserve the unitality of the representations.

Definition 5.17. We will say that a universal Maurer-Cartan element w € MC,,
is unital if its characteristic map A, commutes with the s;’s.

Lemma 5.18. Let w € MC,, be a unital Maurer-Cartan element. Then the tensor
product of m unital representations up to homotopy with respect to w is also unital.

Proof. The characteristic map

k®w(E17'~~7E'rn) = MEg,,. By, ° (k:El X... K kEm) © Aw’

of the tensor product ®,,(F1, ..., Ey,) of the unital representations F1,..., E,, is a
composition of three maps, each of which commutes with the s;’s. Hence the com-
position itself also commutes s;’s and the resulting representation up to homotopy
is unital. O
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Proposition 5.19. For any z € Q2 (-1),
s;(z°%) =0, k>0, 1<i<k+1

In particular, if x € R,,, then the associated rigid Maurer-Cartan element w (of
Theorem 5.9) is unital.

Proof. For the purpose of this proof, we will say that an element y € €,, is nor-
malized if s;(y) = 0 for all i. The set of elements of the form e; X --- K e,,, where
e; € {a,b,c} and b occurs exactly once, form a basis of Q2 (—1). Such a string is
normalized if one of its factors is normalized; since b is normalized, all elements
r € Q2 (—1) are normalized. Next, suppose that all the powers 2°F are normalized
for k < n. Then one immediately sees that x°" is normalized if and only if

s2(z°™) = 0.
On the other hand, since

59(2°") = sa(z oz 0 (2°"72)) = se(z o x) o (2°"72),

we conclude that it is enough to prove that xox is normalized. Let us show that this is
the case. First note that zox = [z, z],, where [, ], is the graded commutator of the
associative product ¢. Therefore, it is enough to show that the graded commutator
of two elements of the basis of Q2 (—1) mentioned above is always normalized. Let
v=wv1 K---Ku, be a basis vector with the unique occurrence of b at position j,
and let w = wy X - - - K w,, be another basis vector with b at position [. If j = [, we
are done, since the factor bb will appear in both terms of the commutator. If j < I,

we have that
[,w] =v1 0w @+ @ Vpy © Wy, — w1 01 K-+ - K wy, © vy,

the minus sign reflecting that the unique b in v “passes over” the unique b in
w while carrying out the product. Since both v and w are normalized, we only
need to show that sy vanishes on the commutator. This follows from the fact that
sa(zoy) = sa2(yox), for x,y € {a,b,c}. This last statement can be checked by direct
inspection. O

6. Tensor products of morphisms

In the previous section, we have introduced the sets MC,, of universal Maurer-
Cartan elements, and we have shown that any w € MC,, induces a tensor product
operation ®,, on the objects of Rep™(G). In this section, we discuss tensor product
operations for the morphisms. We will proceed in a way that is completely similar
to the tensor product of representations up to homotopy:

e introduce the notion of a DB-module over a DB-algebra.

e describe morphisms between representations up to homotopy in terms of Maurer-
Cartan morphisms.

e introduce the Maurer-Cartan module 7 (the analogue of ).
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e study universal Maurer-Cartan morphism = (between two universal Maurer-
Cartan elements w and 7n): existence and uniqueness.

e show that any such x induces a tensor product operation ®, on morphisms
between representations up to homotopy.

Moreover, we check that the basic properties of the resulting tensor products (e.g.
associativity) hold up to homotopy. The main conclusion will be that the homotopy
category D(G) has a monoidal structure uniquely defined up to natural isomor-
phism.

6.1. Universal Maurer-Cartan morphisms
We start with the notion of a DB-module.

Definition 6.1. Given a DB-algebra A, a left DB-module £ over A, or simply a
left A-module, is a bigraded vector space

E= P &,
1€2,k>0
together with a differential O and operations d;, as in the definition of DB-algebras,
and an operation
ot AR @ EX (') — EMF (14 1), (a,z) — aoa.

These are required to satisfy the same equations (10) and (11) as in Definition 3.2,
with a € A, b € £. Similarly, one defines the notion of right DB-module.

We will be interested in A-B-bimodules with A and B two DB-algebras. There
is a version of the functor

K : DBar — DGA
from the category of A-B-bimodules to the category of complete A-B-DG-bimodules.

Thus, given an A-B-bimodule &, there is a complete A-B-DG-bimodule (&, d;),
where the left and right actions are defined using the signed operation x (see equa-

tion (13)). Given two Maurer-Cartan elements § € MC(A) and w € MC(B), we
consider the set of Maurer-Cartan £-morphisms (see the appendix):

Ew,0)={z e E: xxw— 0%z =dii(x)}.

Let G be a Lie groupoid over M and (FE, ), (F,d) two cochain complexes of
vector bundles over M. There is a Ap-Ag bimodule that we will denote by &g
and which is defined as follows. In bidegree (k,!):

£ p(1) =T (Gy, Hom' (s"E, 1" F)),

and the structure maps are defined exactly as for Ag. We can now characterize
morphisms of representations up to homotopy in this language.

Proposition 6.2. There is a natural bijective correspondence between morphisms

b:F— F
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in Rep®™(G) and elements
xr € EE,F(REaRF)~

Moreover, two morphisms ®,¥ : E. — F' are homotopic if and only if the corre-
sponding elements x,y € Eg p(RE, Rr) are homotopic in the sense of the appendiz.

Proof. The statements follow from comparing the definitions in the appendix with

equation (4) in the definition of morphism, and equation (5) in the definition of

homotopy. ]
Let £ be an A-B-bimodule, where A and B are DB-algebras endowed with

Maurer-Cartan elements § € MCy(A) and w € MC;(B). Then, using the charac-
teristic maps associated to 6 and w, £ can be given the structure of an 2-bimodule
by the formulas

aox:=kp(a)ox, zob:=xzok,(b), a,beN,zecf.
This Q-bimodule will be denoted by &, ¢ and the associated DG module by 5%9.
For an Q-bimodule S, we denote by
HomDBar (87 gwﬁ)

the space of morphisms of 2-bimodules. Given S € S(L, L), where L is the universal
Maurer-Cartan element of 2, there is an induced map

Homm(s,&d’e) — g(w, 9), f — f(S) (26)

Definition 6.3. A universal Maurer-Cartan module is an Q-bimodule T, to-
gether with an element T € T (L, L), with the property that

Hom'DBar(Ta gw,@) — g(w; 0), f = f(T) (27)
is bijective for all (A,0,E,B,w) as above. Given x € E(w,n), the associated map
will be denoted by

ky: T — &

and will be called the characteristic map of x.

Theorem 6.4. The Maurer-Cartan DB-module T exists and is unique up to iso-
morphism. Moreover, for each k, H™(T"*(e),0) = 0 for all m # 0.

Proof. The uniqueness follows from the universal property. For the existence part,
we will construct 7 explicitly. As a vector space, 7 is spanned by expressions of
type (A, X, B), where each A and B are short forests in S[[{0}, and X belongs to
the space of short trees T[[{0}. Note that A, B and X may be the empty tree,
which we denote by 1. The bimodule structure is described by the following natural
formulas:

Co(AX,B)=(CoAX,B), (AX,B)oC=(A,X,BoC).
We introduce the bigrading on 7 by
k(A X,B) =k(A) +k(X)+k(B), (A, X,B)=1(A)+ (I(X)—-1)+1(B),


http://jhrs.rmi.acnet.ge

Journal of Homotopy and Related Structures, vol. 6(2), 2011 266

where we put k(1) = (1) = 0. The operators d; are defined exactly as in the case
of Q. Finally, the differential 9 is defined as follows. Denote by T, the element
(1,L,,1) € T and Tp = (1,1,1). We set

n—1 n n—1
T) = (1) TioLni =Y LioTui+ > (=1)F1di(T,1),
=0 =1 =1

and extend 0 by forcing it to be a derivation and to commute with the operators
d;. In order to prove that 92 = 0, it is enough to show that §%(T},) = 0 for all n,
and this can be checked by a simple computation. The universal Maurer-Cartan
morphism in 7 is

T:<1,1,1>+H,lyQUJ)%LWJ%...

By construction, 7 satisfies the universal property. Finally, the statement about the
cohomology is analogous to that of €. |

Next we consider the €,,-bimodule

T =TX...XT.
—_——
m times
Definition 6.5. Given w,0 € MC,,, a universal Maurer-Cartan morphism

from w to 6 is any Maurer-Cartan morphism x € T,,(w,0) with the property that
its degree 0 component is

CL'Q:TQIE...&TQ.
—_———
m times

We denote by MCy,(w,0) the set of such elements.

Because of the universal property of 7, an element © € MC,,(w,f) may be
interpreted as a map of (2-bimodules

Ay T — Thwy.

Definition 6.6. Let £,&' be Q-bimodules and ¢, ¢’ : € — £’ morphisms. We say
that ¢ and ¢’ are homotopic if there exists a degree —1 linear map h that commutes
with the Q action and the d; operators such that hd + dh = ¢ — ¢'. In this case, h
18 called a homotopy between ¢ and ¢'.

Lemma 6.7. Let A, B be DB algebras and 6,w Maurer-Cartan elements of A and
B, respectively. Suppose also that & is an A-B-bimodule and that x and y belong
to E(w,0). Then homotopies between x and 3y correspond naturally to homotopies
between the characteristic maps kg : T — E,9 and ky : T — E, 9.

Proof. The correspondence sends a homotopy h: 7 — &, ¢ to h(T) € €, 4. Clearly,
since h commutes with the 2 action and the d; operators, it is determined by the
value of h(T). On the other hand, the equation hd + dh = ¢ — ¢’ corresponds
precisely to the equation

x—y=dith(T)+ h(T)*w+ 0 xh(T).
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O

As before, Maurer-Cartan morphisms induce tensor product operations between
morphisms of representations up to homotopy. Given x € 7, (w, 8) and morphisms
between representations up to homotopy ®; : E; — F;, 1 < ¢ < m, we define a
morphism

O =R, (P1,...,Pn) : Qu(E1,...,Eyn) — Qo(F1,..., Fn)
by specifying its characteristic map:
ke :=mgo(ke, K...Rke, )oA,: T — Epp,
where F = ®,(E1,...,Ep), F = ®¢(F1,...,F,), and
mg: e, nX...KEp, r, — ErF
is defined, as in Proposition 3.6, by:

mg (o1 M- X)) (g1, 98) = &, (91, -+, 9k) @ - @ P (g1, - -+, Gk)-

Theorem 6.8. Let w,0 be elements of MC,, and ®;, : E; — F;, for 1
i < m, morphisms of representations up to homotopy, E = ®,(E1,...,En), F
®¢(F1,...,Fy). Then:

1. MCp(w,0) is nonempty. Moreover, every two elements in MCy,(w,0) are
homotopic in the sense of the appendizx.

2. Any homotopy between x,y € MCy,(w,8) induces a homotopy between the
morphisms @z (®1,...,Pm) and ®y(P1,...,Pm).

3. For anyx € MC,(w, ), the zeroth component of @, (®1, ..., P,,) is the tensor
product of the zeroth components of the ®;’s. Also, if ®; are strict morphisms,
then $0 is ®4(P1,..., D).

4. Symmetric Maurer-Cartan morphisms exist. Moreover, any symmetric x in-
duces a symmetric power operation on morphisms.

5. The tensor product of morphisms is well defined on homotopy classes. Namely,
if @ is homotopic to ®; then @, (P, ..., P),) is homotopic to @, (Py, ..., Pp,).
6. For any © € MCy(w,w), the tensor product of the identity morphisms
®q(idg,,...,idg, ) is homotopic to the identity morphism on @, (Ex, ..., E,).

Proof. The first claim is a direct application of Proposition A.4 from the appendix.
The second claim is a consequence of Proposition 6.2. The third part follows from
the condition

I0:T0|Z|...|ZTO

for elements of MC,,(w, ). The statement about the symmetric elements holds,
because given a Maurer-Cartan morphism, one can construct a symmetric one by
averaging.

Let us now prove that the tensor product of morphisms is well defined on homo-
topy classes. Since homotopy is a transitive relation, we can assume that ¢; = ¢} for
i > 1. Now fix a homotopy h; between the characteristic maps kg, and kg, . Then

mO(h1®k¢2|Z...®kq>m)OAmZT—><€E’F
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is a homotopy between the characteristic maps of ®,(®},...,®!) and
®4z(P1, ..., P, ). By Lemma 6.7, we conclude that the two morphisms are homo-
topic.

We turn now to the last claim. Consider the natural map of -bimodules 7 :
T — Q, defined on generators by 7(Tp) = 1, and 7(T,,) = 0 for n > 1. In particular,
7 does not vanish only for those triples (A, X, B) such that X = 1, in which case
we obtain

m(A,1,B) = Ao B.
This induces a map of 2-bimodules
2 (T&m)w,w — Q.

Because we are taking tensor products of identity morphisms, the characteristic
map of ®,(idg,,...,idg,, ) factors as follows:

A, mg o (kidy, K ... Dkia, )
(T‘zm)w,w = = > SE,F

ﬂ.lZ’m

QTYL
where v is characterized by the commutativity of the diagram. On the other hand,
the characteristic map of the identity morphism of E is given by the composition

kidE

T Ee.E

Q,

where ¢ is the map of Q-bimodules defined on generators as ¢(Tp) = 1, and ¢(7},) =0
for n > 0. Thus, it is enough to prove that the maps ¢ and 7%™ o A, are homotopic.
In view of the universal property of 7 and Lemma 6.7, we only need to prove that
the Maurer-Cartan morphisms x,, 2 mm.x € Q2(w,w) associated to ¢ and 8o A,
are homotopic in the sense of the appendix. For this, we observe that they coincide

modulo F),,, and since
H™P(Q7,(e),0) =0, Vp=>1,

we can use Corollary A.6 to conclude the claim. |

6.2. Composition of Maurer-Cartan morphisms

We will now express the composition of morphisms of representations up to
homotopy in terms of the Maurer-Cartan DB-module 7 in order to show that the
homotopy category D(G) has a monoidal structure. For this, we need to consider
the tensor product of DB-modules. Suppose that A, B,C are DB-algebras, £ is
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an A-B-modules and £’ is an B-C-bimodule. Then one can construct the A-C DB-
bimodule £ ® g £’ as follows. As a bigraded vector space, £ ®p £’ it is the same as
the vector space underlying the usual tensor product of graded bimodules over an
algebra. The operators d; are given by the formulas:

dl(v@w) { U@di,kl(w) if i > kq.

The operation 0 is given by:
v w)=0(v)@w+ (1) d(w).
This construction has the property that:
E1@p & =E Q&

Now let us go back to our initial goal, which is to express the composition of
Maurer-Cartan morphisms in terms of 7: consider a sequence of Maurer-Cartan
morphisms:

(A,w) 2 (B,0) 2 (C,v),

where z; € & (w,0) and x5 € (0, v).

As explained in the appendix, the composition zs o z1 is defined as the tensor
product z; ®g3 T2 in the A-C-DG-bimodule & g &,. The characteristic map Kz,om,
of the composition x 0 x; can be expressed in terms of the characteristic maps &,
and k,, as follows:

ko, @aka,
T2 TeaT 257 (£)0s ®a (E2)00 — (€1 OB E)wrs (28)

where A a canonical map of 2-bimodules that is completely determined by
MT) =) T ® T
i=0

For morphisms of representations up to homotopy,

(Ag,, R1) 25 (Ag,, Ro) 22+ (A, Rs),

the morphisms live in the bimodules g, g, and €g, g,. In order to obtain the
characteristic map of the composition kg,o4, we need to further compose (28) with
the canonical morphism

Mg : Ep,,B, ® E€6y,8; — €6y, By
which is defined as

m®(¢®¢)(917,9n) = ?wb(glvmgk) o¢(gk+17"'7gn)'

Our next goal is to prove that tensor products and compositions of representation
up to homotopy are compatible

Proposition 6.9. Suppose we have wy,ws, w3 € MCs, together with
T € MCQ(W17C(.}2)7 To € MCQ(Wz,wg), xr3 € MCQ(wl,W3).
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Then for any representations up to homotopy E; and F;, for i = 1,2,3, and any
morphisms ¢; 1 By — Ejq and v; : F; — Fj4q, for j = 1,2, the composition of
the tensor products

D1 QY P2R4, Y
Ei®u L By®,, By =3 By Ry I3

is homotopic to the tensor product of the compositions
(¢2 0 ¢1) @y (P2 091).
Proof. There is a morphism of Q-bimodules:
w: (T@aT)R(T ®aT) — Ep9is FioFs,
defined by the formula © = m o (ugp K up) where:
ug : 7T Qa7 — EElyEfj
is the composition of the map:
ko @0 ko 2 T @0 T — Egy 5y @0 EEyEB»
with the natural quotient map:
Epy.m; ©0 €y B, — EB, B

Similarly,
urp: 7T Qa7 — Ephpg_

is the composition of the map:
kpy @0 kyy 2 T @0 T — Epy py @0 Emy Ry
with the natural quotient map:
Erm ® Ery my, — Emy 1y
There is also a canonical morphism of Q2-bimodules
p:(TRT)@(THRT) = (T@oT)R(T @ 7),
given by the formula:
(a®b)® (¢®d) — (1)) (g0 )R (b d).

A simple computation shows that the characteristic map k: 7 — Eg, Fy Es@F; Of
(P2 ® Ug) o (P ® ¥q) is given by the composition

k=wuopo (Am ®Ar2) oA: TH€E1®F1,E3®F3'

On the other hand, the characteristic map k' : 7 — Ep, o1, myor; of (P20®1)®
(U5 0 Uy) is given by the composition

ki/ = Uuo (A&A) OAw3 :THEE1®F1,E3®F3-

We need to prove that the maps k and k' are homotopic. Clearly, it is enough to
prove that the maps:

Po(Ay, ®Apy)oA:T - (TRaT)X(T®aT),
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and
(ARA) oA, :T - (TRaT)X(T®aT),

are homotopic. Let us now prove that this last statement is true for any two maps
of Q-bimodules a,b: 7 — (7T ®q 7T )X (7 ®q T ), provided they take the same value
on Ty, which is satisfied in our case. In order to simplify the notation, let us denote
the Q-bimodule (7 ®q 7) X (7 ®q 7T) by P. In view of the universal property of
T we can identify a and b with Maurer-Cartan morphisms @,b € P(L, L). Also,
Lemma 6.7 implies that it is enough to prove that the Maurer-Cartan morphisms
@ and b are homotopic. Since a and b coincide when applied to Ty we know that

@ = bmod(F;(P)).
By Proposition A.4 applied to the case r = 1, we know that it is enough to prove
that
HY(Fy(P)/Fi41(P),dr.r) =0, for all k > 1.

On the other hand, Fy,(P)/Fy+1(P) is naturally isomorphic to P* and, because of
the shift in degree, we obtain that:

H°(Fy(P)/Fr1(P),dr,1) = H*(P").

Thus, all we need to prove is that the cohomology of P* vanishes in negative degree.
For this we observe that the complex

PF=((T @ T)R(T ®qT))*

is the tensor product of two copies of the complex (7 ®q 7)* and therefore, by
Kiinneth’s formula, it is enough to prove that the cohomology of that last complex
vanishes in negative degree. This last claim follows from the fact that the cohomol-
ogy of 7 vanishes in negative degree. O

6.3. Monoidal structure on D(G)

In this paragraph, we show that the tensor product operations defined above give
the homotopy category D(G) a monoidal structure. The reader is referred to [12]
for the basic facts and definitions concerning monoidal categories.

Proposition 6.10. Let us fix a universal Maurer-Cartan element w € MCs and a
universal Maurer-Cartan morphism x € MCq(w,w). The corresponding operations
of tensor product defines a functor:

®u.0 : D(G) x D(G) — D(G).

)

Moreover, this functor does not depend on x.

Proof. First we observe that Theorem 6.8 guaranties that the tensor product oper-
ation is well defined on homotopy classes of morphisms and therefore this map is
well defined. Theorem 6.8 and Proposition 6.9 tell us that

dg ®,1dp ~ idE®wF7

(2 0 ¢1) @z (Y20 ¢1) ~ (2 @z ¥2) 0 (1 @4 P1).
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Observe also that ®,, , does not depend on x since any two x,z’ € MCy(w,w) are
homotopic and, thus, the corresponding morphisms coincide in D(G). g

Proposition 6.11. Let w,w’ € MCs be two universal Maurer-Cartan elements.
Then the bifunctors ®,, and &, on D(G) are equivalent. Moreover, for any two
representations up to homotopy Eq and Es, the isomorphisms

idEl ®y ldE2 : E]_ ®w E2 — E1 ®w’ Ez,

represents an isomorphism in D(G) which is independent of the choice of y €

MCo(w,w’).

Proof. We need to check that (¢1®,/¢2)o(idg, ®,1dg,) is homotopic to (idg, ®,idg,)o
(p1 Rz o) for any x € MCy(w,w) and for any 2’ € MCy(w',w’) and for any two
representation morphisms ¢; : F; — F;, ¢ = 1,2. This is guaranteed by Proposition
6.9, which tells us that

(¢1 Qg QZ)Z) © (ldEl ®y 1dE2) ~ ¢1 ®y ¢)2 ~ (idF1 ®y idFQ) © (¢1 Rz ¢2)
O

We now prove that the bifunctor ®, endows the homotopy category D(G) with
the structure of a monoidal category.

Theorem 6.12. For every w € MCs, the functor @, : D(G) x D(G) — D(G)
gives the category D(G) a monoidal structure with unit object given by the trivial
representation. Moreover, any two choices of w give naturally equivalent monoidal
categories.

Proof. In order to prove that this functor gives D(G) a monoidal structure we need
to show that there is a unit for the tensor product and that there are unitors
and associators that satisfy the pentagon and triangle axiom. The general idea of
the proof is simple: one first shows that the associators and unitors are given by
universal maps at the level of the DB-algebra ). Then the commutativity of the
diagrams translates to the statement that certain maps between powers of ) are
homotopic, which follows from the fact that the algebras are contractible.

The unit is given as usual by the trivial representation. Let us first consider the
existence of the unitors. We will prove that

F®1~2E19E>~E,

where the maps, which we denote by A, and A; respectively, are given by the obvious
identification of vector bundles.

We denote by kg the characteristic map of F and consider the map of DB-
algebras

T QKO —Q
defined on generators by setting:

a if I(b) = 0,
0 otherwise.

w(a&b):{
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Then, the following diagram commutes:

keXk mg,l o~
Q‘XQLIAEg./h L>~AE®1*>.AE

Q—=0

Thus, we see that the characteristic map of F ®,, 1 differs from the characteristic
map of E by pre-composing with the map v : @ — Q. Also, it is clear that v(L1) =
L,. We claim that ~ is the identity. By the universal property of ) it is enough to
prove that v(Ly) = Li. We will prove this assertion inductively. Assume that the
statement is true for ¢ < k. Then:

k—1 k—1

O(v(Li)) = 1(O(Li) = 3 (1L 0 Ly + 3 (1P dy(Lir) = O(Ly).

Jj=1 Jj=1

On the other hand, since y preserves both the degree and the order, we know that
~v(Lg) is a multiple of Li. We conclude that they are equal and therefore E = E®1
under the obvious identification. By the same argument we know that £ =1® E.

Let us now construct the associators. The characteristic map A, : Q — Qs can
be used to construct two Maurer-Cartan elements «, 5 € MC3 with characteristic
maps:

Ay = (AyXRid)o A, : Q — Qg,
Ag = (IdRA,) 0 A, : Q — Qs.

Theorem 6.8 guaranties that there is a universal Maurer-Cartan morphism u
from « to B and that any two such are homotopic. For any three representations
up to homotopy E1, Es, F5 of G, one can use u to tensor the identity morphisms
FE; — F; and obtain a map:

@ (E1 ®y E2) ®, E3 — E1 ®, (B2 ®, E3),

which we will call the associator of the monoidal structure. Note that since any
two choices of u are homotopic, this map is well defined in D(G). There is an
alternative way to describe the map 4. By Theorem 5.6, we know that « and 3 are
strongly gauge equivalent. By Corollary 5.4 any such gauge equivalence u’ induces
an isomorphism

' (F1 ®y Es) ®, Es — E1 ®, (Fa ®, Es).

This isomorphism is well defined in the homotopy category because any two such
gauge equivalences are homotopic. It is a simple exercise to check that & = u' in
the homotopy category. In what follows we will make use of both constructions of
the associator.

We need to prove that the associators define a natural transformation between
the functors ((- ®y *) ®,, -) and (- ®,, (- ®,, +)). Namely, we need to prove that given
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morphisms of representations up to homotopy ¢; : E; — F; for ¢ = 1,2,3, the
following diagram commutes:

(By ®y By) @, B3 —2> By ®,, (B ®, Es)
l(¢1®¢2)®¢3 \L¢1®(¢2®¢3)
(F ®u F2) @y F3s — > Fy @, (Fy ®, Fs)

We will use the second description of the associator map. Consider u’ a strong gauge
equivalence from « to 8 and let © € MCs(a, ) and y € MC3(S5,5) be Maurer-
Cartan morphisms which are used to define (¢1 ® ¢2) ® ¢35 and ¢1 ® (P2 ® ¢3),
respectively. We can construct two new Maurer-Cartan morphisms as follows. First
we use the composition in the Maurer-Cartan category (see Appendix A.1) to define

zou € ?3@53 Qs(a, B),

and

u' oy € Q3 @g, Tz(a, B).
Then, we apply the canonical morphisms of Q3 modules:
Q3 ®a, LT3

and

Ton, 05— 7T

to z ou’ and u' o y to obtain elements ¢,z € MCs(a, 3).

We now observe that the morphisms @ o (¢1 ® ¢2) ® ¢3) and ¢1 ® (P2 ® ¢3) ot
are precisely the result of tensoring the morphisms ¢, ¢2, ¢3 with respect to the
Maurer-Cartan morphisms ¢, z € MCs(a, 8). In view of Theorem 6.8 parts (1) and
(2) we know that ¢ and z are homotopic and therefore the corresponding ways of
tensoring the morphisms in the homotopy category coincide.

Let us now prove that the units are compatible with the associators. We need to

prove the triangle axiom, which is the commutativity of the following diagram in
D(G):

(El ®w ]-) ®w E2 *ﬂ> El ®w (]- ®w EQ)

Ar®id
id ®N\;

B ®, B

By the last part of Theorem 6.8 we know that idg, ®idg, is homotopic to the
identity morphism on F; ® E5. Therefore, it suffices to prove that the following
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commutes:

(B ®4 1) @4 By —2> By ®,, (1@, E1)

l idEz ®idE2 l

E ®y B E ®, Es

Let us consider the characteristic map A, : 7 — 73,3 and the map of -
bimodules: yt : 73 4,3 — 72, defined on generators by the formula:

aq X as if l(ag) = 0,

X ay X =
plar B az M ag) {0 otherwise.

We will show that p is a map of right modules, the other case follows by a symmetric
argument. For a € Q3 and T' € 73 one easily checks that:

p(Ta) = p(T) ((w Wid)(a)),

where 7 : Qy — € is the map defined above, for which we proved that 7o A, = id.
Now we take F' € Q and compute:

W(TF) = p(T(A, Rid)(AL)(F)) = p(T)(x Bid)(A, Rid)(A)(F))
— u(T)AL(F) = u(T)F.

Thus, p is indeed a map of € bimodules. We now observe that the characteristic
map of the morphism

i:(F1®u1)®, By — E1 ®, (1®, E)

factors through the map p : 73 4,8 — 72w, which implies that the diagram above
commutes. We conclude that the unit is compatible with the associators.

Let us now prove that these associators satisfy the pentagon axiom. We need to
prove that for any four representations up to homotopy FE1, Fs, E3, E4 the following
composition is the identity.

((El ®w E2> ®w E?)) ®u E4 %_1 (El ®<.u E2) ®w (ES ®w E4)

u
lﬂ@id a1 T

(B1 ®y (Ey ®y, E3)) @y Ey Ey ®y (B2 ®y (B3 ®, E4))

E1 @, (B2 ®, F3) ®, Ey)

Observe that the five ways of putting brackets in the tensor product correspond
to five elements 6; € MC4 which one can construct from w. These elements are
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given by maps Ag, : Q — €y defined as follows:

Ay, = (A, Kid) o A, corresponds to ((E1 ®, Es) @, F3) @, Ej,
Ay, = (AgKid) o A, corresponds to (Ey ®,, (F2 ®, E3)) ®, Eu,
Ay, = (IdXA,) o A, corresponds to Fy ®,, ((E2 ®y E3) ®y F4),
Ag, = (1dXAg) o A, corresponds to By ®, (B2 ®, ((E3 @y Ey)),
Ay, = (AL, R A,) o A, corresponds to (B ®, Ea) ®, (F3 @ Ey).

Here, as before A, = (A, Wid) o A, and Ag = (idXA,) o A,. Now, the
morphisms that appear in the pentagon axiom are induced by Maurer-Cartan mor-
phisms between the elements 6;. In order to write them down we choose specific
characteristic maps A, : 7 — Ta 0, Ay 0 T — T34 and A1 : T — T334
which induce the tensor product of morphisms and the associators in D(G). The
Maurer-Cartan morphisms ¢; : 6; — 6;41 for i = 1,...,5 (mod 5) are determined
by maps Ay, : T — T49,.0,,, given by the formulas:

i+1

Ay, = (A, Bid) o A,,
Ay, = (IdKA, Rid) o A,,
Ay, = ([dRA,) 0 A,

A¢4 = (ldXId &Az) o Au—l,
A¢5 = (AT X ldgld) o Au—l.

Let us consider the composition of Maurer-Cartan morphisms:

¢ =50 ¢s0p30¢s0p1 € P(61,61),
where P is the 2-bimodule defined by:

P = (T1,05.0,) @0 Ta,0,.05 @0 (Ta,05,0,) @0 (T1,0,,03) @ (71,6, .,6,)-

The element ¢ is related to the maps in the pentagon as follows. There is a natural
map of -bimodules ¢ : P — 749, 9, and this defines a universal Maurer-Cartan
morphism o(¢) € MC4(601,0;1). The composition of all the maps in the diagram is
precisely given by:

®0‘(¢>)(idE1’ cee ,idE4) : ((El Quw EZ) Rw ES) Rw E4 - ((El Qw EQ) Qw E3) Qw E4-

By the last part of Theorem 6.8 we know that this morphism is homotopic to the
identity, and therefore equal to the identity in D(G).

We conclude that any w defines a monoidal structure on D(G). In a similar
manner one can show that the natural equivalences defined in Proposition 6.11 are
compatible with the associators and therefore are equivalences of monoidal cate-
gories. ([l

7. Canonical tensor products on morphisms

In this section we point out another universal property of the universal Maurer-
Cartan module, a property which reveals relationships with Hochschild cohomology
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and non-commutative differential forms. In particular, using the universal deriva-
tion, we show that any universal Maurer-Cartan element w € MC,, comes together
with a canonical (and explicit) universal Maurer-Cartan endomorphism

2y € T (w,w).

As an immediate consequence, once a Maurer-Cartan element w € MC,, is fixed,

there is a canonical way of taking tensor products of morphisms. This is important

when one is forced to work in the category Rep™(G) instead of the derived category

(e.g. in the search of infinitesimal models for the cohomology of classifying spaces).

Note that, at the level of Rep™(G), the resulting ®,, is a “functor up to homotopy”.
We begin with the description of the universal derivation.

Proposition 7.1. The Q-bimodule T admits a unique biderivation 6 : Q@ — T of
bidegree (0, —1), which is compatible with the d;’s and which sends L, to T),.
Moreover, § does not commute with 0, instead, for A € Q:

5(9(A)) + 9(5(A)) = TyA — AT,

In other words, § : Q@ — 7 is a linear map which sends elements of bidegree (k, )
into those of bidegree (k,I — 1), commutes with the d;’s and satisfies the derivation
condition

§(Ao B) =6(A)B+ (—1)!M A0 §(B).
Since 2 is generated as a DB-algebra by the L,,’s, the proposition is straightforward.

Remark 7.2. Let us explain how derivations come into the picture (even before
T"), starting from the notion of morphisms between Maurer-Cartan elements. Let .4
and B be two DB-algebras, £ be an A-B-DB-module, § € MC(A) and w € MC(B).
Let us try to understand elements = € £(w,0) directly in terms of ; one would
like to re-interpret the components xj of z as images of the elements Ly €  of a

certain map

5,10 — &

The equations that the z;’s must satisfy (involving w and 6) indicate that §,, should
be required to be a derivation on the bimodule &, . Adding the extra-condition that
0, commutes with the d;’s, d, will be determined uniquely. In turn, the fact that
z € E(w, 0) is equivalent to the equation

6:(0(A)) + 0(02(A)) = xoA — Axo

for all A € Q. Note also that §, does not make use of z(, hence we are really looking
at triples (&, 6, xo) with such properties. Among these, (7,0,7p) shows up as the
universal one. See also Remark 7.5 below.

In order to simplify formulas (and rather intricate signs) we will need some
formalism. Let us first introduce some terminology.

Consider the category VSz of B-vector spaces, whose objects are collections
V = {V* d;} consisting of vector spaces V¥ (one for each integer k > 0) and maps
d; - VF — VFH for 1 < i < k satisfying d;d; = did;—1 for i < j. A morphism
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from V to W consists of families of maps from V¥ to W*, commuting with all the
operators d;; such morphisms form the hom-spaces Hompg(V,W). As in the case
of simplicial vector spaces, one can realize VS5 as the category of contravariant
functors from a small category B to the category V of vector spaces.

Associated to YV is the category Gr(VSy) of graded objects of VS5 and Ch(VSy)
of cochain complexes in VS;. Given X and Y graded objects in VS5, one defines
the graded hom Hom7; (X, Y") whose degree [-part is

Homk (X,Y) HHomB X(p+1)).

When X and Y are complexes in VSp, then Homp (X, Y') has a natural differential:
o(f)=00f—(-1)Pfo0,

where [(f) is the degree of f. Note that the internal hom of Ch(VSy) is the space
of zero-cocycles of Homy,.

The category VSp comes with a tensor product operation @ which makes it into
a monoidal category: for V and W in VSp, V ® W is defined by

Vew)r= g vhewr,
ki1+ko=k

with the operators d; given by the formulas:
[ div)®@w if i < kq,
dl(v@w)_ { U®di—k1(w) if i > kq,

where k7 is the degree of v. There is an obvious notion of tensor products of mor-
phisms in VS, and the unit is the base field concentrated in degree zero. This
tensor product operation extends to Gr(VSgz) and Ch(VSy) in the standard way:

XeY))= @ X)) eX()
l1+12=l

It also extends to the graded-hom’s using the standard sign conventions:

® : Homb (X, X') x Homb (Y, Y") — Hom'd' (X @ ¥, X' @ V),

(feg)(xey) =(-1)'W" f(@) e gy).

Note that a DB-algebra is the same as a monoid in the monoidal category
Ch(VSp). With this in mind, there is a B-version of Hochschild cohomology. Given
a DB-algebra A and an A-bimodule £, we consider the vector spaces

CPYA,E) := Hom)y (AP, €),

and the space of Hochschild cochains:

CM(AE)= P Cr(A,€).

p+l=n
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We define the differentials by the same formulas as in the case of DG-algebras, but
taking into account only the [-degree. More precisely, the horizontal differential

b:CPHAE) — CPTH(A,E),

is given by
P

b(c)(al, . ap+1) = (—l)l(‘“)lalc(ag, ey ap+1)—|—Z(—1)ic(a1, N 7 ap_H)
i=1

+(=1)P e(ay, . .., ap)api
The vertical differential
d, : CPY (A, P) — CP'TH(A, P),
is given by

dy(c)(a1,...,ap) =d(car,...,ap)) — Z(—l)“c(al, oo 0(ai), - ap),

=1
where ¢; = 1+ l(a1) + ...+ l(aj—1). These two differentials commute and we will

denote the resulting total complex by Cj(A,E). For any ( € Cg’l(Af) we define
(€ CPH(A€) by
{(ar,...,an) = (-1)C(as, ... an), wheree= Y k(a;)|a;|-
1<i<j<n
Note that this expression is well defined even if the a; are infinite sums, because

the map ( preserves the k degree.
Lemma 7.3. The map

CH(AE) — C*(A,E), (—C
is a morphism of cochain complexes.

Proof. That the horizontal differentials commute is straightforward. For the other
direction, recall that the differential d;o¢ in A is given by:

dior = 0+ (—1)"d,

where d is the alternating sum of the operators d;. The formula for the vertical
differential in C*(A, £) decomposes in two pieces, one corresponding to d and one
corresponding to (—1)™d. One can easily check that the first part corresponds to
the vertical differential in C%(A, £), while the second part vanishes on ¢, because ¢
commutes with the operators d;. (|

The derivation ¢ : 2 — 7 together with the component T can now be interpreted
as a canonical Hochschild cochain of degree zero:
=8 4+Tp € CVQ,T).

Using cup-product operations, one obtains new cochains in C°(Q,,,7,,) as fol-
lows. To simplify notations, we consider the case m = 2. Consider the two cocycles:
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C=0RId+TyR1 e C(Q,TRQ),

C=ldR§+1KT, € O, QR T),
where Id = Idg, 1 is the unit of €2 and the operations
(-)XId: Homyz(Q,7T) — Homp(QXQ, 7T XQ),

1R (=) : Homy(Q,T) — Homs(QKQ,QKT),
are defined with the usual sign conventions. Using the composition
0 (TRQ)R(OAXT) —TKRT =175,
we now form the cup-product
Ci=C U € (0, Ty).
Using the construction from the last part of the appendix, we define
., = ((w).

Lemma A.8 gives us the following.

Proposition 7.4. For any w € MCy, z, is an universal Maurer-Cartan morphism
from w to itself.

Remark 7.5. Here is one final remark on the structures involved. In this paper we
have thought of a representation up to homotopy as a cochain complex of vector
bundles (E,9) together with the extra-data {Ry : k > 1}; the relevant algebraic
structure was that of DB-algebra and Maurer-Cartan elements with vanishing 0-
component. One can follow a slightly different route, which has some advantages
when it comes to the universal Maurer-Cartan module: think of a representation up
to homotopy as a graded vector bundle together with the extra-data {Rj : k > 0}.
The relevant algebraic structure is that of B-algebra, which is defined exactly as
that of DB-algebra but giving up on the differential 0 and requiring unitality. In
terms of the formalism discussed above, the resulting category Bar of B-algebras
coincides with the category GrAlg(VSg) of (unital) graded algebras associated to
the monoidal category VSp. Then, for a graded vector bundle E, Ag is a B-algebra
and representations up to homotopy on F correspond to Maurer-Cartan elements
of Ap (with no restriction on the zero-component). As analogues of {2 and 7, one
looks at

e ), € Bar together with a Maurer Cartan element L, € MC(Q,) which is
universal among pairs (A, w) consisting of a Maurer Cartan element in a B-
algebra.

e 7Ty which has the same universal property as 7, but for bimodules over B-
algebras.
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It is not surprising that one can explicitly construct 2, out of €2 by adjoining to it
a unit and a formal element a of bidegree (0, 1):

Q1) = Q") + a0 QF (1 - 1),
except in bidegrees (0,0) and (0, 1) where
0a(0) = Q, (1) = Qa.
One defines the algebra structure on {2, by requiring
a?=0, aoa—(-1)Ygoa=0d(a),
while the d;’s are defined by
di(a+ aob) =d;i(a) + a o d;(b).

Finally, one sets L, = a + L.
For 7, the situation is similar but a bit simpler:

To=T+aoT
and the differential 0 of 7 is encoded in the bimodule structure of 7:
zoa=(-1)"(aox—d(zx)),

forx e 7.

The analogue 0, : Q, — 7, of the derivation § has a nicer universal property:
it is universal among all derivations on {2,-bimodules. Using the straightforward
B-version of Hochschild cohomology and non-commutative forms, we see that 7,
must be the space of non-commutative 1-forms associated to the B-algebra 2. This
also gives another description of 7, (and then of 7) out of Q:

To = Qo @ Qy, where Q, = Q,/1 R,

and where a tensor a®b should be interpreted as a non-commutative 1-form adq (b).
Since 7 can be recovered as the subspaces of elements which are not of type a o x,
the derivation property of d§, shows that 7 is spanned by the following types of
elements:

Ady(T)B,

where A is either 1 or an element of 2, similarly for B, and T is either a tree or «.
This corresponds to our original description of 7 in terms of trees and forests. It
is interesting to point out that the appearance of () in that description encodes two
types of elements: 1 (on the forest side) and d(a) (on the tree side).

A. Appendix

A.1. Maurer-Cartan elements

In this appendix we put together some definitions and results that are used in
the paper.

We begin with some standard notions regarding Maurer-Cartan elements in Dif-
ferential Graded Algebras (DGAs).
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1. A Maurer-Cartan element in a DGA (A, d) is an element v € A of degree one
satisfying d(w) + w? = 0. We denote by MC(A) the set of all Maurer-Cartan
elements.

2. A gauge equivalence between w and § € M C(A) is an invertible element u € A
of degree zero satisfying uwu™! — 0 = (du)u~1.

3. Given two Maurer-Cartan elements 6 and w of two DGAs (A,d) and (B, d),
respectively, and a DG A-B bimodule (P,d), a Maurer-Cartan P-morphism
from w to # is an element x € P of degree zero satisfying xw — 0z = d(x). We
denote by P(w,0) the set of such P-morphisms.

4. With the same notations, we say that z,y € P(w,0) are homotopic if there
exists h € P of degree —1 such that x — y = dh + hw + 6h. We denote by
Plw, 6] the set of all homotopy classes of P-morphisms from w to 6.

Altogether, one obtains a category whose objects are DGAs endowed with a
Maurer-Cartan element where the morphisms from (B, w) to (A, §) are pairs (P, z)
consisting of a DG A-B bimodule P and an element x € P(w, §). If (Q, y) is another
morphism from (C,n) to (B,w), then their composition is defined as

(Px)o(Qy) = (PepQ,z@y).

It is easy to check that x ® y satisfies the required equation and also that this
operation is compatible with the notion of homotopy. In particular, one obtains a
quotient of this category in which homotopic morphisms become equal.

We will now concentrate our attention on complete DGAs and complete DG
modules. By a filtered algebra we mean an algebra A together with a filtration

- CIHhAC F1AC FpA= A,
satisfying
F,A-F,AC Fyi A

Note that, in particular, F},A is an ideal in A for all p, hence we can consider the
quotient algebras, which fit into a tower

A/F1A— A/FoA — -
We denote by A the inverse limit of this tower. Note that A has a natural filtration,
with Fj A being the inverse limit of
FyA/Fpi1A— FA/Fp 0A — -
Moreover, there is a canonical map ¢ : A — A that is a map of filtered algebras.

Definition A.1. A complete algebra is an algebra A together with a filtration Fy A,
such that the canonical map ¢ : A — A is an isomorphism.

A complete DGA is a DGA (A,d) that also has the structure of a complete
algebra, such that each space F,A of the filtration is a subcomplex of (A,da).

A similar discussion applies to modules over filtered algebras. Given A as above,
a filtered left A-module P is required to carry a filtration

"'CFQPCF1PCFOP:P,
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satisfying
F,A-F,P C F,,,P.
The completion P of P is the inverse limit of P/F,P (a left A-module). If A is
a complete algebra, we say that P is a complete (left) A-module if the canonical
map from P to P is an isomorphism. If (A, d) is a complete DGA, a complete (left)
DG module over (A4, d) (or simply A-module) is a DG module (P,d) that also has
the structure of complete A-module such that each F,P is a subcomplex of (P,d).
Right modules and bimodules are treated similarly.
In general, for a filtered algebra A, A is complete and is called the completion of

A.

Example A.2. If A = @;;A%() is a (differential) bigraded algebra, then it can
also be viewed as a (differential) graded algebra with A = @,, A", where

A" = ©p1=n AF(D).
In this case, A carries a natural filtration with

FyA = @5, AR(D).

The resulting completion A is given by

A" =T y1=p A (1).

A.2. The case of complete DGAs

We now consider the existence problem for Maurer-Cartan elements whose class
modulo F,.A (for some r > 1) is given. Let v € A be of degree one, and suppose
that we look for a Maurer-Cartan element w that is equivalent to v modulo F, A.
This condition forces:

dy +~* = 0 modF, A. (29)
Any v € MC(A) induces a new differential on A:
dy(a) = d(a) + [v,a] = d(a) +va — (—1)‘“'@7.

This differential descends to a differential d., on all the quotients Fj,A/F}, 11 A. Actu-
ally, for d, to be a differential on the quotients, one does not need the full Maurer-
Cartan condition on « but only (29) for » = 1. Hence given any 7 of degree 1

satisfying (29) for some r > 1, it makes sense to talk about the cohomology of
(FpA/Fpi1A,dy).

Proposition A.3. Let A be a complete DGA. Then for any degree one element ~y
satisfying (29) and

H*(F,A/F,41A,d,) =0, VY p>r,
there exists w € MC(A) such that w =y mod F,A.
Proof. We will inductively construct wy,,w,41,... with the property that

dwy + w,% =0, mod F;A,
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in such a way that
wr =wg—1 mod Fy_ 1A, VkZ>2r+1, w.=1.
Assuming that wy has been constructed, we are now looking for a € Fj, A such that
Wet1 ‘= Wi +a

satisfies the Maurer-Cartan equation modulo Fy11A. Writing out the equation and
using that a? € Fj,1 A, the equation to solve is

~d,, (a) = (dwy + w}) mod Fj 1 A.

This can be seen as an equation in Fy, A/Fj,11 A. Moreover, on the quotient, d,, = d,
because wy, —v € F;(A). Hence, due to the cohomological condition in the statement,
we only have have to check that the right hand side of the last equation is closed
for d,,, . But its differential (modulo Fy41A) is

d(wi + dwy) + wi (Wi + dwy) — (WE 4 dwg)wy, = 0.

In conclusion, we obtain the desired sequence (wg)x>r. Due to completeness of A, we
obtain an element v € A such that w = wi modFi A for all k > r. Since the Maurer-
Cartan expression in w is congruent, modulo Fj A, to the one of wy, hence to zero,
we deduce (again from the completeness of A) that w € MC(A). By construction,
w =y modF,A. O

There is an analogous result for Maurer-Cartan morphisms. Given two Maurer-
Cartan elements w and 6 of two complete DGAs (A, d) and (B, d), respectively, and
let (P,d) be a a complete DG-A-B bimodule. Then the differential d of P can be
twisted by w and 6 to define a new differential:

dyo(zx) = d(z) 4 0z — (=1)1*zw.
The following is proven exactly as the previous result.
Proposition A.4. Let r > 1, and assume that
HY(F,P/Fy41P,d,p) =0, ¥V p=r.
Then for any x € P satisfying
zw — Oz = dxr mod F.P,

one can find y € P(w,0) such that y = x mod F,.P. Moreover, if the same cohomo-
logical condition holds in degree zero, then any two such y’s are homotopic.

Gauge equivalence in complete DGAs: In the context of complete DGAs,
there is a refined notion of gauge transformation that we now explain. We associate
a group G1(A) to a complete DGA A as follows

Gi(A)={xc A°: z=1mod F1A} =1+ (FLA)°.
One can see that G1(A) is a group with respect to the multiplication in A from the

power series expression
—1 2 : k
(1 - Oé) = a,

k>0
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where, for a € Fy A, completeness implies that the right hand side makes sense as
an element of A .

Note that, strictly speaking, the definition of G;(A) requires A to be unital.
However, the role of the elements “1” is purely formal. In other words, G;(A) makes
sense even without the unitality condition. Equivalently, taking this as a definition
for unital A’s, for a general A, one can replace A by the new (complete) DGA AT
obtained by adding a unit to A. Define G1(A) as G1(A™). In the case that A already
has a unit 14, the map 14 + x — 1 + z identifies the two definitions.

Definition A.5. Given a complete DGA A, a gauge equivalence u between two
Maurer-Cartan elements w and 0 of A is called strong if w € G1(A). If such a u
exists, we say that w and 6 are strongly gauge equivalent.

Proposition A.6. Let A be a complete DGA and w,0 € MC(A), such that
w =0 mod F,A,
with r > 1. If
HY(F,A/Fy11A,d,) =0, ¥ p>r,
then w and 0 are strongly gauge equivalent.

Proof. This proof is very similar to the one of Proposition A.3. We construct in-
ductively a sequence u,,u,41,... of degree zero elements of A with the property
that

upw — Ouy, = duy, mod FpA
for all £ > r. Moreover, the sequence will be constructed so that
U = up—1 mod Fr_1AVEk>r+1, u.=1.
Assuming that wug has been constructed, we are looking for x € Fj, A such that
(ug + 2)w — O(ug, + x) = d(uy + ) mod Fj11 A.
Note that, since w — 0 € F, A C F1 A,
Or — 2w = wr — 2w mod Fiiq

whenever x € Fj, A. We see that the previous equation can be written as an equation
in FkA/Fk+1AZ

d,r = —duy, + ugw — Ouy, mod Fi 1 A.

Because of the hypothesis, it suffices to show that the right hand side is closed in
the quotient. Denoting the right hand side by y, and using that

dw(y) = d(y) + 0y + yw,

the desired equation follows immediately.
With the sequence u,., u,41,... constructed, one uses again the completeness of
A to obtain u € A of degree zero such that v = 1 modF, A, uw — Ou = du. a
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Remark A.7. The gauge equivalence comes from an action of G1(A) on MC(A),
given by the usual gauge formula:
uow=uwu ' —du-ut ueGi(A),we MC(A).
Our discussion has an infinitesimal counterpart. First of all, “the Lie algebra of
G1(A)” is defined as
g1(A) :={a € A’ : o =0 mod F; A},

with the commutator bracket

[a, B] = af — Ba.
The exponential map
exp: g1(A) — G1(A)
is defined by the usual power series
1
exp(a) = Z Eak.

k>0
The completeness of A make sense of exp(a) for @ € FyA. The action of G1(A)
on MC(A) has an infinitesimal counterpart: an action of the Lie algebra g1(A) on

MC(A), which is familiar in the discussion of Maurer-Cartan elements in differential
graded Lie algebras:

a-y =9 +da, a€gi(d),yeMC(A).

A.3. Relation with Hochschild cohomology

Let A be a DGA and M be an A-bimodule. Here we explain that, given a Maurer-
Cartan element w of A, one can associate a Maurer-Cartan morphism to a degree
zero P-valued Hochschild cocycle on A. In low degrees, the idea is very simple: by
applying a biderivation D : A — P to the Maurer-Cartan equation for a Maurer-
Cartan element w, one obtains an element D(w) € P(w,w). We now discuss what
happens for general degree zero Hochschild cocycles. For each k and [, we denote
by C*¥!(A, P) the space of all linear maps

cC:AR.. QA — P
—_—

k times

which raises the total degree by [. The horizontal differential
b:CH(A, P) — CHMUYA P)
is given by

k

b(C)(CLl, . ak+1) = (—1)"“|lalc(a2, ey ak+1)+Z(—1)iC(a17 e ,aiaHl, ey ak+1)
=1

+(=1D)**e(aq, ..., ap)aps1.
The vertical differential

d, : CP(A, P) — CHITL(A, P)
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is given by
k

dy(c)(a,...,ar) =d(c(ar, ... ar)) — Z(fl)eic(al, oo d(ag), .. ak),

i=1

where ¢; =1+ |a1| + ...+ |a;—1|. These two differentials commute, and we obtain a
complex C"(A, P) = @1, CkU(A, P) with D = d, + (—1)'b as total differential.
We are interested in 0-cocycles. Such a cocycle is a finite sum

C=C+G+..., with ¢ € CH A, P), (30)
satisfying
b(Gi) + (=1)'d(Gi1) = 0.
For any such ¢, we consider the induced polynomial function
C:A'— P ((a) =Co+ Gila) + Gla,a) + ...
The following is straightforward:

Lemma A.8. For any Hochschild cocycle ¢ € C°(A, P) and any w € MC(A),
((w) € P(w,w). Moreover:
e If ¢ and (' are cohomologous, then ((w) and ¢'(w) are homotopic.

e This construction is compatible with cup-products.
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