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PSEUDO-CATEGORIES
N. MARTINS-FERREIRA

(communicated by Ross Street)

Abstract

We provide a complete description of the category of pseudo-
categories (including pseudo-functors, natural and pseudo-
natural transformations and pseudo modifications). A pseudo-
category is a non strict version of an internal category. It was
called a weak category and weak double category in some ear-
lier papers. When internal to Cat it is at the same time a
generalization of a bicategory and a double category. The cat-
egory of pseudo-categories is a kind of “tetracategory” and it
turns out to be cartesian closed in a suitable sense.

1. Introduction

The notion of pseudo-category' considered in this paper is closely related and
essentially is a special case of several higher categorical structures studied for ex-
ample by Grandis and Paré [8], Leinster [3], Street [11],[12], among several others.
We have arrived to the present definition of pseudo-category (which some authors
would probably call a pseudo double category) while describing internal bicate-
gories in Ab [5]. We even found it easier, for our particular purposes, to work with
pseudo-categories than to work with bicategories. Defining a pseudo-category we be-
gin with a 2-category, take the definition of an internal category there, and replace
the equalities in the associativity and identity axioms by the existence of suitable
isomorphisms which then have to satisfy some coherence conditions. That is, let C
be a 2-category, a pseudo-category in (internal to) C is a system

(C'O,Cl,d,c,e,m,a,)\,p)
where Cy, C are objects of C,
d,C:Cl—>Co, 6100—>Cl s m:C1 XCOC1—>01
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In the previous work [6] the word "weak” was used with the same meaning. We claim that
”pseudo” is more apropriate because it is the intermediate term between precategory and internal
category. Also it agrees with the notion of pseudo-functor, already well established.
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are morphisms of C , with C; x¢, C1 the object in the pullback diagram

Cl XCD Cl L Cl

4 _4 . o

)

a:m(le, Xg, m) — m(m X, 1o,)

A:miec, 1o,y — 1o, , p:m{le,,ed) — 1l¢,,

are 2-cells of C (which are isomorphisms), the following conditions are satisfied

de = 1., = ce, (1.1)

dm =dmy , em = cmy, (1.2)

dol=1g=dop, (1.3)
cod=1.=cop,

doa =14, , coa=1cn, (1.4)

Aoe=poe, (1.5)

and the following diagrams commute

mo(lcl Xcoa)

o IorXcon) | (1.6)
ao(lclxcolclxcom) aO(ICIXCO’mXcOlcl)
[ ] L)
aO(mXcolcl Xcolcl) mO(aXColcl)
[ ]
ozo(lc1 X cgp<ec,lcy >)
o [ ] (17)

mo(lCIXco)\) mo(pXColcl)
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Examples:

1. When C=Set with the discrete 2-category structure (only identity 2-cells) one
obtains the definition of an ordinary category since a, A, p are all identities;

2. When C=Set with the codiscrete 2-category structure (exactly one 2-cell for
each pair of morphisms) one obtain the definition of a precategory since «, A, p
always exist and the coherence conditions are trivially satisfied;

(This result applies equally to any category)

3. When C=Grp considered as a 2-category: every group is a (one object) cate-
gory and the inclusion functor

Grp — Cat
induces a 2-category structure in Grp, where a 2-cell
7:f—9 , (f,g: A— B group homomorphisms)
is an element 7 € B, such that for every = € A,

g(@)=7f(x)r~".

With this setting, a pseudo-category in Grp is described (see [7]) by a group
homomorphism

0: X — B,

an arbitrary element

0 € ker 0
and an action of B in X (denoted by b -z for b € B and z € X) satisfying

d(b-x) =00 (x)b~"
d(x) 2 =x+2 —x

for every b € B, z,2’ € X. Note that the difference to a crossed module
(description of an internal category in Grp) is that in a crossed module the
element 6 = 1.

The pseudo-category so obtained is as follows: objects are the elements of
B, arrows are pairs (z,b) : b — Jz + b and the composition of (z’,0x + b) :
Ox+b — 02'+0x+b with (x,0) : b — dz+bisthe pair (' +x —d+b-0,b) :
b — 02’ 4+ 0x +b. The isomorphism between (0, 0z + b) o (z,b) = (x,b)0(0,b)
and (z,b) is the element (§,0) € X x B . Associativity is satisfied, since
(",02" + 0z +b)o ((¢/,0x + b) o (x,b)) = ((2",02' + dx + b) o (a',0z + b)) o
(x,b).

4. When C=Mor(Ab) the 2-category of morphisms of abelian groups, the above
definition gives a structure which is completely determined by a commutative
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square

AIL}AO

W |

BlL,BO

together with three morphisms

Aap:‘40 —>A1a

n: BO I Ala
satisfying conditions
k‘1)\ =0= k‘1p7
k’177 = 07

and it may be viewed as a structure with objects, vertical arrows, horizontal
arrows and squares, in the following way (see [6], p. 409, for more details)

®.2) b+ ko ()

b
b «x ol®
(Z)l (d y> l(giilgy;) ’
/
b+ 0 (d) 1o D etow)

where * stands for b+ 0" (d) + ko (x + 9 (y)) =b+ ko (z) + 0’ (d+ k1 (y)) .

5. When C=Top (with homotopy classes as 2-cells) we find the following partic-
ular example. Let X be a space and consider the following diagram

d
—
m e
X xy XTI X182 X

c

where X' is equipped with the compact open topology and X' x x X with
the product topology (I is the unit interval), with

X' xx XT={{g, f) | f(0) = g (1)}

and d, e, ¢, m defined as follows

d(f) = r(0)
c(f)=r@)
e:(t) ==

B (2t),t < 2

with f,¢:I — X (continuous maps) and x € X. The homotopies a, A, p are
the usual ones.
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6. When C=Cat the objects Cy and C} are (small) categories, and the morphisms
d,c,e,m are functors. We denote the objects of Cy by the first capital letters
in the alphabet (possible with primes) A, A’, B, B, ... and the morphisms by
first small letters in the alphabet a : A — A’,b: B — B’,... . We will
denote the objects of C7 by small letters as f, f’,g,¢,... and the morphisms
by small greek letters as ¢ : f — f',v:g9 — ¢’,... . We will also consider
that the functors d and c are defined as follows

Ol C(0
i/ a:A— A
p:f—f
eN b:B— B

hence, the objects of Cy are arrows f : A — B, f' : A — B’ that we
will always represent using inplace notation as 4 —f—= B, A’ —f'> B’ to
distinguish from the morphisms of Cy, and thus the morphisms of C; are of
the form

A———1B

R

A ——f—>B

The functor e sends a : A — A’ to

A ida—> A

a| ﬂ:da fa s

A idgr—> A

while the functor m sends (7, ¢) to 7 ® ¢ as displayed in the diagram below

A B g C A 9@ f— ('
o) ﬂw bl e e
A’ r B’ g’ c’ A g'ef —= '

Each component of « is of the form

A —he(gef)—= D
1A\L QXh,g,f \Llp s
A —(h®g9)®f—= D
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while the components of A and p are given by

A idpRf—> B A —fRida—= B
1A¢/ )\f \LIB s 1A¢/ Pf i,lB
A f——B A f——B

Thus, a description of pseudo-category in Cat is as follows.

A pseudo-category in Cat is a structure with
- objects: A, A", A" B,B’, ...
- morphisms: a: A — A',a’ : A — A" b: B — B, ...
- pseudo-morphisms: A—f—- B, A' —f> B, B—9—=>(C,...
- and cells:

52

A —> B A’ f—— B’ B———9—C
AR PR A R P R A P A
A ——f—>pB A ——f—>p' B ——g—>C

where objects and morphisms form a category
o (a/a) _ (a//a/) a,
lara = al 4;

pseudo-morphisms and cells also form a category

", 1

©" (0'p) = (¢"¢") @,

Ly =ply,
with 1y being the cell
A——Ff——B
1A\L 1y ¢1B ;
A j—— B

for each pair of pseudo-composable cells v, p, there is a pseudo-composition v ® ¢

A 9® f—>(C'
a\L YRp \Lc 3
A’ gef'— '

satisfying

Y1 e@e)=n0" o) (o),
1g®f = 1g & 1f§

(1.8)
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for each morphism a : A — A’, there is a pseudo-identity id,

A ida—> A

a| lfida Ja

A id g —> A’

satisfying
idlA = 1idA
idggq = idgidy;
there is a special cell ay, 4 ¢ for each triple of composable pseudo-morphisms A, g, f

A —he((gef)—= D
1| angs |lp
A —(heg)®f—= D

natural in each component, i.e., the following diagram of cells
he(gef) 5L (heg)ef
n®(’v®¢)l l(n®'y)®<p

Welgof) 2 (Weg) e f

commutes for every triple of pseudo-composable cells ¢, v, n

A B g C h D
a) ® yb ﬂ'y Ve ﬂn va
A S B g O —— = ]

to each pseudo-morphism f: A — B there are two special cells

A ——idg®f——= B A —fRida—= B
1A¢ ﬂxf ¢1B , 1A¢ \H/Pf \LlB )
A A

f—1B f—1B

natural in f, that is, to every cell ¢ as above, the following diagrams of cells commute

idp® f —L f feidy —2— f

id13®tpl lw ¢®idlAl J{SO

)

’ >\ ’
idB/®f/ )‘—f> f/ f/®id3/ _f) f/
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And furthermore, the following conditions are satisfied whenever the compositions
are defined

f®ay nk

f@(ge (hek) fe((geh)@k)

(fog) @ hek) (fo(goh) ek

M\%

(fog)@h) ok

*f.l,g

fe(leg) (felh)og

F®Ag PF®g

f®@g

Examples of pseudo-categories internal to Cat include the usual bicategories of
Spans, Bimodules, homotopies, ... where in each case it is also allowed to consider
the natural morphisms between the objects in order to obtain a vertical categorical
structure. For example in the case of spans we would have sets as objects, maps as
morphisms, spans A «— S — B as pseudo-morphisms and the cells being triples
(h, k,1) with the following two squares commutative

A S B
S
A s B

A pseudo-category in Cat has the following structures: a category (with objects
and morphisms); a category (with pseudo-morphisms and cells); a bicategory (con-
sidering only the morphisms that are identities); a double category (if all the special
cells are identity cells).

Other examples as Cat (with modules as pseudo-morphisms) may be found in
[3] or [8].

The present description of pseudo double category (internal pseudo-category in
Cat) is the same given by Leinster [3] and differs from the one considered by Grandis
and Paré [8] in the sense that they also have

ida =ida ®idy.

In the following sections we will provide a complete description of pseudo-functors,
natural and pseudo-natural transformations and pseudo-modifications. We prove
that all the compositions are well defined (except for the horizontal composition
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of pseudo-natural transformations which is only defined up to an isomorphism). In
the end we show that the category of pseudo-categories (internal to some ambient
2-category C) is Cartesian closed up to isomorphism. We will give all the defini-
tions in terms of the internal structure to some ambient 2-category and also explain
what is obtained in the case where the ambient 2-category is Cat. While doing some
proofs we will make use of Yoneda embedding and consider the diagrams in Cat
rather than in the abstract ambient 2-category.
We will also freely use known definitions and results from [4],[1],[2] and [10].

2. Pseudo-Functors
Let C be a 2-category and suppose
C = (Cy,C,d,c,e,m,a, N\ p), (2.1)
C' = (Cy,Ch,d el ym/ ol N pl)
are two pseudo-categories in C.
A pseudo-functor F' : C — (' is a system

F= (F07F1,N,E)
where Fy : Cp — C, Fy : C1 — C] are morphisms of C,
w:Fym — m' (Fy xg, F1) , €: Fre — €'Fy,

are 2-cells of C (that are isomorphisms?), the following conditions are satisfied

dF, = Fod, (2.2)
C/Fl = F()C,
do B = 1Fydrsys (23)
C/ ol = 1F0c7r17
d/ o€ = 11:‘07 (24)
doe=1p,

and the following diagrams commute
“(IXCO m)
e ——>60

Fy \m/(lpl X/L) s

N(mXc(]}\ A(FIXFOFIXFOFI)

e ——>0
m’(,u><1p1)

2Some authors (example Grandis and Paré in [8, 9]) consider the notion of pseudo - which corre-
sponds to the present one - but also consider the notions of lax and colax where the 2-cells may
not be isomorphisms.
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Fip
[ ] —_— [ ]

u(1,6d>l TP’FI (2.6)

Consider the particular case of C=Cat. Let

A — B

a) ﬂw D

A’ f'— B’

be a cell in the pseudo-category C. A pseudo-functor F' : C' — C’, consists of four
maps (sending objects to objects, morphisms to morphisms, pseudo-morphisms to
pseudo-morphisms and cells to cells - that we will denote only by F' to keep notation
simple)

FA Ff——FB ;
Fa) Fo J Fb
FA Ff'——FB’

a special cell uy 4

FA—F@of)—= FC

1 Jprs 1

FA—Fg®Ff— FC

to each pair of composable pseudo-morphisms f, g; a special cell € 4

FA—7F(ida)—>= FA

| S

8!
FA idpa—> F'A




Journal of Homotopy and Related Structures, vol. 1(1), 2006 57

to each object A, and satisfying the commutativity of the following diagrams

F(fo(geh) —= o p((fog)oh)

1f, 900 Hfogh ’
F(f)®F(g@h) F(fog)®F (h)
F(f)®Qug,n Hi,g®F (h)

F(f)e (F(g) @ F(h) — (F(f)® F(g)) @ F (h)

XFf,Fg,Fh

F(f®ida) s, F(f)

o] Joo

F(f)® F(ida) P24 P (f) @ idpay

Fldsaf) —22 P

ltz'dB,fl TA’Ff

Fidp) @ F (f) <2250 Gdp 5 @ F(f)

whenever the pseudo-compositions are defined.

Return to the general case.

Let FF: C — C" and G : C' — C” be pseudo-functors in a 2-category C.
Consider C and C” as in (2.1) and let

C” — (Cv(/)/,(;v{/7dll’cl/7ell7,rrl//7o/l7)\ll’pll)7
F= (Fo,Fl,‘LLF,EF) )
G = (G, G1,u%,£9).

The composition of the pseudo-functors F' and G is defined by the formula
GF = (GoFo,GlFl, (/.LG o (F1 XFO Fl)) . (Gl e} /,LF) s (€G o F()) . (G1 OEF)) (27)

where o represents the horizontal composition in C and - represents the vertical
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composition, as displayed in the diagram below

m e
Ci x¢, C1 Cq Co
F1><F0F1J( ,U,F U, F1J( EF l} ng
’ !
i ! m 1 € !
O %oy C4 c C)
G XGDGll ,uG U G1J @ U JGO
" " m” " e "
Cy xcy Cf C} cy

Proposition 1. The above formula to compose pseudo-functors is well defined.

Proof. Consider the system
GF = (GoFo, GiFy, p©F,T)
with p&F e9F as in (2.7). We will show that GF is a pseudo-functor from the
pseudo-category C' to the pseudo-category C”.
It is clear that GoFp : Co — Cf,G1Fy : C1 — CY, are morphisms of the ambi-

ent 2-category C and pu®¥ : Gy Fym — m" (G1F) XGoF, G1F1), eGF . G Fle —
e"GoFy are 2-cells of C and they are isomorphisms.

Conditions (2.2) are satisfied and
d/I/J,GF =d ((MG o (Fl X Fy Fl)) . (Gl o MF))
= (do,uGo(Fl X Fo Fl)) . (doGlouF)
= (1G0d’ / o (F1 X Fy Fl)) . (Go o d/ o ‘uF)

= <ngd’7r§(F1><FOF1)) (Go © 1pydns,)

= 1G0d’F17rg : 1G0F0d772

= 1G0F0d7T27

as well ¢’u“F = 1g,myen, , hence (2.3) holds. Also
d”&GF =d" ((gG OFO) . (Gl ogF))

= (d” 0e%o FO) : (d”Gl o gF)
~ (g, 0 Fo) - (God o<")
=layr, - (GO o 1Fo)
=1GoFo " laoF, = laoFos

and similarly ¢’e“F = 1, F,, so conditions (2.4) are satisfied.

Commutativity of diagrams (2.5), (2.6) follows from Yoneda Lemma and the
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commutativity of the following diagrams

H(af g.n)
Hyogon) ! LIREDED)
e I,
Fraen GFrroFen GFro,@F, [rean
/ \ N / \
Hy @ Hygn / (1) —> \ Hyog ® H,
Fr®G Gr,or, ® Hy,
Heopll, ! iFQ(X)Fh e j K g ®Hn
Hy ® (Hg ® Hp) UL (Hy ® Hy) @ Hp
H(\y)
Hidpor Hy
Grayor; — Gidp,0F;
#fiB,f ¢ A}-/If
GidFB 24 Hf
Hiq, ® H idy, @ H
idp f oy Hp f
H(py)
Hygida Hy
GFf®FidA —> GFf®idFA
N?idA J/ P/;/If
Hf ® GidFA
Hy ® Hiq, e Fr®idg,
A

where (1) = Grio(F,0r,) and (2) = G(r,er,)or,- We also use the abbreviations
H = GF and Fy or Ff instead of F'(f) to save space in the diagram. O

Composition of pseudo-functors is associative and there is an identity pseudo-
functor for every pseudo-category, namely the pseudo-functor

lc = (1003 101 ) 1ma le)
for the pseudo-category
C = (Co,Cq,d,c,e,m,a, N\ p).
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Given a 2-category C, we define the category PsCat(C) consisting of all pseudo-
categories and pseudo-functors internal to C.

3. Natural and pseudo-natural transformations

Let C be a 2-category and suppose
C = (Cy,C,d,ce,m,a, N p), (3.1)
C' = (Cy,Ch,d el ym /N pl)
are pseudo-categories in C and
F = (F, Fy,pu",e"), (3.2)
G = (Go,G1, ¢, £%)

are pseudo-functors from C to C".
A natural transformation 6 : FF — G is a pair 0 = (6, 61) of 2-cells of C

90 : lﬁ) — (;0

91 : l:i — (;1
satisfying

d/ 9 91 = 90 od

oy =60yoc

and the commutativity of the following diagrams of 2-cells

610om

010e

A pseudo-natural transformation 7' : F — G is a pair
T =(t,7)
where t : Cp — C] is a morphism of C,

7:m/ (G, td) — m/ (tc, Fy)
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is a 2-cell (that is an isomorphism); the following conditions are satisfied

dt=F (3.3)
C/t = Go
d/ oT = ]-d’F1 (34)

dor=1lyg,

and the following diagrams of 2-cells are commutative®

G1 XaaG1Xagnt
XG0G1xeot) (3.5)
,uG ,td/ Y<G1‘n’177’ﬂ'2> ,
[ ]
Tml la(GlXGUtXFOFl)
[ ]
m’ (tc7r1,u>\ A<TTI’1,F17T2)
o —— 0
Ot(tXFOFlXFOFl)
—r (3.6)

>

/ \<<1t,8p>
\ /

In the case C=Cat: let W, W’ be two pseudo-categories in Cat, and F, G : W —
W' two pseudo-functors. Given a cell

A———B

S PR

A
in W, we will write
FA Ff—— FB GA Gf—— GB
Fa, Fo yroand  Ga) Gy Jab
FA Ff'— B’ GA’ Gf'—— GB’

3G, XGo t XFy F1:C1 Xy Co Xop C1 — C1 Xy C1 Xy C1
t Xp, 1 X g, F1 : Co X Co Ch X o Ccy — Cq X o C1 XCo C1
G1 XGo G1 XGyt: C1 Xy C1 Xy Co — C1 Xy Ch Xy Ch



Journal of Homotopy and Related Structures, vol. 1(1), 2006 62

for the image of ¢ under F and G.

The description of natural and pseudo-natural transformations in this particular
case is as follows:

- While a natural transformation 6 : FF — G is a family of cells

FA Ff—— FB
9A¢ Gf ¢0B )
GA—Gf——=(GB

one for each pseudo-morphism f in W, such that for every cell ¢ in W, the square

Ff % qf
F% ch
0,0

Ff/ - Gf/

is commutative as displayed in the picture below

F
Fal, FLPxU/ 0 \LFb 05 :

and furthermore, given two composable pseudo-morphisms g, f and an object A in
W, the following squares are commutative

F
Flgof) =21 Fge Ff

99®fl leg@ef

G

Glg® f) —“1 GgoGf

EF
F (ida) — A s idpa

G(idg) —— idga
e§

- Rather a pseudo-natural transformation 7' : F — G consists of two families of
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cells
FA ta——> GA
Fai/ ta \LGa
FA tar—= GA’
and

FA——Gfota—> GB

1 ﬂw 5

FA—ts9Ff—> GB

63

with @ a morphism and f a pseudo-morphism of W, as displayed in the following

picture

Ff

FW\t F‘jj%c, / ¢Mt
SIS T
R N

G

such that (¢ is a functor)

ta’a - tata’

1, = 1ey
(7 is natural)

Gf @ty —— tg@Ff

Gw@tal lt;;@Fso

)

Gff @ty —1— tp @ Ff

and for every two composable pseudo-morphisms A —f—= B —¢— (', the following
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diagrams of cells in W’ are commutative

(f) ®ta = G(g9) @ (G(f) ®ta)

/ \

Gg®f)®ta ® (ts ® F (f))
i i

te ® F(g® f) 9) ®@t) @ F(f)

\ /

tc® (F(9) @ F (f)) = (tc ® F (g
G(ida) @ta ta® F (ida)
/ \
idga ®ta ta®idpa

\tA /

Return to the general case.
Let C be a 2-category and suppose C,C’,C" are pseudo-categories in C and
FGH:C— C,F,G:C — C"” are pseudo-functors. Natural transforma-

tions 6,6, 0
F ’
G)9 s
C p o’ @ o
G/
H

may be composed horizontally with ¢ o 0 = (6f,07) o (69,61) = (6 © 0o, 01 0 01)
obtained from the horizontal composition of 2-cells of C, and vertically with -0 =
(90, 01) (00,01) = (90 0,0 - 91) obtained from the vertical composition of 2-cells
of C. Clearly both compositions are well defined, are associative, have identities

and satisfy the middle interchange law. This fact may be stated as in the following
theorem.

Theorem 1. Let C be a 2-category. The category PsCat(C) (with pseudo-categories,
pseudo-functors and natural transformations) is a 2-category.

Composition of pseudo-natural transformations is much more delicate.

Again let C be a 2-category and suppose C,C’ are pseudo-categories in C,
F,G,H : C — (" are pseudo-functors (as above) and consider the pseudo-natural
transformations

FLaom
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with
T={(t7), S=(s,0).
Vertical composition of pseudo-natural transformations S and T is defined as
ST =(m'(s,t),0®7) (3.7)
where
o1 =alscte, ) -m' (1,7) - (sc,Gy,td) -m' (0,14q) - a (Hy, sd,td) . (3.8)

The above formula in the case C=Cat is expressed as follows

FA t GA A HA
(s®1), = Sa @, Fa) ﬁtc | Ga \H/Sa VHa
FA tar GA’ Al HA

and
(c®&T);=a(sp®Ty) a oy @ta)a,
as displayed in the following picture

(o7)¢
Hf®(sa®ta) — (sp@tp) @ Ff

(Hf ® s4) @ta sp® (tp @ F'f)

Uf®tAJV T53®‘rf

(sp®Gf)@ta —— sp®(Gf®ta)

Return to the general case.

Theorem 2. The vertical composition of pseudo-natural transformations is well
defined.

Proof. Consider C,C’ as in (3.1), F,G as in (3.2), H = (Hy, Hy,pm,eg) and
S, T as above. Clearly (st) = m/(s,t) : Cy — C] is a morphism of C and o7 :
m' (Hy, (st)d) — m' ((st) ¢, F1) is a 2-cell of C that is an isomorphism (is defined
as a composition of isomorphisms).

Conditions (3.3) and (3.4) are satisfied

d'm’ (s, t) = d'm (s,t)
=d't
= ko,
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also d'm’ (s,t) = s = Hyp, and

do(c@1)=d o alscte, i) -m' (1s,7)-a " (sc,Gi,td) - m' (0, 1;a) - o (Hy, sd, td)
= doal(scte,F1) - dom (1se,7) -

d oa ' (se,Gy,td) - d om (0,1a) - d oo (Hy,sd,td)

=1lor - lor - laa - laa - larea
=lyr lata =lar 1rga =lar - lar = lar

with similar computations for ¢ o (c ® 7) = 145,

Commutativity of diagrams (3.5) and (3.6) is obtained using Yoneda Lemma,

writing the respective diagrams and adding all the possible arrows to fill them in
order to obtain the following mask and diamond

SN N
NS \ / NS

(mask)

| |

F /\/\ ﬂ
NSNS

SONSNSNS N

\/\//

\
/

(diamond)

_
<O/

-

in which squares commute by naturality, hexagons commute by definition of (¢ ® 7),
octagons commute because S,T are pseudo-natural transformations, pentagons in
the diamond commute by the same reason and all the other pentagons and triangles
commute by coherence. O

The horizontal composition of pseudo-natural transformations is only defined up
to an isomorphism and it will be considered at the end of this paper.

In the next section we define square pseudo-modification ( simply called pseudo-
modification) and show that given two pseudo-categories C, C’, we obtain a pseudo-
category by considering the pseudo-functors as objects, natural transformations
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as morphisms, pseudo-natural transformations as pseudo-morphisms and pseudo-
modifications as cells. So, in particular, we will show that the vertical composition of
pseudo-natural transformations is associative and has identities up to isomorphism.
We also show that PsCat is Cartesian closed up to isomorphism, that is, instead of
an isomorphism of categories PsCat(A x B, C)=PsCat(A,PsCAT(B,C)) we get an
equivalence of categories PsCat(A x B, C')~PsCat(A,PsCAT(B, C)).

4. Pseudo-modifications

Let C be a 2-category. Suppose C,C’ are pseudo-categories in C, F,G, H, K :
C — (' are pseudo-functors, T = (¢t,7) : F — G, T' = (t',7") : H — K are
pseudo-natural transformations and 6 = (6y,61) : F — H,0' = (0,0}) : G — K
are two natural transformations.

A pseudo-modification ® (that will be represented as)

FP—7——G
0| > Vo
H 77— K

is a 2-cell of C

b:t—t

satisfying
d/ od = 90 (41)
do® =0,

and the commutativity of the square
e — T 1 o
m’<01,<1>od>l lm'(@oc,el)
. (4.2)

e —— o

Consider the case where C=Cat. Suppose W, W’ are two pseudo-categories in
Cat, FG,H,K : W — W' are pseudo-functors, T' : F — G, 7" : H — K
are pseudo-natural transformations and § : F — G,0’ : H — K are natural
transformations.

A pseudo-modification ®

F—r—G

77— K
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is a family of cells

FA ta—>= GA
GA\L Pa \Le;x
HA

tha—= KA

of W', for each object A in W, where the square

@A 7
ta —2 1)

d

¢ !
tar —=— ty,

68

(4.3)

commutes for every morphism a : A — A’ in W (naturality of ®) and the square

Gf®ts —— tpRFf

0}®¢AJ/ l‘DB@ef

)

Kf@ty, —— ty @ Hf
Ty

commutes for every pseudo-morphism f: A — B in W.

(4.4)

Both squares (4.3) and (4.4) may be displayed together with full information, for

a @ in W, as follows

Return to the general case.
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Let C be a 2-category and consider C,C’ two pseudo-categories in C as in (3.1).

Suppose T, T', T" are pseudo-natural transformations between pseudo-functors from
C to C': we define for

T2 2
a composition ®’® as the composition of 2-cells in C, and clearly it is well defined,
is associative and has identities. Now for 6, 6’, 0" natural transformations between
pseudo-functors from C to C’, we define for

o260 20"

a pseudo-composition ¥ @ & = m’ (U, ).

Proposition 2. Let C be a 2-category and suppose ¥, ® are pseudo-modifications

G o H
ﬂ@ W’ ﬁ\lf W”
T/ G/ S/ H/

F
2
F/

with F,G, H, F',G', H' pseudo-functors from C to C'" (pseudo-categories as in (3.1)),
S, T,5, T pseudo-natural transformations and 6,0',0"” natural transformations as
considered above.

The formula

U®d=m (U, )

for pseudo-composition of pseudo-modifications is well defined.

Proof. Recall that the composition of pseudo-modifications is given by
ST = (m'(s,t),(c®T))
with (o ® 7) given as in (3.8), hence
m' (U, ®) :m/ (s,t) — m/ (s, t)

is a 2-cell of C as required.
Conditions (4.1) are satisfied,

dm’ o (U, ®) =d'rho (U, ®)=d od =6,
dmo (¥, ®) =cm) (U, 0) =c 0¥ =6,

To prove commutativity of square (4.2) we use Yoneda Lemma and the following
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diagram, obtained by adapting (4.2) to the present case and filling its interior

70

where hexagons commute by definition of (¢ ® 7) and (¢’ ® 7'), squares (1), (3), (5)
commute by naturality of o’/ while squares (2),(4) commute because ¥, ® are
pseudo-modifications (satisfy (4.4)) together with the fact that pseudo-composition

(in C") satisfies the middle interchange law (1.8).

O

Composition of pseudo-natural transformations is not associative, however there
is a special pseudo-modification for each triple of composable pseudo-natural trans-

formations.

Proposition 3. Let C be 2-category and suppose F,G, H, K : C — C"' are pseudo-
functors in C and that S = (s,0),T = (t,7),U = (u,v) are pseudo-natural trans-

formations as follows
rietn LK
The 2-cell ag; p g = @' (u,t,s) is a pseudo-modification

F—U(TesS)— K

1\L \M/QIU,T,S \Ll ,
F—UT)®sS— K

and it is natural in S,T,U, in the sense that the square

o’ (u,t,s)
— 5

U®((T®S) UeT)® S
<p®(v®6)l l(@®7)®6
o u',t',s'

U/ ® (Tl ® S/) < > (U/ ®T/) ® S/

commutes for every pseudo-modification ¢ : U — U', v : T — T",6

S — 9.
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Proof. The 2-cell o (u,t,s) is obtained from

(u,t,s)

_—
Co —> Cl Xy Cl Xy Cl lLa/ Ch,
_
and

U (T ®S)=m(1xm)uts), (ve(r®oa)))
UeT)®S=(m(mx1){uts),((ver)®a)),

hence

o (u,t, sy :m (1 x m) (u,t,s) — m(m x 1) (u,t,s)

is a 2-cell of C.
Conditions (4.1) are satisfied

dl © O/ © <U’t?8> = 1d/7Té <u,t,s> = ]-d’s - 1F0

doa o(u,t,s) = loq (Ut s) = Loy = g,

Commutativity of (4.2) follows from Yoneda Lemma and the commutativity of the
following diagram

- %

VAN
R

/ N

where hexagons commute because S,T,U are pseudo-natural transformations,
squares commute by naturality and pentagons by coherence.

To prove naturality we observe that

(@) ®0)- (& (u,t,5)) = (m' (m(p,7),0)) - (&’ (u,t,s))
= (m' (m' x 1) (p,7,0)) - (& (u,t,5))
= ( Lt x1) ') o ({2,7.0)  Lus,s))
=a’ o (p,7,9)
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and

(@ (W', s) - (e @ (y®9)) = (o (u', ¥, 5)) - (m" (o, m' (7,0)))
= (o' (u, 1, 8")) - (m" (1 x m') (,7,9))
= (0" L) © (L 90 (97,9))

For every pseudo-functor there is a pseudo-identity pseudo-natural transforma-
tion and a pseudo-identity pseudo-modification.

Proposition 4. Consider a pseudo-functor F = (Fy, Fy,pp,er) : C — C’ in a 2-
category C (with C,C" pseudo-categories in C as in (3.1)). The pair
(e’FO7 ()\”1,0’) o Fl) is a pseudo-natural transformation in PsCat(C)
idp = (¢Fy, N 'p'Fy) : F — F,

and the 2-cell 1o p, : €' Fo — €' Fy is a pseudo-modification in PsCat(C)

F idp——>> F

I\L ﬂ;idp \Ll .

F

idp—> [

Proof. Clearly 'F, : Cy — C} is a morphism of C, and
N7 Fy om(Fy e d FyY) — m/ (¢/d Fy, Fy)
is a 2-cell (that is an isomorphism) of C.
Conditions (3.3) and (3.4) are satisfied,

d/G/FO = FO
C/G/FO = F()

d/ o ()\lilp/Fl) — dl (A/flp/) OF1
( A/—lFl) . (d/p/Fl)
=(ar) - (lar)
(1d'F1)7

and similarly for ¢ o (N "'p'Fy) = 1o p, .

Commutativity of (3.5) is obtained using Yoneda Lemma and the commutativity
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of the diagram

Fogs ®@idpa ————idrc ® Fyay

P N

(Fg @ Ff) @idra Fozy tdrc ® (Fy ® Fy)
Fy ®(Ff®ZdFA Fy® Fy (’Lch®F ®Ff ,

S~ N T

Fy® (idpp ® Ff) —— (Fy; ® idrB) ® Fy
while (3.6) follows in a similar way as observed in the diagram

F(idg) @ idpa —idpa @ F (ida)

7 S

idrpa ®@idpa tdpa ®@idpa.

\/

idpa

This proves that idr is a pseudo-natural transformation. To prove 1,4, = le/ g,
is a pseudo-modification we note that

lep, €' Fy — €'Fy

is a 2-cell of C,

d/ o le/F() = 1d’e’Fg = 1Foa

cl o 1€F0 - 1C'€'Fo - lFo'
To prove commutativity of square (4.2) we use Yoneda Lemma and the commuta-
tivity of the following square

. )\/F_flszf .

Ff®idpa —— idpp @ F'f

1Ff®1idFAl llidFB(glFf

A* /
Ff®idpa —> idpg @ F' f

O

Proposition 5. Let C be a 2-category and suppose F,G : C — C' are pseudo-
functors in C.
For every pseudo-natural transformation

T=(r71):F—G
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there are two special pseudo-modifications

F ide@T—> (G F—T®idrP— G
1¢ ﬂ,\T ¢1 , 1¢ lLPT J/1 ,
F——"T—C F—1"T—G

with A\p = XN ot, pr = p' ot both natural in T.

Proof. Tt is clear that A" ot :m/ (t,e'Fy) — t is a 2-cell of C, and
leA/Ot: ]-d’t = ].F0
C/O>\/Ot = lc/t = 1G0-

The commutativity of square (4.2) is obtained from the commutativity of diagram

Gy ® (ida, ®ta) (ida, ®tp) ® Ff
(Gy®ida,)®ta idgy ® (tp ® Fy)

S pd

(idGB ®Gf) Rta> idGB ® (Gf ®tA)

—

Gy®tp tp ® Fy

In order to prove naturality of A consider a internal pseudo-modification

F—T71—G
0| 3 Vo
H T7'— K

as defined in (4.1); then, on the one hand we have
D-(Not)= (101 O(D) (N oly)

= (1gg - XN)o(®-1y)
=Nod®

and on the other hand we have

(Not')-(m' (0, ®)) = (N ot')- (m' (', 1¢1) o @)
= ()\I ’ lm/De/c/7lc£ E> o (175' : (b)
=)Nod.
The proof on rho is similar. [

The three last propositions lead us to the following theorem.
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Theorem 3. Let C be a 2-category, and consider C,C’ two pseudo-categories in
C. The data:

e objects: pseudo-functors from C to C’;
e morphisms: natural transformations (between pseudo-functors from C to C');

o pseudo-morphisms: pseudo-natural transformations (between pseudo-functors
from C to C");

o cells: pseudo-modifications (between such natural and pseudo-natural transfor-
mations);

form a pseudo-category (in Cat).

Proof. Natural transformations and pseudo-functors form a category: theorem 1.
pseudo-modifications and pseudo-natural transformations also form a category: the
composition is associative and has identities (that inherit the structure of 2-cells of
the ambient 2-category).

For every pseudo-natural transformation T' = (¢,7) : FF — @, the identity
pseudo-modification is 17 = 1;

F—7—d
I\L ﬂlT ¢1 .
F——T1——d

For each pair of pseudo-composable pseudo-modifications ®, ¥, there is a (well
defined - proposition 2) pseudo-composition ® ® ¥ = m’ (P, ) satisfying (1.8)

(29') @ (V) = m/ (9D, UI')
(PR W) (' ® V)= (m'(2,T)) (m' (2, V)
= (Lo 1mr) o ((®, ¥) (27, ¥'))
=m/ (P, V') ;
and lrgs = 17 ® 1g,
1m(t,s) =1po 1<t,s> =1mo <1t7 ls> =m <1t; 1s> .
For each natural transformation 6 : FF — G there is a pseudo-modification

idp——>> [
ﬂ;d‘, V0

igﬂG

F
oy
G

with idg = €'6g, satisfying
idlp = e/]-Fo = 16/Fg = ]-’idp,

idgrg = € o (0,00) = (¢ 0 0}) (' 0 By) = idyridy.



Journal of Homotopy and Related Structures, vol. 1(1), 2006 76

By Proposition 3 there is a special pseudo-modification arys = a(T,U,S) for
each triple of composable pseudo-natural transformations T, U, S, natural in each
component and satisfying the pentagon coherence condition.

By Proposition 5 there are two special pseudo-modifications Ar, pr to each
pseudo-natural transformation T : F' — G, natural in T and satisfying the tri-
angle coherence condition. O

5. Conclusion and final remarks

The mathematical object PsCat that we have just defined has the following
structure:

e objects: A, B,C, ...

e morphisms: f: A — B, ...

2-cells: §: f —g,...(f,g: A— B)

pseudo-cells: f—7—=g , ...

e tetra cells: f—71——>9¢
0 > Vo e
f/ T, g/

where objects, morphisms and 2-cells form a 2-category and for each pair of
objects A, B, the morphisms, 2-cells, pseudo-cells and tetra cells from A to B form
a pseudo-category.

Two questions arise at this moment:
- What is happening from PsCat(B, C')xPsCat(A, B) to PsCat(A,C)?
- What is the relation between PsCat(A x B, C) and PsCat(A,PsCAT(B,C))?

The answer to the second question is easy to find out. If starting with a pseudo-
functor in PsCat(A x B, (), say

h:AxB— C,
by going to PsCat (A, CP ) and coming back we will obtain either
h(c,g) ®h(f,b)

or

h(f,d)®h(a,g)
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instead of h (f,g) as displayed in the diagram below

(@b)  hla,b) —L s h(e,)
h(f,
(f.9) h(a.g) % h(e,g)
Hﬂ
(¢,d) h(a,d) ) h(e,d)

And since they are all isomorphic via p and 7 we have that the relation is an
equivalence of categories.

A similar phenomena happens when trying to define horizontal composition of
pseudo-natural transformations (while trying to answer the first question): there
are two equally good ways to define a horizontal composition and they differ by an
isomorphism.

Let C be a 2-category and C, C’, C" pseudo-categories in C, consider S, T' pseudo-
natural transformations as in

F F

_
cl|TcCc |s
G G’

there are two possibilities to define horizontal composition
Sow1 T =m" (sGy, Fit')
and
Sowe T =m" (Git, sFy)
as displayed in the following picture
C, —— Gy
Fi |G FolGo
o < ¢

R|a /s m| o
C{/ e’ C(/J/

Hence we have two isomorphic functors from PsCat(B,C)xPsCat(A, B)
to PsCat(A, C) both defining a horizontal composition.

We note that this behaviour, of composition beeing defined up to isomorphism,
also occurs while trying to compose homotopies. So one can expect further relations
between the theory of pseudo-categories and homotopy theory to be investigated.

For instance the category Top itself may be viewed as a structure with ob-
jects (spaces), morphisms (continuous mappings), 2-cells (homotopy classes of ho-
motopies), pseudo-cells (simple homotopies) and tetra cells (homotopies between
homotopies).
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