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Equivalences in Bicategories

Omar Abbad

Abstract. In this paper, we establish some connections between the con-
cept of an equivalence of categories and that of an equivalence in a bicategory.
Its main result builds upon the observation that two closely related concepts,
which could both play the role of an equivalence in a bicategory, turn out not
to coincide. Two counterexamples are provided for that goal, and detailed
proofs are given. In particular, all calculations done in a bicategory are fully
explicit, in order to overcome the difficulties which arise when working with
bicategories instead of 2-categories.

1 Introduction and Preliminaries

The work deals with equivalences as 1-cells in a bicategory. Therefore, we
refer the reader to [4], [5], or [8] for an exact and detailed definition of
bicategories. For other basic categorical definitions, the reader could consult,
for example, [5] or [9]. Below, we will give the definition of an equivalence
in a bicategory similar to that given in [10], followed by further definitions
essentially given in [2] (see also [6] or [7]).

Two sections are provided for this purpose. The first one introduces the
main definition of an equivalence in a bicategory and some auxiliary defi-
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nitions. The second section provides new characterizations of such equiva-
lences, in order to get this, at about the end of this paper, a result which
essentially makes the link between the definition provided for an equivalence
in a bicategory and that of an equivalence as a classical functor between two
categories (Proposition 3.6). We then immediately provide two counterex-
amples to show that the two close definitions used in the literature, of an
equivalence in a bicategory, do not coincide (Theorem 3.7).

Some new definitions, like a conjugate of an equivalence (as a 1-cell
in a bicategory), co-fullness, and co-faithfulness have been introduced to
facilitate this presentation.

At the end of the paper, we mention an idea to how to internalize the
concept of equivalences in bicategories.

2 Equivalences in bicategories

In this section we provide a definition of an equivalence in a bicategory and
we give different implications that can have this definition in connection
with other classic concepts.

Definition 2.1. Let f: X — Y be a 1-cell in a bicategory C. We say that
fis
(i) full if, for every object C € C, the functor
cc,f): cc,X) — C(C)Y)
h +— foh=fh
(a:k=h) = foa=I1rxa

is full. The « is a 2-cell in the bicatory C and * is the horizontal composition
of 2-cells. We will use these notations throughout the text;
(ii) faithful if, for every object C' € C, the functor

C(C, f): C(C, X) = C(C,Y)

is faithful;

(iii) an equivalence if, there exist a 1-cell f*: Y — X and two invertible
2-cellser: fof* = 1y and ny: 1x = f*of. The f* will be called a conjugate
of f.
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Remark 2.2. It follows immediately from the definition of an equivalence
f that:

(i) Any conjugate of f is also an equivalence.

(ii) f is a conjugate of f*.

(iii) Any 1-cell isomorphic to a conjugate of f is also a conjugate of f,
and any 1-cell isomorphic to f is also an equivalence.

(iv) Any two conjugates of f are isomorphic.

Example 2.3. (i) For every X € C, 1x is an equivalence. More generally,
if f is invertible, then it is an equivalence, since f~! is an evident conjugate
of f. In fact, the inverse of f, if it exists, is the strong version of the
conjugate of f, which is sometimes called, in the literature, “quasi inverse”
of f (see [10, Definition 16] ).

(ii) An equivalence between two categories is an equivalence as a 1-cell
in the 2-category Cat (2-cells are the natural transformations between func-
tors).

Let us see some consequences emerging from the above definitions.
Proposition 2.4. If f: X — Y is an equivalence, then it is full and faithful.
Proof. We denote by

angr:  (hg)f = h(gf)
rp: folx = f
ly: lyof =

respectively, the natural isomorphisms of, associativity of composition, right
and left units in a bicategory.

f is faithful: Let us assume that there exist two 2-cells a,~v: g = h such
that foa == f o~ and let us show a = . We have

fro(foa)=f"o(fon). (1)
By the naturality of the isomorphisms a4, introduced above, we get
[(f" o f)oaloagss = angpo[fT o (foa)l (2)

Using (1) and (2), we get

Gagp o l(f7 e floaloagy = apfp e [(F 0 ) on] o agsy
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or
(ffof)oa=(f"of)on,

which implies

(g * 1) o (Lp=op x @) o (7 % 1g) = (np 1n) © (Ly=op % 7) 0 (17 % 1g). (3)

The equality (3) is exactly the equality between the vertical composi-
tions of the two diagrams

c—9 .x X . x c—9% . x_ X . x

. glgﬁ Y ”fuf*ofX o glgu Y nfﬂf*ofX

o haﬂ’ le*o:uf*ofX c h ’Yu le*o:ﬂf*ofX
1 " 1 N

By applying the Interchange law (coming from the fact that the hori-
zontal composition is a functor between hom-categories) to both members
of the equality (3) (or directly to the two diagrams), we get

liy xa =114 *7,

and so

a=".

fisfull: If g,h: C — X are two 1-cells and 5: fog = foh is a 2-cell, we
shall find a: g = h such that f oa = 8. The « will be the composition of
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the 2-cells
C ﬁ X
gt
C XX . x
nrogl)

c x Il x
apxfol) i
c—J9 vy I . x
sl
oI .y I . x

—1
Gperh .
C h X frof X
Wfth‘U’ 1x
C X X
ln
i

We need to check that foa = 8. Let us consider the equivalence between
the following equalities:

foa = 8 @)
fro(foa) = frop (5)
(f*of)oa = aply o(f*oB)oasp, (6)
(nytoh)o((f*of)oa) = (n;'oh)oarl,, o(f*oB)oassy, (7)
lpo(lxoa) = Ipo (njfl oh)oa;*lfho(f* ofB)oagssgo(nfsog) (8)
aoly = lpo(nyloh)oajly, o(f*op)oassgo(nfog) 9)
a = lho(n;1 oh)o a;*lfh o(f*op)o af*fgo(’r]fog)olg_l, (10)
which is exactly the expression of o emanating from the above diagram.
(5) © (6), by the naturality of the isomorphisms a g,
(7) < (8), by the Interchange law,
(8) © (9), by the naturality of the isomorphisms . O

The converse of the last proposition is not always true (see Theorem 3.7),
but we immediately have the following consequence.

Corollary 2.5. For f: X =Y, if there exists a 1-cell f*:Y — X and an
isomorphism ng: 1x = f*o f, then f is full and faithful.

Proof. Tt suffices to check in the proof of Proposition 2.4 that we have not
used the isomorphism e;: fo f* = 1y. O
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Many interesting properties can be deduced from the previous results.

Proposition 2.6. The following two statements are equivalent:

(1) f is full, faithful, there exists a 1-cell f* and an isomorphism e¢: fo
f* = ly.

(2) For every C € C, C(C, f) is an equivalence.

Proof. (1) =(2): To show this implication it suffices to prove that for every
C and for every g : C' — Y, there exists h : C' — X such that foh =2 g. But
this results immediately from the sequence of the evident isomorphisms

g=lyog= (foff)og=fo(fiog)

and by taking h = f* o g.

(2)=(1): Clearly, to show this implication, it is enough to show the
existence of f*:Y — X and an isomorphism €;: fo f* = 1y. We may take
C =Y. Then C(Y, f) is an equivalence, and so for 1y : Y — Y, there exists
f*:Y — X such that 1y = fo f*. O

By Proposition 2.4, we get the following corollary.

Corollary 2.7. If f is an equivalence, then for every C € C, C(C, f) is an
equivalence.

Remark 2.8. (i) The converse of Corollary 2.7 is not always true. In fact, we
will prove later that we need more conditions on f for it to be an equivalence.

(ii) In the definition of an equivalence, if in addition the two isomor-
phisms 7y and €7 are natural, then one can choose those isomorphisms so
that the usual triangular identities

ngof N N TN e o ors
f Frer ===
» foeg 1 efof*

f*
are verified. To prove this, the reader could consider, for example, the idea
used in the proof of Proposition 27 in [3].



Equivalences in Bicategories 25

3 New characterizations

Via the new concepts of co-full and co-faithful 1-cells, we will establish the
main result of this work, Theorem 3.7, which provides two counterexamples
against the equivalence of two apparent close concepts of an equivalence in
a bicategory.

Definition 3.1. Let f: X — Y be a 1-cell in a bicategory C. We say that
fis
(i) co-full if, for every object C' € C, the functor
C(f,C): CY,C) — C(X,0)
h — hof=hf
(a:k=h) — aof=axly

is full,
(ii) co-faithful if, for every object C' € C, the functor

C(f,0):C(Y,C) = C(X,C)
is faithful.

Proposition 3.2. If f: X — Y is an equivalence, then it is co-full and
co-faithful.

Proof. Straightforward, by using the same arguments used in the proof of
Proposition 2.4 and changing 7y by ;. O

We need less conditions on f to have the result given above.

Corollary 3.3. For f : X — Y, if there exists a 1-cell f* and an isomor-
phism er: fo f* = 1y, then f is co-full and co-faithful.

Proof. Notice that we have no need of the isomorphism 7;: 1x = f*o f, in
the proof of Proposition 3.2. O

Proposition 3.4. The following two statements are equivalent:

(1) f is co-full, co-faithful, there exist a 1-cell f* and an isomorphism
ne:lx = f*o f.

(2) For every C € C, C(f,C) is an equivalence.
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Proof. See the proof of Proposition 2.6. O

Corollary 3.5. If f is an equivalence, then for every C € C, C(f,C) is an
equivalence.

Proof. Use Corollary 3.3. O

Now we are able to give a new characterization of an equivalence as a
1-cell, by means of equivalences as functors.

Proposition 3.6. The following two statements are equivalent:
(1) f is an equivalence.
(2) For every C € C, C(C, f) and C(f,C) are equivalences.

Proof. (1) =(2): Results immediately from Corollareies 2.7 and 3.5.
(2)=-(1): By Propositions 2.6 and 3.4. O

At this stage we have enough ingredients to prove relatively readily the
item (i) of Remark 2.8. This will be the main result of the present paper.

Theorem 3.7. The two parts of the item (2) of the above proposition, no
one implies the other in general.

Proof. We shall give counterexamples to show that each of the following two
equivalences are false in general:

(a) f is an equivalence if and only if for every C' € C, C(f,C) is an equiv-
alence.

(b) f is an equivalence if and only if for every C' € C, C(C, f) is an equiv-
alence.

By Proposition 3.6, this amounts to give counterexamples to show that
each of the following two implications is false in general:

(a) for every C' € C, if C(C, f) is an equivalence then, for every C € C,
C(f,C) is an equivalence.

(b) for every C' € C, if C(f,C) is an equivalence then, for every C € C,
C(C, f) is an equivalence.

For (a’), consider the following bicategory C:
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o O-cells: {1,2,3},

o l-cells: fi; =1id; for all i € {1,2,3} and

1, 10201 29

?

17831

12
Ut C 1 fi2

2

13

f13

3

The composition for those 1-cells are defined as follows:

J120 fa1 = f32;
f320 f13 = fia;
J13 0 f31 = f33;
J310 f13 th;
f120f{1 Zfiz;
f130f{1 :f{:’);
fi1 0 fa1 = fa1;

fi2 0 f31 = fa2;
fz20 fiz = fla;
fiz o f31 = f33;
f31of{3 :fﬁ;
f{2of{1 :fiz;
f{?;of{l :f{?);
filofil :f{r

We can easily check the associativity of the compositions.

o 2-cells: The 2-cells in C are defined as

fij

fij

whenever f;; is defined for ¢, j € {1,2,3}. Those are the invertible

2-cells.



28

O. Abbad

— The non invertible 2-cells are:

an : fu = flis Bu o fli = fiso o fuo = fulm #
Ly)s Ot fip = fi1(0n # 1p), with the following vertical

composition rules:

P11 0 a11
a11 0 f11
11 0 a1
Q11 9711
Y11 © Y11
011 0 011
711 ° B11
B11 0 011

a2 fiz = flos Pz flo = fizs 2 ¢

711

a1l
a1l
Y11
011
Bi1
Bi1

fiz = fi2(n2 #

1) 012 ¢ flo = fia(f12 # 1), with the following vertical

composition rules:

P12 0 a2
a12 0 P12
th2 0 a12
Q12 0712
Y12 © Y12
t12 0 012
712 © B12
P12 0 b12

Y12
012
a1z
a2
Y12
012
P12
P12

and o3 : fi3 = fiz; B3 @ fiz = fi3; 3 : fiz = fizs(ns #
lfs); bhs © fi3 = fiz(bis # 1p.), with the following vertical
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composition rules:

fizoaiz = M3
ajzofiy = b3
ti3oa13 = i3
Q130713 = Qi3
Y13°713 = 713
th3obis = b3
m3zo Pz = B3
Przobiz = [i3.

The horizontal composition rules of those 2-cells are:

Q12 * 1] = (12;
P12 x B11 = P12;
aq2 * B11 = O12;
P12 x a1 = th2;
Q13 * 1] = (13;
P13 * B11 = B13;
a13 * B11 = O13;
P13 * 11 = O13;

f12 0711 = 7123
fi12 0011 = 0O12;
fiz 0 a1 = aig;
fi20B11 = P12 ;
fiz3 o1 = 13;
fi13 0011 = 013;
fi13 0 a11 = a13;

fizo Bi1 = P13 ;

fi2 0711 = b12;
[l 0611 = b12;
fla 0 a1 = bq2;
flg © B11 = b12;
fi3 0711 = b13;
fiz 0611 = b13;
flz 0 a1 = O13;
fiz 0 B11 = b13;

iz 0 fi; = bha;
Bi2 o fiy = b12;
12 O f{l = O12;
Bi2 o fiy = b12;
a3 0 fiy = 013;
Biz o fi = b13;
a3 0 fiy = 013;
Biz o fiy = b13;

C is a 2-category: long but straightforward.

It is not hard to check that if we take f = fi3, C(C, f) is an equivalence
for every C € {1,2,3}. But, for C' = 2 and, since the only 1-cell from 3 to 2
is fa2, and fsz0 fi3 = f1y, there exists no g : 3 — 2 such that go f13 = fi2 (or
more precisely go fi3 = fi2), then C(fi3, C)) can not be essentially surjective,
therefore it can not be an equivalence.

For (b'), we could take, as a counterexample, the bicategory K = CP, f =
f31, and we can check easily that for every C' € K, K(f31,C) is an equiva-
lence, but K(2, f31) can not be an equivalence. O

Remark 3.8. (i) As a consequence of Theorem 3.7, the authors who define
the equivalence f by the property: “YC € C, C(C, f) is an equivalence”, give
a definition that can not be equivalent (in a general bicategory) to the one
given in (iii) of Definition 2.1. Nevertheless, in many bicategories, the two
properties
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pl. VC € C,C(C, f) is an equivalence,
p2. VC € C, C(C, f) and C(f,C) are equivalences,

are equivalent, and it seems to be relatively hard to find a counterexample
where those two properties are not equivalent; many authors adopt the first
property as a definition of equivalences.

(ii) The bicategories chosen in 2] are such that all 2-cells are invertible.
Especially in that case, pl and p2 are equivalent!

(iii) Tt is easy enough to see that in a 2-category C,

C(C,g)eC(C, f) =C(C,g0of) (1)
and
C(f,C)oC(g,C) =C(ge f,C) (2)
(whenever g o f exists), which implies directly the following properties:
P1. If f and g are faithful (co-faithful), then g o f is faithful (co-faithful).
P2. If f and g are full (co-full), then g o f is full (co-full).

P3. If f and g are equivalences, then g o f is an equivalence.

Since the composition of 1-cells, in bicategories, is associative only up to
an isomorphism, equalities (1) and (2) are not always true. This makes the
above properties not as evident in bicategories as they are in 2-categories.
Nevertheless, we still get the following results.

Proposition 3.9. In a bicategory C, if f: X —Y and g:Y — Z are
P1. faithful (co-faithful), then g o f is faithful (co-faithful),
P2. full (co-full), then go f is full (co-full),
P3. equivalences, then g o f is an equivalence.

Proof. P1. If f and g are faithful, then g o f is faithful: Let aj, a9 : h =k
be two 2-cells such that

(go f)oar=(go f)oas. (3)

Using the naturality of the isomorphisms a4, with ag, we get

[go (foar)]oagm =agsrol(go f)oar)]. (4)
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The same equation is true with ao,

[go (foaz)]oagm = agprol(gof)oar)] ()
The equations (3), (4), and (5) imply

go(foar)=go(foay)

Since g is faithful,

foar=foas.

Now, since f is also faithful, oy = a9, which proves that g o f is faithful.
We use similar arguments to show that g o f is co-faithful if g and f are
co-faithful.
P2. If f and g are full, then go f is full: Let us consider 3 : (go f)oh =
(go f)ok and find o : h = k such that 8 = (g o f) o a. By considering (1,
which is the composite of the 2-cells

go(foh)ag:jcg(gof)oh%(gof)okagégo(fok), (6)

then B1 : go(foh) = go(fok). But gis full, therefore there exists
0: foh= foksuch that go# = 1. Since f is full, there exists o : h = k
such that # = f o a. In that way, we get

B1=go(foa).
Using (6) we get
B=a g 0bioa . (7)
Using now the naturality of aysx, we get
lgo (Foa)leays, =agrel(ge f)oal. (8)

(7) and (8) give
B=(gof)oo.
This implies g o f is full.
Using similar arguments, we easily show that g o f is co-full if g and f
are co-full.
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P3. If f and g are equivalences, then g o f is an equivalence: To show
this, it suffices to give a conjugate h of g o f. Let us consider h = f* o g*.
We know that

(gof)oh=go(foff)og-=golyog-=gog"=1lg,

which form €y .
In the other side, we have

ho(gof)= frfo(giog)of=fTolyof=fof=lx,
which form 7.7, and therefore h is a conjugate of g o f. O

Remark 3.10. It is well known (see, for example, [5, Proposition 8.1.4]),
that if C is a category, then the internal categories in C, the internal functors
in C, and the natural transformations in C, form a 2-category. Therefore, we
can speak about an equivalence for an internal functor. Evidently one may
use Definition 2.1, or any other equivalent definitions given in this paper.
As a perspective to this work, the reader may consider establishing the link
between the definition emanating from this work applied to equivalences for
internal functors and, for example, the definition given in [6]. That could be
a very interesting work, which would generate many important new ideas.
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