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INTRODUCTION

The notion of a prop has been introduced by MacLane in algebra [14]. The name
prop is actually an acronym for “product and permutation”. Briefly, a prop P is
a double sequence of objects P(m,n) whose elements represent operations with m
inputs and n outputs.

Certain categories of algebras, like associative, Poisson or Lie algebras, have a
structure which is fully determined by operations with a single output. These cate-
gories are associated to props P of a certain form, where operations in components
P(m,1) generate the prop. Boardman and Vogt coined the name “categories of
operators of standard form” to refer to props of this particular form [1]. Peter May
introduced the axioms of operads to deal with the components P(m, 1) which define
the core of such prop structures [17]. The work of these authors was initially moti-
vated by the theory of iterated loop spaces, in topology (see [2] and [17]). Operads
have now proved to be a powerful device to handle a variety of algebraic structures
occurring in many branches of mathematics.

However, if one wants to deal with bialgebras it becomes necessary to use gen-
eral props instead of operads. Important examples appeared in particular in math-
ematical physics and string topology : the Frobenius bialgebras (whose category
is equivalent to the category of two-dimensional topological quantum field theo-
ries), the topological conformal field theories (which are algebras over the chain
Segal prop), or the Lie bialgebras introduced by Drinfeld in quantization theory
are categories of bialgebras associated to props.

The purpose of this article is to set up a theory for the homotopical study of alge-
bras over a (possibly colored) prop. In a seminal series of papers at the beginning of
the 80’s, Dwyer and Kan investigated the simplicial localization of categories. They
proved that the simplicial localization gives a good device to capture secondary ho-
mology structures usually defined in the framework of Quillen’s model categories
(see [4]). An important homotopy invariant of a model category is its classifying
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space, defined as the nerve of its subcategory of weak equivalences. The interest
of such a classifying space has been shown in the work of Dwyer and Kan [4], who
proved that this classifying space encodes information about the homotopy types
of the objects and their internal symmetries, i.e their homotopy automorphisms.
They also proved that such a classifying space is homotopy invariant under Quillen
equivalences of model categories.

The algebras over an operad in a model category themselves form, under suit-
able assumptions, a model category. A consequence of usual results about model
categories is that the classifying space of such a category is homotopy invariant up
to the weak homotopy type of the underlying operad. Unfortunately, there is no
model category structure on the algebras over a prop in general. We cannot handle
our motivating examples of bialgebras occurring in mathematical physics and string
topology by using this approach, and we aim to overcome this difficulty.

The basic problem is to compare categories of algebras over a prop. In order
to bypass difficulties due to the absence of model structure on these algebras, our
overall strategy is to stay at the prop level as far as possible, and to use factorization
and lifting properties in the model category of props. The structure of an algebra
over a prop P can be encoded by a prop morphism P — End,4, where End 4 is the
endomorphism prop associated to A. One can construct a version of endomorphism
props modeling P-algebra structures on diagrams. We can in particular use these
diagrams endomorphisms props to define path objects in the category of P-algebras.
But we need an analogue of this device for a variable P-algebra A, not a fixed object.
The idea is to perform such a construction on the abstract prop P itself before
moving to endomorphism props. Combining this “prop of P-diagrams” construction
with lifting and factorization techniques, we endow the category of P-algebras with
functorial path objects.

Consequently, the first main outcome of our study is the following homotopy
invariance theorem. Let Chk be the category of Z-graded chain complexes over a
field K of characteristic zero. Let (Chx)® be the category of algebras associated to
a prop P in this category, and w(Chg) its subcategory obtained by restriction to
morphisms which are weak equivalences in Chg. Our result reads:

Theorem 0.1. Let ¢ : P = Q be a weak equivalence between two cofibrant props.
The map ¢ gives rise to a functor ¢* : w(Chg)? — w(Chx)¥ which induces a weak
equivalence of simplicial sets N'o* : Nw(Chg)? = Nw(Chx)T .

We can remove the hypothesis about the characteristic of K if we suppose that
P is a prop with non-empty inputs or outputs (see Definition 1.12 and Theorem
1.13). We explain in Section 2.7 how to extend Theorem 0.1 to the case of a category
tensored over C'hk. In Section 3, we also briefly show that the proof of Theorem 0.1
extends readily to the colored props context if we suppose that K has characteristic
zero (this hypothesis is needed to put a model category structure on colored props in
Chg, see the work of Johnson and Yau[12]). Recall that examples include cofibrant
resolutions of the props encoding associative bialgebras, Lie bialgebras, Frobenius
bialgebras or Poisson bialgebras for instance. Algebras over a cofibrant resolution
of a given prop P are called homotopy P-algebras. Theorem 0.1 implies that the
classifying space does not depend on the choice of the cofibrant resolution, and thus
provides a well defined homotopy invariant.
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Remark 0.2. We do not address the case of simplicial sets. However, Theorem 1.4 in
[12] endows the algebras over a colored prop in simplicial sets with a model category
structure. Moreover, the free algebra functor exists in this case. Therefore one can
transpose the methods used in the operadic setting to obtain a simplicial version
of Theorem 0.1. We also conjecture that our results have a version in simplicial
modules which follows from arguments similar to ours.

Organization: the overall setting is reviewed in Section 1. We recall some def-
initions about symmetric monoidal categories over a base category and axioms of
monoidal model categories. Then we introduce the precise definition of props and
algebras over a prop. We conclude these preliminaries with a fundamental result,
the existence of a model structure on the category of props.

The heart of this paper consists of Section 2, devoted to the proof of Theorem
0.1. The proof of Theorem 0.1 is quite long and has been consequently divided in
several steps. Section 2.1 gives a sketch of our main arguments. In Sections 2.3,
2.4 and 2.5, we define particular props called props of P-diagrams, which allow us
to build a functorial path object in P-algebras. In Section 2.6, we give a proof
of Theorem 0.1. At the end of Section 2 we generalize Theorem 0.1 to categories
tensored over Chg. Finally, we quickly present in Section 3 the extension of our
arguments to colored props.
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1. RECOLLECTIONS AND GENERAL RESULTS

1.1. Symmetric monoidal categories over a base category.

Definition 1.1. Let C be a symmetric monoidal category. A symmetric monoidal
category over C is a symmetric monoidal category (£, ®¢, 1l¢) endowed with a sym-
metric monoidal functor n : C — &, that is, an object under C in the 2-category of
symmetric monoidal categories.

This defines on £ an external tensor product ® : Cx& — £ by CRX = n(C)®@s X
for every C' € C and X € £. This external tensor product is equipped with the
following natural unit, associativity and symmetry isomorphisms:

(IH)VX el ler X=X,

(2)VX €&, VC,De(,(CeD) X 2C® (D& X),

B)VCelC VX, Y €e£,C(XY)X(CRX)QY XX ®(CRY).

The coherence constraints of these natural isomorphisms (associativity pen-
tagons, symmetry hexagons and unit triangles which mix both internal and external
tensor products) come from the symmetric monoidal structure of the functor 7.

We will implicitly assume throughout the paper that all small limits and small
colimits exist in C and &, and that each of these categories admit an internal
hom bifunctor. We suppose moreover the existence of an external hom bifunctor
Homg(—,—) : £°P x £ — C satisfying an adjunction relation

VC e CVX,Y € E,Morg(C® X,Y) = Morc(C, Homg(X,Y))
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(so & is naturally an enriched category over C).

Examples.

(1) The differential graded K-modules (where K is a commutative ring) form a
symmetric monoidal category over the K-modules. This is the main category used
in this paper.

(2) Any symmetric monoidal category C forms a symmetric monoidal category
over Set (the category of sets) with an external tensor product defined by

®:Set xC—=C
(s,.0)~Pe.

ses
(3) Let I be a small category; the I-diagrams in a symmetric monoidal category
C form a symmetric monoidal category over C. The internal tensor product is
defined pointwise, and the external tensor product is defined by the functor 7
which associates to X € C the constant I-diagram Cx on X. The external hom
Homeir(—,—) : C! x ¢! — C is given by

Home:r(X,Y) = . Home (X (3),Y(i)).

Proposition 1.2. Let F : D = &£ : G be a symmetric monoidal adjunction between
two symmetric monoidal categories over C. If F' preserves the external tensor prod-
uct then F' and G satisfy an enriched adjunction relation

Homg(F(X),Y) = Homp(X,G(Y))
at the level of the external hom bifunctors (see [7, Proposition 1.1.16]).

We now deal with symmetric monoidal categories equipped with a model struc-
ture. We assume that the reader is familiar with the basics of model categories.
We refer to the paper of Dwyer and Spalinski [3] for a complete and accessible in-
troduction, and to Hirschhorn [10] and Hovey [11] for a comprehensive treatment.
We just recall the axioms of symmetric monoidal model categories formalizing the
interplay between the tensor and the model structures.

Definition 1.3. Let C be a category with small colimits and F' : A X B — C a
bifunctor. The pushout-product of two morphisms f: A —+ B € Aand g: C —
D € B is the morphism

(fer9+) : F(A, D) ®pa,c) F(B,C) — F(B, D)

given by the commutative diagram:

F(f,0)

F(B,C)

| i
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Definition 1.4. (1) A symmetric monoidal model category is a symmetric monoidal
category C equipped with a model category structure such that the following axiom
holds:

MM1. The pushout-product (i, j«) : AQ DB agc BRC — B®D of cofibrations
i:A— Band j:C— D is a cofibration which is also acyclic as soon as i or j is
SO.

(2) Suppose that C is a symmetric monoidal model category. A symmetric
monoidal category &£ over C is a symmetric monoidal model category over C if
the axiom MMI1 holds for both the internal and external tensor products of €.

Example: the category Chg of chain complexes over a field K is our main
working example of symmetric monoidal model category. The weak equivalences
of Chix are the quasi-isomorphisms, that is, the morphisms of chain complexes
inducing isomorphisms of graded vector spaces at the homology level. The fibrations
are the degreewise surjections and the cofibrations the degreewise injections.

Lemma 1.5. In a symmetric monoidal model category € over C the axiom MM1
for the external tensor product is equivalent to the following one:
MM1’. The morphism

(i*,p*) : HOmg(B,X) — Homg(A,X) X Homg (A,Y) Homg(B,Y)

induced by a cofibration i : A — B and a fibration p : X — Y is a fibration in C
which is also acyclic as soon as i or p is so (c¢f. Lemma 4.2.2 in [11]).

One can use the internal hom bifunctor to see that the axiom MMI1 for the
internal tensor product is in the same way equivalent to a “dual” axiom MM1".

1.2. On X-bimodules, props, and algebras over a prop. Let C be a symmetric
monoidal category admitting all small limits and small colimits, whose tensor prod-
uct preserves colimits, and which is endowed with an internal hom bifunctor. Let
B be the category having the pairs (m,n) € N? as objects together with morphism
sets such that:

Z%, X Yy, if (p7 Q) = (man)7
0 otherwise.

MOTB((mﬂ n)7 (p, q)) = {

The X-biobjects in C are the B-diagrams in C. So a Y-biobject is a double sequence
{M(m,n) € C}mnyen2 Where each M(m,n) is equipped with a right action of ¥,,
and a left action of ¥,, commuting with each other. Let A be the discrete category
of pairs (m,n) € N2. We have an obvious forgetful functor ¢* : C® — C*. This
functor has a left adjoint ¢ : C* — C® defined on objects by

VM e C,¥(m,n) € N2, ¢y M(m,n) = 1¢[8, x L] @ M(m,n)

@ M(m,n).

o
T xToY
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Definition 1.6. (1) Let C be a symmetric monoidal category. A prop in C is a
symmetric monoidal category P, enriched over C, with N as object set and the tensor
product given by m®n = m+n on objects. Let us unwrap this definition. Firstly we
see that a prop is a X-biobject. Indeed, the group ¥,, actsonm = 1+...+1 = 18™
and the group X9 acts on n =1+ ... +1 = 1®" by permuting the variables at the
morphisms level. A prop is endowed with horizontal products

op : P(my,n1) ® P(ma,ng) = P(my + ma,ny + ng)

which are defined by the tensor product of homomorphisms, since P(m; @ ma,n1 ®
ng) = P(my + ma,n1 + na) by definition of the tensor product on objects. It also
admits vertical composition products

oy : P(k,n) ® P(m, k) — P(m,n)

corresponding to the composition of homomorphisms, and units 1 — P(n,n) corre-
sponding to identity morphisms of the objects n € N in P. These operations satisfy
relations coming from the axioms of symmetric monoidal categories. We refer the
reader to Enriquez and Etingof [5] for an explicit description of props in the context
of modules over a ring. We denote by P the category of props.

Another construction of props is given in [12]: props are defined there as Xj,-
monoids in the X,-monoids of colored ¥-biobjects, where K and X, denote re-
spectively a horizontal composition product and a vertical composition product.

Appendix A of [6] provides a construction of the free prop on a X-biobject. The
free prop functor is left adjoint to the forgetful functor:

F:CB=pP.U.

Definition 1.7. (1) To any object X of C we can associate an endomorphism prop
Endyx defined by
Endx(m,n) = Home(X®™, X®™).

The actions of the symmetric groups are the permutations of the input variables and
of the output variables, the horizontal product is the tensor product of homomor-
phisms and the vertical composition product is the composition of homomorphisms.
The units 1¢ — Home(X®", X®") represent idxon.

(2) An algebra over a prop P, or P-algebra, is an object X € C equipped with a
prop morphism P — Endx.

We can also define a P-algebra in a symmetric monoidal category over C:

Definition 1.8. Let £ be a symmetric monoidal category over C.

(1) The endomorphism prop of X € & is given by Endx (m,n) = Homg(X®™, X®")
where Homg(—, —) is the external hom bifunctor of £.

(2) Let P be a prop in C. A P-algebra in £ is an object X € £ equipped with a
prop morphism P — Endx.

Example: we recall from [6] an explicit definition in the case of a diagram
category over &: let {X;};cr be a I-diagram in &, then

End{Xi}ieI :/ Homg(X?m,XZ@”).
el
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This end can equivalently be defined as a coreflexive equalizer

do

Endix;1(m;n) —[e; -

~ e

50
where dg is the product of the maps
e : Homg(XP™, X2™) — Homg(Xf@m,XJ@")
induced by the morphisms u : i — j of I and d; is the product of the maps
TR Homg(X;.X’m,Xj@") — Homg(XZ@m,X}X’")

The section sq is the projection on the factors associated to the identities id : i — 1.
This construction is functorial in I: given a J-diagram {X;};es, every functor

a: I — J gives rise to a prop morphism o* : Endx; — End{xa(i)}iel.

Yies
1.3. The semi-model category of props. Suppose that C is a cofibrantly gen-
erated symmetric monoidal model category. The category of Y-biobjects C® is
a diagram category over C, so it inherits a cofibrantly generated model category
structure. The weak equivalences and fibrations are defined componentwise. The
generating (acyclic) cofibrations are given by i® ¢1G p, ) , where (m,n) € N? and i
ranges over the generating (acyclic) cofibrations of C. Here ® is the external tensor
product of C® and G(m,n) is the double sequence defined by

]-Ca if (p7 q) = (ma TL),
G m,n y =
(m, )(p 9 {O otherwise.

We can also see this result as a transfer of cofibrantly generated model category
structure via the adjunction ¢ : C* = CB : ¢* (via exactly the same proof as in
the case of X-objects, see for instance Proposition 11.4.A in [7]). The question
is to know whether the adjunction F : C® 2 P : U transfer this model category
structure to the props. In the general case it works only with the subcategory Py
of props with non-empty inputs or outputs and does not give a full model category
structure. We give the precise statement in Theorem 1.10.

Definition 1.9. A Y-biobject M has non-empty inputs if it satisfies

M(O ) 1c, if n= 0,
n g
’ 0 otherwise.

We define in a symmetric way a >-biobject with non-empty outputs. The category
of ¥-biobjects with non-empty inputs is noted Cg.

The composite adjunction
cht=ctap
restricts to an adjunction
Chy = Ce =Py
We define the weak equivalences (respectively fibrations) in Py componentwise,
i.e their images by the forgetful functor U : Py — Cj4 are weak equivalences (re-
spectively fibrations) in C5. We define the generating (acyclic) cofibrations as the

HomS(Xi(gm7Xz®n) Hu:i—)jemor(l) Homg(Xig)m7X]®n)
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images under the free prop functor of the generating (acyclic) cofibrations of Cg.
We have the following result:

Theorem 1.10. (cf. [6], Theorem 4.9) Let C be a cofibrantly generated symmetric
monoidal model category. Suppose moreover that the unit of C is cofibrant. Then the
category Py of props with non-empty inputs (or outputs) equipped with the classes of
weak equivalences, fibrations and cofibrations of 1.3 forms a semi-model category.
Moreover the forgetful functor U : Py — C4 preserves cofibrations with cofibrant
domain.

A semi-model category structure is a slightly weakened version of model category
structure: the lifting axioms hold only for cofibrations with cofibrant domain, and
the factorization axioms hold only on maps with cofibrant domain (see the relevant
section of [6]). The notion of a semi-model category is sufficient to do homotopy
theory. In certain categories we recover a full model structure on the whole category
of props:

Theorem 1.11. (¢f. [6], Theorem 5.5) If the base category C is the category of dg-
modules over a ring K such that Q C K, simplicial modules over a ring, simplicial
sets or topological spaces, then there is a transfer of model category structure on the
whole category of props via the adjunction C* = P.

2. HOMOTOPY INVARIANCE OF THE CLASSIFYING SPACE

The purpose of this section is to establish Theorem 0.1. We give the details of
our arguments in the case & = C = Chg (the Z-graded chain complexes over a field
K of characteristic zero). Afterwards, we briefly explain the generalization of these
arguments when £ is a cofibrantly generated symmetric monoidal model category
over Chg.

2.1. Statement of the result and outline of the proof. In the work of Dwyer-
Kan [4], the classifying space of a category M equipped with a subcategory of
weak equivalences wM is the simplicial set N(wM), where N is the simplicial
nerve functor. This simplicial set satisfies the following crucial property:

Theorem 2.1. (Dwyer-Kan) Let M be a category, W a class of morphisms of M
and wM the subcategory of M defined by ob(wM) = ob(M) and mor(wM) = W.
Then one has a homotopy equivalence
NwM ~ [[WLwM(X, X)
(X]
where N is the simplicial nerve functor, [X| ranges over the weak equivalence classes
of the objects of M, W is the simplicial classifying space (see [16]), and L(—) is
the simplicial localization functor. When M is a model category, one has moreover
NwM ~ HWhaut(X)
[X]

where haut(X) is the simplicial monoid of self weak equivalences on a fibrant-
cofibrant resolution of X .
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In the case of £ (the P-algebras in &€ for a prop P defined in C) we use the
name “classifying space” to refer to the simplicial set Nw (£ )P, where w(£F)P
is the subcategory of P-algebra morphisms whose underlying morphisms in £ are
weak equivalences between fibrant-cofibrant objects.

2.1.1. The operadic case. In the operadic context, algebras over operads satisfy the
following fundamental property: a weak equivalence between two cofibrant operads
induces a weak equivalence between their associated classifying spaces of algebras.
The proof of this result is done in three steps. Firstly, one shows the existence of
an adjunction between the two categories of algebras: if ¢ : P — @ is a morphism
of operads, it induces an adjunction

$:EF S EQ ¢

where ¢* is given on each Q-algebra @@ — FEndx by the precomposition P A
Q — Endx and ¢ is obtained via a certain coequalizer for which we refer the
reader to [7]. Secondly one proves that if ¢ is a weak equivalence and P and @) are
"well-behaved" operads, then this adjunction actually forms a Quillen equivalence,
presented in full generality in [7]. This Quillen equivalence is precisely obtained
between semi-model categories of algebras over weakly equivalent Y-cofibrant op-
erads, in a cofibrantly generated symmetric monoidal model category £ over a base
category C(see Theorem 12.5.A. of [7], proved in Chapter 16). Finally, according to
the results of Dwyer-Kan, a Quillen equivalence induces a weak homotopy equiva-
lence of the classifying spaces (actually it induces much more, that is, a Dwyer-Kan
equivalence of the simplicial localizations).

2.1.2. The key statement. Such a method fails in the prop setting: one does not
know how to construct a left adjoint of the functor ¢*. And even if such an adjoint
exists, there is no free algebra functor, and a model structure does not exist on the
category of algebras over a prop except in some particular cases such as simplicial
sets (see [12]). So the difficult part is to deal with this absence of model structure
to get a similar result for algebras over props. Therefore, our method is entirely
different from this one. The crux of our proof is given by the following statement:

Theorem 2.2. Let P be a cofibrant prop. The mappings N'o*, Nv* : Nw(E)F =
Nw(EH)P associated to homotopic prop morphisms ¢,v : P = P are homotopic
in sSet.

Let us outline the main steps of the proof of Theorem 2.2 in the case £ = C =
Chx. The idea is to construct a zigzag of natural transformations ¢* < Z = ¥*,
where Z is a functorial path object in Ch%. For this, we need in particular to obtain
such a functorial path object. The existence of a path object for algebras over props
is proved in [6] (Section 8), but this path object is not functorial. The main point
of our proof is to solve this functoriality problem by “correcting” in a certain sense
the P-algebra structure on the path object, and then following arguments similar to
those of [6] but with functorial P-actions. We proceed as follows. We use functional
notations Y(X), Z(X) and V(X)) to refer to diagrams functorially associated to an
object X which, in our constructions, ranges within (some subcategory of) Chg.
We first consider the functorial path object diagram associated to any X in Chg
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and its subdiagram Z(X) = {Xy « Z(X) - X;}. We prove that the natural
P-action existing on the diagram

extends to a natural P-action on Y(X). For this, we consider “props of P-diagrams”,
which are built by replacing all the operations X®™ — X®" in the endomorphism
prop of a given diagram by operations of P(m,n). We use notations Endyp),
Endzpy and Endypy to refer to these props of P-diagrams. We verify that these
constructions give rise to props acting naturally on the endomorphism prop of the
associated diagram. We use these props of P-diagrams to give a P-action on the
zigzag of endofunctors Id « Z 5 Id. We check that we retrieve the action given
by ¢ and v on the extremity of this zigzag. We thus have a zigzag connecting ¢*
and ¢* and yielding the desired homotopy between N¢* and N )*.

2.1.3. The argument line of the proof. Let us first define the notion of a functorial
P-action via a prop of P-diagrams:

About functorial P-actions on diagrams. We consider a diagram D(X)
depending on X, which will be one of the three aforementioned diagrams (V(X),
Z(X) and Y(X)) and correspond to a certain functor denoted by D(X) : I — Chg.
We will associate to Endp(x) a prop of P-diagrams Endppy. When there exists
a P-algebra structure on X, that is, a prop morphism P — Endx, this prop is
equipped by construction with a morphism of props evyx : Endppy — Endp(x).
This evaluation morphism sends every ¢ € Endp( p)(m, n) on a collection of mor-
phisms ¢x (i) : D(X)(i)®™ — D(X)(:)®™ satisfying the following commutative
diagram for every morphism u : ¢ — j of I:

ox ()
—_—

D(X)(&)*™ D(X)(&)*"

D(X)(U)‘g’""i J{D(X)(U)m

D(X)(j)" ——= DX)()*"

where D(X)(u) is the morphism in the diagram D(X) induced by u. By construc-
tion of Endp(py, the prop morphism evy satisfies a functoriality property with
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respect to X. If f : X — Y is a morphism of P-algebras, then the following
diagrams are commutative for every ¢ € Endppy(m,n) and every i € I:

D))o 2 pix) ()er

(D(f)(i))‘gml l(D(f)(i))g’"

D(Y)()*" = D))"

The commutativity of these diagrams implies that every morphism of props P —
Endp(py induces a functorial P-action P — Endp(x), that is, a functor

D : Ch¥ — Func(I,Ch¥) = Func(I, Chg)”

fitting in a commutative square

Chx 2, Funce(I, Chx)

T |

Chi — Fune(I,Chg)f

in which the vertical arrows are the forgetful functors.

Our argument line is divided into two steps.

Step 1. For every X € Chf, we have Endyx) = Endx so the morphism
P — Endx trivially induces a functorial P-action P — Endy x). In our first step
we build a diagram

Endy(p) g- Endy(X)

7
-
s N
-
e

P— = =P — " Endyx)

In Chg, the endomorphism prop Endy x) is built via the two following pullbacks:

Endy(X) —— Endg(x)

Endx T> HomX7Z(X)

and

Endzx) Endx, x Endx,

J{ J{d(jxdj

E’I’Ldz(X) (m Homz(XLXo X HomZ(X)7X1

where s, and (dg, d1)« are maps induced by the composition by s and (dg, d; ), and
s*, d§, di are maps induced by the precomposition by s, dy and d; . The projection
pr: Endzxy — Endyx) is induced by the inclusion of diagrams {Z(X)} <
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{Xo « Z(X) > X1} (see [6], Section 8). The idea is to define a prop of P-
diagrams Endypy with a form similar to that of Endyx), in order to get the prop
morphism evx : Endypy — Endyx) induced by the morphism P — Endx for
each X € ChL. For this aim we use two pullbacks similar to those above with
props of P-diagrams and Y-biobjects replacing the usual ones.

Step 2. In our second step, we show that 7 is an acyclic fibration in P in order
to obtain the desired lifting P — Endyp) inducing natural P-actions

P — Endy(p) — Endy(X)

for every X € Chf, which respect the P-algebra structures on the diagrams V(X).
It endows the category of P-algebras with a functorial path object. Finally, we
prove Theorem 2.2 in Section 2.6, by using lifting properties in the category of
props and providing the desired zigzag of natural transformations ¢* & Z 5 o*.
Then we show how to deduce Theorem 0.1.

Remark 2.3. We can also wonder about the homotopy invariance of the classifying
space up to Quillen equivalences. Let P be a prop in &. Let F': & 2 & 1 G
be a symmetric monoidal adjunction. The prop F(P) is defined by applying the
functor F' entrywise to P: the fact that F' is symmetric monoidal ensures the
preservation of the composition products of P, giving to F(P) a prop structure.
Lemma 7.1 of [12] says that the adjoint pair (F,G) induces an adjunction F :
= Sf(P) : G. Now suppose that (F,G) forms a Quillen adjunction. By Brown’s
lemma, the functor F' preserves weak equivalences between cofibrant objects and the
functor G preserves weak equivalences between fibrant objects. If all the objects
of £ and & are fibrant and cofibrant, then the adjoint pair (F,G) restricts to
an adjunction F : w(&)F = w(&)FP) . G and thus gives rise to a homotopy
equivalence Nw(&1)F ~ Nw(E) TP,

2.2. The path object Z(X) = Z ® X. Recall that in the model category struc-
ture of Chg, the fibrations are the degreewise surjections, the cofibrations are the
degreewise injections, and the weak equivalences are the morphisms inducing iso-
morphisms in homology. The category C'hkx has moreover the simplifying feature
that finite products and coproducts coincide. Let Z be the chain complex defined
by
7 =Kpo ® Kp1 & Kog ® Koy ¢ Kr.

The elements 7, pg and p; are three generators of degree 0 and og, o1 two generators
of degree —1. The differential dz is defined by dz(og) = dz(01) = 0, dz(7) = 0,
dz(po) = oo and dz(p1) = o71.

Lemma 2.4. The chain complex Z @ X defines a path object on X in Chg, fitting
in a factorization X r—3 Z @ X —»(q,.a,) X ® X of the diagonal A = (idx,idx) :
X = X ® X such that s is an acyclic cofibration and (dy,d1) a fibration.

Proof. Let s : X — Z®X be the map defined by s(z) = 7®x. Given the differential
of Z, the map s is clearly an injective morphism of Chg, i.e. a cofibration. We can
also write Z®@ X = (Z ® X) & X where

Z:KPQ@Kpl@Kdo@Kal
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is an acyclic complex. The acyclicity of Z implies that s is an acyclic cofibration. We
now define a map (do,d1) : Z® X — X @ X such that (dy,d;) os = (idx,idx) and
(do,d1) is a fibration. The map dy is determined for every x € X by do(t ®@ ) =«
and do(oo®2z) = do(o1®2) = do(po®z) = do(p1®x) = 0. The map d; is determined
for every x € X by di(po ® x) = x, di(t @ ) = z, di(0g @ ) = di(01 @ x) =
d1(p1 ® ) = 0. The map (do,dy) is clearly a surjective chain complexes morphism,
i.e. a fibration, and satisfies the equality (do,d1) o s = (idx, idx). O

The two advantages of this path object on X are its writing in the form of a
tensor product with X and its decomposition into a direct sum of X with an acyclic
complex.

2.3. The prop Endyp)y. Consider the endomorphism prop of Z(X):

Endyzx)(m,n) = Homcn, (Z(X)®™, Z(X)®")
=~ Homenp, (Z9™ @ X®™, Z9" @ X™)
> (Z9™)* @ Z®" ® Endx(m,n).
We define a prop of P-diagrams such that
Endypy(m,n) = (Z¥")" @ Z®" @ P(m,n)
=Ptie..ot, 0t ®..at, @ P(m,n),
where t; € {po, p1,00,01, T}, together with the following structure maps:
-Vertical composition product. Let
QEL®. Ot ®...0t, @ P(k,n)
and
bEU®...0u, Qui ® ... du, @ P(m, k).

e ol B if (u ug) = (¢ tx)

oo = {g ' othe;vis;, ' T
where of is the vertical composition product of P.

-Horizontal product. Let

At ®.Qt, @t ®..Qty, ®P(mi,n)
and

BeEU® ... Uy, DUl ® ... d Up, ® P(ma,n2).
We set

aopff = H1®.Qt, Qul®...Qu,,
Ot ® e @by, O UL D o @ Uny @ (| Py ny) ofp | P(mana))
€ t®.®, Ul ®..0u,,

Ot ® . Qtp, DU @ oo @ U, @ P(my 41y, ma + na),

where of is the horizontal product of P.

-Actions of the symmetric groups. Let a =] ®...0t), ®; ®...®t, ®ap €
Endyzpy(m,n) with ap € P(m,n). The action of a permutation o € %,, on the
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right of this prop element is given by a.c = t;(l) ®...Q tj;(m) Rt ®...0t, Qap.o.
The action of a permutation 7 € X, on the left of this prop element is given by
T.00 = t’{ ®..Q t:n ® t.,.71(1) ®..Q t.,.71(n) & T.ap.

Let X € Chf be a P-algebra. From the definition of Endyz p(m,n), we easily
see that the prop morphism P — Endx induces a prop morphism

evx E’I’Ldz(p) — Endz(x)

satisfying the appropriate functoriality diagrams (see Section 2.1.3).

2.4. The prop Endzp).

2.4.1. The pullback defining Endz(xy and its explicit maps. For every (m,n) € N2,
we have a pullback

Endzxy(m,n) ——— Endx,(m,n) © Endx, (m,n)
l i(d?mw@(d?mr

Endyxy(m, n?dw)HomZ(X),Xo (m,n) ® Homzx) x, (m,n)
¢ .

dy
For every X € Ch¥ and (m,n) € N? we have the isomorphisms
Homyx z(x)(m,n) = Homen, (X®™, Z(X)®™)
>~ Homen, (X®™, 7" @ XO™)
~ 79" @ Endx(m,n)
and
Homy(x),x,(m,n) = Homen, (Z(X)®™, X&)
=~ Homen, (Z9™ @ X®™, X®™)
=~ (Z9™)* @ Endx,(m,n).
Applying these isomorphisms, we get a pullback

Endzx)(m,n) Endx,(m,n) & Endx, (m,n)
l J{(d?’")*@(d?mﬁ
(Z®™)* @ Z®™ @ Endx(m,n) —— (Z®™)* ® Endx,(m,n) ® (Z®™)* @ Endx, (m,n)
(dg™,de™)-

We have to make explicit the maps (dy",dY"). and (dy™)* @ (dP™)* and
replace Endx,(m,n), Endx, (m,n) and Endx(m,n) by Py(m,n), Pi(m,n) and
P(m,n) to obtain a prop of P-diagrams {Endz(p)(m,n)}(m,n)en> acting naturally
on Endzxy(m,n), X € Chﬂlg. Then we apply the same method to build a prop of
P-diagrams Endy p) acting naturally on Endyx), X € Chk.
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Lemma 2.5. Let {z,;}icr be a basis of Z®™. The map
(d¥™)* : Endx(m,n) — (Z%™)* @ Endx(m,n)
is defined by the formula
(@) ) =Y (z 20 = z) ®¢
jeJ jeJ

where J is the subset of I such that d?m(gj ®@z)=2x forz € X®™ and j € J.

Proof. First we give an explicit inverse to the well known isomorphism

\:U*® Homen, (V, V') SHomen, (U RV, V')
@ [ =u®v e ou).f(v)]

where U is supposed to be of finite dimension. Let {u;};c; be a basis of U. We
have A = ", _; \; where

i : Kuf @ Homen, (V, V') = Homen, (Ku; @ V, V')
ui @ fulf ru @v e g (). f(o) = fv)
S0

A Homen, (U@ V, V') =U* @ Homen, (V, V')
e W@ f lxuwev):

iel

Let 0 : Z®9™ @ X®™ — (Z ® X)®™ be the map permuting the variables. Recall
that the map d; is determined for every x € X by di(py ® ) = z, di (7 ® x) = z,
di(op @) =di(01 @) = di(p1 ® ) = 0. The map
(d9™) : Homen, (XE™, X®") = Homen, (Z5m@X9™, XO") 5 (Z29™)* @ Homen, (X®™, X™)
is defined by

£ éodP™ oo — Z(g;" ® (£0dP™ o 0) Kz, 0V )-
iel

We obtain finally

(d¥™)* . Endx (m,n) —(Z®™)* @ Endx(m,n)
) (@) =0 2)e¢
JjeJ jeJ
where J is the subset of I such that d?m(gj @z)=xforz e X®" and j € J. If
j ¢ J then di@m |K£J_®X®m: 0. [

Recall that the map dp : Z® X — X is defined for every z € X by do(7®2) =«
and do(og ® ) = do(o1 ® ) = do(po ® ) = dp(p1 ® ) = 0. As previously,
the map (d"™)* has a form similar to that of (d{™)*, and we have determined
(@™ © (5™
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Lemma 2.6. The map (d3",dS™). is determined by
(A5, d¥™) 2 @ 2, @€ Y (28 ® ((dF",dF™) 0 25(—) 2 ® &) [k, @x0m)-
kel
Proof. Let {z}}icr be the basis of Z®™. We have the isomorphism
<Z®m)* ® A X fIOTnChM()(®m7 X®n) —>H0mChK(Z®m X X®m, A X X®n>
2 ®z;@8zi ()2 ®¢
that we compose with

(d§",dF"™) : 29" @ XOm - X" o X"

Dz if jeJ,
Z; T — .
r®0or 0@z otherwise,
where J’ is the subset of I such that dy |k, gxen7# 0 and di |k, gxen# 0 for
—J =J
j € J’'. Finally we compose with the isomorphism

Homen (Z9™ @ X®™, XE" & XP™) i(Zg’m)* ® Homep, (X@™, X$™ @ XP™)
FeY (2@ f Iknpxen)
icl
and get the map
(5™, df™)s s 25 @ Zi @ € Y (2E © (5™, dF™) 0 25(—)-2 ® €) [z, mxom)-
kel
O

2.4.2. The associated prop of P-diagrams. The key observation is that these two
maps (d§™)*®(dY™)* and (d§", dY™)., fixing the prop structure on Endz(x)(m, n)
in function of those of (Z®™)*®@Z®"@ Endx (m,n) and Endx,(m,n)®Endx, (m,n),
do not modify the operations £ € Endx(m,n) themselves. Therefore, we replace
Endx,(m,n), Endx,(m,n) and Endx(m,n) by Py(m,n), Pi(m,n) and P(m,n)
to get this new pullback

Endz(py(m,n) Py(m,n) @ Pi(m,n)
(ZEm) @ Z%" @ P(m,n) ——= (Z®™)* @ Py(m,n) @ (Z¥™)* @ Py(m,n)

(d@™.d¥™).

The explicit formulae of the applications defining this pullback, given by Lemmas
2.5 and 2.6, show that these replacements do not break the prop structure transfer.
Thus we get the desired prop of P-diagrams Endzp)y having the same shape as
that of E'ndz(x) and thus acting naturally on the associated diagram of P-algebras
via the evaluation morphism

evyx : Endzpy — Endz(x).
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2.5. The prop Endyp) and the functorial path object in P-algebras. Now
let us define Endypy. For every (m,n) € N2, the pullback

Endyx)(m,n) Endz(x)(m,n)
i l(sg’m)*opr
Endx(m,n) W Homx z(x)(m,n)

induces via the isomorphims explained at the beginning of 3.3 and 3.4.1 a pullback
Endyxy(m,n) ——— Endz(x)(m,n)

i J{(s@”"’)*opr

Endx(m,n) —— Z®" @ Endx(m,n)
(s®m)

In the same manner as before, given that s : X — Z ® X sends every x € X to
7 ® x, the map (s®m)* is of the form

(Z%™)* @ 28" @ Endx(m,n) —Z%" @ Endx (m,n)

Z®¢ ifjeK,

2i Rz Q&
Z©2i®8 {O otherwise,

where K is a certain subset of I and (s®"), is of the form

Endx(m,n) -Z%" @ Endx(m,n)
Y 2i®¢

1€K'

where K’ is a certain subset of I’. These two maps (s®™)* o pr and (s®7),, fixing
the prop structure on Endy x)(m,n) in function of those of Endz x(m,n) and
Endx(m,n), do not modify the operations £ € Endx(m,n) themselves. Therefore,
we replace Endx (m,n) by P(m,n) and Endz x)(m,n) by Endzpy(m,n) to get
this new pullback

Endypy(m,n) — Endzpy(m,n)

i i(s@’m)*opr

P(m,n) — Z%" @ P(m,n)
(@7

The explicit formulae of the applications defining this pullback show that these

replacements do not break the prop structure transfer. Thus we get the desired prop

of P-diagrams Endyp) having the same shape as that of Endy,x) and thus acting

naturally on the associated diagram of P-algebras via the evaluation morphism
evy : Endypy — Endyx).

We finally obtain the following lemma:
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Lemma 2.7. There is a commutative diagram of props

Endy(p) == Bndyx)

.

P — P Endv(x)

Now we want to prove that the morphism P — Endy x) lifts to a morphism
P — E’I’Ldy(p) 63( E’I’Ldy(X)l

Lemma 2.8. The map w is an acyclic fibration in the category of props.

Proof. According to the model category structure on P, it is sufficient to prove that
for every (m,n) € N2, 7(m,n) is an acyclic fibration of chain complexes. The map
m(m,n) is given by the base extension

w(m,n) = P(m,n) X o(m,n) X (Po(m,n)@P(m,n))
Homp, z(py(m,n) Homz(py,py (m,n)®Homzpy, p, (m,n)
where

d(m,n): Endzp) (m,n) — Homp z(py(m,n) (Homz(py,p, (m,n)EBI-IomZ(p)Jp1 (m,n))

X
Po(m,n)®P1(m;n)

comes from the diagram

Endzpy(m,n) &\
w

pullback ——— Homyp p,(m,n) @ Homzpy p,(m,n))

Homp, z(py(m,n) Py(m,n) @ Py(m,n)

(dg™,dP"™)x

i.e.

(Z9m)* @ Z®" @ P(m,n)

m\\

pullback ——— (Z¥™)* @ (Py(m,n) & Py(m,n))

Z®" @ P(m,n) Py(m,n) ® Pr(m,n)

(s®@m)*

(d(()@'rL7d(1®'rL)*
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We have an isomorphism
Py(m,n) @ Py (m,n) E>(Kpo ®Kp1) ® P(m,n)
p@pP —po@p+p1@p
where py and p; are two generators of degree 0. The previous computations give
(d3",dY™) s 29" @ P(m,n) —(Kpy ® Kp1) ® P(m,n)
Sope {(po ep)ep il
Po ®porp; @p otherwise,
and the map
(s®@m)*x @ (s@m)* : (Z9™)* @ (Kpo @ Kp1) ® P(m,n) — (Kpo ® Kp1) ® P(m,n)
is defined by

(Apo @ pup1) @ por Apo @ por upy @ p, if j € K,

25 @ (Apo @ Qp
25 @ (Apo ® pp1) @ p {0:0®p otherwise.

We have similar results for the two maps starting from (Z%™)* @ Z®" @ P(m,n).
We deduce that the previous diagram is the image under the functor — ® P(m,n)
of the dual pushout-product

HomChK(Z®m7Z®n) (9dg,dq )+
N\

pullback ———— Homcp, (2™, Kpg ® Kpy)

| :

Homeny, (K, Z9™) 4)> Homen, (K, Kpy & Kp)

(gdﬂ,dl *

modulo the isomorphisms

Z®n = HomChK(K, Z®n)7
(Z2%™)* © Z%" = Homen, (257, Z%™),

(Z29™)* @ (Kpy © Kp1) = Homen, (2™, Kpo & Kpy)
and
Kpo © Kp1 = Homen, (K, Kpo & Kp1).

The map gq,.4, : 2" — Kpo @ Kp; is surjective so it is a fibration of chain
complexes. Recall that we have a decomposition of Z into Z = Z ® Kr where Z is
acyclic, which implies a decomposition of Z®™ of the form Z®™ = S, & K(7®")
where S,,, is acyclic because it is a sum of tensor products containing Z. The map
fs is an injection sending K on K(7®") so it is a cofibration, and S, is acyclic so
fs is an acyclic cofibration. Applying the axiom MM1’ in Chg we conclude that
(f%,(gdg,d,)+) is an acyclic fibration. Therefore ¢(m,n) = (fZ, (gdo,d,)+) @ idp(m,n)

S
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is an acyclic fibration, and so is 7w(m,n), given that the class of acyclic fibrations
is stable by base extension. ([
We have proved the following result:

Proposition 2.9. There is a functorial P-action P — Endy x), and consequently
a functorial path object Z : (Chg)Y — (Chx)T in the category of cofibrant-fibrant
P-algebras (Chx)T .

2.6. Proof of the final result. Consider now the square of inclusions of diagrams

T(X) = V(X)

Z(X)—=V(X)
where V(X), Z(X) and Y(X) are the diagrams defined previously and 7 (X) is the
diagram { Xy, X;} consisting of two copies of X and no arrows between them. This

square of inclusions induces the following commutative square of endomorphism
props

Endy(x) L) Endz(x)
o
E?’Ldy(x) T> EndT(X)

where u©*, v*, t* and w* are the maps induced by the inclusions of the associated
diagrams of P-algebras. We have a commutative diagram of props of P-diagrams
reflecting this square

W

Endy(p) Endz(p)

Endv(P) = P*;Endﬂp) =Py x P

where v* is the acyclic fibration 7 of Lemma 2.8 and u* is a fibration because it
is clearly surjective in each biarity (recall that the surjective morphisms are the
fibrations of Chg and that the fibrations of P are determined componentwise).
Now we can use this commutative square to prove the final result:

Theorem 2.10. Let P be a cofibrant prop and ¢,y : P — P two homotopic prop
morphisms, then there exists a diagram of functors

" & 7St
where Z is the path object functor defined in Proposition 2.9 and the natural trans-
formations are pointwise acyclic fibrations.
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Proof. This proof follows the arguments of the proof of Theorem 8.4 in [6]. We
consider a cylinder object of P fitting in a diagram of the form:
PVP>~—>pP-"sp
(do,d1) S0
The components dg and d; of the morphism (dy, d1) are acyclic cofibrations because
P is cofibrant by assumption (see Lemma 4.4 in [3]) and sp an acyclic fibration.
The fact that ¢ and v are homotopic implies the existence of a lifting in

P\/P(W) p
I ' /1
(do,d1) //
~ s

P

We produce the lifting

k7 i
- ~lv

P

e
7

P

(by the axiom MC4 of model categories, see [3]) and form (o sg,h) : P — Py x Py
in order to get the following commutative diagram:

P#Endy(p) LEndZ(p)
l ///7 .
do |~ _ - - iu

p=_ Py x P
(¢o50,h) 07t

We have (¢osg,h)ody = (posgody,hody) = (p,p) and u* ow* ok =t*ov* ok =
t* o = (v, ) so this diagram is indeed commutative and there exists a lifting
(axiom MC4) [ : P Endzpy. Then we form lod; : P — Endzpy and observe
that u* olod; = (posg,h)od; = (posgodi,hody) = (p,%), i.e. we obtain the
following diagram:

Endz(p) & E?’Ldz(x)

<

P *%Z Po X P1 W EndT(X)
and consequently a diagram of functors ¢* «z5 1*. The functorial path object
Z on Chg preserves weak equivalences and restrict to an endofunctor of wChg, so
the associated functorial path object Z on Ch¥ do the same. Moreover, the natural
transformations are weak equivalences in each component, so this diagram restricts
to the desired diagram of endofunctors of wChf. O

Now we can conclude the proof of Theorem 0.1 in the case £ = Chy:
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Theorem 2.11. Let Chg be the category of Z-graded chain complexes over a field
K of characteristic zero. Let ¢ : P = Q be a weak equivalence between two cofibrant
props. The map @ gives rise to a functor ¢* : w(Chg)® — w(Chg)F which induces
a weak equivalence of simplicial sets N'o* : Nw(Chg)? = Nw(Chg)F.

Proof. Recall that P is the category of props in Chg. Let us suppose first that

p: P N Q is an acyclic cofibration between two cofibrants props of P. All objects
in Chy are fibrant, so by definition of the model category structure on P the prop
P is fibrant and thus we have the following lifting

— s P

P
7
s /
wl~ 7
/
Q

—p

<

where s : Q = P satisfies
sop=1dp
pos~idg
(the relation ~ is the homotopy relation for the model category structure of P).

These maps induce functors ¢* : (WEF)? — (wEP and s* : (WP —
(w&EF)?. Applying the simplicial nerve functor, we obtain

N(s o)t = N<,0* oNs* = id(wgcf)P
N(pos) =Ns*" o Np* ~idgerya

so N* is a homotopy equivalence in sSet, which implies that it is a weak equiva-
lence of simplicial sets . The functor

P —sSet
P = Nw(EHP

is defined between two model categories, and maps the acyclic cofibrations between
cofibrant objects to weak equivalences, so it preserves weak equivalences between
cofibrant objects according to Brown’s lemma. ([

2.7. The general case of a category £ tensored over Chg. To complete our
results we explain how the proof of Theorem 2.10 extends to a category £ tensored
over Chg.

Theorem 2.12. Let £ be a cofibrantly generated symmetric monoidal model cate-
gory over Chg. Let ¢ : P = Q be a weak equivalence between two cofibrant props
defined in Chyg. This morphism o gives rise to a functor ¢* : w(E°)Q — w(£)F
which induces a weak equivalence of simplicial sets N'o* : Nw(E€)? — Nw(E)PF.
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Proof. The chain complex Z defined previously is itself the path object on C?, so
we have the commutative diagram

Given that C° is the unit of Chg, for any X € £ we have C° ® X = X, thus by
applying the functor — ® X we get the commutative diagram

_ X .
/%;dx

X>—">70X

s®idx
Widx

X1

The axiom MMI1 for the external tensor product ® implies that if X is cofi-
brant, then the functor —® X preserves acyclic cofibrations of Chg (all the objects
of Chyg are cofibrant) and thus, by Brown’s lemma, it preserves the weak equiva-
lences. Therefore s ® idx is still an acyclic cofibration and dy ® idx, d; ® idx are
weak equivalences. Moreover, given the properties of ® and the fact that endomor-
phism props in Chyk for objects of £ are defined with the external hom bifunctor
Homg(—,—) of £, we have the following isomorphisms:

Endzgx(m,n) = Homeg((Z @ X)®™ (Z @ X)®™)
=~ Home(Z®9™ @ X®™ 79" @ X®™)
> (Z9™* © Z®" @ Endx (m,n)

Homx zgx(m,n) = Homg(X®™, (Z @ X)®™)
>~ Homg(X®™, 2™ @ X®m)
>~ 79" ® Endx(m,n),

and

Homzgx x,(m,n) = Home ((Z @ X)®™, X®™)
> Homg(Z%9™ @ X®™, X®™)
~ (Z®9™)* @ Endx,(m,n).

The proofs of 2.3, 2.4 and 2.5 extend without changes to the case of a category £
tensored over C'hgk: we still work in C'hg, and as before the operations associated
to s®idyx, dy®idx and dy ® idx in the pullbacks do not transform the elements of
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Endx (m,n) themselves, so that the replacement of Endx(m,n) by P(m,n) does
not break the transfer of prop structure in these pullbacks. We obtain a diagram of
endofunctors ¢* < Z 5 ¢* of (£°)F where the natural transformations are weak
equivalences in each component, so this diagram restricts to the desired diagram of
endofunctors of w(£¢)P. Theorem 0.1 is proved in the general case. O

3. EXTENSION OF THE RESULTS IN THE COLORED PROP SETTING

Definition 3.1. Let C be a non-empty set, called the set of colors, and C be a
symmetric monoidal category.

(1) A C-colored E-biobject M is a double sequence of objects {M(m,n) €
E}(m,nyenz where each M(m,n) admits commuting left ,,-action and right X,-
action as well as a decomposition

M(m,n) = colime; g,ecM(c1, ..., Cm;di, ..., dy)

compatible with these actions. The objects M(cy, ..., ¢m; di, ..., d,) should be thought
as spaces of operations with colors cy, ..., ¢, indexing the m inputs and colors
dy, ..., d, indexing the n outputs.

(2) A C-colored prop P is a C-colored X-biobject endowed with a horizontal
composition

op : P(Cll, . Clml;dlla . dlnl) R...&® P(Ckl, . Ckkadkly ---7dkn1) —
P(ci1y ooy Chmyg s At s s dieny ) € Py + oo+ mp, g + .o+ 1)

and a vertical composition

0yt Plc1y ooy Clydyy vy dp)QP(ay, ooy @y b1, ooy b)) = Play, ..., am;da, ...y dn) € P(m,n)

which is equal to zero unless b; = ¢; for 1 < i < k. These two compositions satisfy
associativity axioms (we refer the reader to [12] for details).

Definition 3.2. (1) Let {X.}c be a collection of objects of £. The C-colored
endomorphism prop Endix y. is defined by

Endix (1, emidi,.ydy) = Home (Xe, ® ... ® Xe,, Xa, ® ... @ Xg,,)

with horizontal composition given by the tensor product of homomorphisms and
vertical composition given by the composition of homomorphisms with matching
colors.

(2) Let P be a C-colored prop. A P-algebra is the data of a collection of objects
{Xc}c and a C-colored prop morphism P — End;x. -

Example 3.3. Let I be a small category, P a prop in C. We can build an ob(I)-
colored prop P; such that the Pr-algebras are the I-diagrams of P-algebras in £ in
the same way as that of [15].
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To endow the category of colored props with a model category structure, the
cofibrantly generated symmetric monoidal model structure on C is not sufficient.
We have to suppose moreover that the domains of the generating cofibrations and
acyclic generating cofibrations are small (cf [10], 10.4.1), that is to say, the model
structure is strongly cofibrantly generated:

Theorem 3.4. (c¢f. [12], Theorem 1.1) Let C be a non-empty set. Let C be a
strongly coftbrantly generated symmetric monoidal model category with a symmetric
monoidal fibrant replacement functor, and either:

(1) a cofibrant unit and a cocommutative interval, or

(2) functorial path data.

Then the category Pc of C-colored props in C forms a strongly cofibrantly gen-
erated model category with fibrations and weak equivalences defined componentwise

in C.

This theorem works in particular with the categories of simplicial sets, simplicial
modules over a commutative ring, and chain complexes over a ring of characteristic
0 (our main category in this paper).

This model structure is similar to that of 1-colored props, and we can define C-
colored endomorphism props of morphisms (see [12], Section 4) and more generally
of any kind of diagram, so the lifting properties used in the previous section work in
the C-colored case. Moreover, in the proof of Theorem 0.1, the replacement of the
operations X®™ — X®" by P(m,n) can be done using a C-colored prop P instead
of a 1-colored one without changing anything to the proof, therefore we finally
get the C-colored version of Theorem 0.1. We do not have to change anything to
Theorem 0.1, given that C'hg satisfies the hypotheses of Theorem 3.4. The colored
version of Corollary 0.3 then follows in the same way.

4. AFTERWORD

Let £ be a symmetric monoidal model category over Chk. Let P be a cofibrant
prop defined in Chg and X an object of £. One can consider the moduli space
P{X} of P-algebra structures on X, which is a simplicial set whose 0-simplexes are
prop morphisms P — Endx representing all the P-algebra structures on X. More
precisely, the moduli space of P-algebra structures on X is the simplicial set such
that

P{X} = Morp,(P® Al-], Endx)

where (—) ® A[—] is a cosimplicial resolution of P. This space is a Kan complex
which is homotopy invariant under weak equivalences of cofibrant props at the
source (it follows from general arguments on simplicial mapping spaces in model
categories, see Chapter 16 of [10]). Moreover, its connected components are exactly
the homotopy classes of P-algebra structures on X.

As a consequence of Theorem 0.1, one can follow arguments similar to those of
Rezk in [19] to characterize such a moduli space as a homotopy fiber of a map be-
tween classifying spaces. To be explicit, we have a homotopy pullback of simplicial
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sets
P{X} —— N(fw(&)")

| |

{X} ——— N (w&)

where fw(£¢)F is the subcategory of morphisms of P-algebras being acyclic fibra-
tions in £.

We will prove in a follow-up paper that the classifying space of acyclic fibra-
tions N(fw(£°)F) is actually weakly equivalent to the whole classifying space
N(w(&)T). We accordingly have a homotopy pullback which extends to the set-
ting of algebras over dg (colored) props the result obtained by Rezk (Theorem 1.1.5
of [19]) in the operadic case

P{X} ——= N(w(£%)")

L

(X} —— N(we?)

This result implies in particular that the moduli space admits a decomposition
in classifying spaces of homotopy automorphisms

P{X} ~ [[WLw(E)" (X, X)
[X]

where [X] ranges over the weak equivalence classes of P-algebras having X as
underlying object. An interesting set-theoretic consequence is that the homotopy
automorphisms of P-algebras Lw(£¢)F (X, X) are homotopically small in the sense
of Dwyer-Kan [4].

REFERENCES

[1] J. Boardman, R. Vogt, Homotopy-everything H-spaces, Bull. Amer. Math. Soc. 74 (1968),
1117-1122.

[2] J. Boardman, R. Vogt, Homotopy invariant algebraic structures on topological spaces, Lecture
Notes in Mathematics 347, Springer-Verlag, 1973.

[3] W. G. Dwyer, J. Spalinski, Homotopy theories and model categories, Handbook of Algebraic
Topology (1995), 73-126.

[4] W. G. Dwyer, D. M. Kan, Function complezes in homotopical algebra, Topology 19 (1980),
pp. 427-440.

[5] Benjamin Enriquez, Pavel Etingof, On the invertibility of quantization functors, Journal of
Algebra volume 289 (2005), 321-345.

[6] Benoit Fresse, Props in model categories and homotopy invariance of structures, Georgian
Math. J. 17 (2010), pp. 79-160.

[7] Benoit Fresse, Modules over operads and functors, Lecture Notes in Mathematics 1967,
Springer-Verlag (2009).

[8] Benoit Fresse, The bar complex of an E-infinity algebra, Adv. Math. 223 (2010), pp. 2049-
2096.

[9] Paul G. Goerss, John F. Jardine, Simplicial homotopy theory, Modern Birkhatiser Classics,
Birkhatiser Verlag (1999).

[10] Philip S. Hirschhorn, Model categories and their localizations, Mathematical Surveys and
Monographs volume 99, AMS (2003).

[11] Mark Hovey, Model categories, Mathematical Surveys and Monographs volume 63, AMS
(1999).



(12]
(13]
14]
[15]
[16]
(17]

18]

CLASSIFYING SPACES OF ALGEBRAS OVER A PROP 27

Mark W. Johnson, Donald Yau, On homotopy invariance for algebras over colored PROPs,
Journal of Homotopy and Related Structures 4 (2009), 275-315.

Saunders MacLane, Categories for the working mathematician, Graduate texts in Mathe-
matics, second edition, Springer Verlag (1998).

Saunders MacLane, Categorical algebra, Bull. Amer. Math. Soc. Volume 71, Number 1 (1965),
40-106.

Martin Markl, Homotopy algebras are homotopy algebras, Forum Math. 16 (2004), 129-160.
P. May, Simplicial objects in algebraic topology, Chicago Lectures in Mathematics, 1967.

P. May, The geometry of iterated loop spaces, Lecture Notes in Mathematics 271, Springer-
Verlag, 1972.

Daniel G. Quillen, Higher algebraic K-theory I, in Higher K-theories, Vol. I, Lecture Notes
in Mathematics 341, Springer-Verlag (1973), pp. 85-147.

[19] Charles Rezk, Spaces of algebra structures and cohomology of operads, PhD Thesis, Mas-

sachusetts Institute of Technology (1996).

LABORATOIRE PAUL PAINLEVE, UNIVERSITE DE LILLE 1, CITE SCIENTIFIQUE, 59655 VILLENEUVE

D’Ascq CEDEX, FRANCE

E-mail address: Sinan.Yalin@ed.univ-1lillel.fr



