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MONOIDAL COFIBRANT RESOLUTIONS OF DG ALGEBRAS

BORIS SHOIKHET

ABSTRACT. Let k be a field of any characteristic. In this paper, we construct
a functorial cofibrant resolution PR(A) for the Z<o-graded dg algebras A over
k, such that the functor A ~» 9R(A) is colax-monoidal with quasi-isomorphisms
as the colax maps. More precisely, there are maps of bifunctors R(A ® B) —
R(A) ® R(B), compatible with the projections to A ® B, and obeying the colax-
monoidal axiom.

The main application of such resolution (which we consider in our next paper) is
the existence of a colax-monoidal dg localization of pre-triangulated dg categories,
such that the localization is a genuine dg category (not just an object of the
homotopy category of dg categories), whose image in the homotopy category of
dg categories is equivalent to the Toén’s localization.

INTRODUCTION

0.1 THE MAIN THEOREM

Let k be a field of any characteristic.

It is known that any associative algebra A over k admits a free resolution, that is, a free
associative dg algebra JR(A) endowed with a quasi-isomorphism of algebras ps: R(A) — A.
Here we specify this claim as follows. Having two associative algebras A and B over k, A®Q B is
an associative algebra again. We want to choose a functorial free resolution J3(A) for all algebras
A over k, such that R(A ® B) and R(A) @ R(B) are related by a functorial quasi-isomorphism,
defined over A ® B.

More precisely, we want to find a functor A ~ R(A) with R(A) a free associative dg algebra,
such that there exist a morphism of bifunctors

B: R(A® B) = R(A) @ R(B)
such that for any two algebras A, B the map (B(A, B) is a quasi-isomorphism, the diagram

R(A® B) o R(A) ® R(B) (0.1)
Mx @
A®B



is commuative, and such that for any three algebras A, B, C, the diagram

N(A® B C)

|

R(A) @ R(B @ C) — R(A) @ R(B) @ R(C)

R(A® B) @ R(C) (0.2)

is commutative. A functor F': My — My between two monoidal categories, with a map of
bifunctors f: F(A ® B) — F(A) ® F(B) for which the diagram (0.2) commutes, is called
colaz-monoidal (see Definition 5.1 below for the precise definition of a colax-monoidal functor).

We explain below in this Introduction (see Section 0.2 below) why the existence of such
resolutions JR(A) is important for applications.

In fact, in this paper we allow for algebras themselves A, B, ... to be dg algebras (not just
usual algebras, concentrated in degree 0). We use the technique of closed model categories,
introduced and developed by Quillen in [Q].

Roughly speaking, the theory of closed model categories is a homological algebra in non-
abelian (an non-additive) setting. A closed model category is a category € with some three
classes of morphisms, called weak equivalences, fibrations, and cofibrations. The class of weak
equivalences is the most essential. In abelian setting, the weak equivalences of complexes are
the quasi-isomorphisms of complexes. The goal of the theory is to construct the localization
(or homotopy category) HoC = C[W~!] by the class of weak equivalences, and for some special
“right or left exact” functors F': € — D, to construct its total derived functor F: HoC — HoD.

In this paper, we assume the reader has some familiarity with the foundations of closed
model categories. We use contemporary texts [Hir], [GS], and [DS] as references on closed
model categories.

The closed model structure on the category of associative dg algebras Algy over a field k of
any characteristic (and as well, for the category of dg algebras over any operad, over a field of
characteristic 0) was constructed by Hinich [Hi]. For this structure, the weak equivalences are
the quasi-isomorphisms of dg algebras, the fibrations are the component-wise surjective maps
of dg algebras, and the cofibrations are uniquely defined from the weak equivalences and the
fibrations, by the left lifting property.

Let us recall an explicit description of the cofibrant objects.

A dg associative algebra A is called standard cofibrant if there is an increasing filtration on
A, A= colim A;,

Ay C AL C A C ...
such that the underlying graded algebra A; is obtained from A;_; by adding the free generators

graded space V;,
Ai=Ai1xT(V;)

such that
d(V;) C A1



for i > 1, and Ag has zero differential. Here * is the free product of algebras, which is the same
as the categorical coproduct of algebras, and T'(V;) is the free graded algebra on generators Vj.

The description is: any cofibrant dg associative algebra is a retract of a standard cofibrant
dg algebra.

As follows from this description, for Z<g-graded dg algebras, the concepts of free dg algebras
and of cofibrant dg algebras coincide. For Z-graded dg algebras, the two concepts are not the
same: for a cofibrant Z-graded dg algebra, the underlying graded algebra is free, but the
differential has special “triangular” form.

For the description of the closed model structure on the category of simplicial associative
algebras, see (1.9) below.

Denote the category of Z<p-graded associative algebras by .Algkgo.

Our main result is:

THEOREM 0.1. Let k be a field of any characteristic. There is a functor R: .Algkgo — .Algkgo
and a morphism of functors w: R — Id with the following properties:

1. R(A) is cofibrant, and w: R(A) — A is a quasi-isomorphism, for any A € Algkgo,

2. there is a colaz-monoidal structure on the functor R, such that all colax-maps B, p: R(A®
B) — R(A) @ R(B) are quasi-isomorphisms of dg algebras, and such that the diagram

Ba,B

R(A® B) R(A) @ R(B)

1s commautative,

3. the morphism w(k"): R(k") — k* coincides with a: R(k") — k°, where « is a part of the
colax-monoidal structure (see Definition 5.1), and k* = 1Alg§0 is the dg algebra equal to
k

the one-dimensional k-algebra in degree 0, and vanishing in other degrees.

Note once again, that in the context of this Theorem, the words “cofibrant” and “free” are
Synonymous.

0.2 APPLICATIONS

Here we explain why Theorem 0.1 is interesting. The results mentioned here will be proven in
our sequel paper(s).

Some of our intentions is to use the ideas of [KT] in the differential graded context. Kock
and Toén (loc.cit.) work with simplicial algebras. They emphasize that their methods may not
work for non-cartesian monoidal categories. The matter is that the standard definition of weak



Segal monoids, they essentially use, assumes that the monoidal product is isomorphic to the
cartesian product.

There is, however, a definition due to Leinster [Le|, of weak Segal monoids in non-cartesian
monoidal categories. (Note that the category of vector spaces, the category of complexes of
vector spaces, etc. are non-cartesian monoidal, as the monoidal product is the tensor product
and the cartesian product is the direct sum).

Working with the Leinster’s definition, one needs to know a finer monoidal property of the
localization (see Theorem 0.3 below) than the one used in [KT].

Let Gat%g denotes the category of U-small dg categories over a field k, let @Cat%g denotes
the category of colored U-small dg categories over k, and let, finally, Gatﬁre_tr (resp., @Gat{}re_tr)
denotes the category of U-small pre-triangulated dg categories (resp., the category of colored
U-small pre-triangulated dg categories) over k. The either of these three categories is symmetric
monoidal, with ®; as the monoidal product.

Tabuada [Tab] constructed a closed model structure on the category of U-small dg categories;
this structure is assumed in the two following statements.

THEOREM 0.2 (to be proven later). Let k be a field of any characteristic. There is a functor
R: C’atl{fe_“ — G%g and a morphism of functors w: R — Id with the following properties:

. . . re—tr
1. R(C) is cofibrant, and w: R(C) — C is a weak equivalence, for any C' € Cat{) ,

2. there is a colaz-monoidal structure on the functor R, such that all colaz-maps fc.p: R(C®
D) — R(C) @ R(D) are weak equivalences of dg categories, and such that the diagram

Bc,p

R(C® D) ’ R(C) @ R(D)

~.

C®D

15 commutative.

To prove Theorem 0.2, we firstly extend our Main Theorem 0.1 from Z<-graded dg algebras
to Z<o-graded dg categories, this is rather straightforward. In the next step, we extend the result
from Z<p-graded dg categories to pre-triangulated dg categories. It seems that the analogous
statement is not true for general Z-graded dg categories (not the pre-triangulated ones).

THEOREM 0.3 (to be proven later). There is a localization functor

re—tr d
L: CCat{* " — Gat[é’j

from colored pre-triangulated U-small dg categories to dg U-categories, with the following prop-
erties:



(i) L is colaz-monoidal, with weak equivalences of dg categories as the colax maps 3(C, D),
(i1) B(C, D) is defined over C ® D, for any two pre-triangulated dg categories C, D,

(i1i) the image of L(C,S) under the projection to the homotopy category Ho@at%g coincides
with the Toén dg localization [To], Sect.8.2.

Toén defines a localization of the dg categories with nice homotopy properties (see [Tol,
Corollary 8.7) as the homotopy colimit of some push-out-angle diagram. It is possible to com-
pute this homotopy colimit as the genuine colimit of a cofibrant replacement of the initial dia-
gram. We use the cofibrant resolution SR(C), given in Theorem 0.2, for this replacement. (In
fact, the push-out-angle diagrams and the pull-back-angle diagrams in a closed model category
admit closed model structures, with component-wise weak equivalences as the weak equiva-
lences, see [DS], Section 10).

We use Theorem 0.3 for a conceptual proof of the Deligne conjecture for abelian n-fold
monoidal categories, as well as for proofs of other results in deformation theory. The details
will appear elsewhere.

0.3 PLAN OF THE PAPER

We start with proving a direct analogue of Theorem 0.1 for simplicial associative algebras over
k, instead of Z<g-graded dg associative algebras (see Theorem 1.1 below). It turns that the
Theorem becomes much simpler in the simplicial setting. We solve it by an explicit construction,
which reminiscences the construction used by Dwyer-Kan in their first paper [DK1] on simplicial
localization. This is done in Section 1.

The rough idea of the remaining Sections is to “transfer” the solution of Theorem 1.1 for
simplicial algebras to a solution to the Main Theorem 0.1, using the Dold-Kan correspondence
and passing to the categories of monoids. One should say, it is not very straightforward. The
main techniques we use are, along with some well-known results on closed model categories,
at first, some results on weak monoidal Quillen pairs, due to Schwede and Shipley [SchS03],
and, at second, a result that the bialgebra aziom is fulfilled in the context of the Dold-Kan
correspondence (proven independently in [Sh2] and, before, in [AM]).

Sections 2 and 3 are preparatory to the culminating Section 4, where the Main Theorem
is proven (as Theorem 4.1). In Section 2 we recall those results on monoids, due to Schwede-
Shipley [SchS03], which do not deal with homotopy theory, and discuss the role of the bialgebra
axiom, following [Sh2]. In Section 3 we recall the Dold-Kan correspondence, emphasizing on its
monoidal properties.

In Section 4 all different parts of the game play together, and lead us to the proof of the
Main Theorem.

In Section 5 we collect the definitions expressed in some commutative diagrams, these are
the precise definitions of a lax-monoidal and of a colax-monoidal functors, and formulate the



bialgebra axiom. This Section is included to the paper to ease the reader’s reference.

0.4 NOTATIONS

Throughout the paper, k denotes a field of any characteristic. An “algebra” always means an
“associative algebra”. All our algebras have unit.

All differentials in this paper have degree +1, as is common in the algebraic literature.

Let A be the category whose objects are [0], [1], [2], [3], and so on, where [n] denotes the
completely ordered sets with n + 1 elements 0 < 1 <2 < --- < n. A morphism f: [m] — [n]
is any map obeying f(i) < f(j) when ¢ < j. A simplicial object in a category € is a functor
A°PP — @, and a cosimplicial object in € is a functor A — €. We denote by €2 the category of
simplicial objects in € and by 2" the category of cosimplicial objects in €. This notation is
indeed confusing, but seemingly it is traditional now.

All categories we consider in this paper are small for some universe. We do not meet here any
set-theoretical troubles related with the localization of categories, and we ignore the adjective
“small” in all our formulations (except Section 0.2).

ACKNOWLEDGMENTS

I am grateful to Stefan Schwede and to Vadik Vologodsky for their interest in my work and
for valuable discussions. I am greatly indebted to Martin Schlichenmaier for his kindness and
support during my 5-year appointment at the University of Luxembourg, which made possible
my further development as a mathematician. The work was done during research stay at the
Max-Planck Institut fiir Mathematik, Bonn. I am thankful to the MPIM for hospitality, for
financial support, and for very creative working atmosphere.

1 THE CASE OF SIMPLICIAL ALGEBRAS

The category AlgkA of simplicial algebras over field k is monoidal, with degree-wise ®; as the
monoidal structure, and it admits a closed model structure. We recall this closed model structure
in Section 1.2 below. We refer to this closed model structure in the following result.

THEOREM 1.1 (Main Theorem for simplicial algebras). Let k be a field of any characteristic.
There is a functor R: AlgkA — AlgkA and a morphism of functors w: R — Id with the following
properties:

1. R(A) is cofibrant, and w: R(A) — A is a weak equivalence, for any A € AlgkA,



2. there is a colaz-monoidal structure on the functor R, such that all colax-maps Ba, p: R(A®
B) — R(A)@R(B) are weak equivalences of simplicial algebras, and such that the diagram

Ba,B

R(A® B) : N(A) @ R(B)

~

A®B

18 commautative,

3. the morphism w(k,): R(k,) — k. coincides with o: R(k,) — k., where o is a part of
the colaz-monoidal structure (see Definition 5.1), and k, = 1AlgkA is the simplicial algebra
equal to the one-dimensional k-algebra k in each degree.

1.1 THE CONSTRUCTION

The idea is very easy. Let A, be a simplicial algebra. There is the forgetful functor AlgkA —
\7ectkA to simplicial vector spaces, having a left adjoint functor of “free objects”. This is the
functor A, ~» (T'A),, with

(TA), = T(4) (1.1)

where T'(Ay) is the free (tensor) algebra. We consider the cotriple, associated with the pair of
adjoint functors (L is the left adjoint to R)

L: Vecty = Alg2: R

(see [W], Section 8.6). Explicitly,
T=LoR (1.2)

This implies that there are maps of functors e: T — id and §: T — T? obeying the cotriple
axioms. These axioms guarantee that the following collection of algebras (F'A)x, k > 0, has a
natural structure of a simplicial algebra (F'A),:

(FA)k _ To(k+l)Ak

(there is the (k4 1)-st iterated tensor power in the r.h.s.), such that the natural map FA, — A,
Ek+1 . . . o .
T+ 4, = A, is a weak equivalence of simplicial algebras.

Explicitly, having such a functor 7' with maps of functors e: T — id and 6: T — T2, the
simplicial structure on (F'A), is defined as follows.

When A = A for any k, (A, is a constant simplicial algebra), the formulas for simplicial
algebra structure on (F'A), are:

d; = ToiETo(n—i) . To(n—l—l)A oA

1.
Gy = TOHGTo=0), 7o) 4, ol g (:5)



The cotriple axioms then guarantee the simplicial identities (see [W], Section 8.6.4 for detail).
In general case, when A, is not constant, the simplicial algebra (F'A), is defined as the

diagonal of the bisimplicial set
(FA). = diag((FA.).) (1.4)

For two simplicial algebras A, and B,, there is a canonical embedding
Bap: F(A® B), — (FA), ® (FB),
defined on the level of algebras by iterations of the map
a:T(A®B) - T(A)®@T(B) (1.5)
(@1 ®b) @ @ (ar @b) = (a1 @ Dag) @ (by ® -+ @ by)

The component (84.5): (T°FtVAL) @ (T°FTVB,) — T°*+D (A, ® By) is defined as the

iterated power a°*+1).

LEMMA 1.2. The collection of maps {Be}, £ > 0, defines a map of simplicial algebras
B: (F(A® B)), = (FA), ® (FB).

Proof. Denote the product(s) in Ay by *, the product in 7(V) by ®, and the product in T(T'(V))
by &. Then the formulas for ¢: T — id and §: T — T? are as follows:

€(a1®...®ak):a1*...*ak
5(&1@"'®ak):a1®"'®ak

The statement of Lemma now follows directly from formulas (1.3), expressing the simplicial
faces and degeneracies maps in € and §. O

(1.6)

Our goal in this Subsection is to prove that R(A,) = (F'A), solves Theorem 1.1. We need
to prove

LEMMA 1.3. 1. For any simplicial algebra A, , the simplicial algebra F'A, is cofibrant in the
closed model structure on AlgkA,

2. the map fap: (F(A® B)), = (FA), ® (FB), is a weak equivalence.

Before proving the above Lemma, we need to remind some results concerning the closed
model structure on the category AlgkA, which goes back to Quillen [Q], Section 4.3.



1.2 THE CLOSED MODEL CATEGORY OF SIMPLICIAL ALGEBRAS

Firstly recall the model structure on the category \7ectkA of simplicial vector spaces over field k.

(i) Amap f: X - Y in VectkA is a weak equivalence if it induces an isomorphism
on homotopy groups =, (X) — 7, (Y),

(ii) a map f: X — Y is a fibration if it induces a surjection m, X — mo(X) X7 (y)
m.(Y).

(iii) A map f: X — Y in Vect? is a cofibration if it has a form
Xn =Y, =X, 0V,

for some collection of vector spaces {Vy, Vi, Vo, ...}, such that each simplicial
degeneracy map s;: [n+ 1] — [n] maps V,, to V11, n > 0.

The model category \7ectkA described above is cofibrantly generated (see [GS], Section 3, for
a beautiful short survey of cofibrantly generated model categories). Recall that it means, in
particular, that there are given sets I of generating cofibrations, and J of generating acyclic
cofibrations, subject to the following two properties:

1. the source of any morphism in I obeys the Quillen’s small object argument to the category
of all cofibrations; the source of any morphism in J obeys the small object argument to
the category of all acyclic cofibrations;

2. a morphism is a fibration if and only if it satisfies the left lifting property with respect to
any morphism in J; a morphism is an acyclic fibration if and only if it satisfies the left
lifting property with respect to any morphism in I.

Concerning the Quillen’s small object argument, see [GS], Section 3.1, or [Hir|, Section 10.5, for
thorough treatment. The meaning of these two conditions is that they make possible to prove
the last axiom (CMS5) of a closed model category axioms, which is in a sense the hardest one
(see loc.cit.).
See [GS], Examples 3.4, for explicit description of the sets I and J in the category VectkA.
There is a pair of adjoint functors

L: Vects = Alg: R (1.8)

As the left-hand side category is a cofibrantly generated model category, the model structure can
be “transferred” to the right-hand-side category, and this model category is again cofibrantly



generated. This transfer principle is explained in [GS], Theorem 3.6, and [Hir], Theorem 11.3.2.
As is explained in [GS], Sections 3,4, the assumptions of Theorem 3.6 are satisfied in (1.8).

In the situation when assumptions of Theorem 3.6 of [GS] are fulfilled, the sets L(I) and
L(J) are generating cofibrations (resp., generating acyclic cofibrations) for the category in the
right-hand side.

The obtained closed model structure on Al gkA has the following explicit description, see [GS],
Section 4.3.

(i) amap f: X — Y is a weak equivalence if 7, f: m,. X — 7Y is an isomorphism,

(ii) a map f: X — Y is a fibration if the induced map X — mX X, ;v Y is a
surjection.

(iii) a map f: X — Y is a cofibration in fllgkA if it is a retract of the following free (1.9)
map:
Xn = Yy = X, UT(V,)

as algebras, for some collection {Vy, V1, Va,...} of vector spaces, such that all
degeneracy maps s;: [n + 1] — [n] maps V, to V41, n > 0.

See [Q], Section 4.3 and [GS], Proposition 4.21 for a proof.

1.3 PROOF OF THEOREM 1.1

Firstly we prove

LEMMA 1.4. For any simplicial algebra A,, the simplicial algebra (FA), is cofibrant, and the
projection p: (FA), — A, is an acyclic fibration.

Proof. We need to find vector spaces V; such that (F'A),, = T'(V,,) and such that all degeneracies
maps s;: [n + 1] — [n] define maps of algebras T(V,,) — T(V;,41) induced by some maps
of generators V,, — V,11. We set V,, = T°"(V},), it is clear that this choice satisfies the both
conditions. The statement that the map (F'A), — A, is both a weak equivalence and a fibration,
is clear. O

Next follows

LEMMA 1.5. For any two simplicial algebras A, , B, , the map fap: F(A®B), — (FA),®(FB).
1s a weak equivalence.

10



Proof. 1t is a straightforward and simple check that the diagram

F(A® B). fas (FA). @ (FB). (1.10)
m %
A, @ B,

is commutative. The map pagp is a weak equivalence by Lemma 1.4, the product p4 ® pp
is a weak equivalence by Lemma 1.4 again, and by Condition A (Lemma ??). Then, the
commutativity of the diagram (1.10) implies, by 2-out-of-3 axiom of closed model category,
that the third arrow 84 p is also a weak equivalence. ]

2 MONOIDS AND THE BIALGEBRA AXIOM

2.1 THE CATEGORY OF MONOIDS

Let M be a symmetric monoidal category, MonM be the category of monoids in M. There is
the forgetful functor
f: MonM — M

Under some conditions, the functor f has a left adjoint functor , “the free monoid functor”.
Recall the following result, from [ML], Chapter VII.3:

LEMMA 2.1. Let M be a monoidal category with all finite colimits, such that the functors 7 ® a
and a®? (for fized a) commute with finite colimits. Then the functor M — MonM, X — T(X),

with
TX)=Ix[[X[[x0Xx]]. - (2.1)
is left adjoint to the forgetful functor.

When the finite colimits exist, and there is the inner Hom functor (a right adjoint to the
monoidal product), the functors ? ® a and a®? commute with colimits by general categorical
arguments.

We say that a monoidal category M is good when the assumptions of Lemma 2.1 hold.

Let now My, My be two symmetric monoidal categories, and let F': My — Mo be a functor.
Suppose a lax-monoidal structure ¢ is given. Then there is a functor F™°" = F™°"({r): MonM; —
MonMs, depending on ¢p. For a monoid X in My, the underlying object of F™°"(X) is defined
as F'(X), and the monoid structure is given as

F(X)® F(X) % F(X © X) 2% F(X) (2.2)

We have immediately:

11



LEMMA 2.2. In the above notations, the following two diagram is commutative:

My M, (2.3)

! T

frmon

MonM; — MonM,

Here the vertical upward arrows are the forgetful functors.

2.2 THE LEFT ADJOINT FUNCTOR ON MONOIDS

Suppose now that the functor F' admits a left adjoint functor L: My — Mj. In this case, we
want to construct a functor L™°": MonMy; — MonM;, left adjoint to the functor F™°".
The following Lemma (and the construction in its proof) is due to [SchS03], Section 3.3:

LEMMA 2.3. Suppose the monoidal categories My and My are good, and suppose that the functor
L left adjoint to F' exists. Then the left adjoint functor L'™°": MonMs — MonM; exists, and
it makes the diagram

My L My (2.4)

l l

[, mon

MonM; <— MonM,

commutative. Here the downward vertical arrows are the free monoid functors.

Proof. The second claim is a formal consequence from the existence of L™°", as the free monoid
functors are left adjoint to the forgetful functors. The value L™°"(X) (for a monoid X in M)
is defined as the co-equalizer

T (T3, (X)) T (LX) (2.5)

where Ty denotes the free (tensor) monoid in a monoidal category M, see (2.1). The map « in
(2.5) comes from the map Ty, (X) — X defined from the monoid structure on X, and the map
B in (2.5) is defined from the following map L(T, (X)) — T, (LX):

n—1
LX®X® - 0X) LS LX) LX)®-- @ L(X)
n factors n f;rctors

where ¢y, is the colax-monoidal structure on L adjoint to the lax-monoidal structure £z on F'.
The check that the functor L™°", defined by (2.5), is left adjoint to the functor F™°" is
straightforward and is left to the reader. O

Now we pass to the situation when the functor F' admits, besides the lax-monoidal structure
(r, a colax-monoidal structure cp, compatible by the bialgebra aziom (see Section 5.3 below).

12



2.3 THE BIALGEBRA AXIOM

Fix some notations on adjoint functors.
Let L: A = B: R be two functors. They are called adjoint to each other, with L the left
adjoint and R the right adjoint, when

Morg(LX,Y) ~ Mory (X, RY) (2.6)

where “~” here means “isomorphic as bifunctors A°PP x B — Sets”.
This gives rise to maps of functors e¢: LR — Idg and 7n: Idgy — RL such that the composi-
tions

L% R <L 1

noR Roe (2.7)
R— RLR — R

are identity maps of the functors.

The inverse is true: given maps of functors €: LR — Idg and n: Id4y — RL, obeying (2.7),
gives rise to the isomorphism of bifunctors, that is, to adjoint equivalence (see [ML], Section
IV.1, Theorems 1 and 2).

In particular, the case of adjoint equivalence is the case when e: LR — Idg and n: Idg — RL
are isomorphisms of functors. In this case, setting ¢; = 77! and 7, = e !
adjunction, with L the right adjoint and R the left adjoint.

Let ¢ € Morg(LX,Y). The following explicit formula for its adjoint ) € Mor4 (X, RY') will
be useful:

, we obtain another

x 2 rrx 9 gy (2.8)
and analogously for the way back:
Lx M LRy Sy (2.9)

(see [ML], Section IV.1).

Let now € and D be two symmetric monoidal categories, F': € — D a functor. Suppose
a lax-monoidal structure £z and a colax-monoidal structure cp on F' are given. The bialgebra
aziom is some compatibility condition on the pair (¢, fF), see Section 5.3. Recall the following
simple fact from [Sh2], Section 2:

LEMMA 2.4. Let C and D be two strict symmetric monoidal categories, and let F: € = D: G
be an adjoint equivalence of the underlying categories. Then given a pair (cp,lp) where cp is
a colax-monoidal structure on F', £r is a laz-monoidal structure on F', one can assign to it a
pair (cg,la) of analogous structures on G. If € and D are symmetric monoidal, and if the pair
(cr,lr) satisfies the bialgebra axiom (see Section 5.3), the pair (cq,lq) satisfies the bialgebra
aziom as well.
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Proof. Suppose (cp, ) are done. We firstly write down the formulas for /¢ and cg.

Formula for ¢q:
GX®GY 5 GF(GX ® GY) 5 G(FGX ® FGY) 25 G(X ®Y) (2.10)

Formula for cq:

G(X ®Y) 2 QFGX © FGY) 5 GF(GX © GY) "5 GX © GY (2.11)

When we now write down the bialgebra axiom diagram (see Section 5.3) for (cg,lg) we see
due to cancelations of € with ¢! and of i with ™!, that the diagram is commutative as soon
as the diagram for (cp, fp) is. O

LEMMA 2.5. Let C,D be two symmetric monoidal categories, and let F': € — D be a functor.
Suppose a lax-monoidal structure {rp on F is given. Consider the functor

Fon = pot(fp): MonC — MonD

defined in (2.2). Then the map F™™"(X)Q F™™(Y) — F™™"(X ®Y), defined on the underlying
objects as Lr, is a map of monoids, and, therefore, gives a lax-monoidal structure on F™°". Let
now cp be a colax-monoidal structure on F. If ((p,cp) satisfies the bialgebra axiom, the map
FPYX ®@Y) —» FmNX) @ F™Y), defined on the underlying objects as cp, is a map of
monoids, and, therefore, gives a colax-monoidal structure on F™°",

The both claims are straightforward checks. The second claim was, in fact, our motivation
for introduction of the bialgebra axiom in [Sh2].

3 THE DoOLD-KAN CORRESPONDENCE

We use the following notations:

C(Z) is the category of unbounded complexes of abelian groups, €(Z)* (resp., C(Z)™) are the
full subcategories of Z>(-graded (resp., Z<o-graded) complexes. The category of abelian groups
placed in degree 0 (with zero differential) is denoted by Mod(Z), thus, Mod(Z) = C(Z)~NC(Z)*.

3.1

The Dold-Kan correspondence is the following theorem:

THEOREM 3.1 (Dold-Kan correspondence). There is an adjoint equivalence of categories
N: Mod(Z)» = C(Z)~: T

where N is the functor of normalized chain complex (which is isomorphic to the Moore complex).
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We refer to [W], Section 8.4, and [SchS03], Section 2, which both contain excellent treatment
of this Theorem.

The both categories Mod(Z)> and C(Z)~ are symmetric monoidal in natural way. However,
neither of functors N and I' is monoidal.

There is a colax-monoidal structure on N, called the Alexander-Whitney map AW : N(A ®
B) - NA® N B and a lax-monoidal structure on N, called the shuffle map V: N(A)®@ N(B) —
N(A® B).

Recall the explicit formulas for them.

The Alexander-Whitney colax-monoidal map AW : N(A® B) — N(A) ® N(B) is defined
as

AW (" @b") = > dj,d* @ d)p* (3.1)
it+j=Fk

where dy and dg, are the first and the latest simplicial face maps.

The Eilenberg-MacLane shuffle lax-monoidal map V: N(A) ® N(B) - N(A® B) is defined

as
V(d* @b = > (—1) @A) Sgak @ S,b° (3.2)
(k,€)-shuffles (a,3)
where
Sa = Say -+ - Sy
and

5/32552...351

Here s; are simplicial degeneracy maps, a = {1 < -+ < ax}, 8 = {01 < -+ < B¢}, o, B C
0,1,....k+¢—1],anp=2.

Let us summarize their properties in the following Proposition, see [SchS03], Section 2, and
references therein, for a proof.

PROPOSITION 3.2. The colax-monoidal Alexander-Whitney and the lax-monoidal shuffle struc-
tures on the functor N enjoy the following properties:

1. the composition
NA®NBY NA®B) 2% NA® NB

is the identity,

2. the composition
NA®B) 2% NAo NB Y N(A® B)

1s naturally chain homotopic to the identity,

3. the shuffle map V is symmetric,
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4. the Alexander-Whitney map AW is symmetric up to a natural chain homotopy.

O
Recall a Theorem proven independently in [AM], Sect. 5.4, and (later) in [Sh2], Sect. 2:

THEOREM 3.3. The pair (V,AW) of the lax-monoidal shuffle structure and the colax-monoidal
Alexander- Whitney structure, defined on the normalized chain complex functor N : Moal(Z)A =
C(Z)~, obeys the bialgebra aziom.

O
This Theorem, along with Proposition 3.2 (1.), play crucial role in the proof of Main The-
orem in Section 4.

3.2 MONOIDAL PROPERTIES
Let F,G: € = D be two functors between monoidal categories.

DEFINITION 3.4. Suppose the functor F' is colax-monoidal, with the colax-monoidal structure
cr, and G is lax-monoidal, with the lax-monoidal structure £¢. A morphism of functors ®: F —
G is called colaz-monoidal if for any X,Y € €, the diagram

FX®Y)—2 ~G(X®Y) (3.3)
Cpi TZG
F(X)o F(Y) 222 a(X)® G(Y)

As well, when F is lax-monoidal with the lax-monoidal structure ¢z, and G is colax-monoidal
with the colax-monoidal structure cg, a morphism ¥: F' — G is called lax-monoidal, if for any

X,Y € C the diagram

F(X)o F(Y) 22X a(X) @ G(Y) (3.4)

epi TCG

FX®Y)—L ~G(X®Y)

Each of the functors N and I' admits both lax-monoidal and colax monoidal structures.
Therefore, the compositions N oI" and I" o N are both lax- and colax-monoidal.

Here are the main monoidal properties concerning the Dold-Kan correspondence, from which
(ii) is used essentially in our proof of Main Theorem 4.1 below.

LEMMA 3.5. (i) the adjunction map e: N o' — Id is laz-monoidal,

(i1) the adjunction map e€: N o' — 1Id is colaz-monoidal.
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Proof. The claim (i) is Lemma 2.11 of [SchS03]. The claim (ii) is proven analogously, we present
here the proof for completeness. We need to prove the commutativity of the diagram

NI(X®Y)—% NI(X)T(Y)) 2 NT(X) @ NT(Y) (3.5)

e

X®Y

Here ¢ is the colax-monoidal structure on I' adjoint to the shuffle lax-monoidal structure on NV,
see (2.11). The explicit formula for ¢ is:

NX®Y) LS PIND(X) @ NT(Y)) B INI(X) @ T(Y) L T(X)oT(Y)  (3.6)

Now the horizontal composition map in (3.5) is:

NI(X ®Y) 275 ND(NT(X) @ NT(Y)) ¥ N[TN|T(X) @ I(Y)) = N((X) @ T(Y))

AW, NT(X) @ NT(Y)
(3.7)
where the map 1! is applied to the “boxed” I'N factor.
Now the idea is to use the identity AW oV = Id (Lemma 3.2 (1.)) to “cancel” the second
and the fourth arrows in (3.7). We have:

LEMMA 3.6. The following two compositions are equal:

NIN|T(X)®T(Y)) N NI(X)eT()) 2 NT(X) @ NI(Y) (3.8)

and
INTINT(X) @ T(Y)) 25 [NT|(NT(X) @ NT(Y)) S NT(X) @ NT(Y) (3.9)

where in the first (corresp., second) equation the map n~' (corresp., €) is applied to the bozed
factors.

Clearly Lemma 3.5 (ii) follows from Lemma 3.6 and Lemma 3.2 (1.).

Proof. For an adjoint equivalence L: C = D: R with the adjunction isomorphisms e: LR — 1d
-1
and n: Id — RL, the two arrows L 5 L and L 7 L coincide. O

O]

REMARK 3.7. The adjunction map 7: Id — I' o N is both lax-monoidal and colax-monoidal
only up to a homotopy, see Remark 2.14 in [SchS03]. The reason is that the another order
composition V o AW is equal to identity only up to a homotopy.
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4 MAIN THEOREM FOR Z<(-GRADED DG ALGEBRAS

4.1
Here we prove our main result:

THEOREM 4.1. Let k be a field of any characteristic. There is a functor R: .Algkgo — .Algkgo
and a morphism of functors w: R — Id with the following properties:

1. R(A) is cofibrant, and w: R(A) — A is a quasi-isomorphism, for any A € Algkgo,

2. there is a colaz-monoidal structure on the functor R, such that all colax-maps Ba p: R(A®
B) — R(A) @ R(B) are quasi-isomorphisms of dg algebras, and such that the diagram

Ba,B

R(A® B) : R(A) @ R(B)

~

A®B

18 commautative,

3. the morphism w(k*): R(k") — k" coincides with o: R(k’
colax-monoidal structure (see Definition 5.1), and k* =

— k°, where a is a part of the
a1o=0 18 the dg algebra equal to
Ik

the one-dimensional k-algebra in degree 0, and vanishing in other degrees.

=

The idea is to use the solution of the analogous problem for simplicial algebras (given in
Theorem 1.1 in Section 1), and “transfer” it to dg algebras using the Dold-Kan correspondence.
More precisely, consider the Dold-Kan correspondence

N: Mod(Z)» = C(Z)~: T

The functors N and I" form an adjoint equivalence of categories; therefore, we have some freedom
which of these two functors to consider as the left (right) adjoint. We consider I as the right
adjoint. From now on, we use the notations: I' = R, N = L.

The functor L comes with the colax-monoidal (Alexander-Whitney) structure AW and with
the lax-monoidal (shuffle) structure V. They induce a lax-monoidal structure /r and a colax-
monoidal structure cg on the functor R by the adjunction, as is explained in (2.10) and (?7).

Consider the functor R™": Algkgo — AlgkA, induced by the functor R and from its lax-
monoidal structure ¢g, on the categories of monoids (see Section 2.1). It admits a left adjoint
functor L™°", defined in Section 2.2.

From now on, we use the notation §(A) for the solution of Theorem 1.1 (instead of former
notation JR(A), which we now reserve for solution to Theorem 4.1).
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Define

[R(A) = L™ (F(R™"(A)))| (4.1)

where A € Algkgo.
There is a projection pg: §(R™"(A)) — R™"(A). Define the projection

pa: R(A) — A (4.2)

as the composition of the projection pg with the adjunction map L™°" o R™°" — Id.
We claim that this functor R gives a solution to Theorem 4.1. We need to prove the following
statements:

PROPOSITION 4.2. (i) the functor R: .Algkgo — Algkgo has a natural colaz-monoidal structure

B,
(i) R(A) is cofibrant, and the projection pa: R(A) — A is a weak equivalence, for any A €
Alg?,
(iii) the diagram
R(A® B) PAE L R(A) @ R(B) (4.3)
M @
A® B

commutes; consequently, it follows from (ii) and from the 2-out-of-3 axiom that 54 p is a
weak equivalence for any A, B € Algkgo.

The three items of this Proposition rely on three different theories: they are the bialgebra
axiom for (i), the Schwede-Shipley theory of weak monoidal Quillen pairs for (ii), and the
monoidal property of the Dold-Kan correspondence (Lemma 3.5) for (iii). We give the detailed
proof in the rest of this Section.

4.2 PROOF OF PROPOSITION 4.2, (1)

The functor R = L™ oFo R™M°" is a composition of three functors. The functor L™°" comes with
its colax-monoidal structure (adjoint to the lax-monoidal structure on R™°"), and the functor
§ has the colax-monoidal structure (1.5). It remains to define a colax-monoidal structure on
R™°™ (a priori R™" has only a lax-monoidal structure).

Recall that the functor L = N has the Alexander-Whiteney colax-monoidal structure AW
and a lax-monoidal structure V, compatible by the bialgebra axiom (see Theorem 3.3). Then
it follows from Lemma 2.4 that the adjoint lax-monoidal and colax-monoidal structures on R
obey the bialgebra axiom as well. In general, the lax-monoidal structure on R induces a lax-
monoidal structure on R™°": MonD — MonC (the same as the lax-monoidal structure on R
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for the underlying objects), but that is not true for the colaz-monoidal structure. When the
both structures are compatible by the bialgebra axiom, Lemma 2.5 says the colax-monoidal
structure, defined on the underlying objects as the one on R, defines a colax-monoidal structure
on R™°".

Thus, R is a composition of three functors, each of which comes with natural colax-monoidal
structure. Therefore, R is colax-monoidal. We always assume this structure when refer to a
colax-monoidal structure on fA. O

4.3 QUILLEN PAIRS AND WEAK MONOIDAL QUILLEN PAIRS
4.3.1 QUILLEN PAIRS AND QUILLEN EQUIVALENCES

To prove the statement (ii) of Proposition, we need firstly to recall some definitions on Quileen
pairs of functors between two closed model categories, and to recall some results of Schwede-
Schipley [SchS03] on weak monoidal Quillen pairs.

In classical homological algebra one can derive left exact or right exact functor. When we
work with closed model categories, we try to extend the classical homological algebra to non-
abelian (and non-additive) context. A typical examples are the category of topological spaces
and the category of dg associative algebras. How we can define the notions of a left (right)
exact functor (i.e., of those functors we can derive) in such generality? The answer is given (by
Quillen) in the concept of a Quillen pair of functors.

To motivate the definition below, recall the following simple fact:

LEMMA 4.3. Suppose A, B are two abelian categories, and let
L:A=23B: R
be a pair of adjoint functors, with L left adjoint. Then L is right exact and R is left exact.

Prove as an exercise, or see the proof in [W], Theorem 2.6.1. O

Morally, we can not say in abstract situation what is the right (left) exactness, be we
now what adjoint functors. These are (among other assumptions) the functors we can derive.
Therefore, they come in pairs.

DEFINITION 4.4. Let €,D be two closed model categories, and let
L:C=D: R

is a pair of adjoint functors, with L the left adjoint. The pair (L, R) is called a Quillen pair of
functors if

(1) L preserves cofibrations and trivial cofibrations,

(2) R preserves fibrations and trivial fibrations.
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It is proven (see, e.g., [Hir], Prop. 8.5.7) that, under these conditions, L takes weak equiva-
lences between cofibrant objects to weak equivalences, and R takes weak equivalences between
fibrant object to weak equivalences.

It is proven that a Quillen pair of functors defines an adjoint pair of functors between the
homotopy categories,

L: HoC = HoD: R

The next step is to find conditions on (L, R) under which the pair (L,R) is an adjoint
equivalence. This is the case when (L, R) is a Quillen equivalence.

DEFINITION 4.5. A Quillen pair
L:C=2D: R

is called a Quiilen equivalence if for any cofibrant object X in € and for every fibrant object Y
in D, amap f: X — RY is a weak equivalence if and only if the adjoint map f#: LX — Y is
a weak equivalence.

It is proven (see e.g. [Hir|, Theorem 8.5.23) that if (L, R) is a Quillen equivalence, the
functors
L: Ho€ = HoD: R

form an adjoint equivalence of categories.
All these results are due to D.Quillen [Q)].

4.3.2 WEAK MONOIDAL QUILLEN PAIRS

Here we recall a result on weak monoidal Quillen pairs which is essential for our proof of
Proposition 4.2, (ii) below. Our intention here is not to give a throughout treatment (as it
would be just a copy of published papers), but rather to recall very briefly the definitions and
results, for convenient reference in the next Subsection.

The categories we consider here are at once closed model and monoidal. There is some
reasonable compatibility between these two structures on a category €, which guarantee, in
particular, that HoC is a monoidal category. The concept is called a monoidal model category.
We do not reproduce this definition here as we do not use it practically, all our categories in
this paper fulfill this definition. The interested reader is referred to [SchS00].

The following definition is due to Schwede-Shipley [SchS03] (Definition 3.6).

DEFINITION 4.6. Let €, D be monoidal model categories, and let
L:C=D: R

be a Quillen pair of the underlying closed model categories. Suppose there is a lax-monoidal
structure £ on the functor R, denote by ¢ the adjoint colax-monoidal structure on L.
The triple (L, R, ¥) is called a weak monoidal Quillen pair if
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(i) for all cofibrant objects X,Y in €, the colax-monoidal map
PXyY: L(X & Y) — L(X) ® L(Y)
is a weak equivalence,

(ii) for some cofibrant replacement q: I¢ — I of the unit object in €, the composition

L
L(1§) 2% L(le) £ 1
is a weak equivalence (where p is a part of colax-monoidal structure, see Definition 5.1).

A triple (L, R, ¢) is called a weak monoidal Quillen equivalence, if is a weak monoidal Quillen
pair, such that the underlying Quillen pair (L, R) is a Quillen equivalence.

We use essentially the following result from [SchS03] (Theorem 3.12 (3)).

THEOREM 4.7. Let (L, R,{) be a weak monoidal Quillen equivalence, and let
L:C=2D: R

be the underlying Quillen pair. Suppose that the unit objects in € and D are cofibrant, and
suppose that the forgetful functors MonC — € and MonD — D create model structures in
MonC and MonD (see the explanation just below). Then

L™°": MonC = MonD: R™™" (4.4)

18 a Quillen equivalence.

REMARK 4.8. 1. See [GS], Section 3, or [Hir|, Chapter 11, for detailed explanation of the
meaning of “the forgetful functors generate closed model structures”. This concept refers to the
transfer of closed model structures for cofibrantly generated model categories. See loc.cit. for all
these concepts, as well as for a proof that our categories € = Mod(Z)* and D = €(Z)~ satisfy
this assumptions.

2. The Quillen equivalence (4.4) is not a weak monoidal Quillen equivalence. In fact, the
natural monoidal structure on MonM for a monoidal model category M, is not a monoidal
model category in general. For instance, the monoidal bifunctor does not commute with the
coproducts as a functor of one argument, for fixed another one.
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4.4 PROOF OF PROPOSITION 4.2, (II)

We need to prove that, for any dg algebra A € Algkgo, the dg algebra JR(A) is cofibrant, and
the projection
pa: R(A) — A (4.5)

is a quasi-isomorphism of dg algebras.

Consider the Dold-Kan correspondence. In [SchS03|, Section 3.4, there is given a criterium
for when a triple (L, R, ¢) is a weak Quillen equivalence. It is proven as well, that this criterium
works in the following two cases. The first case is the case of the Dold-Kan correspondence,
with I' = R the right adjoint, with the lax-monoidal structure being the adjoint to the colax-
monoidal structure AW on N = L. The second case is the case when N = R is the right
adjoint, with the lax-monoidal shuffle structure V. In our applications, we need only the first
possibility. Let us summarize.

LEMMA 4.9. Consider the Dold-Kan correspondence
N:Mod(Z)2 = €(Z)~: T

Use the notations L = N, R =T, and let £ be the laz-monoidal structure on R, adjoint to the
colaz-monoidal structure AW on L. Then (L, R,?) is a weak Quillen equivalence.

Now we apply Theorem 4.7. -
COROLLARY 4.10. In the above notations, the adjoint pair of functors
L% Mon(Mod(Z)?) = Mon(C(Z)™): R™°® (4.6)
18 a weak Quillen equivalence.
Proof. Tt follows immediately from Lemma 4.9 and from Theorem 4.7. O

Now we pass to a proof of the claims of Proposition 4.2, (ii).

Proof. Prove that 2R(A) is cofibrant dg algebra for any A € .Algkgo.
Indeed,
%(A) — Lmon o ‘S o Rmon(A)

We know that F(7) is cofibrant (Lemma 1.4), and that (L™°", R™°") is a Quillen equivalence,
in particular, a Quillen pair (Corollary 4.10). By Definition of a Quillen pair, L™ maps
cofibrations to cofibrations. As L™°" maps the initial object to the initial object, it maps
the cofibrant objections to cofibrant objects. Therefore, RR(A) is cofibrant, as F(R™"(A)) is
cofibrant.

Prove that, for any A € Algkgo, the projection py: R(A) — A is a weak equivalence.
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The projection

pa: L™ oFo RMM(A) —» A (4.7)
is adjoint to

pIIiL‘: %'ORIHOH(A) N Rmon(A) (4.8)
According to Corollary 4.10, the pair (L™°", R™°") is a Quillen equivalence. We are going to
apply the defining property of Quillen equivalences, see Definition 4.5. Moreover, § o R™°"(A)
is cofibrant by Lemma 1.4 (as §(?) is cofibrant by this Lemma), and R™°"(A) is fibrant by the
description in Section 1.2. Moreover, the map p% is a weak equivalence, again by Lemma 1.4.

Therefore, p4 is a weak equivalence as well, by Definition 4.5.
O

4.5 PROOF OF PROPOSITION 4.2, (II1)

The claim of Proposition 4.2, (iii) follows from the two Lemmas below. The first one is straight-
forward, while the second one is very essential, and is based, by its own, on the Key-Lemma
4.13 formulated and proven below in this Subsection.

LEMMA 4.11. For any X,Y, the following diagram is commutative:
LR (F(RMM(X ®Y))) —— LM (F(RMM(X))) @ LM (F(R™(Y))) (4.9)

i |

LmOanOl’l (X ® Y) LmOIlRmOH(X) ® LmOIlRInOH(Y)

LEMMA 4.12. For any X,Y, the following diagram is commutative:
Lmoanon (X ® Y LmOnRHlOH ) ® LmOanOH(Y) (4.10)

M%

X®Y

Proof of Lemma (4.11): We have the commutative diagram:

LmN(F(RMN(X @ Y))) —= LN (F(R™M(X) © R™N(Y)) (4.11)

| |

Lmon(Rmon (X ® Y)) R Lmon(Rmon (X) ® Rmon(y))
by tautological reasons. Now consider the diagram

g(Rmon(X) ® RmOH(Y)) S(Rmon(X)) ® S(Rmon(y)) (412)

\ /

Rmon (X) ® Rmon (Y)
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from Lemma 1.10. The composition of the diagram (4.11) with the application of L™ to the
diagram (4.12) gives the diagram in Lemma 4.11. O

Proof of Lemma (4.12): We firstly describe the functor L™°" explicitly, with its colax-
monoidal structure.

Recall that the functor L™°": Mon€C — Mon?D is constructed as the left adjoint to the
functor MonC < MonD: R™". The functor R™" coincides with the functor R on the un-
derlying objects, and the monoid structure is defined from a lax-monoidal structure ¢ on R
(see (2.2)). Then (g defines a lax-monoidal structure on R™°" as well, and the colax-monoidal
structure cpmon is defined from ¢ by the adjunction (see (2.11)).

Here we give a more explicit description of this colax-monoidal structure on

Recall (see 777) that the value L™°"(X) (for a monoid X in €) is defined as the co-equalizer

LmOIl

To(L(Te(X)) 5: Tn(LX) (4.13)

where Ty denotes the free (tensor) monoid in a monoidal category M, see (2.1). In particular,
it is some quotient of the free monoid T (LX).

From now on, we restrict ourselves with the case of the Dold-Kan correspondence, C =
Mod(Z)”*, D =€(Z)~, L= N, R=T.

Consider the shuffle lax-monoidal structure V on L. This structure defines a functor
L™": Mon€ — MonD, as in (2.2). We claim that the functors L™°" and L™ coincide.

KEY-LEMMA 4.13. For the Dold-Kan correspondence and the above notations, the two functors
Lren mon: MonC — MonD

coincide. Moreover, the colax-monoidal structure cpmon on L™ (a priori defined by adjunc-
tion from the lax-monoidal structure on R™°™) coincides on the underlying objects with the
Alexander-Whiteney colaz-monoidal structure AW on L (the latter defines a colax-monoidal
structure on monoids as the pair (V, AW) obeys the bialgebra axiom, see Lemma 2.5).

Proof. Consider the definition (4.13) of the functor L™", in the special case of the Dold-Kan
correspondence. It gives that L™°"(X) is the quotient of the free dg algebra T'(LX) by the
two-sided ideal, generated by

AW (L(z®vy)) — L(x *y), z,ye X (4.14)

where * is the product in X.

Now the crucial idea, special for the case of Dold-Kan correspondence, is that the subspace
in L(X)®L(X) generated by the elements AW (L(z®vy)) coincides with the entire space L(X)®
L(X).
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Indeed, we know from Proposition 3.2, (1.), that the composition
v AW
LIX)® LX) - L(X®X) — L(X)® L(X)

is the identity map of L(X) ® L(X). Then, if we have any element w € L(X) ® L(X), we can
write it as

w =AW (V(w))
This claim simplifies the ideal (4.14). Namely, we have now that this ideal is generated by
L(a) ® L(b) — m«(V(L(a) ® L(b))) (4.15)

where the notation m, in the second summand assumes the composition

L(X)® L(X) % L(X ® X) 25 L(X)

The latter formula is precisely the equation (2.2), which defines the monoid structure on F(X)
from a lax-monoidal structure on F' and from a monoid structure on X.
All other claims of Key-Lemma follow from this argument as well. O

We continue to prove Lemma 4.12. The diagram (4.10) may be now rewritten as

LR(X®Y) LR(X) ® LR(Y) (4.16)
m %
XY

where the horizontal map comes from the colax-monoidal structure on R (adjoint to the lax-
monoidal structure V on L), and from the colax-monoidal structure AW on L. The projections
comes from the adjunction maps.
Now the commutativity of diagram (4.16) is precisely the statement of Lemma 3.5 (ii). We
are done.
O
Theorem 4.1 is proven. O

5 DIAGRAMS

5.1 COLAX-MONOIDAL STRUCTURE ON A FUNCTOR

DEFINITION 5.1 (Colax-monoidal functor). Let My and My be two strict associative monoidal
categories. A functor F': My — Moy is called colaz-monoidal if there is a map of bifunctors

Bxy: F(X®Y)— F(X)® F(Y) and a morphism «a: F(1y,) — 1y, such that:
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(1): for any three objects X,Y, Z € Ob(M,), the diagram

FX®Y)®F

(Z)
X,y ®idp(z)
FXeY®Z FX)®FY)® F(Z)

\jgﬁf\ //@6§;:
F(X) )

RF(Y ®Z

(5.1)

is commutative. The functors Bx y are called the colaz-monoidal maps.
(2): for any X € ObM; the following two diagrams are commutative

B, Bx,
F(ly, @ X) —2 F(ly,) @ F(X)  F(X ®1y,) —= F(X) ® F(1a,)

i la®id l iid@a (5.2)

F(X) Ly, ® F(X) F(X) F(X) ® I,

5.2 LAX-MONOIDAL STRUCTURE ON A FUNCTOR

DEFINITION 5.2 (Lax-monoidal functor). Let M; and My be two strict associative monoidal
categories. A functor G: My — My is called laz-monoidal if there is a map of bifunctors
vxy: G(X)®G(Y) = G(X ®Y) and a morphism «: 1y, — G(1y,) such that:

(1): for any three objects X,Y, Z € Ob(M), the diagram

\

VXQY,Z X,y ®idg(z)

GX®Y®Z)

G(X®Y)®G(Z) (5.3)
G(X)®G(Y)®G(Z)

/

VX, YRZ G(X) ®VY,Z

GX)®GY ®7Z)

is commutative. The functors yx y are called the laz-monoidal maps.
(2): for any X € ObM; the following two diagrams are commutative

T,X

F(ly, © X) <2 F(ly,) @ F(X)  F(X ® Ly) <2 F(X) ® F(l,)

i Tn@id J{ Tid@n (5.4)

F(X) Ly, ® F(X) F(X) F(X) ® 1y,
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5.3 BIALGEBRA AXIOM

This axiom, expressing a compatibility between the lax-monoidal and colax-monoidal structures
on a functor between symmetric monoidal categories, seems to be new.

DEFINITION 5.3 (Bialgebra axiom). Suppose there are given both colax-monoidal and lax-
monoidal structures on a functor F': € — D, where C and D are strict symmetric monoidal
categories. Denote these structures by cp(X,Y): F(X®Y) - F(X)® F(Y), and lp: F(X)®
F(Y) - F(X ®Y). We say that the pair (Ir, cr) satisfies the bialgebra axiom, if for any for
objects X,Y, Z, W € ObC, the following two morphisms F( X @Y )@ F(Z@W) - F(X®Z)®
F(Y ® W) coincide:

FX@Y)o F(ZoW) 5 F(X oy @ zew) L0272, 55
FIXQZRY W)L FX®Z)QFY @W)
and
cr®cr id ®o®id
FIX@Y)oF(ZoW) —= FX)FY)F(Z) F(W) ——— (5.6)
FX)®F(Z) @ F(Y)® F(W) 225 F(X ® Z) 9 F(Y @ W)
where o denotes the symmetry morphisms in € and in D.
Thus, the commutative diagram, expressing the bialgebra axiom, is
(5.5)
FIXQY)F(ZoW) FIX®@Z)@FY W) (5.7)
(5.6)
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