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Abstract

The bicategory of fractions of the 2-category of internal groupoids and internal
functors in groups with respect to weak equivalences (i.e., functors which are internally
full, faithful and essentially surjective) has an easy description: one has just to replace
internal functors by monoidal functors. In the present paper, we generalize this result
from groups to any monadic category over a regular category C, assuming that the
axiom of choice holds in C. For T a monad on C, the bicategory of fractions of Grpd(C™)
with respect to weak equivalences is now obtained replacing internal functors by what
we call T-monoidal functors. The notion of T-monoidal functor is related to the notion
of pseudo-morphism between strict algebras for a pseudo-monad on a 2-category.
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1 Introduction

Let F': A — B be an internal functor between small and strict categorical groups (that
is, internal groupoids in the category Gp of groups), and consider the induced functor
UF: UA — UB between the underlying groupoids in Set. If F' is a weak equivalence (that
is, it is full, faithful, and essentially surjective), then UF' also is a weak equivalence and
therefore (admitting the axiom of choice in Set) it is an equivalence of groupoids. Moreover,
the quasi-inverses (UF)*: UB — UA of UF are monoidal functors, but in general they fail
to be internal functors in Gp (precisely because in Gp the axiom of choice does not hold).
This simple fact has been formalized by the second author in [14], where it is shown that
the inclusion

Grpd(Gp) — MON

where MON is the 2-category of internal groupoids in Gp and monoidal functors, is the
bicategory of fractions of Grpd(Gp) with respect to weak equivalences. In [14] it is also
shown that a similar result holds when the category of groups is replaced by the category
Lie, of Lie algebras over a field k, and monoidal functors are replaced by homomorphisms
of strict Lie-2-algebras.

Both categories Gp and Lie, are monadic over regular categories where the axiom of
choice holds (Set and Vecty, respectively). The idea of the present paper is, therefore, to
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generalize the results established in [14] to groupoids internal to CT, where T = (T, n, u) is
a monad on C and the axiom of choice holds in the regular category C. We look for a simple
description of the bicategory of fractions of Grpd(CT) with respect to weak equivalences. Of
course, the problem is to find a convenient notion of ‘T-monoidal functor’ between internal
groupoids in CT in order to describe the desired bicategory of fractions as the (not full)
embedding

Grpd(C") — T-MON

In some sense, such a notion already appears in the literature: T-MON is the 2-category
of strict algebras and pseudo-morphisms for a pseudo-monad 7 on the 2-category Grpd(C).
However, in general, such a pseudo-monad 7 does not exist!

More precisely, if the functor part T: C — C of the monad T preserves pullbacks, then
T induces a pseudo-monad 7 on Grpd(C) whose 2-category Alg(7) of strict algebras and
strict morphisms is isomorphic to Grpd(CT). Moreover, as for any pseudo-monad, we can
consider also the 2-category Ps-Alg(7T) of pseudo-algebras and pseudo-morphisms and, as an
intermediate situation, the 2-category 7-MON of pseudo-morphisms between strict algebras

Alg(T) — T-MON «—— Ps-Alg(T)

Now, when T': C — C does not preserve pullbacks, the pseudo-monad 7 on Grpd(C) does
not exist because T destroys the internal composition of an internal groupoid A, so that
T(A) is a reflexive graph but not an internal groupoid. Nevertheless, we can still define
pseudo-morphisms since, for doing that, only 2-cells of the form

are needed, and to express the naturality of o one uses the internal composition in B, not
in 7(A). With this idea in mind, we can define the 2-category T-MON for every monad T
on C and, assuming the axiom of choice in the regular category C, we can prove that the
embedding

Grpd(C") «— T-MON

is the bicategory of fractions of Grpd(CT) with respect to weak equivalences.

The layout of this paper is as follows. In Section 2 we recall from [6] the notion of weak
equivalence between internal groupoids. In Section 3 we introduce the 2-category T-MON
constructed from any monad T on a category C with pullbacks. Section 4 is devoted to
the proof that, under the mentioned conditions, Grpd(C*) — T-MON is the bicategory of
fractions with respect to weak equivalences. The case of groups and the case of Lie-algebras
are briefly discussed in Sections 5 and 6. Observe that, since the categories of groups and of
Lie algebras are semi-abelian, the bicategories of fractions of Grpd(Gp) and of Grpd(Liey)
with respect to weak equivalences can also be described using ‘butterflies’, see [11] and [1].
Finally, in Section 7 we recall the notions of pseudo-monad and pseudo-morphisms between
(strict or pseudo-) algebras which form the background to understand the definitions given in
Section 3. We also show that, under suitable conditions on a 2-category B and on a pseudo-
monad 7 on B, the not full inclusion Alg(7) < T-MON is the bicategory of fractions
with respect to those arrows in Alg(7) which are equivalences in 5. The needed conditions
on B and T are satisfied when B = Grpd(C) for regular category C where the axiom of
choice holds and T is induced by a pullback-preserving monad T on C. Nevertheless, the
main result of Section 4 is not a special case of the result in this final section, because in
Section 4 we do not assume that T preserves pullbacks.

Throughout this paper, we use the terminology of Chapter 7 of [4] for 2-categories.



2 Weak equivalences

We recall in this section the definition of weak equivalences in the 2-category of internal
groupoids. Let us first fix notations. If C is a category with pullbacks, an internal groupoid
A in C is represented by

d .
Ap Xeg A —= Ay —= Ay A ——= A
’ C

~N~——
(&

where
s
Ay Xed Ay — Ay

| . ld

Ay A

is a pullback.
An internal functor F': A — B in C is represented by

A - B

I

AOTO)BO

and an internal natural transformation o : F' = G : A — B is represented by « : Ag — Bj.

We denote by Grpd(C) the 2-category of internal groupoids, internal functors and internal
natural transformations in C. Now, it is worth remarking that, if D has pullbacks and if
U : D — C preserves them, it induces a 2-functor (also denoted U by abuse of notation)

U: Grpd(D) — Grpd(C)
A — UA = (UAy,UA,Ud,Uc,Ue,Um,Ui)
F — UF = (UFy,,UF))
a — Ua.

The definition of weak equivalences has been introduced by M. Bunge and R. Paré in
[6].

Definition 2.1 (Bunge-Paré). Let C be a category with pullbacks and F : A — B be an
internal functor between internal groupoids in C.

o We say that F is full and faithful if

Ay
/ jFl\
AQ Bl AO
& % \ A
By By

s a limit diagram.



Moreover, if C is reqular,

e [ is said to be essentially surjective if
t c
Ay X pya B —= B, —= By
1 a reqular eptmorphism, where ty 1s given by the pullback
to
Ap Xpya By —— By

o] |

AO BO

Fo

o Fis a weak equivalence if it is full and faithful and essentially surjective.

We notice that if C = Set, this corresponds to the usual notion of fully faithful and
essentially surjective functor.
We can immediately deduce the following lemma.

Lemma 2.2. Let U : D — C be a pullback preserving functor between categories with
pullbacks and let F' : A — B be an internal functor between internal groupoids in D. Then,

o If U reflects finite limits, F is full and faithful if and only if UF is.

e [fC and D are regular and if U preserves and reflects reqular epimorphisms, then F
is essentially surjective if and only if UF is.

Proof. The ‘only if parts’ follow from the preserving hypothesis while the ‘if parts’ follow
from the reflecting hypothesis. 0

We conclude this section by a well-known lemma. A proof can be found in [14].

Lemma 2.3. Let C be a category with pullbacks. An internal functor F' : A — B between
internal groupoids in C is an equivalence if and only if it is full and faithful and

to c
Ay X Fo,d By, —— B, —— By

1 a split epimorphism.

We know from this lemma that in a regular category where the axiom of choice holds
(every regular epimorphism splits), weak equivalences coincide with equivalences.

3 T-monoidal functors

Monoidal functors F' : A — B between small strict cat-groups (i.e., internal groupoids in
the category Gp of groups) can be seen as ‘quasi-internal functors’. Indeed, since for all
X,Y € A we have an isomorphism F(X)+ F(Y) = F(X +Y), F is not an internal functor
in Gp, but it is only an ‘internal functor up to isomorphism’. The aim of this section is to
generalize this notion of ‘quasi-internal functor’ replacing Gp by any monadic category.



So, we are given a monad T = (T',n, u) on a category C with pullbacks. We thus have a
forgetful functor from the Eilenberg-Moore category

U: C'=¢C
(A,a) — A
fe=f
which preserves, reflects and creates pullbacks (see [5], Proposition 4.3.1). It induces a 2-

functor U : Grpd(CT) — Grpd(C). If A is a groupoid in CT and if we denote the groupoid
UA in C by

UA = AléAo,m,’l. s

N—
e

then A is of the form

d .
A = (Al,al)?(Ao,ao) M, 1

e

where a; : TA; — Ay and ag : TAy — Ay are T-algebras and d, c,e,m,7 are T-algebra
homomorphisms. In particular, this means that

T(Ay Xeq Ay) 2 T(Ay)

(a1Tm ,CLlTﬂ'Q)L jal
Ay Xed Ay Ay

m

commutes since the left downwards arrow is the T-algebra on A; X, 4 A;.
We are now able to define T-monoidal functors.

Definition 3.1. Let T = (T, n, ) be a monad on a category C with pullbacks. We define
the 2-category T-MON as follows:

e Objects are internal groupoids in C*.

e I-cells are T-monoidal functors (F,¢) : A — B. These are the data of a functor
F:UA — UB in C and an arrow ¢ : T Ay — By such that

TA)—~B, TA =B 74, MR ) B
TFOl ld aol jc (LpTd,Flal)j lm
TBy —— By Ao Do By Xea By —— By
Ay 22T Ay and T2 Ay 20~ T A,
eL l%o (bchp,cpTao)j j@
AlTl'Bl By X¢q B1 — By

commute.

[ ] 1A = (1UA7 eao).

e The composition of AL B Y g (GE,m(yTFy, Gh)).

b}



e 2-cells are T-monoidal natural transformations o : (F, o) = (F',¢') : A — B. These
are natural transformations o : F = F' in C such that

TAO (¢,a00) Bl chd B1
(blTO‘ﬁO,)j lm
B, Xed B, B,

commutes.

e [dentities and vertical and horizontal compositions of 2-cells are as in Grpd(C).

Proposition 3.2. The above definition makes sense, i.e. T-MON is a 2-category. Moreover,
every 2-cell in T-MON s invertible.

Proof. The proof being quite long, we only prove as example that the composition of T-
monoidal functors is still T-monoidal.

m<¢TFO, Gl@) = dwTFO = CoT<GOF0).

m(Z/JTFo, GHO) = CG“O = G(]C(,D = GoF(]ao.

m(clTGlTFl, m(wTF(), GHO)TC) =m{m ClTGlTFl, wTF[)TC), GlgOTC)

(
(ClTGl s ¢TC)TF1, GMDTC)
(
(
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=m lpTFon, Glm(blTFl, QOTC))
=m wTFon, Glm(ngd, Flal))
m(wTFo,le)Td, GlFlal).

m

m (YT Fy, G1o)na, = m(WWT Fona,, G1ona,)
= m(@/mBOFO, GlFle) = m(GleFo, G1F1€) = G1F16.

m(WTFo, Gip)pa, = m(T Fopa,, Gieppia,)
Yup, TTFy, Gim(bi T, ¢Taq))

(1T, vTho)TT Fo, m(G1b:Tp, GropTag))

(A TYTTFo, vTdT @), m(G1/ T, G1pTay))
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ATYTTEFy, m(m(ci TGy, Tc)T, GipTag))
A TYTTEFy, m(m(ci TG T, v TFyTay), GipTap))

(a1 TYTTFy, o1, TG Tp), m(yTFyTay, GreTay))
m(ciTmy, e Tmo)T(WT Fy, Gro), m(YT FyTag, GrpTag))
A TmT(WTFy, Gip), m(TEFy, Gip)Tay).
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For the second part of the proof, we notice that if a : (F, ) = (F’,¢’) is T-monoidal,
then so is a~! (we also omit the computations).
O

Diagrams involved in Definition 3.1 might be thought as unintuitive at a first glance.
The example of the free group monad on Set is treated in Section 5 while an explanation
where these axioms come from can be found in Section 7 in the context of strict algebras
for a pseudo-monad.

Remark that we have two 2-functors

I:Grpd(C") = T-MON  and  J:T-MON — Grpd(C)

A— A A— UA
F+— (UF, ebyTFyp) (F, o) — F
a— Ua a— Q.

Thus, by abuse of notation, we say that a T-monoidal functor (F,¢) : A — B is internal in
CT when ¢ = ebyT'Fy. We will often identify an internal functor F'in CT with (UF, ebyT Fy).

It is a well-know fact that if a monoidal functor between monoidal categories has a
pseudo-inverse, then, this pseudo-inverse can be equipped with a monoidal structure. The
next lemma asserts that the same occurs for T-monoidal functors.

Lemma 3.3. A T-monoidal functor (F,y) : A — B is a T-monoidal equivalence (i.e., an
equivalence in T-MON) if and only if F': UA — UB is an equivalence in Grpd(C).

Proof. The ‘only if part’ is clear. Let us prove the ‘if part’. Suppose we have a functor
G : B — A and natural isomorphisms « : GF = 1, and f : FFG = 1 in C. Without
loss of generality, we can assume that fx1p = lpx«a and 1g * 8 = a x 1g. Since F' is
full and faithful, there exists a unique v : TBy — A; such that dy = agT'Gg, cyp = Goby
and Fiv = m(ipT Gy, m(biTB,i8by)). This makes (G,) and S T-monoidal. Moreover,
since a and [ satisfy the triangular identities, « is also T-monoidal. Therefore, (F, ) is a
T-monoidal equivalence. O

Remark 3.4. We can notice here that, even if ¢ = ebyTFy, this does not imply that
1 = eayT'Gy. So, an internal functor in CT can be an equivalence in T-MON, without being
an equivalence in Grpd(CT).

4 T-MON as bicategory of fractions

In [12], D. Pronk defined bicategories of fractions as the 2-dimensional analogous to the
categories of fractions introduced by P. Gabriel and M. Zisman in [7]. In this section, we
first recall this notion. Afterwards, we prove that the bicategory of fractions of Grpd(CT)
with respect to weak equivalences is T-MON.

We use the term ‘pseudo-functor’ for ‘homomorphism’ of bicategories. An introduction
to bicategories can be found in [3].

Definition 4.1 (Pronk). Let B be a bicategory and ¥ a class of 1-cells in B. The bicategory
of fractions of B with respect to ¥ is a pseudo-functor

P B — B[Zil]



which sends elements of X2 to equivalences and which is universal with this property:
— o Py : PsFunct(B[X™Y, A) — PsFuncts(B, A)

is a biequivalence for every bicategory A, where PsFunct(B[X71],A) is the bicategory of
pseudo-functors B[X~'] — A and PsFuncts (B, A) is the bicategory of pseudo-functors B —
A which send elements of ¥ to equivalences.

Similarly, admitting a right calculus of fractions for a class of 1-cells in a bicategory is the
2-dimensional version of the 1-dimensional case. We refer the reader to [12] for definitions.
The results we will use in this section are the following two.

Proposition 4.2 (Pronk). Let B be a bicategory and ¥ a class of 1-cells in B which has a
right calculus of fractions. Consider a pseudo-functor F' : B — A which sends elements of
Y to equivalences and let ' : B[X '] — A its extension. Suppose the following conditions
hold.

EF1. F s essentially surjective on objects.
EF2. F is full and faithful on 2-cells.

EF3. For each 1-cell f: F(A) — F(B) in A, there exist 1-cells g: C' — B and w : C' — A
in B such that w € ¥ and F(g) = f o F(w).

Then, F is a biequivalence and F : B — A is the bicategory of fractions of B with respect
to ..

A proof of this proposition can be found in [12], while the next one is proved in [14].

Proposition 4.3. Let C be a regular category and Y be the class of weak equivalences in
Grpd(C). Then X has a right calculus of fractions.

In order to use this proposition for weak equivalences in Grpd(C"), we need the following
lemma, stated without proof in [13].

Lemma 4.4. Let C be a regular category and T = (T,n, ) a monad on C. Then,

1. T preserves reqular epimorphisms if and only if U : C* — C does;

2. if T preserves reqular epimorphisms, U reflects them. In this case, CT is reqular.

Proof. 1. Firstly, suppose U preserves regular epimorphisms. Since T = UF where F :
C — CU is the left adjoint to U, T preserves regular epimorphisms since U and F do.
Conversely, suppose T preserves regular epimorphisms. Let f : (A, a) — (B, 3) be a regular

epimorphism in CT. Then, f factors as
I _.B
1

in C, with p a regular epimorphism and m a monomorphism. So, T'p is a regular epimorphism
and there exists a unique ¢ making the following diagram commute.

A

TA P 71

A

1 B




Since m is a monomorphism and (B, ) a T-algebra, (I,14) is also a T-algebra and p and m
are T-algebra homomorphisms. Therefore, since f is the coequalizer of two parallel arrows in
C", pis also their coequalizer in C*. Thus, m is an isomorphism and f a regular epimorphism
in C.
2. Since U creates finite limits, CT has them. Now, let f : (A, a) — (B, 3) be a T-algebra
homomorphism such that f: A — B is a regular epimorphism in C. Denote by
f1

Rl == (A0)

the kernel pair of f in C*. Since U preserves limits, it is also its kernel pair in C. So, f
coequalizes the pair (f1, fo) in C. Using this and the epimorphism 7'f in C, one proves that
f coequalizes them also in C'. Therefore, U reflects regular epimorphisms. Moreover, since
U preserves and reflects regular epimorphisms and since they are stable under pullbacks
in C, they are also in C*. Finally, the construction done in point 1 shows that CT inherits
the factorisation system (regular epi - mono) from C, since U reflects monomorphisms and
regular epimorphisms. O

As in [14], the key lemma (4.5) in proving that T-MON is the bicategory of fractions of
Grpd(C") with respect to weak equivalences is the fact that the bipullback of two T-monoidal
functors exists and the legs can be chosen to be in Grpd(C"). Firstly, from [14], we know
that if C has pullbacks, then Grpd(C) has bipullbacks, constructed as follows: Given

C
lc
in Grpd(C), we construct the pullback in C
B B X¢q By
J
T
By X4 By B,

and define Py and P, to be the limits

\/\/ \/ /

It turns out that P has a groupoid structure in C and that
w1 = ((Wd> GlFll)a (FlGllvwc))'
Finally, the bipullback of F' and G is given by



As far as its universal property is concerned, if

X-£E-¢C
H / G
9

is another square, the triple (L : X - P,a: G'L = H,: F'L = K) defined by G'L = H,
F'L = K, (,ULO = 9, w1L1 = ((Qd, GlKl), (FlHl,QC)), a=1lgy and 6 =1k isa fill-in. ThU_S,
if (I':X—>Pd:GL =H/:FL = K)is another fill-in, the unique A : L' = L such
that 1gr x A = o and 1 x A = ' occurs to be the unique A : Xy — P; such that G/ =
wiA = ((wLy, G1f"), (F1d/,0)) and FiA = (',

Now, we can prove that T-MON has bipullbacks.

Lemma 4.5. Let T = (T,n,p) be a monad on a category C with pullbacks. Then, the 2-
category T-MON has bipullbacks. Moreover, given T-monoidal functors (F,y): A — B and
(G,v) : C— B, it is possible to choose a bipullback of (F,y) and (G,1)

. B

(Fy)

B!

G’

P> <"

in such a way that F' and G’ are internal functors in CT.

Proof. Let
C
o| 2]

A—B

be the bipullback in Grpd(C) described above. We now turn P into an internal groupoid
in CT in the following way. P, being a limit, there exists a unique py : TPy — P, such
that Gypy = a)T'Gy, wpy = m(ieTGl, m(byTw, pTF))) and Flpy = c¢oTF;. Moreover,
P, being also a limit, there exists a unique p; : TP, — P such that Gipy = a;TGY,
mimiwipr = wpel'd, momywipy = GretTF], mymaowipr = Fia1 TG, mamawipr = wpeT'c and
F{p; = ¢;TF]. This makes P an internal groupoid in C*, I’ and G’ internal functors in C*
and w a T-monoidal natural transformation.

If
< R
l/ w

is another square, the triple (L : X — P, 15,1 K) defined above for the square

xX-£.¢C

| AL



in Grpd(C) can be turned in a fill-in in T-MON. Indeed, it suffices to set [ : T Xy, — P, as
the unique arrow such that G|l = h, mymywil = wpeT Ly, memiwl = Gk, mymewil = Fih,
momawrl = wlozo and Fil = k.

Finally, if

(L1 X—=P,o G o(L)lI')= (H,h), : F'o(L'l')= (K,k))

is another fill-in, the unique \ : L' = L such that 1o x A = o' and 1 x A = (' is a
T-monoidal natural transformation (L',1l') = (L,1). O

We are now able to prove our main result.

Proposition 4.6. Let C be a regular category where the axiom of choice holds and let
T = (T,n,p1) be a monad on C. Then, the inclusion 2-functor

I: Grpd(C") ——=T-MON

is the bicategory of fractions of Grpd(CT) with respect to the class of weak equivalences.

Proof. Since regular epimorphisms are split, 7" preserves them. By Lemma 4.4, the forgetful
functor U : CT — C preserves and reflects regular epimorphisms and CT is regular. Let &
be the class of weak equivalences in Grpd(CT). Then, we know from Proposition 4.3 that ¥
has a right calculus of fractions.

Now, let F' € . By Lemma 2.2, we know that UF € Grpd(C) is a weak equivalence.
Since C has the axiom of choice, UF is actually an equivalence. Thus, by Lemma 3.3, I(F")
is an equivalence and [ sends elements of X to equivalences.

Therefore, it remains to prove that I satisfies conditions EF1, EF2 and EF3 of Propo-
sition 4.2. EF1 is obvious and EF2 is the fact that, between internal functors in C*, T-
monoidal natural transformations are exactly internal natural transformations in C*. Let
us prove EF3. Given (F,¢) : A — B in T-MON, consider the bipullback

P-%.B
w / I
A——DB

(Fyp)

given by Lemma 4.5, in such a way that G and W are internal functors in C*. Thus,
G = (F,p) o W. Since bipullbacks preserve equivalences, W is an equivalence in T-MON
and thus in Grpd(C). By Lemma 2.2 again, this implies that W € . O

Corollary 4.7. Let C be a reqular category where the axiom of choice holds and G : D — C
be a monadic functor. Denote by T = (T,n, u) the monad induced by the adjunction F 4 G
on C and K : D — C* the comparison functor. Then, the composite

Grpd(D) -~ Grpd(CT) —L~T-MON

is the bicategory of fractions of Grpd(D) with respect to weak equivalences.

Proof. Since G is monadic, K : D — C" is an equivalence and K : Grpd(D) — Grpd(CT)
is a biequivalence of 2-categories. In addition, by Lemma 2.2, W € Grpd(D) is a weak
equivalence if and only if K(W) € Grpd(CY) is. Thus, IK satisfies conditions EF1, EF2
and EF3 of Proposition 4.2 since I does. O]
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5 The case of groups

We study in this section the particular case of the monadic forgetful functor U : Gp — Set.
Set is a regular category with the axiom of choice. Therefore, T-MON is the bicategory
of fractions of Grpd(Gp) with respect to X, the class of weak equivalences. In order to
explain the axioms of Definition 3.1, we make them explicit in this context. Let A and
B be two groupoids in Set” (i.e. in Gp by the biequivalence K). A T-monoidal functor
(F,p) : A — B is a functor F' : A — B between the underlying categories, together with
a function ¢ : Fr(Ag) — B; (where Fr(Ap) is the free group on the set of objects of A)
satisfying the following axioms:

e 1 and 2: For all ay,...,a, € Ag and i, € {—1,1}, p(a’* ...ai") is an arrow

plait air)
_—

F(a))" @ ® Fla,)" F(a} @ @ay).

e 3: Forall f,...,f, € Ay and i), € {—1,1},

F(f1)1Q@--QF(fn)™n

Fla)" ®--- @ F(a,)™ F(a')" @@ F(ay)™
Lp(ail...a%")t lgp(a’il..,a’;")

Pl @ @ar) —— = Fld ® - @ d)
@@ fin

commutes.
e 4: For all a € Ay, ¢(a) = 1p@) : F(a) = F(a).
o 5: For all ayr,...,an1, .-, 01k, - - -, Qn i € Ao,

w(ain...any k)

F(an) ® -+ @ F(an,)
so<au~--an11>®---®w(a1k--~ankk)l (@118 Bng 1) (0148 B, 1))

F(all®"'®an11>®"'®F<alk®"'®ankk>

Flan ® -+ @ an,k)

commutes (for the sake of simplicity, we only express axiom 5 with exponents 1).

In [14], it is shown that the bicategory of fractions Grpd(Gp)[X~'] is MON, the 2-
category of groupoids in Gp (i.e. small strict cat-groups), monoidal functors and monoidal
natural transformations. Thus, MON and T-MON are biequivalent. This biequivalence
K : MON — T-MON makes the diagram

Grpd(Gp) © MON Grpd(Set)
| 7 |
Grpd(Gp) —>Grpd(SetT);>T MON Grpd(Set)

commutative. Moreover, it can be described by

K: MON —s T-MON

A — KA
A ka9 kB
0] — 0]
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where Fy is the monoidal structure of F' and ¢ : Fr(4g) — B is defined on the word
at - -ain (a, € Ag and i, € {—1,1}) to be the arrow part of the sum

n

a1); 1F@a), 1 ' + - F Qn ), F(an)yani :
(F(ar),1 )" (F(an), 1 )"

This sum is calculated in the group of triples (b € By, f : b — F(a),a € Ap) and defined by

(b, f.a) + (V) f',d) = (b +¥, b+ 0 DL P(a) + F) 2= Fla+ ) a+ ) |

6 The case of Lie algebras

The aim of this section is to make the link between a result in [14] and our Corollary 4.7
for the particular monadic adjunction U : Lie, — Vect,, where Lie, and Vect, are the
categories of Lie algebras and vector spaces respectively (for a fixed field k). Vecty is a
regular category with the axiom of choice since every vector space is free (admits a basis).
Thus, we can apply our Corollary 4.7 to deduce that T-MON is the bicategory of fractions
of Grpd(Lie;) with respect to weak equivalences.

Besides, it is shown in [14], that this bicategory of fractions is LIEj, the 2-category
of internal groupoids in Liey, homomorphisms and 2-homomorphisms (see [2]). Therefore,

T-MON and Lie, are biequivalent. As for groups, this biequivalence K : LIE, — T-MON
makes the diagram

Grpd(Liey) ¢ LIE, Grpd(Vecty,)

(
| 0 |

Grpd(Liey) —;> Grpd(VectE)% T-MON Grpd(Vecty,)

commute. Moreover, it can be described by

K: LIE, —» T-MON

A — KA
AR AP kB
[0} — [0}

where ¢ : TAy — By is defined as follows. T'Ay is the free Lie algebra of the underlying
vector space of Ag. It is actually the Lie subalgebra generated by Aj of the tensor algebra

T(A) =k® A @ (A ® Ag) ® (Ag ® Ag® Ag) @ - - .

To each element v € T' Ay, we associated a triple ¢(v) = (b € By, f : b = F(a),a € Ap) by
induction:

o ifa € AO? @(a’) - (F((l), 1F(a)7a);

e if x € k and v € T Ay, p(zv) = (xb,xf,xa) where (b, f,a) = ¢(v);

o if vi,vy € T Ay, P(vy +v2) = (by + ba, f1 + f2,a1 + ag) where (b, fi,a;) = ¢(v;) for
i€ {1,2};
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o if vy, vy € TAg, ¢([v1,v2]) = ([b1, ba], F5 [ f1, fo], [a1, az]) where (b;, fi,a;) = ¢(v;) for
i€ {1,2}.

Let us recall that F3"* : [F(ay), F(a2)] = F([ai, as]) is the isomorphism making (F, Fy) an
homomorphism of groupoids in Lie; (also called small strict Lie 2-algebras in [2]). Then,
@(v) = f is the arrow part of this triple p(v) = (b, f,a).

7 Pseudo-algebras

The aim of this section is to give an intuition where the axioms of Definition 3.1 of T-
monoidal functors come from. We will see that these axioms are actually particular cases of
coherence axioms defining pseudo-morphisms between strict algebras for a pseudo-monad.
We adopt the following definitions from [10] and [9].

Definition 7.1. Let B be a 2-category. A pseudo-monad T on B is the data of
e a 2-functor T : B — B,

e two pseudo-natural transformations n: 1g — T and p: T?* — T,

e three isomodifications (modifications which are isomorphisms) m, | and r

T3 M T2 o2 I p

140

2
such that the two diagrams
mxlpy, 1u*mr mxlru,

wpr Tnr pwTpTnr and g pr pre ~—= g py Ty — 1 T Ty
mx*1 1, xT'm

m A “TQj L "

K p T pre T HHT T2/~LWM Tp T

T

commute, where we denoted by TJ’i the isomorphism 2-cell Tf pa — up T*f given by the
pseudo-naturality of p for all arrows f: A — B (and similarly for the pseudo-naturality of

n)-
Definition 7.2. Let B be a 2-category and T a pseudo-monad on it. We define the 2-
category Ps-Alg(T) as follows:

e The objects are the pseudo-algebras of T, i.e. quadruples (A, a,as,as) where A is an
object of B, a : TA — A is an arrow and a, and as are two invertible 2-cells

A MoTA T2A AL TA

such that




and
laxm 4 azxlry ,
apia pira—=a pia Tpa—=aTaTpua
(lg*l”TAl lla*Tag

2 2
aTla ——q T°a——aTaT a
Hra P e KA az2*1lro,

commute.

o Arrows (A, a,as,a3) — (B,b, by, by) are pseudo-morphisms of pseudo-algebras, 1i.e.
pairs (f, o) where f: A — B is an arrow and ¢ a 2-cell isomorphism

A Y TR

| A |

such that
1b*7'}7
bTfna—=bng f

go*l,,Aj lb**lf

f a T’A lf*a*

and
1f*a2

oxly
bTf pa——[fapa faTa

lb*T}L l T‘P*lTa

bQ*lTQf

commute.
o 2-cellsa: (f, o) = (g,0) are 2-cells a : f = g such that

lb*TOé

bTf——=0bTyg

‘| M
faTlcfga

commutes.

Similarly to Lemma 3.3, a pseudo-morphism (f, ¢) is an equivalence in Ps-Alg(7T) if and
only if f is an equivalence in B.

We are now going to see how pseudo-morphisms are linked with T-monoidal functors.
Firstly, if 7 is a pseudo-monad, we define 7-MON to be the full sub-2-category of Ps-Alg(T)
whose objects are the strict algebras, i.e. the pseudo-algebras (A4, a, a,, as) with a, and as
being identities. Moreover, we denote by Alg(7) the sub-2-category of T-MON in which we
only consider strict morphisms of strict algebras, i.e. the pseudo-morphisms (f, ¢) where ¢
is the identity.

Alg(T) — T-MON — Ps-Alg(T)

Now, suppose T is a (1-dimensional) monad on a category C with pullbacks. If T': C — C
preserves them, then T induces a pseudo-monad 7 on the 2-category Grpd(C). Moreover,
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T is such that n and p are 2-natural transformations, given by ng = (15,,75,) and up =
(pys s, ) for all B € Grpd(C). For this pseudo-monad, we know that the modifications m,
[ and r are identities and that the two coherence axioms become trivial. Moreover, we have
an isomorphism of 2-categories

Grpd(C") — Alg(T)
Avr— (UA a = (ag,a1))
F+—UF
a— Ua

where U : CT — C is the forgetful functor and a; : TA; — A, are the T-algebra structures
for i € {0,1}. Note that a = (ag,a;) is an internal functor since d,c,e,m and i are T-
algebra homomorphisms. Notice also that the fact that U« satisfies the coherence axiom
for the definition of 2-cells in Ps-Alg(7T) corresponds to the fact that « is a T-algebra
homomorphism.

With this particular pseudo-monad on Grpd(C), we remark that, if we extend this iso-
morphism, 7-MON becomes the following 2-category:

e Objects are internal groupoids in CT.

e A lcell (F,p): A — Bis the data of a functor F' : UA — UB in C together with an
internal natural isomorphism

TUA->TUB
| A
UA—F>UB
in C such that ¢ x1,,,, = 1p and @ * 1, = (@ * 1pe)(1y x Tp).
bTF pus——bnus F - bTF pys " F a jyp —— F a Ta
@*anAl ‘ pxlrg
Fangy=—F b,uUBT2F=bTbT2F1bTT;bTFTa

o A2cell a: (F,¢) = (G,¢): A — B is an internal natural transformation a: F = G

in C such that
1b*TOé

bTF—bTG

‘| |

Fa——Ga
axlg

commutes.

Now, we notice that these are exactly the axioms of the Definition 3.1 of T-MON.
Indeed, the first three axioms defining a T-monoidal functor are the fact that the 2-cell
¢: bTF = Fa is an internal natural transformation in C while the last two are the above
ones. In other words, if 7 is the pseudo-monad on Grpd(C) induced by a pullback preserving
monad T on C, the 2-categories T-MON and T-MON coincide. What makes it possible to
define T-MON even if the monad T does not preserve pullbacks is the fact that, to express
the naturality of ¢ : 0T'F = Fa : TUA — UB, one needs only the composition in the
codomain category UB and not in the domain TUA.
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Analogously to Proposition 4.6, we are going to prove that, under some hypothesis,
Alg(T) — T-MON
is the bicategory of fractions of Alg(7) with respect to a certain class of 1-cells X.

Definition 7.3. Let B be a 2-category where every 2-cell is invertible. We say that the

diagram
_Te
/
—_—
f

1s a strong homotopy-pullback of f and g if

e
Q

(1)

-
@

TA

-

2
S

1. for all diagrams
xX-r-c

/ ’

f4——?€>13

>

there exists a unique 1-celll : X — P such that mal = h, mel =k and p*1; = w;

2. for all 1-cells I,I' : X — P and for all 2-cells o : mal = mwal" and B : ncl = wel' such
that (1, % B)(ux1;) = (ux1p)(1f % @), there exists a unique 2-cell vy : | = 1" such that
lLyy,xy=aand 1, xv=[.

(When only condition 1 is satisfied, P is usually called homotopy-pullback, compare for
example with [8].)

Remark 7.4. Here is another way to understand Definition 7.3. If we have a diagram as
(1) in such a 2-category B, we can construct, for all objects X € B, the following diagram
in Grpd(Set)

B(X,P)

TCO—
Ix

pxl )

Py B(X,C)

TAO—
Wll Lgo—

B(X, A) —— B(X, B)

where Py is the bipullback of groupoids and [y the factorisation as constructed in Remark
3.3 in [14]. Then, we have a characterisation of bipullbacks and strong homotopy-pullbacks:

1. The diagram (1) is a bipullback if and only if Ix: B(X, P) — Px is an equivalence of
categories for all objects X € B.

2. The diagram (1) is a strong homotopy-pullback if and only if [x: B(X, P) — Px is an
isomorphism of categories for all objects X € B.

The following lemma is analogous to Lemma 4.5.
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Lemma 7.5. Let B be a 2-category where every 2-cell is invertible and T a pseudo-monad
on B such that n and p are 2-natural transformations. If B has strong homotopy-pullbacks,
s0 has T-MON. Moreover, given pseudo-morphisms of strict algebras (f, ) : (A,a) — (B, b)
and (g,v) : (C,c) — (B,b), it is possible to choose a strong homotopy-pullback of (f, ) and

(9.v)
(P,p) =L ()

(WAJ)L / l(g,w)

(A0) —— (B.)

in such a way that (wa,1) and (wc, 1) are strict morphisms.

Proof. Consider the strong homotopy-pullback

P

WAj/ g
o
A——-2B

!

in B. There exists a unique p : TP — P such that map = aT'ma, mep = T'me and
(ux1p)(p*Lpr,) = (Y *L1pre.)(LpxTp). Is is routine to check that this makes (P, p) a strict
algebra and that we have constructed the announced strong homotopy-pullback. O]

As for Proposition 4.6, this lemma is the key point to prove next proposition.

Proposition 7.6. Let B be a 2-category where every 2-cell is invertible and which has strong
homotopy-pullbacks. Let also T be a pseudo-monad on B such that n and p are 2-natural
transformations. If ¥ is the class of 1-cells (f,1) of Alg(T) such that f is an equivalence in
B, then,

Alg(T) — T-MON

is the bicategory of fractions of Alg(T) with respect to 3.

Proof. We know that ¥ has a right calculus of fractions since it is a bipullback congruence
(see Definition 5.1 and Proposition 5.2 in [14]). The rest of the proof is similar to the one
of Proposition 4.6 using Lemma 7.5. [
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