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Introduction

The book An introduction to Category Theory contains over 200 exercises of varying
degree of difficulty. However, to keep down the size no solutions are included in the book.
These pages contain a more or less complete set of solutions.

These solutions are arrange by chapter and section to match the exercises in the book. Thus
if you want the solution to exercise X.Y.Z (the Z!" exercise in Section Y of Chapter X of the
book), simply go to Chapter X, Section Y here and look at the Z*" solution.

These pages are in a larger format than the book. I have taken some care with the pages
breaks so that where possible a solution, or a batch of solutions, fits on a double page. Of
course, that is not always possible, and it means that some page are longer than others.

No doubt these solutions still contain typos, garbled bits, and perhaps even mistakes. I will
update this document every so often. The date on the front page and below indicates when this
version was produced.

18 September 2011
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Categories
1.1 Categories defined
1.1.1 Not needed? U
1.1.2 These examples are dealt with in Section 1.5. U

1.2 Categories of structured sets

1.2.1 (c) Consider the function

fr) = a'(a)
which sends each r € N to the r*® iterate of « applied to a. A simple calculation shows this is
a Pno-arrow. A proof by induction shows this is the only possible arrow. U
1.2.2 Consider a pair
(4.x)—L— (By)—L— (c.2)

of such morphisms. We show the function composite g o f is also a morphism, that is
reX =g(f(x)eZ
for each element = of A. The morphism property of f and then g gives
reX=y=[fx)eY = g(f(z)) =gy € Z

as required. This doesn’t yet prove we have a category, but the other requirements — arrow
composition is associative, and there are identity arrows — are easy. 0

1.2.3 The appropriate notion of arrow

a.r L. (B3

is a function between the carrying sets such that

(r,y) e R= (f(z),f(y)) €S

for all z,y € A. This generalizes the idea used in Pre and Pos. 0

1.2.4 Consider a pair of continuous maps

Y

R S ¢

T

between topological spaces. A simple calculation gives
(poy))” =y~ 0™
which is the required property. 1 U
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1.2.5 Let R = C[A, A]. We have a binary operation o on R, namely arrow composition. This
operation is associative (by one of the axioms of being a category). We also have a distinguished
element id 4 of R, the identity arrow on A. This is the required unit.

(Strictly speaking, this do not show that R is a monoid, for we don’t know that R is a set.
There are some categories for which C[A, A] is so large it is not a set. This is rather weired but
it shouldn’t worry us.) 0

1.2.6 To show that Pfn is a category we must at least show that composition of arrows is
associative.
Consider three composible partial functions

AL

as indicated. We must describe

ho(gef) — (hog)of
and show that they are the same. We need

gof o h A f B hog
7o fw }L/ )L/f/é/é

acU<+=acXand fla)€Y beV<=becYandg(h)cZ

e N

where

fora € Aand b € B. We also need

A ho(go f) D A (hog)o f 5
LL hO(§OT|U)|L L h o @07\\/)%3
where
aelU a€e X
a € L < {and a € R<—= <{and
(Go fiw)(a) € Z fla)eV

fora € A. We show L = R and the two function composites are equal.
Fora € L we have a € U, so that f;;(a) = f(a). Thus, remembering the definition of U

we have _ _
a€L<<=a€cXand f(a) €Yand(go fi;)(a) € Z

for a € A. Remembering the definition of V' we have
fla) €V < f(a) € Y and g(f(a)) € Z

and hence _ _
a€R<=a€ Xand f(a) €Y and (go fi;)(a) € Z

for a € A. This shows that L = R.
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Consider any a € L = R. We have
aclU fla) eV

so that B _ B
(707 1) () = (70 T ) (@) = 7(F(a))
to give
ho(go fiy)(a) = h(g(f(a))
and
((hogy) o fir)(@)(hogy)(f(a)) = h(g(f(a)))
that is

ho(go fiy) (@) =ng((a) = ((hogy) o fiz)(a)
to show that the two function composites are the same.

What about identity arrows? Every total function is also a partial function. Each set A
carries an identity function id 4 which is

A A
!
L ida
A
when viewed as a partial function.
Consider the composites
d d

P Ny P S S | ITB 24 .

:L id A L f IA f :L idg

A X X B

where f is an arbitrary partial function. To compute these composites we first use
a€L<=>acAandidy(a) € X a€ R<=ac Xand f(a) € B
(for a € A) to extract L, R C A. Notice that, in fact

L=X=R
but for different reasons. The arrow composites are
A foida B A idgo f B
I, /foié I, /ﬁ
X X

and these function composites are
Joiday=Foidx=F  idxofy—=idpof=7
to show
foida=f=1idgof
as required. 0
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1.2.7 We set up a pair of translations between the two categories

L
Pfn Set |
M

and then show that each 2-step goes back to where it started.
We set
LA=AuU{l} MS=S5—-{1}

for each object A of Pfn and each object S of Set . In other words, L attaches the distin-
guished point, and M removes the distinguished point. Almost trivially we have

(MoL)A=A  (LoM)S=S

for each such A and S.
The way we deal with arrows is more intricate. For each arrow of Pfn
A / B
|+
X
we let
L
LA (/) LB
a——— f(a) fora e X
ar——— | fora e A— X
Il 1
to obtain an arrow of Set | . In other words we set
fla)ifae X
)’ -
(£)(a) { 1 ifa¢ X
L(f)(L)=1

for each a € A. By the lower clause, this is an arrow of Set | .
Consider any arrow

of Set . We extract
XCMS=S—{1l} by X=5-¢"(1)

that is
seX <<= ¢(s)# L

for s € S. In particular, L ¢ X. Thus we have a partial function

g M)

|

X

MT
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controlled by the restriction of ¢ to X.
These constructions give

g LM .
S | o(s) fors € X
S| 1 forse MS — X
L 1
so that
L(M(¢)=¢

which is what we want.
For the other way round each partial function

f

A

as above gives a pointed arrow

A =L g

which we convert back into a partial function. To do that we set
W =LA=¢"(L1)

so that
aeW <= ¢a)#L<—=aec X

for each ¢ € A. Thus

W=X
with
dlx =171
and hence
M(L(f)) = f
as required.
Do you think that Pfn and Set, are ‘essentially the same’? 0J

1.2.8 Showing that each of
R-Set Set-R

is a category is easy. For both categories an object is a structured set
(A (o |7 € R))

a set A furnished with an R-indexed family of 1-placed operations on A. This family must
satisfy
Qs O Oy = Qg Q5 O Oy = Qlgp
for r, s € R. Note the
COVARIANCE CONTRAVARIANCE

here. For both categories an arrow

f

(A (o |7 € R))
is a function f between the carriers such that
foa,=Bof
foreachr € R. 0

(B (B, |r € R))
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1.3 An arrow need not be a function

1.3.1 Let R™ be the vector space of column vectors with m real components. Each m x n
matrix A gives a linear transformation

A

R"” R™
T Ax

and every linear transformation from R" to R™ arises in this way from a unique m X n matrix
A. The composite of two linear transformations

B ., A
R" R R™

is linear, and corresponds to the matrix product AB. U

1.3.2 The main problem is to define the composition of graph morphisms, and to show that this
composition is associative.
Consider a pair of graph morphisms.

L PV S )

Thus, writing p for o or for 7 throughout we have two commuting squares

E f 1 F g1 a
PE PlF pPc
N M L
fo 90

that is
Jfoope =profi 90 © PF = PG © g1

for each of the two cases of p. But now the outside square commutes

E gio fi a
/)E\ \PG
N L
9o © fo

that is

goo foo pe=gooprofi=pcogiofi
and so obtain a graph morphism. We take this as the composite of graph morphisms. An easy
exercise shows this composite is associative. 0

1.3.3 Consider a composible pair of arrows of this category.

(f o) (9,%)

(A,R) ————— (B, 9) (C,T)
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In other words we have two pairs of composible functions.

At g9 ¢ R g Y g
The pair
is the composite
(A’R) (f7¢>o(g7¢) (C,T)

in the category. Verifying the axioms is more or less trivial.
This is essentially the same as Example 1.3.4. The category S has been replaced by its
opposite S°”. See Example 1.5.3. O

1.3.4 Consider a pair of arrows in this category

A1 g9

R S T
¢ ¥

where we have separated the two components. We show that the pair

(go fi¢ov)

(A, R) (c,T)

1s an arrow, that is
(90 fl(algov)(t) = (g0 f)(a)t
foreach a € Aandt € T. Consider such a pair a, ¢t and let
b=fla)  s=9(t)
to produce b € B and s € S. Then

(90 f)(algov)(t) = g(f(ad(s))
= g(f(a)s)
=g(by(t))
= g(b)t = (go f)(a)t
for the required result. O

1.3.5 To show the composition is associative consider three relations

A F B G C " D
between sets. For a € A and d € D we have
d(Ho(GoF))a d((HoG)oF)a
<= (e € O)[dHc(G o F)al <= (3b € B)[d(H o G)bFal]

<= (Jec € C,b € B)[dHcGbFa| <= (b € B,ce C)[dHcGbFa]
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so that a flip of quantifiers gives the required result.
Consider a pair of functions with associated graphs.

f g
r P T

C

Fora € A and ¢ € C we have

e(I(g) o T(f))a <= (3b € B)[e()bT'(f)al
— (Be B)le=g(b) & b= f(a)]
= o= g(f(a)) s T(go fla

for the required result. 0J
1.3.6 (a) Suppose first that f - g, that is
fla) b <= a<g(d)

fora € Sand b € T. Since
fla) < fla)  g(b) < g(b)
a use of this equivalence one way or the other gives

a<(gof)la)  (fog)(b)<b

for the first required result.
Conversely, suppose the two comparisons hold (for all @ € S and b € T'), and suppose

fla) <b a < g(b)

(for some a € S and b € T). Since both f and g are monotone we have

a<(gof)la)<glb)  fla)<(fog)(b)<b

to verify the equivalence.
(b) For each a € S we have

a < (go f)(a)
and hence

fla) < (fogo[f)la)

since f is monotone. For each b € T we have

(fog)(b) <0

and hence
(fegoflla) < fla)
as a particular case. This gives

fogof=1f

and the other equality follows in a similar fashion. UJ
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1.3.7 We are given two projection pairs

J A B g" 9.
Jeo [r=idy gx0g* =idp

A C

that is two adjunctions with the indicated equalities. These certainly give a composite adjunc-
tion

h* = h,
A——C

where
h* =g o f* hy = fi o g.
are the two components. But now
h*oh*:f*og*og*of*:f*oidBof*:f*of*:idA
to show that h* - h, is a projection pair. 0

1.3.8 (a) The two required adjunction properties are

tp A
7, —R R Z
with
m<plz)<=m<z Mz)<m<<=z<m

for x € R, m € Z. From these we see that

the integer
floor ceiling

of z are the only possible functions and these do form adjunctions.

(b) For each m € Z we have
A(m) =m = p(m)

which gives all the required composite properties.

(c) The condition ¢ o p = idy follows by the observation of part (b). Also

so that A o ¢ # idp. OJ
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1.3.9 For a given monotone map

T ¢ S
we require monotone maps
f ﬁ
LT ——¢——— LS
e

with
FY)CX <Y Co(X)
P(X)CY <= X C f,(Y)

foreach X € LS andY € LT.
ForY € LT let
FY) = 1o[Y]

the lower section of S generated by the direct image of Y across ¢. For X € LS andY € LT
we have

FAY) S X <= ¢lY]C X
— (VteT)teY = ¢(t) € X]

TteY =teco=(X)] <Y Cop(X)

~

— (Vt e

as required.
ForY € LT let

H) = (1o
the complement of the upper section of S generated by the direct image of the complement of
Y across ¢. For X € £S and Y € LT we have

XChY) = To[Y]C X

— glY'] C X'

— WMel)teY = ¢(t) € X'|

— MteT)pt) e X =teY]

— Meltedp (X)=teY] <= ¢ (X)CY
as required. 0
1.3.10 You will find it instructive to go through the following solution of a more general exer-
cise.

Let
V=(N,E)

be a graph (in the sense of Exercise 1.3.2). We let

1,7, k,...range over N e, f,g,...range over £/

and think of these as stocks of indexes. As with any graph there is some source and target data,
namely

o(e) —— 7(e)
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for each e € E. We view V as a template. For an arbitrary category C we produce a new
category CV, the category of V-diagrams on C.
An object of CV is a pair
A= (A(i)|ie N) A= (A(e)|e € E)
an

N-indexed family of objects E-indexed family of arrows

of C, respectively. These families must satisfy

A
Alo(e) —2 - a(r(ey)
foreache € E.
An arrow of CV
(A A) —— (8.5
is an N-indexed family of arrows of C
Al) —2— B()
such that the C-square
() =29+ B(o(e)
Ale) B(e)
A(r(e)) 5 B(r(e))
7(e)

commutes for each e € E.
Composition of arrows is done componentwise. Given arrows

¢ Y

(A, A) (B, B) (C,0)
in CV, we have components
A(4) i B(i) Vi C(i)

for each i € N. We take this composite as the i*" component of 1) o ¢.

(Vo) =10

A7) Ci)
Of course, we need to show that this does produce an arrow of C' V_in other words that
Ao(e)) — L2 (o)
Afe) Cle)
A(r(e)) C(r(e))
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commutes for each e € E. This square can be decomposed as

¢0‘(6) wa(e)
A(o(e)) B(o(e)) Clo(e))
Ale) B ie) C(e)
A(7(e)) B(7(e)) C(r(e))
Pr(e) Ur(e)
and hence the required result is immediate.
A similar argument shows that this composition is associative. 0

1.3.11 We have
(Set | 1) is essentially Set
(1 | Set) is essentially Set
(Set | 2)is essentially SetD, Sets with a distinguished subset
but with a restricted family of arrows

(2 | Set) is essentially Sets with two distinguished points

where the third uses the correspondence between subsets and characteristic functions. Let’s
look at this third example.
Let
2={0,1}

where here it is useful to think of 1 as ‘true’ and 0 as ‘false’. An object of Set | 2 is a set A
with a carried characteristic function .

A% D

This function « gives a subset X C A where
aceX <<= afa)=1

for each a € A. Furthermore this set X determines « since

{1ifa€X

= \0itag x

for each a € A. There is a bijective correspondence between characteristic functions carried by
A and subsets of A. (If you have never seen this trick before, then take note. This and various
generalizations are used throughout mathematics.) This shows that the objects of Set | 2 are
precisely the sets with distinguished subset.

What is an arrow of Set | 27
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On the left we have the official version. It is a function f for which
a=pof
holds. On the right we have the unofficial version. It is a function f with
aeX <= ala)=1<=[((f(a)) =1<= fla) €Y

that is an equivalence
a€X << fla)eY

for each a € A. An arrow of SetD is a function f with an implication
a€X = fla) €Y

for each a € A. Thus the two categories have the same objects but Set | 2 has a more
restrictive kind of arrow. 0J

1.3.12 (a) Consider a composible pair of arrows of (S | C | T) as on the left. This gives a
commuting diagram as indicated.

S S
oS ‘ s oS S

ﬁf Y Y

A—~Ff—B—g—C A h C

aT Bf yr ar yr

T T

Let
h=gof

be the function composite of f and g. To show that is an arrow of (S | C | T') we must check
that the diagram on the right commutes. This is a simple exercise in diagram chasing (which
we look at in more detail in Section 2.1).

(b) An object I of a category is initial if for each object A there is a unique arrow I —— A.
Not every category has such an object, but many do. (The category Set has an initial object,
and you might worry a bit about what it is.) If / is an initial object of C' then

rLcit)  (CLT)

are essentially the same category.

An object F' of a category is final if for each object A there is a unique arrow A —— F.
Not every category has such an object, but many do. (The category Set has a final object, and
it is pretty obvious what it is.) If F'is a final object of C then

(SLClF) (51C)

are essentially the same category.
We look at initial and final objects in Section 2.4. 0
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1.4 More complicated categories

1.4.1 Let’s look at the composition of arrows. Consider a pair of arrows

f

A B— 7 .

of S. How might we produce the composite arrow

h=gof c

in S ? For each index ¢ € S we have a pair of functions

A~ B v )

between sets, and we can certainly form the function composite

hi=gio f;

Ali) C(i)
at the index. We show this gives an arrow in S.

Consider any pair j < ¢ of comparable indexes. We have a pair of commuting squares, as
on the left

Aty I B % ow) Aty — e
|
A(j,1) B%J) C(j,i)  A(j,9) C(j,1)
AG) —— B) —— CU) A(G) —— C0)

and we require a commuting square, as on the right. This is a simple exercise in diagram
chasing.

There are several more little bits to be done, but all are just as easy.

This is an example of how convenient arrow-theoretic methods can be. If we always had to
expose the inner details of these objects and arrows then some calculations would be a mess.
By hiding these parts we get a clearer picture of what is going on. There are times when we
have to get inside a presheaf, but that doesn’t mean we should do it all the time. 0

1.4.2 Observe that a chain complex is a special kind of presheaf with Z as the indexing poset.
The connecting arrows are module morphisms with the extra requirement is thatif m + 2 < n
then the connecting morphism

Ay

A

is zero. Category theory can bring out similarities that are not so obvious when we have to carry
around lots of details. O
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1.5 Two simple categories and a bonus

1.5.1 (a) The product as categories is the cartesian product as algebras.
(b) The product as categories is the cartesian product as presets. 0

1.5.2 The category (S | s) is the principal upper section of .S above s.

The category (s | S) is the principal lower section of S below s.

The category (s | S | t) is the convex section of S between s and ¢. This could be empty if
s #t. U

1.5.3 The category S™ is the poset S turned upside-down.
The category R™ is the same set with a new operation % given by

TAS=S8%T
for r, s € R. Here « is the old operation. 0

1.5.4 Itis the category A x S°". O






2
Basic gadgetry

2.1 Diagram chasing

2.1.1 For the equational reasoning we need to label more arrows.

/\/\
T~

The calculation on the left gives the equational version.

L
TN

hogof=hogopof=sor=Ilok

S
The diagram chase on the right gives the same result.

2.1.2 We label the arrows as follows with g for the unlabelled arrow.

. g . gof=ropof=roq=h

Then the calculation on the right gives the required result.

17
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2.1.3 A trip twice round the pentagram is given by the sequence
12345123451
of corners. Because various triangles collapse the result is given by

12345123451
1345123451
135123451
13523451
1352451
135241

where at each step the underline indicates the triangle that collapses. 0

2.2 Monics and epics

2.2.1 (a) For instance, consider a section s which is also epic. Since s is a section we have a
composite

B A B ros=1idg

which is an identity. This also shows that the parallel pair of arrows

T S

B
s— A A

on

B

agree, and hence
sor =1idy

since s is epic. This show that r is the inverse of s.
(b) Simplify h o f o g in two ways. U
2.2.2 (a) In a preset there is no more than one arrow
| — ]

between a given pair of elements. Thus for any parallel pair

i
the two arrows are equal. This shows that every arrow is monic and epic.
(b) A poset is balanced precisely when it is discrete. A preset is balanced precisely when

the comparison is an equivalence. 0
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2.2.3 An element is monic or epic if it is cancellable on the appropriate side.
An element is a retraction or a section if it has a one sided inverse on the appropriate side.
An element is an isomorphism if it has a two sided inverse
A monoid is balanced precisely when the set of cancellable elements is a group. U

2.2.4 To help with both parts it is convenient to use a slightly different notation. We re-name
the arrows

and we verify the following.

(m, 1) If both f, g are monic then so is g o f.

(m, ii) If g o f is monic then so is f.

(m, iii) If both f, g are split monics then sois g o f.
(m, iv) If g o f is a split monic then so is f.

(e, 1) If both f, g are epic thensois g o f.

(e,ii) If g o f is epic then so is g.

(e, iii) If both f, g are split epics then so is g o f.
(e,1v) If g o f is a split epic then so is g.

(c) There is an example where g o f is an isomorphism but where f is not epic and g is not
monic.

Because of the symmetry it is sufficient to verify an appropriate half of (m, i-iv) and (e, i-iv).
(m, 1) Suppose both f, g are monic and consider a parallel pair of arrows

k

X A

l

where the composites

gofok
ey

X
gofol
agree. Since g is monic the parallel pair
fok
X A
fol

agree, and hence since f is monic we have k = [, as required.
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(e, ii) Suppose g o f is epic and consider a parallel pair

k
C X
[
where the composites
kog
B X
log
agree. Then the composites
kogof
B - X
logof

agree, and hence k = [ since g o f is epic.
(m, iii) Suppose both f, g are split monics. Thus we have

rof=idy sog=1idp

for arrows

as indicated. But now
rosogof=roidgof=rof=idy

to provide the required one-sided inverse of g o f.
(e, iv) Suppose g o f is a split epic. Thus

gofos=idpg
for some arrow

A C

S

as indicated. But now f o s provides the required one-sided inverse of g.
(c) We work in the category Set of sets. Consider any functions

/ g

A B C

where A, C are singleton sets but B is larger. In particular, f is an embedding and hence monic,
g is surjective and hence epic, and g o f is an isomorphism. Because of the size of B we see
that f is not surjective and g is not injective. But, by Exercise 2.2.7 (slightly later), in Set we
have ‘monic=injective’ so that g is not monic. Also, by a simple argument (which you should
sort out) in Set we have ‘epic=surjective’ so that f is not epic. OJ
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2.2.5 It will help if we get a bit of notation sorted out. Let
(Av E L)

be an arbitrary monoid written multiplicatively. Here we will display the operation symbol.
Consider any monoid morphism

(Z,+,0) . (A,-0)

from the additively written monoid Z. Thus

fO)=v  flm+n)=f(m)-f(n)

for all m, n € Z. Consider any situation

f
NLZ A where foe=goe
Y
that 1s
f(m) = g(m)
for all m € N. We require f = g, thatis
f(=m) = g(—m)
for all m € N. But, taking it slowly, for m € N we have
g(=m) =g(=m) -1
= g(=m) - f(0)
=g(=m) - f(m + (-=m)
=g(=m)- f(m)- f(=m))
=g(=m)-g(m)- f(=m))
=g(=m+m)- f(-m))
=9(0) - f(=m))
=t f(=m)) = f(=m)
as required. Of course, the central equality is the crucial step. U

2.2.6 The format for this solution is like that of Solution 2.2.5, but now we have more algebraic
identities we can use. Consider a situation

¢ f

7, —Q

A where foe=goe

in Rng, that is

for all m € Z. We require f = g, thatis



22 2. Basic gadgetry

for all m,n € Z with n # 0. Consider any non-zero n € Z. We have

o(5) =0 ()0 s () =0 () o (3) =7 ()

and hence

as required. 0

2.2.7 Suppose the category C' of structured sets has a selector (S, x). Consider any monic in

C.

A B

Consider ay,ay € A with m(a;) = m(az). We show a; = as, and hence show that m is
injective. Consider the parallel pair

aq

S A

B — e

(%)
with a; (x) = a1 and as(x) = ay. Each of the two composites

m o Qg

S B

m O Qg
is uniquely determined by its value at x. But
(moay)(x) =m(ar) =m(ay) = (Mo ag)(x)

so that
moaq; =moay togive o = Qo

(since m is monic), and hence
ap = &1(*) = O{Q(*) = A9

as required.

(b) It suffices to exhibit a selector for each of the categories.

For Set, Pos, Top the 1-element structure will do.

For Mon we use the monoid (N, 4, 0) with x = 0.

For Grp we use the group (Z, +,0) with = 1.

For Rng we use the ring of polynomials Z[X] with x = X.

For Set-R we use R itself with x = 1. O

2.2.8 (a) An isomorphism in Top is usually called a homeomorphism.

See Exercise 2.2.7.

Consider a topological space S and let S¢ be the set S as a discrete space. The identity
function on the set S is a bijective continuous map

Sd
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but is not a homeomorphism (unless .S is discrete).

(b) Let’s prove the general result. Consider any situation in Top,
¢
‘.5
(&

T R

where €[T] is dense in S and where
poe=1poe

holds. We require ¢ = 1.
By way of contradiction suppose ¢ # v so that ¢(s) # (s) for some s € S. Since R is T,
this gives
o(s) e U P(s) eV unv =1

for some pair U, V' of open sets of S. We have
se o (U)ny=(V)

and both these sets are open in S. The intersection is non-empty, and so must meet €[T'] (since
¢[T] is dense in S). This gives some t € 1" with

€ty e (U)Ny— (V) thatis (poe)(t)eU (Yoe)(t)eV
which is the contradiction since poe =1poeand U NV = 0. O
2.2.9 (e) We produce a sequence of equalities
jofoe=jogob=---=moloe
by passing across each face in turn. Since e is epic this gives
jof=mol

are required.
(m) A dual version of (e). [

2.2.10 We label the arrows and various cells as shown.

° / °
oW %_@l% @ |o
| /m/ ®) \z\.
h

We are given that cells (1, 2, 3, 4) commute.
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(a) We are also given that (5) commutes. Then (2, 1, 5, 4, 3) gives
gof=mobopof=mocodof=mocogqok=hok

to show that the outer cell commutes. You should also look at this in the form of a diagram
chase

(b) We have
moboaoe=mobopof=gof mocodoe=mocoqok=hok

using (1, 2) on the left hand side and (4, 3) on the right hand side. Assuming the outer square
commutes this gives

moboaoe=gof=hok=mocodoe

and hence
boa=cod

by the assumed cancellative properties of m and e. 0

2.3 Simple limits and colimits

2.3.1 For an arbitrary subset X of a poset the
limit colimit

1s denoted
ANX VX

and called the
greatest lower bound or infimum least upper bound or supremum

of X, provided these exists, of course.
When X is empty we have

A0 =T (top) \/ 0 = L (bottom)

of the poset.
When X is a singleton we have

AX ={s}=VX

where s is the unique member of X.
When X = {a,b} we have

ANX =anbd VX=aVbd
the
meet join

of the pair.
When S is a preset each of these notions may not determine a unique element, only a family
of equivalent elements. 0J
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2.4 [Initial and final objects
2.4.1 Consider any initial object [ in a category. Since [ is initial there is a unique endo-arrow
[ —— 1

on /. We already know one example of such an arrow, namely the identity arrow id;. Thus this
is the only endo-arrow on [.
Consider any pair /, J of initial objects. There are unique arrows

— Jg—2
since
I is initial J is initial
respectively. The composite
gof fog
is an endo-arrow on
I J
respectively. By the previous observation we have
gof=ids fog=1d,

and hence f, g are an inverse pair of isomorphisms.

If F, G are two final objects, then there is a unique arrow F' —— (G, and this is an isomor-
phism. This is proved in exactly the same way, we simply think of the arrows as pointing in the
other direction. Equivalently, we apply the ‘initial’ result to the opposite category. OJ

2.4.2 By the uniqueness of mediators the only endo-arrow of [ is id;.
Consider any arrow

A

and let

A 1

be the unique arrow given by the initial property of /. Then r o s is an endo-arrow of [, and
hence
ros=1id;s

by the remark in Solution 2.4.1.
By duality, each arrow

from a final object is a section.
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Consider any arrow
F—f—1

passing from a final object to an initial object. From above we know there are arrows

r
fOS:Z‘d] F I T’Of:idp
5
and the usual argument gives s = r, so that f is an isomorphism. 0

2.4.3 Exercise 1.2.3 shows that (N, succ, 0) is the initial object of Pno. This fact is equivalent
to the Peano axioms.
The trivial object, with just one element, is final. O

2.4.4 The trivial group is both initial and final in Grp.

The ring Z of integers is initial in Rng. The trivial ring, with 1 = 0, is final.

The ring Z of integers is initial in Idm. There is no final object (assuming that 1 = 0 must
hold in an integral domain).

There is neither an initial object not a final object in Fld. However, if we fix the character-
istic then there is an initial object. ([

2.4.5 In Set the final object 1 is the singleton set. It doesn’t matter what its unique element is,
so let

1={x}
here. Each function

1 «

is uniquely determined by its only value
a(+)

which is an element of A, and every element is the unique value of some such function. Thus
we have a bijection between

Set[1, A A

as required. Now consider any composite

1@ a1 .p

where « corresponds to the element a € A, that is a(x) = a. The composite f o a corresponds
to the element
(foa)(x) € B

and this is just

as required. 0
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2.4.6 (a) The presheaf with a singleton for each component set is the final object 1.
(b) A global element
1
of a presheaf A = (A, A) selects an element
a(i) € A(7)
from each component set. This choice function a(-) must satisfy
A(5,1) (a(i)) = a(j)

for each 5 < 1. O

A

2.5 Products and coproducts

2.5.1 The ‘algebraic’ categories are straight forward. In each case we take the cartesian product
of the two carrying sets and then furnish this in a fairly obvious way.

You may not have seen products in Pos before but they are constructed in the obvious way
using cartesian products.

You will have seen products on Top before, and may have been puzzled by the strange
construction of the product topology. The categorical description explains this. Let S and 7" be
a pair of topological spaces. We require a space S x 1" and a pair

SxT
7N
S T
of continuous maps where this Top-wedge has a certain universal property. We take the carte-
sian product S x T of the two sets. For the topological furnishings let’s try the smallest topology

on S x T for which both projections are continuous. Thus we take the smallest topology on
S x T for which each inverse image

p—(U) forU € OS g (V) forVeOT

is open. This gives a subbase of the usual product topology. Why does this give a product
wedge in Top?
Consider any wedge

R
7N
S T
in Top. Forget the topology for a moment. We have a wedge in Set and a product wedge in
Set. Thus there is a unique function 6 such that

/\

SxT—»T
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commutes. It suffices to show that this function 6 is continuous, for then we have a product
wedge in Top. To do that it suffices to show that 6 (11) is open in R for each subbasic open
set W of S x T'. There are two kinds of such sets, and both are dealt with by the same argument.
For instance consider W = p~ (U) for some U € OS. For each point € R we have

refd=(W)<=0(r)eW=p—(U)
= (pob)(r) €U
> ¢(r)eU —reo¢ (U)

so that
0= (W) =0 (U)

which is open in R. O
2.5.2 The coproduct for each of
Set, Pos, Set-R, Top

can be obtained as a furnished disjoint union with the obvious insertions.
The coproduct for each of

CMon, AGrp, Mod-R

can be obtained as a furnished cartesian product with the obvious insertions.
The coproduct for each of

Mon, Grp, CRng, Rng
is formed by a more complicated construction. Details are given in Exercise 4.7.3 0
2.5.3 For two elements a, b of a poset (with arrows pointing upwards) the
meet a A\ b joina Vb

is the
product coproduct

of the pair. 0

2.5.4 For Set, -objects A and B the product in Set is given by the cartesian product A x B
with the obvious projections. The distinguished element of A x B is (L, L). The proof of this
is easier than, for instance, the Mon case.

The coproduct is more interesting. Let

AUB = (A= {L})+(B-{L})u{L}

the disjoint union of the two point depleted sets with a point attached. This set has three kinds
of elements
(a,0)fora e A—{L} (b,1)forbe B—{L} 1

and, of course, L is the distinguished point. The function

A—" ~AUB
at—— (a,0) fora € A—{L}

1




2.5. Products and coproducts 29

is an arrow of Set |, and there is a similar arrow

B—7 . AUB

from B. These furnish A1l B as the coproduct. The proof is similar to that for Set. U

2.5.5 Let SetD be the category of sets each with a distinguished subset. The product is
constructed in routine way using cartesian products. However, it is worth looking at some of
the details.
This is one of the places where it is useful to distinguish between a structure and its carrying
set. Thus let
A= (A X) B=(B,Y)

be a pair of objects of SetD. Let
AxB=(AxB,XxY)

so this is certainly an object of SetD. By dropping down to Set consider the two projection
functions, as on the left. This is a wedge in Set.

e /

AxB\ A x \

In fact, it is a product wedge in Set. We easily check that p and ¢ are arrows of SetD, so we
have a wedge in SetD, as on the right. We show this is a product wedge in SetD.
Consider any object C = (C, Z) of SetD and wedge of SetD arrows, as on the left.

By forgetting the carried structure we obtain a wedge of Set arrows, as in the middle. But (p, q)
are a product wedge in Set, so we obtain a unique mediating Set-arrow, a function h, as on
the right. It suffices to show that h is a SetD arrow. That is a routine calculation.

The construction of the coproduct is not so obvious, but once we have seen the product
construction we can dualize. Let

A= (A X) B=(B,Y)
be a pair of objects of SetD. Recall that in Set the coproduct

A+ B=(Ax{0})uU(Bx{1})
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is the union of A and B where these sets have been tagged to make them disjoint. The union
X+Y = (X x{0})u (Y x{1})

is a subset of A + B, and so
A+B=(A+B,X+Y)

is an object of SetD. Consider the two insertions as on the left.

A\ A .
A+ B \A—l—B
S S

This is a coproduct wedge in Set. It is easy to check that ¢ and j are arrow of SetD, so we
have a wedge in SetD), as on the right. By mimicking the proof for the product wedge with the
arrows reversed, we see that we have a coproduct wedge in SetD. UJ

2.5.6 This is a teaser which almost everyone gets wrong the first time. For sets A and B the
product and coproduct in RelA are both carried by the same set, but this is not the cartesian
product A x B. Itis

A+ B

the disjoint union of the sets. The members of A + B are tagged members of A and B. Thus
A + B has two kinds of elements

(a,0)fora € A (b,1)forb e B
where the tag records where the element came from. We set up relations

P Q
A A+ B B
I J

and show that P, ) form a product wedge, and [/, J form a coproduct wedge. With z ranging
over A+ Banda € A, b € B we let

aPz < z = (a,0) < zla bQz <= z = (b,1) <= 2Jb

to produce the relations.
To show that P, () form a product wedge consider any wedge from an arbitrary set X, as on
the left. We require a pair of commuting triangles

A A

e S

X—M—-A+B

N Y

for some unique relation M, as on the right.
Remembering that z € A + B can have only two forms, we see that

(Ja € A)[z = (a,0) & aFx]
My <= or
(3b € B)[z = (b,1) & bGx]
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gives a relation M of the correct type. For a € A and z € X we have
a(PoM)r < (32)[aPzMz| <= (a,0)Mz <= aF'x
to show that
PoM=F

and hence the top triangle commutes. A similar argument shows that the bottom triangle com-
mutes.
To show the uniqueness of this mediating relation consider any relation

X —N—A+B
where both
PoN=F QoN=G
hold. For a € A and z € X we have

(a,0)Nx <= aP(a,0)Nz <= (32)[aPzNz] <= a(P o N)x <= aFx

and for b € B we have
(b,1)Nx <= bGx

by a similar argument. This gives
N=M

for the required uniqueness.
The verification that 7, J form a coproduct wedge is similar. 0

2.5.7 (a) We first make a general observation. Consider two instances of the same product
wedge, as on the left.

Ax B Ax B AxB—T>A><B

The only arrow r, as on the right, to make the triangles commute is id 4« 5. This is because
mediators are unique.

With this we can show that A x 1 and A are isomorphic.

Consider the diagram on the left. Here p, ¢ form the product wedge and ¢ is the unique
arrow to 1. There is a unique mediator m such that

A A
ZdA
A A x 1 Ax1—p—A"—m— Ax1
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the equalities
pom =1idy gom=yg

hold. Now consider the commuting diagram on the right. (The bottom cell commutes by the
nature of 1.) By the first observation we have

and hence p, m are an inverse pair of isomorphisms.
(b) Consider the diagram

Ax B A

/\k ‘a
(AxB)xC= L B R =Ax(Bx()

o N

C BxC

v

where L, R are the two objects of interest and each arrow is one of the structuring projections
of one of the product wedges. There are no commuting cells in this diagram. We insert four
mediating arrows.

Firstly we obtain

BxC Ax B R

with

(1) donp=L0oA (3) Bo(=0dop

(2) von=up (4) aol=0
respectively. Notice that (1, 2) uniquely determine 7, and (3, 4) uniquely determine (. Secondly
we obtain

Y

R L R

with

(5) cop=aor  (7) pop=vyop

(6) poo=n (8) Aoy =¢
respectively. Notice that (5,6) uniquely determine ¢, and (7, 8) uniquely determine 7). We show
that ¢ and ¢/ are an inverse pair of isomorphisms.

For the diagram
A
o\
it
X

L AxB

b

B
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the unique mediator must be A. But with
E=voo
we have
aof=aolopop=aolop=00¢ = oo\
folo&=LFolopop=Folop=0opop=don=[ol
using (8, 4, 5) on the top line, and (8, 3, 6, 1) on the bottom line. Thus
Ao =X
since we have just verified that A o £ has the required mediating property.
For the diagram on the left the unique mediator must be id .
AXx B
A I A\
pol=poog
L L =yopo¢
=70n =K
C
But using (7, 6, 2) we have the equalities on the right. This with the previous equality gives
Yoo =E§=1dg
which is half of what we want. The other required equality
potp=idg
follows by a similar argument. 0
2.5.8 Let
Ll =AxC Rl =A+B
L2 =Bx(C RQ =C
so that
L:L1+L2 R:R1XR2
are the two component objects. Let
L —— A A—2 R
L,—"* .¢ B—2 . R
Lo b B
L,— 2 . C
A
R—" R L —2 1
A
rR—" . R, L,—2 [
be the
projections insertions
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which structure the various objects as
products coproducts

respectively. We can fit these arrows together in two ways. Let’s look at both possibilities in
parallel.
We have arrows
01 =taoQ dig=1tpo
L. 11 =1A R L, 12 =150 [ R,

091 = =
L, 21 =N R Ly 22 = V2 Ry

which give commuting triangles

Ly Ry
d; O1;
A1 J & g [ P1
A2 ‘ \,02
dj2 2
Ly Ry
fori, j € {1,2}. In other words
We use the coproduct properties of L We use the product properties of R to
to produce a unique mediator fi; produce a unique mediator v;

for the various cases. Observe that
pjo N =05 = pjov;

(for i,j € {1,2}) uniquely determined j; and v; in terms of the ¢;;, and these in turn are
determined by the given structuring arrows.
Next we swap the roles of L and R to obtain commuting triangles

R Ly
et W e
\ JPQ )\2‘ /

H2 Vo

Ry Lo

for unique mediators ;. and v. These are determined by
Wi = pj O [ Vi=voN
respectively. Either x or v does the required job. In fact
w=v

as we now show. We have
Pj oo = o =10y
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for each ¢ and 3, so that
Vi = |1 O\

for each 7, and hence 1 = v.

For the counterexample consider the lantern poset

T

SN,

a C

N

L

viewed as a category (with arrows pointing upwards). Then
aNc=1l=bAc aVb=T
to give
l=(anc)V(bAc)=L r=(aVbANc=c
and hence r £ [. O

2.5.9 The answer to both questions is ‘No’.
Consider a pair of abelian groups A, B with the cartesian product A X B of these. We know

this gives the categorical product of the two in both AGrp and Grp. We also know that the

two canonical insertions

! Ax B J

Z(a) = <a7 1) (17b> - j(b)

gives the coproduct in A Grp. We show that for certain A, B this is not the coproduct in Grp.
For both A, B we take a copy of the 2-element group. We let

A B

A={1,a} witha®=1 B =1{1,b} withb*>=1

for the two groups. Also let
C={abla*=1=0b%

that is C' is the group of all words in the two letters a, b where both aa and bb collapse to
the empty word. The group operation is concatenation followed by a successive collapsing of
similar letters. For instance

ababab - babab = abababbabab = ababaabab = ababbab = abaab = abb = a

and each word does have an inverse. The group C' is not commutative since ab # ba.
Consider the diagram

! Ax B J

A B

f g
C
where each of f, g sends the letter to the corresponding word of length 1. Observe that each of
f, g is a group morphism (in fact, an embedding). We show there is no morphism

h

Ax B C
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which makes the diagram commute. Thus A x B is not the coproduct of A, B in Grp. Observe
that

(a,1)(1,b) = (a,b) = (1,b)(a, 1)

in A x B. If there is such a morphism 5 then

ab = h(a, 1)h(1,
= h((a,1)(1,b))
= h(a,b)
= h((1,b)(a,1))
= h(1,b)h(a,1) =ba
which is contradictory. In fact, C'is the coproduct of A, B in Grp. U

2.6 Equalizers and coequalizers

2.6.1 The two parts of Lemma 2.6.3 are proved in the same way. Let’s show that each equalizer
is monic.
Consider an arrow m, as on the left, which is the equalizer of a

m p
B B

A

q

parallel pair, as on the right. Thus
pom=qom

with the appropriate universal property. To show that m is monic consider any parallel pair

f

X A

g

with
mof=h=mog

where h is the common composite. We require f = g.

f D
X A—" . p C
g q

From the diagram above we have
poh=pomof=qomof=qomog=gqoh
so that the universal property of m gives
h=mok

for some unique arrow k. This uniqueness ensure that f = g.
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The proof of the equalizer version of Lemma 2.6.4 is the mirror image of the coequalizer
version. The proof can be obtained from the coequalizer version by changing one or two words
and remembering that arrows now point the other way.

The arrow [ makes equal f and g. The arrow k is the equalizer of f and g. Thus there is
a unique mediator m satisfying (1). By reversing the roles of [ and k we see there is a unique
mediator n satisfying (2). From (1, 2) we have

komon=Ilon=k=koidy andhence mon = idy

since k is monic. Similarly
nom=1idg

to show that m and n are an inverse pair of isomorphisms. 0

2.6.2 We have a particular insertion

which automatically satisfies

for each s € S. For the given function

X h A
we have set up a triangle, as on the left
g 4 gt 4
m(z) = h(z) m / n /
X X

for a certain function m as indicated. Trivially, for x € X we have

so the triangle does commute.
Conversely, suppose we have some function n to make the triangle commute, as on the right.
Then for each x € X we have
n(z) = i(n(z)) = h(z)

to show that n = m, and hence m has the required uniqueness. 0
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2.6.3 (a) Making use of Example 2.6.5 we have

: f
S < A B
g

Ec‘

where ¢ o j is the equalizer of the pair f, g in Set, and where 7 is group embedding and hence
monic in Grp.
Consider any group morphism

X A

which does make equal f and g. Working first in Set we have a commuting triangle for some
unique function n, as on the left.

et .5 ' .4 Eed g .4
n m=7jon n m

h —J I
X X

With the composite arrow m we obtain the diagram, as on the right, where by construction the
left hand triangle commutes in Set, and

h=iojon=1t0m

so the right hand triangle commutes, again in Set. We show that m is a group morphism, so
that the right hand triangle commutes in Grp.
Consider any z,y € X. We require

m(xy) = m(z)m(y)
in A. But, 7 and h are group morphisms so that
i(m(zy)) = h(zy) = h(x)h(y) = i(m(z))i(m(y)) = i(m(z)m(y))

and 7 is an injection (monic in GrTp), to give the required result.
This shows that i does factorize through ¢ via some group morphism m. We show that this
is the only possible factorization. Thus suppose

h=iok
for some group morphism k. Then
itok=h=iojon=iom

so that
kE=m

since ¢ is monic in Grp.
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(b) We have a diagram

f
k
A B
g

B/K

where £ is the canonical quotient. For each a € A we have

k(f(a)g(a)™) = k(1) =1
which leads to
k(f(a)) = k(g(a))

and hence &k does make equal f and g. We show that & is the coequalizer of f and g.
Consider any group morphism

B X

which does make equal f and g. For each a € A we have

h(f(a)) = h(g(a))

so that
h(fla)gla)™") =h(1) =1
and hence
f(a)g(a)™" € ker(h)

to show

F C ker(h)
and hence

K C ker(h)

by the construction of /. This shows there is a unique morphism m for which the triangle

B\h/X

B/K

commutes, and this is precisely the mediating property we require. 0

2.6.4 Since the function o is surjective there can be at most one function h* to make the diagram
commute. For s1, s, € S we have

[81] = [82] — S1 Y Sg — h(Sl) = h(Sg)
to show that the suggested function h! is well defined. For s € S we have
(h* o o) (s) = h*([s]) = h(s)

to show that the triangle commutes. 0
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2.6.5 Let

B B/~
br—— [0]

be the constructed quotient.
Consider any a € A and let

b1 = f(a) by = g(a)
to obtain to elements of b with b; ~~ b,. In particular we have
b1 ~ bg

so that
(B0 f)(a) = B(b1) = [b1] = [ba] = B(b2) = (B0 g)(a)

to show that 3 does make equal f and g.

2. Basic gadgetry

Consider any function ~ which does make equal f and g. We show that A factorizes uniquely
through (3. Since [ is surjective, there can be at most one such factorization, so it suffices to

show that one does exist.
We use Example 2.6.6 and Exercise 2.6.4. Suppose

blwbg

for b1,b; € B. Then

for some a € A. This gives

h(br) = h(f(a)) = h(g(a)) = h(bs)
and hence Example 2.6.6 gives a function h* for the factorization.

2.6.6 For the given continuous maps

we let

T A

be the coequalizer of the two functions ¢ and v in Set. This « is surjective. We furnish A with
the smallest topology O A for which « is continuous. This is precisely the set of all W C A
for which o~ (W) € OT'. (You should check this. The topology is sometimes called the final
topology or the quotient topology on A.) We show that this continuous map « is the coequalizer

of the two maps ¢ and ¢ in Top.
Trivially, o does make equal ¢ and 7).
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Consider any continuous map

T R

which makes equal ¢ and ¢. At the Set level there is a unique function p such that the following
triangle commutes.

R
It suffices to show that p is continuous. Consider any U € OR. We require
p—(U) e OA

that is
(@ op™)(U)=a"(p~(U)) € OT

(by the definition of O A). But
and 0~ (U) € OT since @ is continuous. O

2.6.7 (a) Since the comparison < is reflexive, the defined relation ~ is reflexive. By rephrasing
the definition as
a~b<—=a<bandb<a

we see that ~ is symmetric. If

a~b~c
then
a<b<candc<b<a
so that
a<candc<a
to give

to show that ~ is transitive.
The preset S is a poset precisely when

a<b<a=—=a=0b

that is
a~b=a=0»>

and the converse implication always holds.
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(b) To show that the comparison on S/~ is well-defined suppose
[aa] = laz]  [ba] = [be]
for elements ay, as, by, by € S. We require
a; < by <= ay < by

and clearly, by symmetry, a proof of one of the implications will do.
From the two assumed equalities we have

ap ~ ag bleQ
and hence
ap <bp=ay<a; <b <by=ay <b

as required.
This shows that

s— T L5/~

ab—— [d]

is well-defined and, trivially, it is monotone.
(c) Consider a monotone map

from the preset .S to a poset 7.
For a,b € S we have

a~b=a<b<a= f(a) < f(b) < fla) = fla) = f(D)

where the last step holds since 7' is a poset. Since 7) is surjective there is at most one monotone

map f* such that
S / T
X %
S/~

commutes. Thus it suffices to show that

(for a € S) gives a well-defined monotone function.
The implications above show that f* is well-defined, and a similar argument shows that f

is monotone. The universal property gives the required function. For the general argument see
Solution 3.3.18. 0
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2.6.8 We are given that e does make equal f and g. Consider any other arrow ~ which makes
equal f and g, as on the left. We must show that h factorizes uniquely through e.

([ ] [ ]
h he N\
e | f e |y
e ——e___T o ° o o
g |
e f e
[ ] [ ] [ ] [ ]
h g q
Let
m=poh
and consider the right hand diagram. We have
com=cecopoh=qgofoh=qgogoh=~h
to show that /. does factorize through e.
Conversely, suppose
h=eon
for some arrow n. Then
n=poeon=poh=m
to show the required uniqueness. 0
2.7 Pullbacks and pushouts
2.7.1 (a) Consider any wedge in C, as in the center. Consider also the
A A A
p a p a
el N N
P c o e
q\A 5 5 - q\A B 1

product wedge of the two objects A, B, as at the left. These compose to give a square, as at the
right. Of course, this square need not commute. Let

e

S P

be the equalizer of the parallel pair

P

Q

boq

obtained from the square. We show that
poe A y‘
C
>~ 5 e

S
q
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is a pullback square.
Consider any commuting square

where the right hand side is the given wedge. Using the product property we have

- N
A

X —h—

=qoh
SN

for some unique arrow h. But now

W — s —

aopoh=aof=bog=bogoh
to show that i makes equal the parallel pair, and hence
h=eom
for some unique arrow

m

X S

by the equalizing property. In particular, we have a commuting diagram

to show that the arbitrary square from X does factorlze via m through the constructed square
from S. We must show that this is the only possible factorization.

\

l
g ——

X —m— S —e¢

/

Suppose
f=poeon  g=gqoeon
for some arrow
n
X S
in place of m. Then
eon=~h n=m

by the uniqueness of A followed by the uniqueness of m.
(b) This follows by a dual argument to that of (a). O
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2.7.2 Let the arrows point up the poset. All pushouts precisely when it has joins of those pairs
of elements which have a lower bound. ([

2.7.3 For the first part we are given a pair of pullbacks

e—Cc—>0—q— e
| | |
r q p
| } }
o —(d—0—bh—r e

where we have labelled he arrows. Consider a pair of arrows

pof:bodog

o +—3— @

with the indicated commuting properties. Using the right hand pullback there is a unique arrow
h for which

/
h
g o —aqg—> e
q P f=aoh dog=qoh
o —(—>0—)Hh—r o

commutes, as indicated. This gives us a commuting diagram

[
|
r q dog=gqoh
.—d—»i

and the left hand pullback provides a unique arrow m for which

h=com g=rom

commutes, as indicated.
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From the equalities obtained we have
f=aoh=aocom g=rom

to show that we have produced a factorization of f and g through a common arrow m. It remains
to show that m is the only arrow that does this job.
Consider any arrow n for which

f=aocon g=ron
holds. Then
f=aocon dog=doron=gqocon
and hence
con=~nh

by the uniqueness of h. But now
con=~h romn=g
to give

by the uniqueness of m.

For the second part suppose we have commuting squares

e—Cc—>0—q— e
| | |
r q p
} } |
o—(d—e0—bh—r e

where the outer cell and the right hand square are pullbacks. Suppose also we have a commuting
diagram as on the left. We must produce a

/ N
A1 N
r q qof=dog T q
} } }
o —(d— o o —d— e

commuting diagram, as on the right, and show that there is only one possible arrow [. Thus we
want

f=col () g=rol

for some unique arrow /.
Let’s look at what the two pullback squares give us.
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Consider the right hand square with connecting arrows, as indicated.

° °

aof aof
\\%\\

dog e —qaqg— o aof=aom dog e —aqg— o
| | | |
q p dog=gqom q p
} | | |
o —)H—eo .—b—>0

Since the square commutes we have
poao f=bogof=bodog

and hence the pullback property gives a unique arrow m with the two central equalities. In fact,
since

aof=aof dog=qof

we see that m = f.
Consider the outer cell with connecting arrows, as indicated.

[ ] [ J
aof \ aof
N
g ® —q OC—> © CLOfZCLOCOTL g ® —qQOoC—> e
. C
| | | |
e —bod~e e —bod~e

Using the calculations above we see the pullback property gives a unique arrow n with the two
central equalities. In due course we show that the required arrow [ is n.
We compare the properties of m and n. We have

aof=aocon dog=doron=gqocon

and hence
con=m=f

by the uniqueness of m. Since
f=con g=ron
we see that [ = n makes the required triangles commute. Comversely, if
f=col g=rol then aof=aocol g=rol

and hence [ = n by the uniqueness of n. 0
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2.7.4 Consider any parallel pair p, ¢ of arrows that i makes equal.

We must show that p = ¢. By going round the square we find that

q
k

hop=hoqg=1

_—

9

fokop=fokog
and hence, since f is monic, we have
kop=kog=r

say. This shows that both p and ¢ make

o~

commutes, and hence p = ¢ since the given square is a pullback.

2.7.5 Suppose that f is the equalizer of the parallel pair p, ¢ as indicated

k
o — o
h \f
bog
° ° e e
9 qgog
p| 14

2. Basic gadgetry

on the left. Since the given square does commute, we see that A~ makes equal the composite
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parallel pair on the right, and we show that % actually equalizes this pair.

r
l o —fk— o l o —fk—eo
N
! } ! }
e —(g—e e —(g—e
p| |4 p| |4

Consider any other arrow [ which does make equal this pair, as on the left. Since f is the
equalizer of p, ¢ there is a unique arrow r which makes the central diagram commute. Since
the given square is a pullback there is a unique arrow m which makes the right hand diagram
commute. From these diagrams we have

gol=for l=hom r=~kom

and it is the central equality that most interests us. It suffices to show that this is the only
possible factorization of [ through h.
Consider any arrow n for which
[=hon

holds. It suffices to show
r=kon

for then n = m by the uniqueness of m. Since the given square commutes we have
fokon=gohon=gol

and hence the uniqueness of  gives the required result. a U

2.8 Using the opposite category

2.8.1 No solution needed? O






3
Functors and natural tansformations

3.1 Functors defined

3.1.1 A covariant functor from S to 7" is simply a monoid morphism from S to 7". A contravari-
ant functor f from S to 7" is monoid ‘morphism’ that flips the elements, that is

frs) = f(s)f(r)
forr,s € S. O

3.1.2 A covariant functor from S to 7" is simply a monotone map. A contravariant functor f
from S to T is an antitone map, that is

r<s= f(s) < f(r)
forr,s € S. O

3.1.3 Consider a covariant functor

Src®

Trg

using the opposite on the source. Consider any arrow

A / B
of Src. This is an arrow
B / A
of S7re°?, and the functor F sends it to an arrow
FB Fi/) FA

of Trg. Thus F' has flipped the direction of f. The other required properties (preservation of
composition and identity arrows) are immediate, to show that

F
Src

Trg

is a contravariant functor.
The other part is just as easy. 0

3.1.4 The composite of two functors of the same variance produces a covariant functor.
The composite of two functors of opposite variance is a contravariant functor. 0

51
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3.2 Some simple functors

3.2.1 The functors S and 7" select the source and target of the arrow, respectively. The diagonal

functor A send each object A to the identity arrow id 4. OJ
3.2.2 The Set-valued contravariant functors on the poset S are the presheaves on S. 0
3.2.3 The

covariant contravariant

Set-valued functors from R are precisely the
left right

R-sets. It is worth looking at the details of this, and the contravariant case is potentially more
interesting.

Consider such a contravariant functor. This must send each object of 12 to some set. But
since X (when viewed as a category) has just one object, this object assignment produces a set,
A say.

The functor must send each arrow of R (element of R) to a function from A to A.

r (o7%

R P A A

R

Let o, be the 1-placed operation on A assigned to € R. The contravariance
R A
s \T\ % X
R R A A
ST Qg

Qgr = Olg O QU oy = id g

gives

for each r, s € R, where the right hand equality is the identity requirement. We now write each
operation « as a right action

Ay

A A
a ——ar
to get
a(sr) = (as)r al =a
and so produce a right R-set. 0
3.2.4 This is more or less proved by Exercise 1.3.5. 0
3.2.5 Remember that C[—, —] is contravariant in the left argument and covariant in the right

argument. So what we have here is really a covariant functor

CcC?xC Set
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from the ‘twisted product’ category. In detail, for arrows

f

B A S

of C we have
H(f,g)=go—of
for the arrow behaviour of H. O

3.3 Some less simple functors
3.3.1 Three power set functors
3.3.1 Only V() is liable to cause trouble. Given functions between sets

At g9

for each X € PA we have
(V(g) o ¥Y(f))(X) =V

= (go NIXT = V(g0 f)(X)

as required. A similar proof can be done using the quantifier characterization.

3.3.2 This is simpler than Exercise 1.3.9. A set is a discrete poset.

3.3.2 Spaces, presets, and posets

3.3.3 (a) The specialization order of f} A is the given comparison on A.
(b) Almost be defintion each open set U € OS is an upper section of the specialization
order. OJ

3.3.4 (a) Consider a monotone map

P

between two presets, and an upper section V' € T B of the target. We require (V) € TA.
Consider any x < y in A with x € f~ (V). Then

fl@)<fly)  fle)eV

so that f(y) € V and hence y € f— (V).
We have an object and an arrow assignment

B

Pre

Top

which is trivial on arrows, so we do have a functor.
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(b) Consider a continuous map between spaces

¢

S T

and consider a comparison = < y in S. We require ¢(z) < ¢(y) in 7.
Consider V' € OT with ¢(z) € V. We required ¢(y) €

rep (V)eOS <y

so that y € ¢~ (V), as required.
We have an object and an arrow assignment

Pre

Top
which is trivial on arrows, so we do have a functor. O

3.3.5 Suppose first that 6 is monotone and consider any U € OS. We require 0 (U) € TA.
Consider elements z, y of A with

z e (U) x<y

so that y € 0 (U) is required. We have

(since # is monotone), and hence
y €6(U)

since each open set of .S is an upper section of S.
Secondly, suppose that # is continuous and consider elements =z < y of A. We require
0(z) < 6(y). Foreach U € OS we have

z) ceU =2 (U)=yectd (U) =0y U

where the central implication holds since € is continuous and hence 0~ (U) € TA.
These two implications show that the hom-sets

Pre[A, |S] Top[ftA, S]
contain exactly the same functions. There is a trivial bijection between the two sets. 0
3.3.6 For U,V € OS with U C V we require O(¢)(U) C O(¢)(V). But for t € T' we have
teO0A)U)=o(t) eUCV = 9¢(t) e V=1 O(p)(V)

for the required result.
For each pair of continuous maps

T S R

we require

Oy o¢) =0() 0 O¢)
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that is
(Yo d) (U)= (¢ oyp™)(U)
for U € OR. But for ¢t € T we have

te(od)”(U) <= (Yoo)(t) €U
= P(¢(t) €U
= o(t) € 9~ (U)
= tep(¢7(U)) < (97 09p7)(U)
for the required result.

Observe that a character
p:S—2

is continuous precisely when
p~({1})

is open in S. This is because
pm@)=0 p(2)=5

and these are open in .S. For each continuous map ¢ and continuous character p on the target
we have a continuous character

E(¢)(p) =po¢
since continuous maps are closed under composition.

To show that =(¢) is monotone consider continuous characters p, ¢ of S with p < ¢. Then
for each t € T we have

to show

as required.
Finally, for each pair of continuous maps

¢

T

we require
E(Y o) =E(¢) o E(Y)
that is

EW o ¢)(r) = (E(4) 0 E(4))(r)

for each continuous character r of E. But for such an » we have

E(gog)(r)=ro(dog)
=(roy)og
=E(Y)(r)o¢
=EZ(0)(E(W)(r)) = (E(¢) o Z(¥)) (1)

as required. 0
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3.3.7 To show Xg(U) is continuous (for U € OS) we require
Xs(U)~ (W) e OS
for each W € O2. Trivially we have
Xs(U)=0)=0  Xs(U)~(2)= 38
so it suffices to deal with W = {1}. For each s € S we have
s € Xs(U)”({1}) <= Xs(U)(s) € ({1}) <= Xs(U)(s) =1 = s €U

to give the required result.
For p € =5 with
U=p~({1}) € OS

we have
P = Xs(U )
and hence

Xs

oS =5

is a bijection. To show it is a poset isomorphism we require
UCV «— Xs(U) < Xs(V)
for U,V € OS. But we have

Xs(U) < Xs(V) <= (Vs € S)[Xs(U)(s) < Xg(V)(s)]
= (Vs € S)Xs(U)(s) = 1 = Xs(V)(s) = 1]
< (VseS)[se (U= seV]|
—UCV

as required. 0

3.3.3 Functors from products

3.3.8 Let F' = — x R. By construction, for each arrow
A / B
the arrow
F(f)
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is the unique arrow for which

A
A
FA FB
PN
R
commutes. For arrows
a—d g9 ¢
we require
F(go f)=F(g)o F(f)
(together with a trivial observation to give F'(id) = id).
We have several commuting cells
a—Jd g9 ¢ a9t ¢
Pa PB bc ba
Y > > Y /p;
FA—F(f)— FB—F(g9)— FC FA—F(go f)—~ FC
4c
A T N
R . R : R : R
ud R id R ZdR
and the uniqueness of the central arrows give the required result. U

3.3.9 We have an object assignment

CxC Cc
A17A2|—>A1XA2

SO we now require a companion arrow assignment. Consider any arrow of C x C|, in other
words a pair

a4 —I . p
A 7, By
of arrows of C'. We have a diagram
P1
¢
Al X A2 By x By
%\
P2
R By
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where p1, po, q1, 2 are the structuring projections. The product property of the right hand wedge

gives a commuting diagram
N1 B
/ %

Ay X Ay — f1 X fo— By X By
\ &\
B

for some unique central arrow. This is often written f; X f5, as shown, and then

(fi, f2) —— fi x fo

is the arrow assignment.

To verify that we have a functor we need to show that the arrow construction passes across
composition. As usual, it is the uniqueness that gives this.

Consider a composible pair

A, i By [ C,
A B C
? fa ? g2 ?
of arrows of C' x C'. The commuting diagram
A ! B L C,
b1 q1
1
A1XA f1Xf2—>Bl><B 1Xg2—>01><02
q2
Bs Cy
g2
ensures that
gio fi C
/ 1

\

Ay x Ay 91><92 f1><f2)—’ C1 x Cy
\ 2

G20 fo

/

Cs

commutes, and hence

(91 X g2) o (f1 X f2) = (910 f1) X (920 fa)

by the uniqueness of the mediators. 0
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3.3.4 Comma category

3.3.10 We produce a composition of arrows in (U | L) and check it is associative. Consider
two arrows of (U | L)

UAy UBy UCy
| | |
a / &) g 0l
} } }
LAL LBL LCL

which ought to compose. In more detail we have

Ay fu By qgu Cy
U U
UAy (fU) UBy (QU) Ucy
| | |
o B v
} } |
LA LBy ——— LC
- L(fL) - L(QL) -
AL BL CVL

Ir ar

where the two squares commute. Now consider composite arrows

h p—
Ay v=4gr° fu Cy U

A C L
g hr =gro fr t

in the indicated categories. From above and using the functorial properties of U and L we see
that the square on the left commutes

4y — g,

UAy Uthv) UCy UAy UCy
S
} } | }
LA;L o LC, LA; LC;

A ————C

and so we have an arrow h of (U | L) as on the right. We take this as the composite g o f of
the given arrows. A diagram chase verifies the category axioms. 0
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3341 (a) (Id¢ | Id¢) = C.

(b) Using
1d K
C © .c C
where K is the constant functor with

for each C-object A, we have

(CL15S)=(de|K)

respectively.

3.3.12 For the three cases the object

of Com is sent to the object

UAy

of the indicated category. The arrow

UAyy
|
«Q
}
LA,
of Com is sent to the arrow
U
UAyy
|
Ay —fU—' By (l)é
LA,

of the indicated category. The composition properties are easy.

3. Functors and natural transformations

c_ K ot ¢
KA=S
(S1C)=(K|lIdc)
O
Ay
(8]
Ar
c! L
UAy
|
[0 LAL
}
LA,
UBy
|
f—— B
}
LB;
c' L
U
|
? AL _fL_' BL
— . LB
L(f,) "
O
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3.3.5 Other examples

3.3.13 Consider an arbitrary group A. We assume it is written multiplicatively. A commutator
of A is an element

[z, y] = zyz~y ™
for arbitrary z,y € A. Thus A is abelian precisely when the unit 1 is the only commutator.

Observe that

[z,9]7" = [y, 2]

so the set of products of commutators is a subgroup 6 A of A. In particular, A is abelian precisely
when 0 A is the trivial subgroup.

To show that the object assignment
Ar——— A

fills out to a functor we do a little bit more. We show there is a unique commuting square

SA g

3(f) f
6B —— B

LB

for each group morphism f. Here ¢4 and ¢p are the two embeddings.
If there is such a morphism d( f) then it can only be

flsa

the restriction of f to ) A. We remember that

fl@™h) = fa)™
for each © € A, and hence
[z, y]) = [f (@), f(y)]
for each x,y € A, so that
a € A= f(a) €B

which is what we want.
The uniqueness in the construction of §(-) ensures that it passes across composition of mor-
phisms. For each pair of morphisms

a—d g9 ¢
we have a commuting diagram, as on the left
SA A 4 JA—A . A
o(f) f
6B —1p—~ B 3(g)0d(f) gof
4(9) g
o0¢ —— C oC C

lc lc
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to give a commuting square as on the right. Thus

6(g) 0 6(f) = d(go f)
by the uniqueness of §(g o f).

For the second part we show there is a unique commuting square
AAL AssA
|

B—— B/dB
1B

for each group morphism f. Here 14 and np are the two canonical quotient morphisms.
The notation

f/o

is not to be taken too seriously.
Since 74 is surjective (epic in Grp) there can be at most one such morphism f/d. There is
such a morphism precisely when

Ker(na) € Ker(np o f)

in other words
0A C Ker(ngo f)

that is
[z,y] € Ker(ng o f)

for each x,y € A. But we know
f(lz,9]) = [f (@), Fy)] € 6B
which gives the required result. The uniqueness in the diagram ensures we have a functor. [
3.3.14 (a) Given an R-set A we require
(axs)*xt=ax(st)

for s,t € S. But ¢ is a monoid morphism, so that

and hence

(axs)xt=(a-d(s))- o(t) = a-(d(s)p(t)) = a- d(st) = axst

as required.

(b) We must show that for each R-morphism

f

A B
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the function f is also an S-morphism, that is

Flaxs) = fla) xs

foreacha € Aand s € S. But

flaxs) = fla-¢(s)) = fla) &(s) = f(a) s
for the required result. ]

3.3.15 We have an object assignment and an arrow assignment

Mon MON
R+——— Set-R
pr—— P

so it suffices to check that the arrow assignment passes across composition. For each Mon-
arrow ¢ the functor ® is trivial on objects and arrows, so the requirement is satisfied. 0

3.3.16 In Solution 1.2.7 we set up an inverse pair of translations

L
Pfn Set |
M

on both objects and arrows. We check these each of these is a functor.

We deal first with L, and it is only the passage across composition that requires much
thought. Consider a composible pair of arrows

f

A B

in Pfn. Thus
L(go f) = L(g) o L(f)

is required. The arrow composite g o f is determined by

A B C
L7l
.

where X and Y are the respective domains of definition of f and g, and
U=7 (Y) thatis a€U<=a€ Xand f(a) €Y

fora € A.
We adjoin a bottom L to each of A, B, C, and then set

fla)ifae X
1 ifag X

gb)ifbeY

Lig)(b) = { L ifb¢y

L(f)(a) = {
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for each a € A,b € B. There is a similar description of L(g o f), that is

gofula)ifac U} _ {g(f(a)) ifacU

L(gof)(a):{ 1 ifagU L ifagU

for each a € A. In all cases L is sent to L.
Observe that
L(f)(a)eY <=ac Xand f(a) €Y <= acU

for each a € A.
With these, for each a € A we have

G(L(A () if L(f)(a) €Y
L(g)(L(f)(a)) = {g( (i)( ) ifLEgEa; ;Y}

_ {?(7(0)) ifa € X and f(a) € Y}

1 ifnot
B §(7(a)) ifaeU
B 1L ifag¢U

where the second equality follows by the observation above. This shows that L passes across
composition in the required fashion.

To show that M passes across composition consider a pair of arrows

Y ¢

R S T

in Set, . We remove the bottom from each of R, S, T to obtain sets M R, M S, M'T" and we let
M) =vw  M($)=dxx
where these domains of definition are given by
reW<<=y(r)#.L1 seX <<= o(s)# L

forr € Rand s € S. Similarly we have

M(¢oy)=(po)u

where U is given by
rel<=o((r) #L <= ¢(r)eX

for each r € R.
These constructions give us two arrows in Pfn.

M(6) o M(v) M($o4)

MR MT MR

MT MR MT

/ / Lm

3
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The left hand one is a composite in Pfn, whereas the right hand one is the image of a composite
in Set .
The domain of definition V' is given by

reV=reWandyw(r) e X
for r € R. Since ¢(L) = L, foreach r € R we have
P(r) =L = ¢(¥(r)) = L

and hence
P(ryeX =rew

to show that V' = U. Thus the two arrows are

MR MT MR MT
e e
U d1x oY U (o)
which, since U C X, show that they are equal. O

3.3.17 This exercise extends the earlier Exercise 2.6.6.
(a) To show that the comparison on S/~ is well-defined suppose

[s1] =[] [s2] = [s3)]
for elements s, 57, 2, 85 € S. We require
51 < 89 < s, < 8,

and clearly, by symmetry, a proof of one of the implications will do. From the two assumed
equalities we have
s1 ~ 8} Sy ~ S

and hence
51 < 59 = 5] <851 <59 < 55, = 5] < 5

as required. This shows that

g s S/

s ——— 9]

is well-defined and, trivially, it is monotone.
(b) Consider a monotone map

S

S T

from a preset S to a poset 7. We check there is a commuting triangle

S

N4

S/~

S T
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for some unigue monotone map f*. Since 7g is surjective there is at most one such map f*.
Thus it suffices to show that
Fi(ls]) = f(s)

(for s € S) gives a well-defined monotone function. For sq, so € .S, since f is monotone, we
have
[51] = [s2] == 51 < 59 < 5y

= f(51) < f(s2) < f(51) = f(s1) = f(s2)

where the last step holds since 7" is a poset. This shows that f is well-defined. A similar
argument shows that f is monotone.

This universal property induces the required functor. For the general argument see Solution
3.3.18. O

3.3.18 (a) Consider an arbitrary arrow

A

of Src. We must produce an arrow

F(f)

FA FB

and then check that the two assignments form a functor.
Consider the composite arrow of Src.

f nB

A B (to F)B

Applying the universal property to this arrow gives a commuting square

A / B
A lTIB
(Lo F)A (Lo F)B

o(!)
for some unique arrow
FA—I|—FB
of Trg. We take this arrow for F'(f). Thus
F(f) = (5o f)

in terms of the given notation.
To show that F' passes across composition consider a pair of arrows

a—d g9 ¢
of Src. Each of these gives a commuting square.
A f B J c
|
A 775 Nc
((o F)A — (o F)B — (6o F)C
o(F ¢(F(g))
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And the composite gives a similar commuting square

A gof o A gof o
na Jﬂc UAJ Ule]
o FYVA —— (o F\C .o F)A , o FNC
7Y R PR 1) R

as on the left. The two commuting squares above combine to give the
commuting square on the right. The uniqueness of the fill-in arrow gives

F(go f)=F(g)o F(f)
as required.
The required identity property is almost trivial.
(b) For each arrow

FA S
of T'rg let
A—P s
be the composite
¢
A oma 9 g
of Sre.
Trivially, the triangle
A & 05
>\ &(g)
(Lo F)A
commutes, to show that
9f =g
by the uniqueness property of the (-)* construction.
Similarly, for each arrow
A / ¢S
of Src we have
=1

by the given commuting triangle.
This sets up an inverse pair
fr———
Src[A, LS| Trg[FA,S]
G ~——14g

of bijections, and it is not too hard to show that each is natural for variations of A and S.

67
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3.4 Natural transformations defined

3.4.1 (a) Consider the category
0

O
1

where the two identity arrows have been omitted from the picture. Let C' be an arbitrary cate-
gory. A covariant functor

C

(1)

must select two objects Ay, A; of C and an arrow between them.
Ao

(67

|
Ay

(It also selects the identity arrows on these two objects, but that is not a problem.) There are no
non-trivial composition properties here. Thus such a functor is precisely an object of C'.
Consider two such functors

AO BO
| |
o 9
! !

Al Bl

that is two objects of C''. There are just two source objects, namely O and 1, so a natural
transformation between these functors must select two arrows

a0 B,

A= B

of C'. The naturality requires that the square

A, T g,

| |
a g

! !
Al — Y Bl
S
commutes. Thus a natural transformation is just an arrow of C''.

(b) Re-read Solution 1.3.10. You will find that the objects of C'V are essentially the ‘func-
tors” from the graph V = (N, E), and the arrows of CV are essentially the ‘natural transfor-
mations’ between these ‘functors’. The only problem is that V is not a category and there are
no composition requirements. Don’t worry about that. Composition can be dealt with later. [

3.4.2 A presheaf on S is a contravariant functor

S

Set

and an arrow between presheaves is a natural transformation between these functors. 0J
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3.4.3 We look at the contravariant case. Let A and B be a pair of (right) R-sets viewed as
functors from the 1-object category R. Since R has just one object a natural transformation will
be a single function

f

A B

subject to certain conditions. For each arrow r of R (r € R) the square

f

A B

By
B

o,

A

f

must commute. Here o, and (3, are the 1-placed operations on A and B selected by r. Thus
foa,=p.of
is the required condition. In terms of elements and actions this is
flar) = flar(a)) = (f o ar)(a) = (Br 0 f)(a) = B,(f(a)) = fa)r
so that f is just an arrow of Set-R. 0

3.4.4 We must show that for each Srec-arrow

the induced T'rg-square

GB —— Fb

OB
commutes. To do that consider the following diagram.

TA 04

FA GA FA
E(f) G(f) E(f)
FB GB FB
B OB

The left hand square commutes, since 7, is natural. The outer cell commutes since we are given
e O Te = Udq
and hence both trips from F'A to F'B are equal to F'(f). But now

F(f)ooaoTa=o0goTpoF(f)=0poG(f)oTa
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and hence since
Te O O¢ = Udq

we have

F(f)oos=F(f)oopoTps004=0p0G(f)oTacos=0p0G(f)

for the required result. 0J

3.5 Examples of natural transformations

3.5.1 Given an arrow

we certainly have a function

ko—

[A, L] [A, K]

for each object A. For this to be natural we require the square

ko—
A [A, L] A, K]
S —of \ \— of
B (B, L] [B, K]
O J—
to commute for each arrow f. This is trivially satisfied. ([

3.5.2 Each of F' and G is a composite of contravariant functors, and hence each is a covariant
functor.
We need an explicit description of the behaviour on arrows. Consider an arrow

f

A B

of C'. This must produce a function

Set[C[A, P], R] F)

Set|C|B, P], R]
mapping functions to functions. In other words, for each input function

l

CIA, P] R

an output function

C|B, P R

is required. Thus we set

F(U)b) = 1U(bo f)
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for each arrow

of C.
There is a similar description of G.
For the natural transformation we require a function

TA

Set|C[A, P, R]
for each object A of C. In other words, for each input function

l

CIA, P| R
an output function
ClA Q] S
is required. Thus we set
Ta(l)(a) = (sol)(poa)
for each arrow
A—2 . Q
of C. Finally, we show that the square
A FA—™ . GA
f E(f) G(f)
B FB GB
B

commutes for each arrow f of C. In other words we require

(50 F(£)) (1) = (G(f) o )A) (1)

for each member

C[A, P] R

of F'A. Thus we require

(75 0 F(£) (1)) = (G(f) o ) A)(1)(b)

for each arrow

Set[C[A,Q), S|

71
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of C. But we have

(l(pobo f)) =(sol)(pobo f)

and
(G(f)oma)(D)(b) = G(f)(ra(1)) (b) = Ta(l)(bo f) = (sol)(pobo f)

to give the required result.
3.5.3 It remains to check the last bit of part (b), namely that
Ta(l) = F(1)(k)
holds. We track ¢d i round both sides of the given commuting square

idg | T (idk) =k

TK

for the required result.

3.5.4 The particular case where the category C'is a poset is dealt with in Example 1.4.1.

3.5.5 This is the contravariant version of the first part of Example 3.5.2.
3.5.6 This is the contravariant version of the second part of Example 3.5.2.
3.5.7 For each set A we set

mla) ={a}  mi(a) = {a}

for each a € A.

o o 0o d

OJ

3.5.8 We require ¢ = p o f, but since each of these functions has target 2 is suffices to show

they output 1 at the same inputs. For each b € B we have
q(b) =1 = Xp(f'a(X))(b) =1
< be f7(X)
— f(b)e X
= Xa(X)()b) =1 <= (pof)b) =1

for the required result.
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3.5.9 (a) From the diagram in Example 3.5.5 we require

ns(f(a)) = 1(f)(na(a))

for each a € A. Each side of this equality is a member of P2B. Thus, for Y € PB, we have

Y elIl(f)(nala)) <= f=(Y) € nala)
< ac f7(Y)
— fla) €Y <Y €np(f(a))

to give the required equation.

(b) As in the question let | be the inverse power set endofunctor on Set, and also let J
be Set[—,2], the endo-hom-functor on Set. We know that the arrow behaviour of J is by
composition. Thus we have

T J{l gof JZ‘A ™

/ J(f) B(f)

l | 1

B JB q 2B 7wol(f)

for each arrow f of Set,eachq: B — 2, and each 7 : [A, 2] —— 2. In particular, we have

P(f)(m)(q) =n(qo f)

for each such f, 7, q.
For each set A consider the ‘evaluation’ function

¢

A4 24 givenby  ¢a(a)(p) = p(a)

for each p : A —— 2 and a € A. We show this is a natural transformation. In other words we
show that the square

A pa
/] B eses=r()oss
B 1B
s

commutes. For each a € Aand g : B —— 2 we have

(05 © f)(a)(q) = ¢5(f(a))(q) = q(f(a)) = (g0 f)(a)

and
(J2(f) 0 pa)(a)(q) = *(f)(¢a(a))(q) = dala)(go f) = (g0 f)(a)

to give the required result.

(c) On the whole the use of characters rather than subsets does lead to neater results.

The statement in part (b) of the question that ‘I? is naturally isomorphic to J?* is a bit glib.
It is true, but not entirely obvious. It can be justified using horizontal and vertical composition
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of natural transformations. This is not something we can go into here, but we can give a hint of
what it is about.
We know we have an inverse pair of natural transformations

Xeo

&
given by
Xa(X)(a)=1<=ae X a€éslp) <= pla)=1
Xa(X)(a) =0<=a¢ X  adlalp) <= pla)=0

foreachset A, X € PA, p: A —— 2, and a € A. We modify these in several ways.
For each set A we may hit each of the arrows

XA §a

A JA A JA

with each of the two contravariant functors | and J, and take particular instances (by replacing
the set A).

24 o Xa) (loJ)A (JoDA ) ey
A Xia (JohA I2A «é—A (JohA
(o)A 94 2y (loJ)A b ey

We can combine these in various ways. In particular, we may form
I'a = J(€a) 0 Xia
12 J2
Apa=1(Xa)0&a
going via (Jol)A for I" and (1 o J)A for A. We show that these are natural transformations, and

are inverses.
For an arbitrary arrow

A / B
consider the following two commuting squares.
PA— (oA A5 4
(f) \J(l(f)) I(f) I(f)
I>’B (Jol)B |B JB
XiB ;]

The right hand square is an instance of the naturality of &, across the arrow f. The left hand
square is an instance of the naturality of X, across the arrow I(f).
Hitting the right hand square with J give a commuting diagram

a4 gona 2Ea), ey




3.5. Examples of natural transformations

to show that I', is natural.
A similar argument shows that A, is natural.
To show that

|2 AAOFA |2

is the identity consider any
XcPA=P?A XclA=PA  andlet Y =Xu(X)
to use in the calculation. We have

X € (Ay0l4)(X) < X € (I(Xa) 0&a0o4)(X)

)
= X €10)((©a0Ta) (X))
<:>XGXA< 5JAorA ))
=Y =Xa(X) € (Gaola)(X
—Yeg, (FA(X))
— (Da(X))(YV) =1
= (J(€a) o Xya)(X)(Y) =1
= J(€a) (Xua(X)(Y) =1
= (Xya(X) o &a)(Y) =
= X3a(X)(a(Y)) =
= alY)eX = (LaoXa)(X) e X
and now we remember that
(CaoXa)(X) =X togive (Agol4)(X)=2X

as required.
A similar argument deals with I'4 o A 4.
In the same way we can show how 7, and ¢, are related.
Consider the following composite.

ba Ay

A J2A 1A

For each a € A and X € |A we have
X € (Asoda)a) == X € (I(Xa) 0 & a0 ¢a)(a)
= X €1(Xa)((&1a 0 0a)(a))
< Xa(X) € (§4094)(a)
= Xa(X) € &a(Pala))
= pala)(Xa(X)) =1
(X)

<= Xa(X)(a) =14<=a€ X < X €n4(a)

and hence
Apgopa=na
to show how ¢, determines 7,. A similar argument gives
Faona=oa

and hence ¢, and 7, are equivalent.
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3.5.10 (a) Actually, you don’t need to write them down, you can look them up in your favourite
textbook on linear algebra. However, you should count the overloading of the symbols. How
many different operations does ‘x’ stand for? How many multiplication operations are indi-
cated by juxtaposition? Don’t tell anybody, but this is done to confuse the people in suits who
think they know how to run things.

(b) We don’t need to do them all but we should at least look at the crucial axiom on the
action, namely that
rla+p)=ra+rg

for each scalar r and pair «, 8 of characters. Recall that this means that

(r(a + 5)) (a) = (ra + Tﬁ) (a)

for each vector a. Remembering how the operations are defined we have

(r(a+3) (@ = r(((a+5)(0)
= r(a(a) + B(a))
=r(a(a)) +r(8(a))
= (ra) (a) + (rﬁ)( ) = (roz—l—rﬁ) (a)

for the required result. You should make sure that you know why each step is valid. Also, you
young things should realize how lucky you are. When I was a lad there was only one size of
bracket, which meant that calculations like this were harder to read.

(c) Once you have a modicum of experience with categories and functors this becomes a
sybilean construction. We have to convert a linear transformation between two spaces, as on
the left,

*
y f

W P w %

into a linear transformation between the two dual spaces, as on the right. The direction of the
linear transformation must swap round.
Consider a member v € W*, that is a character on IV. As functions we have a composite

f g

V w K

which we check is a character on V. However, we view K as a vector space over itself, and
then both f and ~ are linear transformations. The composite of two linear transformations is a
linear transformation, so

ff) =vof

V K

is a linear transformation, a character on V. This gives us a function
f* . W* V*

which we show is a linear transformation between the two dual spaces.
We require

fry+9)=f(v)+ () frry)=7rf(7)
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for each characters 7, d on W* and scalar . We verify these by evaluation at an arbitrary vector
a € V. Let’s check the right hand equality.

We have
(f*(ry))(a) = ((rv) o f)(a)
= () (f(a

=r(re)@) =Cre)

for the required result.

This shows that we certainly have a construction that converts a linear transformation into a
linear transformation with the required type (source and target). But why do we have a functor?
We need to show that various diagrams commute. However!

Notice that if we forget some of the carried structure we have the contravariant hom-functor
induced by K.

— K
Vect |- &] Set

Each diagram we must look at is a diagrams of functions (enriched in some way), so that hom-
functor calculations give us the required results.

What we have here is an enriched hom-functor. These occur all over mathematics, so you
have just seen a very useful trick.

Notice that if you had to do this exercise from scratch there would by spondoodles of rather
trivial calculations, and you might find it hard to see the wood from the trees. Category theory
helps to organize this kind of thing. It chops the dead wood and grows the trees. U

3.5.11 We look at (1, 2, 3) in turn.
(1) We require

a (a+ ) =a(a)+a (B) a (ra) =ra(a)

for each scalar r, each vector a, and each pair of characters «, 3. Remembering the definition
of a~ these translate to

(a+0)(r)=a(r)+6(r)  (ra)(a) =r(a(a))

which are true by definition.
(2) We require
(a+b)"=a +b" (ra)"=ra"

for each scalar r and pair a, b of vectors. The two equalities are verified by evaluation at an
arbitrary vector o. The conditions become

ala+b) = ala) + a(b) a(ra) =r(a(a))

which are true.
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(3) We must show that the square commutes

SO A

f f**
W— W
()"

where f is an arbitrary linear transformation. To do that we take an arbitrary vector a € V' and
track it both ways to the second dual W**.
By definition we have

f7(a) =ao f*
for each a € V**. (We are beginning to run out of different types of letters, but that won’t last
long.)
Consider any a € V. Then going via W we obtain

fla)” e W™ sothat f(a)"(7) = 7(f(a)) = (vo f)(a)

for each v € W™,
Going the other way we have

fr@)=a of”
so that
FH @) = (o f)() =a~(f*(7) =a (yo f)=(vo f)(a)

to give the required result. 0J
3.5.12 By Exercises 3.3.7 we have a bijection

Xs

os =S

for each space S. It suffices to show that X is natural for variation of S. To this end consider
the square

S 055 =g
¢ o —0¢
T OT =T
X1

induced by a continuous map ¢, as on the left. We must show that the square commutes. Thus
we required

Xr(¢~(U)) = Xs(U) 0 ¢

for each U € OS. These two functions can return only 0 and 1 as a value. For each s € S we
have
Xr(op~(U))(s) =1l<=sen (U) <= ¢(s) e U <= Xg5(p(U)) =1

which gives the required equality. OJ
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3.5.13 Let’s consider the more complicated version, that dealt with by Exercise 3.3.8.
For a category C' we have two functors

F
CxC C
G

where
F(Al,A2> :Al X A2 G(Al,AQ) :Al

are the two object assignments. (One thing you should be wary of here is the two different uses
of ‘x’. The first use gives the cartesian product of the category C with itself, and the second
gives the internal product object in C'.)

For each pair (A;, Ay) of objects we have an arrow

P(A1,A2)

F(Ay, As) G(A1, As)

namely the projection arrow. We must show this is natural for variation of (A5, As).
Consider an arrow of C' x C, that is a pair of arrows of C as indicated on the left of the
following diagram.

P(A1,A2)

A As F(Al, Az) G(Al, Az)

J]l 1112 fi X fo fi

By Bs F(Bl, Bg) G(Bl, Bg)
P(B1,Bs)

We must show that the square on the right commutes. But this is just one of the commuting
squares that determines the projection, as in Solution 3.3.8 (in a slightly different notation). [J

3.5.14 We must first set up ¢ 4 for an arbitrary object A of C'. To do that consider the diagram
on the left.

R ¢ S R ¢ S
A SA A (1) SA
AXR Ax S AXR—¢pa~AXxS
PA qa PA (2) qa

A 1d 4 A A 1d 4 A

This consists of two product wedges with the associated projections 74, pa, Sa,q4. The gener-
ating arrow ¢ has also been inserted. Using the product property of A x S we see there is a
unique arrow ¢ 4 to produce a pair of commuting squares as on the right. This is just ¢d 4 X ¢ in
product notation. We have labelled the two squares for later use.
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We must show that ¢, is natural for variation of the object. Let’s set up that problem.
Consider an arbitrary arrow f as on the left. We must show that the square on the right
commutes.

A AXR;%»AXS

f fxidg (7) [ xidg

B BxR——~BxS
¢

How are we going to do this?
Consider the diagram on the left.

R ¢ S R ¢ S
A Sp TA (rs) SB
AXR B xS AXR—Yp—BxS
pa qB pa (pq) qB

A B A B

f f

This is not the same as the first diagram. We have now varied the object A along the arrow f.
However, in the same way the product property of B x S ensures there is a unique arrow v that
makes both squares commute, that is

(’T‘S) SBOQ/}: ¢OTA
(pg) apot = fopa
for some unique arrow 1. In the square (7) we show that both trips from A x Rto B x S
(inds)O¢A ¢BX(indR)

satisfy (rs) and (pq), and hence must be equal.
We need a property of the product construction, namely that projections are natural.

1dR idg

R R S S
TA (3) ) saa (5) Sp
AXR—f xidr— B X R AXR—fxidg— B xS
Pa (4) PB 4a (6) 4B

A B A B
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Thus all four of these squares commute.
We are now ready to do the several small calculations.
With
Y= (f xids)o¢a
a use of (6,2) and then a use of (5, 1) gives
(rs) spoyp=spo(fXids)oda= sa0pa =¢ora
(pg) gpov =qpo(f xids)oga=foasoda=[fopa
to show that this v satisfies the two required conditions.
With
Y =¢po(fXxidp)
ause of (1,3) and then a use of (2,4), with (3) and (2) in the B version, gives
(rs) spot = spogpo(fxidp)=¢orgo(fxidr)=¢ora
(pg) asot=qpodpo(f xidg) = ppo(fxidr) =fopa
to show that this v/ satisfies the two required conditions.
This completes the proof.

This and the next solution are a nice illustration of why reading and writing proofs in cate-
gory theory can be a bit tricky. Often many small diagrams have to be looked at, and there is a
tendency to combine these into one big diagram, and so make it incomprehensible. OJ

3.5.15 If we fix two of the three inputs then each L and each R is a composite of various known
functors. However, let’s see if we can make sense of the 3-placed version.
Let
Ao By Co
| | |
o g 7
! ! ¢
Ay By Ch

be a triple of arrows in C'. What are the resulting arrows
L(A(]aBOaCO) R<A07B0700)

L(a, 3,7) R(a,3,7)

L(AlthCl> R<A17B1701)

in C?
We look at L first. Consider the cells
Ao X C() BO X CIO

Ao Co By Co
I I | I
o g Y v
' ' ' '

Ay

NSNS

A1><Cl lecl
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where the unnamed arrows are the projections. The product property provides two unique

arrows
Ay x C, By x Cy

AO C’0 0 CO

| | | |

o Xy Y B B Xy Y

' ' ¥ ¥

A1\ Cy 1\ Cy
Al X Cl Bl X Cl

to makes the diagrams commute. This is just the functorial property of the binary product.
Consider the left cell where the unnamed arrows are the insertions.

L(Ao, By, Co) L( Ao, By, Co)
AQXCO B()XCO A0><C() B()XC()
|
axv ﬁTW axv L(a, 8,7) 6xv
A1><Cl lecl A1><C'1 Bl><C'1
A17B1701> L(AlaBlacl

The coproduct property provides a unique arrow to make the right diagram commutes.
Here is the full diagram.

L(A07 BO?G))\
Ay x O By x Cy
Ao CO By CO
| | | |
a a Xy v L(a,B,7v) B B Xy y
| ! | }
Al 01 Bl Ol
Al X Cl Bl X Cl
L
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This shows how the arrow L(«, [3,7) is obtained. The functorial property is induced by the
uniqueness of a X 3,3 x =, and L(«, 3, 7).

The behaviour of R on arrows is obtained in a similar way. Starting from three arrows
a, (3,7, as above, we use the cell on the left to obtain

Ao + By Ao + By
AQ BO AO BO
| | | |
o 16} o a+ 3 16}
¥ ' ¥ '
Al\ /Bl Al\ / |
Al + Bl Al + Bl

the unique arrow « + ( and commuting diagram on the right. Here the unnamed arrows are the
insertions. We now introduce the arrow -y to obtain a unique arrow R(«, 3,) and commuting
diagram where the new

R(A(b BO: OO)

PR

Ao + By Co

AO BO

I |

(f a+p3 ? R(a, 3,7) o
Ay

A1 + B1 Ol

e

R(A17Blu Cl)

.

unnamed arrows are projections. The various uniquenesses ensure that [? passes across compo-
sition in the appropriate manner to be a functor.
For the next part let

L=L(AB,C) R=R(A,B,C)
for some arbitrary objects A, B, C. We produce an arrow

L R

which, in due course, we show is natural for variation of the three objects.
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So far we have managed without naming the various projections and insertion, but now we
have to. Thus let

Axe—t A" L4y AxCc—"—c

BxC—" p—" . A+B BxC—"—C

AxCc— R—Y ~A4+B

BxC—I .1 rR—1 ¢
be these various arrows.

The
coproduct property of L product property of R

produce unique arrows a, b, ¢, d such that

AxC A+ B
uol uol
L—a— A+ B AxC —c— R
J‘ - \\\;\\\\‘Jq
BxC C
AxC A+ B
l\ vom ‘

7 p
L—b——C Bx(C—d— R
A//4f/ \S}\\%
BxC C

commute. With these the
product property of R coproduct property of L

produce unique arrows j, v such that

+
Sy
N
X
Q

\\i
N
3
o

h
T

=

h

/
<
<
Q
R

Q
&
X

commute. We first show that y = v.
By the characterizing properties of p of v it suffices to show that either

(pa) pov=a (ve) poi=c
or

(ub) qov=>b  (vd) poj=d
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for then
v=pu or u=v

85

respectively. For these, using characterizing properties of a and b or ¢ and d it suffices to show

(nai) povoi =wuol (vep) popoi

(paj) povoj=wvom (veq) qopoi
or

(ubi) gqovoi=r (vdp) popoj

(ubj) qovoj=s

UOl

r

vom

(vdg) qopoj=s

respectively. These follows by the previous six diagrams. For instance

povoi=poc=uol

gives (pai).

Let us write p for this arrow. It remains to show that p is natural for variation of A, B, C.

To do that consider three arrows «, (3, 7, as above. Let

A=Lle,By)  p=Rpb,7)

so that we must show that the following square commutes.

L(Ao,Bo,Co) Ho R(A0a30700)
A p
L(Al,Bl,Cl) 1 R(AlaBlacl)
1

Here 119 and pq are the two version of p for the triple of objects indicated by the index. We
also use the various projections and insertions for the two triples with a indexed version of the

notation above.
To show

p oA =po i

we invoke the coproduct property of L(0) to observe that the pair of equalities

f1 0 X odg = pofig O i
p1© Ao Jo=po oo jo

will suffice. To prove these we invoke the product property of R(1) to observe that the four

equalities will suffice.
P1O M1 OOl = P10 PO O i
q1 0 f10A 04y =q10pOo O i
P1OMIOAO Jo=pP10pO g0 Jo
g1 o O0A0 jo=q10po L0 jo

All four of these are proved in the same way. Let’s look at the first.
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Using various commuting cells and remembering that 11 = 1, we have

P10 [l © A0 P1O PO figOip
=propuoiyo(axn) = (a+ ) opgo g oig
=pioc;o(axy) = (a+ ) oagoi
=wujolyo(axy) =(a+f)ougoly

and hence it suffices to show that the diagram

l
A[)XCO axa A1><C'1 ! Al
lo Uy
Ao Ao + By A1+ By
Up o+

commutes. To do this simply observe that the arrow «, as an upwards diagonal, makes the two
resulting cells commute. ([

3.5.16 If you are a bit confused it’s probably because you have forgotten the forgetful functor.
Let Sgp and Mon be the the categories of semigroups and monoids. We are concerned with
two functors

F
Sgp Mon
8

where ¢ is the given forgetful functor and F' is the functor we are trying to produce. (Technically,
Fis a left adjoint to ¢, but that’s for later.) Let’s insert ¢ where it should appear.
(c) For each Sgp arrow

A / (B
where B is monoid, there is a commuting triangle
A / B B
N A
(Lo F)A () FA

for some unique Mon arrow f*, as indicated. There is only one possibility for f*.
fﬁ‘A:f f*(w) = unit of B

The rest is now standard category theory where semigroups and monoids need not be men-
tioned.
(d) For each Sgp arrow

there is a unique Mon arrow
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such that
A / B
LA B
(Lo F)A . (o F)B
(&0 F)(f)
commutes. This follows from part (c) by setting
F(f)=(tgo f)f

for the given arrow f. By considering a composite

a—t g9 ¢

in Sgp with the induced commuting squares and by remembering the uniqueness of F'(-), we
see that

F(g)o F(f) = F(go f)

which more or less shows that ' is a functor.

(e) The commuting square above shows the naturality of ¢.

(f) If A already has a unit then this is forgotten and a new unit is adjoined. The two are not
coalesced. UJ

3.5.17 (a) Concatenation is associative, but not commutative. The unit is the empty word.
(b) The functor

F

Set Mon

goes from the category of sets to the category of monoids.
We need to describe the action

f F(f)

A B P FA B

on arrows. Given a Set arrow f, a function between sets as above, let
F(f): FA—— GB

be the function given by
F(f)(a) = [f(ar), .., fla)]

for each list
a=lay,...,q]

in FFA. Almost trivially this is a monoid morphism, and the required functorial properties are
just as easy. Thus we do have a functor, as above.

(c) We have a forgetful functor

Set Mon
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which sends each monoid to its carrying set. We show that the insertion

A (o F)A
a —— [a]

is natural for variation on A. In other words, for each function f, as on the left,

LA

A A (Lo F)A
f f (&o F)(f)
B B——— (Lo F)B

the Set square on the right commutes. This is a trivial calculation. Both trips round the square
send each element a € A to [f(a)] € (¢ o F)B.

(d) We show that for each function

f

A B

from a set to a monoid, there is a unique monoid morphism

#
FA / B
such that the triangle commutes.
A / B B A / B B
(Lo F)A FA FA FA

On the left we have the official version, and on the right we have the way it is usually written
with the forgetful functor forgotten.

Given a function f we have to show two things: there is at most one fill-in morphism f*,
and there is at least one fill-in morphism f*. Almost always with this kind of problem these two
parts are dealt with separately. Here is a useful way to handle the first part.

We show that ¢4 is ‘as epic as it can be’. We show that for each parallel pair of monoid
morphisms

FA C

we have
goitp=hoitga=g=nh

and hence there is at most one fill-in morphism.
Consider any element a € F'A. With

a:[al,...,al]
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we have

where - —~ - is the operation on F'A, that is concatenation. Consider any pair of morphism g, h,
as above. We have

g9(@)=g(ta(ar) ~ -+~ vala))=(g o va)(ar) * - * (g o ta)(a)
h(a):h(LA(al) A~ LA(al)):(h ota)(ay) x-- Kk (howa)(a)

where « is the operation of C'. Thus if
gota=houy then g(a)= h(a)

and so g = h.
It remains to show that there is at least one morphism f* that make the triangle commute.
To do that we simple set

fi@) = flar) %= % f(a)
for each a € F'A (as above) where * is the operation on B.

(e) If A is already a monoid then this structure is forgotten and a much bigger monoid is
produced. Even when A is the 1-element monoid, the monoid F' A is infinite. O

3.5.18 (a) Solution 3.3.13 show that we have two functors

G
Grp AGrp
F

given by
GA=0A FA=A/6A

for each group A. The diagrams in that solution show that ¢ and 7 are natural.

(b) When B is abelian the subgroup B is trivial. Thus the construction of f* is a particular
case of the construction of f/§ given in the latter part of Solution 3.3.13. 0

3.5.19 As in Solution 3.3.18, the construction of the arrow assignment ensures that

A / B
nA NB
(o F)A GoF)A (o F)B
commutes for each arrow of Src.
A / B

This show that 7 is a natural transformation from the identity endo-functor on Src to ¢ o F. [J
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3.5.20 Consider three objects of C'V and two arrows which ought to be composible.

o T

F G H

Thus we have three functors and two natural transformations. We require an appropriate com-
posite

TOO

of the two transformations.
For each object 7 of V we have a composible pair of arrows

of arrows of C. We set

(Too)i=Ti00;

to obtain a V-indexed family of arrows of C. We show this family is natural for variation of 7.
Consider any arrow e of V and suppose this starts at ¢ and finishes at j. We know that the
two squares on the left do commute.

Fi— L Gi— W pi T2 gy
F(e) Gle) H(e) F(e) H(e)
F Gj Hj Fy Hj
9j 7j (To0);
Hence so does the square on the right, to show the required naturality.
A similar argument shows that this composition is associative. 0

Warning: Sometimes the symbol ‘o’ is not used for the composition of natural transforma-
tions described in the previous solution, but it is used for the composition * described in the
next solution.

3.5.21 The naturality of p ensures that the B-square

B, KBy —" . LB, FA

g K(g) L(g) A

By KB, LBy GA
P1

commutes for each B-arrow g, as on the left. Each object A of A gives us an arrow A4 of B,
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as on the right. Taking this for g gives the required commuting C'-square. 0
3.5.22 For an arbitrary A-object A consider the following diagram.

PFA OFA

(Ko F)A (Lo F)A (MoF)A

K(\a) L(Aa) M(Aa)

(K o G)A —pPGA— (L o G)A —0GgA— (M o G)A
K(pa) l&%A) M(pa)

(LoH)A
PHA OHA

(Ko H)A

(MoH)A

Each of the four small squares commutes. This is four instances of the result of Exercise 3.5.21.
The diagonals of the top let and bottom right squares are

(pxAM)a (oxp)a

respectively, and hence
((exp)o(pxA)),

is the composite diagonal.
The outside square commutes, and this is just

(K o F)A—Z°PFA (g
K((1oX)a) M((poX)a)
(KoH)A (MoH)A
(00p)ua

using the construction of the vertical composition. The diagonal of this square is

((0op)*(no))a

by the definition of horizontal composition.
Comparing the two descriptions of the full diagonal gives the required result. 0






4
Limits and colimits in general

4.1 Template and diagram — a first pass

4.1.1 Sticking paths end to end is associative, so composition in Pth(V) is associative. We
must ensure that each object (node of V) has an identity arrow on Pth(V). Each node has
an associated path of length zero, and sticking this path on the end of some other path doesn’t
change that second path. The identity arrows are the paths of length zero. 0

4.1.2 (a) Let us label the four edges as follows.
(LO) .1 (31)

o— =3

oG
There are just 10 possible paths.
Paths of length Number of such paths

0 The four nodes 4
0,1,2,3

1 The four edges 4
(1,0),(2,0),(3,1),(3,2)

2 The two formal composites 2

(3,1) 0 (1,0) (3,2)0(2,1)

This graph generates a category of four objects and 10 arrows. This category is not a poset since
there are two distinct arrows

3,1)0(1,0)  (3,2)0(2,1)
from O to 3.
(b) The graph is
(1,0) 1 (2,1)

o— >
—

(3,0)

to give a category of four nodes and 11 arrows.

93
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Paths of length Number of
0 The four nodes 4
0,1,2,3
1 The four edges 4
(1,0),(2,1),(3,2),(0,3)
2 The four formal composites 4

(2,1)0(1,0) (3,2)0(2,1)
(0,3)0(3,2) (1,0)0(0,3)

3 The formal composites 4
(3,2)0(2,1)0(1,0)
(0,3)0(3,2)0(2,1)
(1,0)0(0,3) 0 (3,2)
(2,1)0(1,0) 0 (0,3)

4 The formal composites 4
(0,3)0(3,2)0(2,1)0(1,0)
(1,0)0(0,3)0(3,2)0(2,1)
(2,1)2(1,0)0(0,3) 2 (3,2)
(3,2)0(2,1) 0(1,0) 2 (0,3)

) The formal composites 00
(1,00(0,3)0(3,2)0(2,1)0(1,0)
(2,1)0(1,0)0(0,3) 0 (3,2) 0 (2,1)

Table 4.1: Paths for graph (c)

Paths of length Number of such paths
0 The four nodes 0, 1,2, 3 4
1 The four edges 4
(1,0),(2,1),(3,2),(3,0)
2 The two formal composites 2
(2,1)0(1,0) (3,2)0(2,1)
3 The formal composite 1

(3,2)0(2,1) 0 (1,0)
(c) The labelled graph is
(1,0) 1 (2,1)
0— o

Oy~ Go

and this generates a category of four objects and infinitely many arrows, as indicated in Table
4.1. We can cycle round the edges for ever. 0
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4.1.3 No! The generated category is bigger. Consider the category

(2,0)

a0 2

(1,0) (2,1)
1
of three objects, three identity arrows (not shown), and three other arrows where
(2’ 1) © (17 0) = (27 O)
in the category. There are (at least) two paths from O to 2, namely
(2,0) and (1,0) followed by (2,1)

and these are not the same path.
The parent category is a quotient of the generated path category. 0

4.1.4 Let V be the graph with nodes 7 and edges e. A V-diagram in the category C' consists of

objects arrows
A(i) Ale)
indexed by the
nodes edges
respectively. For each edge
i ‘ j we require an arrow  A(7) ﬂ» A(j)

but there are no requirements that certain triangles must commute.
Consider a functor Pth(V) —— C from the path category. This gives a family of objects
of C
A7)
indexed by the objects of Pth(V), the nodes of V. It also gives an arrow of C
A(r)
for each arrow of Pth(V), each path of through V. In particular, we have an arrow in C

Ale)

for each edge of V, each path in Pth(V) of length 1. Thus there is a V-diagram embedded in
the functor.
Each path 7 has a unique decomposition

e(1) e(2)

i(0) i(1)
as a sequence of edges through V. The functorial properties ensure that

A(m) = Ale(l)) o--- 0 A(e(1))

i(2) ——— s (D)

to show the functor is uniquely determined by the embedded V-diagram.
Observe that almost the same proof shows that each V-diagram extends to a functor. 0
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4.2 Functor categories

4.2.1 This is just the same as Exercise 3.5.20. UJ
4.2.2 We must show that each arrow induces a natural transformation
X / Y —_ ax AU Ay
such that
ax)6) — L (avy) i
(AX)(e) \ \ (AY)(e) 16
(AX)(5) A, (AY)(j) J

commutes for each edge e of V, as on the right. When we insert the values of AX and AY we
see that a commuting square

A
ZdX ZdY
X Y
A(f);
is required. Thus we set
A(f)i=f
for each node . (Il
4.2.3 We do both solutions in parallel.
A typical arrow in C'V
AX A A AX
is a natural transformation, a family of arrows of C
@ax)m L ) At <2 (ax))
indexed by the nodes and such that
ax)) <2 A : A 2 (ax))
(AX)(e)] la@ e awE)] |(AX)(e)
AX)(j) —— A(J ' A(j) —— (AX)(y
(AX)(j) 0 () j () =) (AX)(j)

commutes for each edge e. When we insert the values of AX we see that we require a commut-
ing triangle

for each edge e. Such an arrow is just a left/right solution for the diagram A. UJ
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4.3 Problem and solution

4.3.1 Consider any V-diagram and the corresponding Pth(V)-diagram. These have the same
family

A7)
of objects indexed by the nodes i of V. Each edge
A
i ¢ J of V gives an arrow A(i) (€) A(j)

of the V-diagram, and this is also an arrow of the Pth(V)-diagram. However, there are more
arrows in the Pth(V)-diagram. Each path

A
T g in Pth(V) gives an arrow A7) ﬂ»

i A7)
in the Pth(V)-diagram.

In the V-diagram there are no requirements that certain triangles commute (for there is no
notion of composition in the graph V).

In the Pth(V)-diagram each composite path requires that certain triangles commute. For
example let 7 be the composite path

e(1) e

i(0) i(1)
of [ edges. Then then the two arrows

A(i(0)) Alell)) A(i(1)) Ale2) A(i(2)) —— e

A(i(0
(i(0)) e
must agree. The V-diagram completely determines the Pth(V)-diagram. (You should also
think of how the conditions on identity arrows are handled in the Pth(V)-diagram.)

At this point we have to decide whether we look at left solutions or right solutions. The two
discussions are entirely symmetrical, so let’s look at left solutions.

Consider a solution of each diagram with the same apex X . Each is a family of arrows
_ 8O

X 10

indexed by the nodes of V. There are certain commuting conditions. All the triangles

v Pth(V)

ey AW i 0P i
X < Ale) % X < Aw) Jr
O J 0 aG) |

for each edge e of V and each path 7 of Pth(V). O

4.3.2 See Solution 4.2.3. O
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4.4 Universal solution

4.4.1 Consider the 4-element pre-set

X

(which is not a poset). The set of the two upper elements has two distinct limits (infima), namely
each of the two lower elements. 0

4.4.2 Consider any set X which is the limit or the colimit of some diagram in Set. This
means that X is suitably furnished to be the limit or colimit. Now take any set Y of the same
size together with a bijection between X and Y. This bijection is an isomorphism in Set. By
furnishing Y in the obvious way Y becomes a limit of a colimit of the diagram.

In other categories we can use the same idea. We simply take an isomorphic copy of the

limit of colimit. O
4.4.3 Let
A —29 g
be a colimit of a diagram indexed by the nodes 7 of a template.
If
0
S X
(G

is a parallel pair of arrows with

for each node 7, then 6 = 1.

If
s— % .g
is an endo-arrow of S such that
coo(i) =o0(i)
for each node ¢, then € = idg.
If
A() @) |, g

is also a limit of the diagram then there is a unique arrow

T

S T

such that
7(i) = 7(i) 0 0 (1)
for each node 7. Furthermore, 7 is an isomorphism.
These are prove simply by reversing the arrows of the limit proofs. 0



4.5. A geometric limit and colimit 99

4.5 A geometric limit and colimit

4.5.1 Consider any left solution of the diagram.

fm

A Z

This is a Z-indexed family of arrows, as indicated, such that
d
Z Z
P
A m+1

commutes for each m € Z. Thus

fmi1(a) = 2fy(a)
for each a € A and m € Z. By a trivial induction this gives

fm—l—r(a) = 2Tfm(a)

foreacha € A,m € Z,r € N. Each value f,,(a) of f,, is in Z. The above shows that the value
is divisible by 2" for arbitrarily large » € N. Thus

fm(a) =0

for each a € A and m € Z. Thus each left solution has a simple structure.
Consider the singleton
L = {x}

furnished with the constant functions

Am
L Z

* p————0

for each m € Z. Since
Ama1(¥) =0 =2 x0=2\,(x)

this certainly gives a left solution of the diagram.
To show that this is the limit consider any left solution, as above. We require a unique
function

such that
f m = )\m oh
for each m € Z. In fact, there is only one possible function A of the indicated type, namely that

given by

for each ¢ € A. But now

to show that 4 is the required mediator.
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Consider any right solution of the diagram.

fm

VA A

This is a Z-indexed family of arrows, as indicated, such that

d

Z Z

%
Jm

A

commutes for each m € Z. Thus

Fn(2) = fnsa(22)
for all m, z € Z. By a trivial induction this gives

fm('z) = fm+r<2rz)
for all m, z € Z and r € N. For later we need a refined version of this. We require

(x) 27"z =2""y = fu(x) = fuly)
for all m,n, z,y € Z. To prove this suppose
27"y =2""y sothat 2"z =2"y

holds. By symmetry we may suppose m < n, so that n = m + r for some r € N. Thus

y=2 andhence fun(w) = fiupr(270) = fuly)

as required.
The dyadic rationals I consists of those rationals of the form

27"y

for m, x € 7. Of course, this representation is not unique (which is why we proved (x)).
For each m € 7Z consider the function

7 —Pm

D givenby  ppn(x) =2""x
for each x € Z. This gives a right solution since
Pmg1(22) =277 x 220 = 27y = p,(2)

for each m, x € Z. We show that this is the colimit of the diagram.
Consider any right solution, as above. We require a unique function

h

D A

such that
fm =ho Pm
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for each m € N. If there is such a function A then it must satisfy

h(27"x) = (ho pm)(x) = fin(2)
for each m, x € 7Z. Thus there is only one possible function h.
Consider and d € D. We may have

27y =d=2""y
for m,n,x,y € Z. The result () gives
and hence we may set
h(27™z) = f(x)
to obtain a well-defined function of the required type. Finally, for each m, x € Z, we have
(hopm)(x) = h(2 "x) = fin(z)
so that h does the required mediating job. U

4.5.2 Consider first any possible left solution of the problem. This is a poset X together with a
monotone map

x 20 4

for each node 7. Of course, these various maps must combine in the appropriate fashion. Thus
for each pair ¢ — 1, ¢ of consecutive nodes the composite

o ali=1) (3,6 —1)

A(i — 1) A()

must be the map «(7). Thus
a(i)(z) = (1,i — 1) (a(i — 1)(z)) = *

for each x € X. This shows that each left solution is a poset X together with the family
X _ o) | A(4)

T %
of constant functions. In particular, the limit of the diagram is the 1-element poset together with
the maps that pick out x at each node.

Next consider any possible right solution of the problem. This is a poset X together with a
monotone map

A —20

for each node 7. These various maps must combine in the appropriate fashion. Thus for each
pair 7,7 + 1 of consecutive nodes the composite

(i+1,4)

Ad) a(i+1)

must be the map «(i). Thus
a(i)(a) = (i +1,9)(a(i + 1)(a)) = *

for each a € A(i). This shows that for each right solution X each map «a(i) is constant with
value . In particular, the colimit is the singleton poset. 0

Ai+1) X
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4.6 How to calculate certain limits
4.6.1 Limitsin Set

4.6.1 Let A be the set of threads. We furnish A with a distinguished subset R to obtain an
object (A, R) of SetD. We let

a € R<+= (Viel)a(i) € R(:)]

for each thread a. We need to check various conditions.
For an arbitrary index ¢ consider the connecting function

4 a()

A(i)
in Set. We check that this function is an arrow

(4, B 29 A6), rG)

of SetD. Remembering the definition of (i), for each a € A we have
a € R= a(i)(a) = a(i) € R(7)

to show that «/(¢) is an arrow.

Next we observe that we have a solution of the diagram in SetD. This requires that certain
triangles in SetD commute. But we know that these triangles commute in Set, so there is
nothing to prove.

We check that this solution is a universal solution in SetD.

Consider any solution in SetD

§(4)

(X, W) (A(@), R(i))

a SetD-object (X, W) and an I-indexed family of SetD-arrows £(i). We are given that certain
triangles in SetD commute. We must show that there is a unique mediator in SetD.

(X, W) —— (4, R)

The trick is to forget the furnishings for a moment and drop down to Set. We have a V-
diagram in Set, a solution of the diagram based on X, and a universal solution based on A.
Thus if the SetD-situation has a mediator, then it can only be the Set-mediator, given by

for each x € X and ¢ € . It suffices to show that y is a SetD-arrow.
Remembering that each £(7) is a SetD-arrow, for each z € X we have

reW = (vieD)u(x)(i) = £(i)(x) € R(i)] = p(z) € R

to give the required result. U
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4.6.2 Limitsin Pos

4.6.2 (a) An arrow

is a function f from A to B for which
ay ~ ay = f(a1) = f(ag)

for all a;, ay € A. Note this is only an implication, not an equivalence.

(b) Let A be the set of threads. We furnish A with an equivalence relation ~ to obtain an
object (A, ~) of Equ. We let

a~ b (VieDa(i) ~; b(i)]

for each pair of threads a,b. Trivially, this is reflexive and symmetric, and a few moment’s
thought shows that it is transitive. Thus we do have an equivalence relation.

We need to check various conditions.

For an arbitrary index ¢ consider the connecting function

4ol

A7)

in Set. We check that this function is an arrow

of Equ. In other words that
a~b= a(i)(a) ~; a(i)(b)

forall a,b € A. But
a(i)(a) =a(i)  afi)(b) = b(i)
so this is an immediate consequence of the definition of ~.

Next we observe that we have a solution of the diagram in Eqv. This requires that certain
triangles in Equ commute. But we know that these triangles commute in Set, so there is
nothing to prove.

We check that this solution is a universal solution in Eqv. Consider any solution

in Equ. This is a Equ-object (X,~) and an [-indexed family of Equ-arrows £(i). We are
given that certain triangles in Fqv commute. We must show that there is a unique mediator

in Equ.
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The trick is to forget the furnishings for a moment and drop down to Set. We have a V-
diagram in Set, a solution of the diagram based on X, and a universal solution based on A.
Thus if the Equ-situation has a mediator, then it can only be the Set-mediator, given by

foreach x € X and ¢ € I. In other words, it suffices to show that this function y is a Equ-arrow,
that is

xRy = p(x) ~ py)
for each z,y € X. For each z,y € X we have
w =y = (Vi e DEE)(x) ~i £(0)(y)]
= (Vi € D) (@) (1) ~; p(y)(@)] = p(x) ~ p(y)
to give the required result. 0

4.6.3 Let A be the set of threads. We must first furnish A with an R-action.
Consider any a € A and r € R. For each node ¢ set

(ar)(i) = a(i)r
to produce a function ar : I —— [JA. Almost trivially this is a choice function. We must
show that it is a thread. To this end consider the R-morphism
. a(e) .
A1) ——— A()
given by an edge e. Then, since a is a thread, we have

Ae)((ar)(i)) = A(e)(a(i)r) = A(e)(a(i))r = a(j)r = (ar)(j)

to show that ar is a thread.
We now require
(ar)s = a(rs) al =a

for arbitrary r, s € R. For each node i, working in the R-set A(i), we have

((ar)s)(z’) = ((ar)(i))s = (a(i)r)s =a(i)(rs) = (a(rs))(i)

to give the left hand requirement. The right hand requirement is easier.
Next we must show that each evaluation function

4 al)

A7)
is an R-morphism. But for each a € A and r € R we have
a(i)(ar) = (ar)(i) = a(i)r = a(i)(a)r

to give the required result.
This shows that we do have a solution of the V-diagram in Set-R. It remains to show that
it is universal.
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Consider any solution X in Set-R. Thus X is an R-set and each function

x 0 4
is an R-morphism. By passing down to Set we know there is a unique function

0

X A

for which the required triangles commute. It suffices to show that this function is an R-
morphism, that is
pler) = p(x)r
for each z € X and r € R. To do that we show that these two functions agree at an arbitrary
node 1.
We know that

(@) (i) = §(i)(z)
for each x € X and node 7. Thus, for arbitrary » € R, we have

plar)(i) = £(i)(ar) = ((0)(@)r = (u(2)(0))r = (u(x)r)i

for the required result. O

4.6.3 Limitsin Mon

4.6.4 (a) Each commutative monoid is a monoid with an extra property. The crucial observa-
tion is that any Momn-arrow between commutative monoids is automatically a CMomn-arrow.
(Technically this says that CMomn is a full subcategory of Mon.)

For a template V consider a V-diagram

A= (A@)]iel) A= (Afe)|e €E)
in CMon. Thus each A(i) is a commutative monoid, and each A(e) is a monoid morphism.
By forgetting the commutative property we have a diagram in Mon. We know this has a limit
A _ o) | A(4)

carried by the set of threads. We show that A is commutative, and then it is automatically a
limit in CMon.
The operation x on A is given by

(a*b)(i) = a(i)b(i)

for each a,b € A and i € I. Since A(7) is commutative we have

(axb)(i) = a(i)b(i) = b(i)a(i) = (b a)(i)

which, since 7 is arbitrary, gives
axb=bxa

to show that x is commutative.
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(b) Each group is a monoid with some extra structure. The crucial observation, which takes
a few moment’s thought to justify, is that any Momn-arrow between groups is automatically a
Grp-arrow. (Technically this says that Grp is a full subcategory of Mon.)

For a template V consider a V-diagram

A=(A()]iel) A= (Ale)|ecE)

in Grp. Thus each A(7) is a group, and each A(e) is a group. By forgetting the existence of
inverses we have a diagram in Mon. We know this has a limit

carried by the set of threads. We show that A is a group, and then it is automatically a limit in
Grp.
Consider any element a € A. We produce an inverse of a in A, a thread b € A such that

axb=>bxa thatis (axb)(i) = (bxa)(i)

for each index <. For each such index 7 we have

for a unique element b(i) € A(7). In other words, b(7) is the unique inverse of a(i) in A(7). This
certainly gives us a choice function

b(-): T — YA
but we need to show that b is a thread, that is with

A(e)(b(i)) = b(j)  foreachedge i . J

of V. We remember that a is a thread and A(e) is a group morphism. Thus
a(j)(A(e)(b(i))) = (A(e)(ald))) (A(e)(b(i)))
= A(e)(a(i)b(i)) = Ale)(1(i)) = 1(5)
with
(A(e)(b(1)))als) = 1(5)
by a similar argument. But a(j) has a unique inverse in A(j), namely b(j), and hence

(A(e)(b(4))) = b(j)

as required.
This shows that b € A, and for each index 7 we have

(a*b)(i) = a(i)b(i) = 1(i) = b(i)a(i) = (bxa)(i)

and hence 0 is the inverse of a in A.
This shows that A is a group. The required arrow-theoretic properties to show that A is the
limit of the diagram are immediate, since they hold in Mon.
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(c) Each ring is a set which carries both a monoid structure, the multiplication, and a group
structure, the addition. Furthermore these two structures interact to satisfy the associative laws.
For a template V consider a V-diagram

A= (A(i)]i €l A= (Ale)|e €E)

in Rng. Each A(i) is a unital ring, and each A(e) is a ring morphism. By forgetting all
the structure, or the additive structure, or the multiplicative structure we obtain diagrams in
Set, Mon, Grp, respectively. Each of these diagrams has a limit in its parent category. More
importantly, each of the limit structures is carried by the set of threads through the diagram.
This set of threads does not depend on the parent category.

Let

be the limit of the Set diagram. Thus A is the set of threads and the « are the evaluation
functions. We show that this can be furnished to give a limit in Rng.

As in parts (a,b) the furnishings on A are pointwise. Thus we furnish A with an addition
and a zero and with a multiplication and a one. As in part (b) the addition furnishes A as a
commutative group, and is in part (a) the multiplication furnishes A as a monoid. We must
check that the associative laws hold. We require

a(b+c) =ab+ ac (a+b)c=ac+bc

for threads a, b, c. To check these we evaluate at an arbitrary index 7 and so pass down to A(7),
where the corresponding equality does hold.

This furnishes A as a ring, and two calculations, as in parts (a,b) show that each evaluation
function « is a ring morphism. Furthermore, all the required triangles commute, so we have
produces a solution of the diagram in Rng.

We show that this solution is universal, and so is a limit in Rng. To do that consider any
other solution

x 9 44
in Rng indexed by the nodes ¢ of V. By forgetting the carried structure this gives a solution of
the diagram in Set, and hence there is a unique function

0

X A

such that

(i) =a(i)on
for each index :. It suffices to show that this function y is a ring morphism. This is done as in
the Mon case. 0
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4.6.5 Given a V-diagram in Pom in the usual notation, let A be the set of threads. This set A
can be furnished as a poset and a monoid by

r<ae (W)el) <ali)]  (ab)(i) = a(i)b(i)

for all a, b,z € A and index i. (We can now drop the use of x for the operation on A.) We show
this is a pom.
Consider a, b, z,y € A withz < a and y < b. Then

(Vi) [(zy)(i) = 2(1)y (1) < a(i)b(i) = (ab)(i)]

to verify the required comparison property. By now you should find the required arrow-theoretic
properties routine. U

4.6.4 Limitsin Top

4.6.6 In this case a thread is just a choice function for the [-indedex family A. The topology as
described in the subsection is just the standard product topology on [ JA. U

4.7 Confluent colimits in Set

4.7.1 By dropping down to Set we know that the corresponding I-diagram has a colimit L. We
show that this set L can be furnished to form a colimit in Set-R.
We are given that each function

L Ay 4
A —200 4
T 2x|j
is an R-morphism, that is
(zr)]j = (z|j)r

foreach x € A(i) and r € R.
We know that L is the set of blocks [z, ] of a certain equivalence relation ~ on IIA. We
must produce an R-action on L. Given a block [z, 4] in L we wish to set

[z, i]r = [zr, ]

for each r € R. We must show that this is well defined.
Consider two representatives

[z, i) [y, J]

of the same block. Thus
x|k = ylk

for some node 7, j < k. Since each A(k, -) is an R-morphism we have
(@r)|k = (z[k)r = (y[k)r = (yr)|k

to show that
[zr,i] = [yr, j]

and hence the action is well-defined.
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We need to verify the action axioms, but that is straight forward.
This furnishes L as an R-set. Also, for each node i and x € A(i), by definition, we have

[xr,i] = [x,d]r

so that the connection function

is an R-morphism.
This shows that we have a right solution to the diagram in Set-R. We must show it is the
universal right solution. To this end consider any right solution

Q;

A(i) M

of the diagram. Here M is an R-set and each «; is an R-morphism. Dropping down to Set we
know there is a unique function such that

Al —2 g
N

commutes. It suffices to show that x4 is an R-morphism, that is

,u([m, z]r) = ,u([x, z])r

for each node 7, element x € A(i), and r € R. But, since

p(lz.d]) = ai(x)

we have
w([z,d]r) = p([zr,i]) = ai(ar) = ai(z)r = p([z,)r

as required. 0

4.7.2 Dropping down to Set the corresponding I[-diagram has a colimit L. We show that this
set L can be furnished to form a colimit in Mon.
We are given that each function

() 2D, 4
T x|j

is a monoid morphism, that is
(zy)li = (x|5)(ylj)
for each z,y € A(1).

We know L is the set of blocks [z, ] of a equivalence relation ~ on ITA. We must produce
a binary operation on L. Given a pair of blocks

[z [y, 4]

in L we wish to set
[z, 4] - [y, ] = [(2|k)(ylF), k]
where k is any node with 7, 7 < k. We must show that this is well defined.



110 4. Limits and colimits in general

Consider

[x1,41] = [22,42]  [y1,J1] = [ye,d2] thatis  zi]i = 2oi  wlj = 1y

for some nodes
11,09 <1 J1:J2 <7

from I. We must show that

[(1|k1) (yalkr), Ba] = [(w2|k2) (y2lka), ko]
where k1, ko are any nodes with
i, 1 <k ig,J2 < ko
respectively. Given such a pair kq, ko of nodes we must show that

(1) (ya[B2)) 11 = ((2lko) (y2lka)) |1

for at least one node [ with ky, ko < [. Consider any node [ with 7, 7, k1, ko < [. We have

(1) (ua [B2)) 1= (Caa[R)ID) (g lR) 1)
= (21| (all) = ((2l2)|1) ((wald)10)
with
((x2|k2)(y2|k:2))|l = (($2|@)|l)((yz|3)|l)

by a similar calculation. The relationship between the 1- and the 2-components now gives the
required result.

This furnishes L with a binary operation. A further calculation of this kind shows that this
operation in associative. And then another small calculation shows that L is a monoid.

Next we must show that for each node 7 the connecting function

is a monoid morphism, that is
for each z,y € A(i). Since both z,y are in A(4) this is immediate from the definition of the
operation on L.

This shows that we have a right solution to the diagram in Mon. We must show it is the
universal right solution. To this end consider any right solution

a;

A() M

of the diagram. Here M is a monoid and each «; is a monoid morphism. Dropping down to
Set we know there is a unique function such that

%)

A7)
%

commutes. It suffices to show that this function p is a monoid morphism.

M
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We know that
p(lz,i]) = (@)
for each node 7 and = € A(i). We require
p(l2,1] - [y, d]) = p(l. i) (ly, 1)

for each pair i, j of nodes and elements = € A(i),y € A(j). Consider any node k with i, j < k.

We have
p(lw i) - [y, 51) = u((xlk, k) (y|k, k))
= u((z]k)(ylk), k))
= ar((zlk)(ylk)) = an(zlk)alylk)
and
p(lz i) u(ly, 51) = ci(@)ay(y)
so the required result follows by the given commuting diagrams that the o, satisty. ([l

4.7.3 We are given monoids A, B and wish to produce the coproduct A II B in Mon? We do
this in three steps.

For the first step we forget the structure, we drop down to Set and produce the coproduct
of the two carrying sets in Set. This, of course, is just the disjoint union of the two sets. Let

be the coproduct in Set. Here A U B is merely a set and 7, j are merely functions, but with a
certain property.

For the second step we remember that each set X freely generates a monoid F'X. This is
saying the forgetful functor from Mon to Set has a left adjoint. We don’t need an explicit
description of FX. Let F be the free monoid generated by A U B via a function 7. Thus we
now have a commuting diagram in Set

A

I~

where A, B, F' are monoids but the arrows are merely functions.
For the third step we take a certain monoid quotient

F—k— AIB
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and so obtain a commuting diagram in Set.

The idea is that we take a quotient k so that the induced composite functions [, r are monoid
morphism. Furthermore, we take the smallest quotient (that is, the quotient that causes the least
amount of collapse) for which the produced functions [,  are monoid morphisms.

Let’s see what this works. Consider a wedge in Momn, as on the left.

N

C AUB—h-—3C AUB—n—2F—p—=¢C
i j[/
g g g
B B B/

Here C' is a monoid and f, g are monoid morphisms. We must show there is a unique morphism
m to obtain a commuting diagram in Mon.

A
zl /
AIDB —m— C
2
g
B

By dropping down to Set we see there is a unique function / such that the central diagram
commutes in Set. This is because A U B is the coproduct in Set.

We now have a function / from the set X = AU B to a monoid C'. This must factor uniquely
through the monoid F’ freely generated by X. Thus we obtain a commuting diagram as on the
right where h* is a monoid morphism.

Notice that

hPol=f hrop=yg

so that these two composites functions are monoid morphisms. But k is the smallest quotient
for which k o X and k o p are monoid morphism. Thus A factors uniquely through k to produce
a commuting diagram
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where m is a monoid morphism.
This doesn’t quite finish the proof for we must show that m is the only morphism that does
this job. To this end suppose

nol=f nor=g mol=f mor=gyg

for some morphism n. We require n = m. By tracking through the various commuting diagrams
we have
nokonoi=f nokonoj=g

and the same equalities hold with n replaced by m. Now i, j determine the coproduct A U B of
A, Bin Set. Thus
nokon=mokon

by the uniqueness of the mediator. Next we remember that 7 freely generates F' from A U B.
Thus
nok=mok

by the uniqueness of the mediator for that construction. Finally, since k is surjective we have

n = m, as required. UJ

4.7.4 We describe the construction of a multi-coequalizer.
Let F be a family of monotone maps f between two posets.

T F S

The coequalizer case is when F has just two members. We require a certain monotone map

U

S C

which makes equal the family F, that is for each f € F the composite g o f is independent of
f. We require a universal example of such a map.
Consider the pre-orders C on S with the following two properties.

(1) Foreacha,b € Swehavea < b=— a C b.

(ii) For each ¢ € T and each fi, fo € F both the comparisons fi(c) = fa(c) and fo(c) C
f1(c) hold.

There is at least one such special pre-order. For instance the indiscrete pre-order for which
a C bforall a,b € S. This is the largest special pre-order. We want the smallest special
pre-order.
Let
{Ci |iel}

be the family of all special pre-orders. Let < be the intersection of this family, that is
a=<b<= Viel)al;l]

for a,b € S. It is easy to check that < is a special pre-order. For instance, consider ¢ € T" and
fi, fo € F. Then fi(c) C; fa(c) for each i € I, and hence fi(c) =< fo(c). This show that <
satisfies (ii).



114 4. Limits and colimits in general

Let ~ be the equivalence relation on S given by =, that is
a~b<—=a=<bandb<a
fora,b € S. Let S/~ be the set of blocks [a] of ~, and let

S T’

S/~

be the quotient function, that is
n(a) = [a]
for each a € S. We convert S/~ into a poset with  monotone.

Let
la] < [b] <= a =<b

for a,b € S. Of course, we must check that this is well-defined.
Suppose

[a] = ao]  [ba] = [bo]

with a; < by. Then
as ~ a; = by >~ by

so that
ag 2a; 2 by X by

to give ay = by to verify the well-defined property.
By (1) we have
a<b=a=b=[a] <[b

to show that 7 is monotone. By (ii) we have
file) = fa(c)
for each c € T"and f1, fo € F. Thus for each f € F the value

(no f)(e)

is independent of f. Thus n makes equal the family . It remains to show that 7 is a universal
example of such a monotone map.
Consider any monotone map g which makes equal the family F.

T F s—7% R
n
S/=
We show there is a unique monotone map
s/< 9 " R

with g® o = g. Since 7 is surjective there is at most one such map g*. Thus it suffices to exhibit
such a map.
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Consider the relation C on .S given by
aCb<= g(a) < g(b)

for a,b € S. Almost trivially this is a pre-order. We check that it is special, that is it satisfies (i,
ii). For a,b € S we have
a<b= g(a) <g(b)=a =<0

to verify (i). For f1, fo € F we have
gofi=gof

which leads to (ii).
Since this relation C is special and < is the smallest special pre-order, we have

a=b=al b= g(a) < g(b)
for each a, b € S. From this we have
la| =[b] = a<band b < a = g(a) = g(b)

for a,b € S. Thus we may set

g (la]) = g(a)
to obtain a well-defined function of the required type. By definition we have ¢* o = ¢. Also,
for a,b € S we have

la] < [b] = a = b= g(a) < g(b) = ¢*([a]) < ¢*([b])

to show that ¢* is monotone, This completes the proof. U






5
Adjunctions

5.1 Adjunctions defined

5.1.1 Let S, T be a pair of posets viewed as categories.
A functor S —— T'is a function (the object function)

f:85——T

such that for each comparable pair a; < as of elements of S (arrow of .S) the corresponding
pair of 7" are comparable f(a;) < f(az) (an arrow of 7). Thus

a1 < ay = f(a1) < f(az)

for aq,a, € S. This is just a monotone map.
Consider a pair of monotone maps

f
S T

9

going in the opposite direction. These form a categorical adjunction if foreacha € Sandb € T
there is an appropriate correspondence between the two arrow sets

Sla,g(®)]  T[f(a),b]

given by the two elements. Each of these is no more than a singleton. Thus the correspondence
says that one is non-empty precisely when the other is non-empty. This rephrases as

fla) <b<+=a<g(a)

fora € S,b € T, which is the defining property of a poset adjunction. U

117
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5.1.2 Consider the forgetful functor.
Set «—U— Pre

We produce a left adjoint and a right adjoint to this functor.
D
D AU Set «——U—— Pre UAI
I

Each set X can be converted into a preset in two extreme ways.
DX =(X,=) IX=(X])

On the left we use equality as the comparison. This gives a poset. On the right any two elements
are comparable. This is not a poset if X has least two elements. We call these the

discrete indiscrete

presets, respectively. This gives the object assignments of two functors.
Consider any function.

X Y

We observe that f is monotone relative to both the discrete and the indiscrete comparisons, that
is

r=y= f(x)=fly)  [l)]f)

forall z,y € X. This gives us the arrow assignments of two functors. We use the same function
but view it as a monotone map in two ways.
We now check the two adjunctions separately.

For the adjunction D 4 U we require an inverse pair of assignments

fr———
Set[X,US| PreDX, S|
Gp +—— ¢

for each set X and each preset S. In fact both (-)* and (+), return the same function, so do form
an inverse pair. The only thing we have to check is that

fﬁ

DX S

is monotone for each function f, as above. This is trivial. Finally, for D 4 U, we must check
that the two assignments are natural. However, nothing much is happening as we pass across a
functor or an assignment, so the naturality is immediate.

For the adjunction U - I we require an inverse pair of assignments

¢ ¢
Pre[S, [ X] Set|US, X]
fo———J
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for each preset S and each set X. In fact both (-)* and (-), return the same function, so do form
an inverse pair. The only thing we have to check is that

b

S X

is monotone. But since /X is indiscrete, this is trivial. Finally, for U -4 I, we must check
that the two assignments are natural. However, nothing much is happening as we pass across a
functor or an assignment, so the naturality is immediate. U

5.1.3 This is more or less the same as Solution 5.1.2 except we now use topologies rather than
pre-orders.
Let

Set «—U— Top
be the forgetfully functor. We produce a left adjoint and a right adjoint to this functor.
D
Set «—U—— Top
1

Each set X can be converted into a topological space in two extreme ways.
DX = (X,PX) IX = (X, {0, X})

On the left we use discrete topology in which each subset is open. On the right we use the
indiscrete topology in which only the two extreme subsets are open. Naturally, we call these
the

discrete indiscrete

space, respectively. This gives the object assignments of two functors.
Consider any function.

S

X Y

We observe that f is continuous relative to both the discrete and the indiscrete topologies.
This gives the arrow assignments of two functors. We use the same function but view it as a
continuous map in two ways.

We now check the two adjunctions separately.

D AU UAI

For the adjunction D 4 U we require an inverse pair of assignments

fr——1
Set[X,US]| Top|[DX, S|
Oy 10

for each set X and each space S. In fact both (-)* and (-), return the same function, so do form
an inverse pair. The only thing we have to check is that
1t

DX S
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is continuous for each function f, as above. This is trivial. Finally, for D 4 U, we must check
that the two assignments are natural. However, nothing much is happening as we pass across a
functor or an assignment, so the naturality is immediate.

For the adjunction U - I we require an inverse pair of assignments

¢ ———r ¢f
Top[S, [ X] Set[US, X|
foo——Ff

for each space S and each set X. In fact both (-)* and (-), return the same function, so do form
an inverse pair. The only thing we have to check is that

b

S IX

is continuous. But since /X is indiscrete, this is trivial. Finally, for U < I, we must check
that the two assignments are natural. However, nothing much is happening as we pass across a
functor or an assignment, so the naturality is immediate. 0

5.1.4 This is dealt with in great detail in the first part of Chapter 6. Not all the details are
necessary. You may want to decide which of the quicker solutions you prefer. 0

5.1.5 Asin Chapter 4 we let 7, 7, . . . range over the objects of the template category V and refer
to these as nodes. We use

1

as a typical arrow of V and refer to this as an edge.
An object of C V. a V-diagram in C, is a functor

F
C

\Y
and so consists of a family of objects of C
F(7)
indexed by the nodes and a collection of arrows of C

Fi) e p)

indexed by the edges. Various triangles in C' are required to commute.
An arrow of CV

e

F G

is just a natural transformation between the two functors. These are composed in the obvious
way.
For each object A of C we set

(AA) @) =A  (AA)(e) = idy
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for each node ¢ and each edge e. This gives a constant diagram. Each arrow of C

Ui

A B
gives a ‘constant’ natural transformation
AA—T . AB
in the obvious way. This sets up a functor
A
C cY

and we are interested in the existence or not of a right adjoint to A.
Consider first an object A of C and an object £ of CV. What does a member of

CV[AA, F|
look like? It is a family of arrows
A0 e
indexed by the nodes of V such that
A0 e i
id F(e) e
!
: () J
a(j)

commutes for each edge e, as indicated on the right. In other words, this is nothing more than a
left solution to the diagram F.
Suppose now that we fix a particular solution

S _ o) | F(i)

and try to compare S with an arbitrary object A of C. How are the two hom-sets
C[A,S] CV[AA, F]

related? There is an obvious assignment

o pif
C[A, 5] CYV[AA, F|

in one direction. Given a C-arrow

At s
for each node i we let (i) be the composite
i O Ry
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to produce a left solution of F'. This gives us a family of assignments

A
cl-.5 L evia-
as we let the object A vary through C'. Notice that we have a pair of contravariant functors
C — Set

and it is easy to show (-)* is a natural transformation between the two.
When is this natural transformation a natural equivalence? Precisely when each solution

als)

AA

arises from a unique arrow

A" g

as pif. This is simply saying that (S, o) is a universal left solution, a limit of F'. Every V-diagram
Fin C has a limit precisely when there is an object assignment

S F

picking out the object which carries the limit. The required functorial and adjunction properties
follow by similar arguments. (Il

5.1.6 We use various aspects of the gadgetry of the adjunction.
(-)f
()

Here F' is the left adjoint of the given functor G.
Consider some diagram

Src|—,G—] Trg[F—, -]

TD  TG)  T(e)

in T'rg. Here i ranges over the nodes of the template and e ranges over the edges. In this
diagram certain triangles are required to commute.
We use the functor G to transport these objects and arrows to Src.

SD  GT(#)  GTle)

Since G is a functor this is a diagram of the same template in Src.
Suppose

T—lﬁL»T@

is a limit of the diagram T'D in Trg. Thus T is a fixed object and there is an arrow 7 (i) for
each node 7 of the template. Various triangles are required to commute, those indexed by the
edges e of the template. We use G to transport this to Src

G(7(7)

GT GT (i)
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and since G is a functor we certainly obtain a left solution of the diagram S D in Src.
Consider any left solution

X &. GT (i)
of the diagram S D in Src. We must somehow produce a unique mediator

I

X GT

for which
GT
%
X Q G(r(i)
§(2) GT (i)
commutes for each node :.
We use the transpositions
Y
Sre[X, GT(i)] 0 Trg[FX,T(i)]

to obtain a family of arrows

rx S0 T (i)

in Trg. Since (-) is natural, this is a left solution of the diagram T'D in Trg. Thus, since we
have a limit of this diagram, here is a unique arrow v such that each triangle

TG
commutes.
Since the transposition
B
Src[ X, GT] 9 Trg[FX,T)|
is a bijection we have
v=yuf  for some unique arrow X a GT

of Src. It suffices to show that each triangle (<1) of Src commutes. But this follows by the
naturality of (-)%, strictly speaking, by the naturality of the inverse (-), of (-)*. O

5.1.7 Both § and & are modified versions of the 2-placed hom-functor T'rg[—.—]|. In particular,
each is contravariant in the left hand argument. Thus we really have a pair of functors
Src” x Trg — Set

using the opposite of Src. The details of the two arrow assignments are given in Table 5.2 in
Section 5.3. 0
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5.2 Adjunctions illustrated
5.2.1 An algebraic example

5.2.1 We deal with X first. We are given
YX=X+4+X=A{(x,i) |z e X, i=0,1}
for each set X. The carried involution flips the tag, that is
(,4)* = (x,1 —1)
for each x € X and tagi € {0, 1}. Since
(r,9)** = (x,1 —14)* = (x,1)
this does produce an involution algebra. For each function

k

Y X

the only sensible assignment

(k)
Sy %X

(y,1) ——— (k(y),1)

is to leave the tag alone. We have
S(k)((y,9)°) = (k) ((y, 1 — 1))
= (k(y),1 =) = (k(y),1)* = (S(k)(y,7))*

so that 3(k) is a morphism. The functorial requirements are immediate.
Next we deal with II. We are given

X = X x X = {(z.9) |2,y € X}
for each set X. The carried involution swaps the components, that is

(z,9)* = (2,9)

5. Adjunction

for each x,y € X. Trivially, this does produce an involution algebra. For each function

k

Y X

the only sensible assignment

[ (k)
my X

(,2) —— (k(y), k(2))

is to apply the function to both components. We have

(k) ((y,2)*) = 1(K)((2,9))
= (k(2),k(y))
= (k(y), k(2))* = (IL(k)(y,7))*

so I1(k) is a morphism. The functorial requirements are immediate.
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5.2.2 We deal with Y first. We require an inverse pair of assignments

f——
Set[X,UA] Inv[XX, A]
Yy 9

for each set X and each algebra A. We set

fﬁ((xvl» :f(x)(i) ¢b(x) :¢($’0)

for each x € X and tag 7. There are some requirements we must check.
We need to show that f* is a morphism, that is

(1)) = (ff(a,2)°
for each x € X and tag 7. To do that we remember that

Qe — (-0 _ o)
for each a € A. With this we have

F(@,0)®) = fila, 1= 1) = f(2)7) = f(2)9° = (ff(2,9))"

as required.
For each x € X and tag ¢ we have

fo(z) = fH2,0)= f()? = f(z)
wbﬁ(xaw:w() 7/}( O) w(%i)

to show that the two assignments form an inverse pair. The last step in the lower calculations
follows since ¢ is a morphism.

Next we deal with II. We require an inverse pair of assignments

¢ e &
Inv[A, I1X] Set[UA, X|
G g

for each set X and each algebra A. We set

for each a € A. In ¢* the (-)o indicates the left hand component is selected. We need to show
that g, is a morphism, that is

95(a®) = g»(a)*
for each a € A. But, remembering how I1.X is structured, we have

g (a®) = (g(a®), g(a®*)) = (9(a*),9(a)) = (g9(a), g(a®))* = gy(a)®

as required
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To show that these two assignments form an inverse pair consider any a € A. Let
¢(a) = (2,y)
where x,y € X. Then, since ¢ is a morphism, we have
¢(a®) = ¢(a)* = (y, )

so that

to give
#s(a) = (¢(a), ¢(a%)) = (2,y) = é(a)

for one of the required conditions. For the other, since

we have

as required. 0

5.2.2 A set-theoretic example
5.2.3 For this and the next solution let us write L and R for the two endofunctors on Set. Thus
LX=Xx1 RY =(I=Y)

for all sets X and Y. The arrow assignments are given in the subsection.
We require an inverse pair of bijections

fi f
Set[X, RY] Set[LX,Y]
9 g

for arbitrary X, Y.

Each member f of Set[X, RY] is a 2-step function which first consumes an element z € X
and then an index ¢ € [ to return an eventual value f(x)(i) in Y. Each member g of Set[LX, Y]
is a function which consumes a pair (x,7) where z € X and i € [ to return a value g(z,) in Y.
The two transpositions merely shuffle brackets around. We have

fila,d) = f2)(@)  g(@)(@) = gla,i)

for x € X and i € I. Normally in Mathematics we would hardly distinguish between f and f*,
nor between g and g,. 0

5.2.4 We continue with the notation of Solution 5.2.3.
We require a pair of assignments

Nx €y

X (RoL)X  (LoR)Y Y
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where
(RoL)X =(I = (X x1)) (LoR)YY =(I=Y)x1I

for sets X and Y.
For each z € X the value 7)x () must be a function which consumes some ¢ € [ and returns
apairin X X [I. Thus
nx (2)(@) = (2,19)

is the only sensible suggestion. The function ¢y must consume a pair (p,i) where p : [ — Y
and ¢ € [ to return a member of Y. Thus

ey (p,i) = p(i)

is the only sensible suggestion. We show that each of these is natural.
Recall that the arrow assignments of L and R are given by

X9 Xox T ([L’, Z) Yi I=Y p

k| ———  L(k) I —— R()

X4 Xy x 1 (k’(ZL‘),’L) Y, I=Y, lOp
respectively.

To deal with 1, we must show that

Xo 2L (Ro L)X,

k (Ro L)(k)

X1 (ROL)Xl

Nx,
commutes for an arbitrary function k, as on the left. Thus we require
nx, 0k = (Ro L)(k)onx,

equivalently
X, (/{J(IIJ)) - R<L(k>) (an (]3))

for each x € X,. Each side of this equality is a function
I — (X x1I)
so we evaluate both at an arbitrary ¢ € /. We have
nx, (k(z)) () = (k(@),)

be the definition of 7,. The behaviour of R gives

R(L(K)) (nx. () = L(k) o nx, ()
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so that
R(L(k)) (nx,(2)) (i) = L(k) (nx,(2) (i) = L(k)(z,i) = (k(x),i)
by the behaviour of L, to give the required result.

To deal with ¢, we must show that

(L o R)Yi €y; )/1
(Lo R)(1) l
(Lo R)Y Yy

€y2

commutes for an arbitrary function [, as on the right. Thus

ey, © (Lo R)(1)) =loey,

is the required equality. A typical member of (L o R)Y is a pair (p, i) where p : [ — Y] and
1 € I. We have

(Loey,)(p.i) = l(ev (p, 7)) = U(p(i)) = (Lop)(i)

for each such pair. We also have
(Lo RYW)(p.1) = L(RW) (p.1) = (RO)(p). ) = (Lop,0)
for each such pair. This gives
(eve 0 (Lo B)D) ) (.1) = e, (Lo R)O(p,) = evi L0 p,i) = (Lo p)(0)

as required. 0

5.2.3 A topological example

5.2.5 As in the block, it suffices to show that for a continuous map

Y

Y3 Yy

between two spaces, the induced assignment

(1= Y;) —— (1 5 V)
O 1ol

is continuous where each of the two functions spaces carries the compact open topology. To
do that we consider an arbitrary subbasic open set (K, V) of (I = Y3) where K € KI and
V' € OY5, and show

U (K, V) = (K, 9™ (V))
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which is a subbasic open set of (I = Y}). For each function 6 : I — Y] we have
§ eV ((K,V)) < obe(KV)
— Viel)lie K=19(0()) e V]
— (Miel)ie K=00) €y (V)]
0 e (K9~ (V))
for the required result. 0J

5.2.6 As suggested in the partial proof of Lemma 5.2.5, we consider a typical subbasic open
set
(K, V)

of (I = Y'), and show that
Uy ((K, V)

is open in X. Here
K eKI V ey

are the two components of the subbasic. We consider an arbitrary
s €Yy ((K,V))

and show that
selUC @bf((K,V})

for some open U € OX.
For the considered point s we have

Py(s) € (K, V)

that is
P(s,i) = P(s)(i) €V

for each 7 € K. For each i € K we have
(s,4) € (V)
so that, since 1 is continuous, we have
(s,0) € Uy x W; Cp— (V)

for some U; € OX and W; € OI. As i ranges through K the sets IV; produce an open covering
of K. Since K is compact this refines to a finite covering

W=W,u.-.-UWw,
of K indexed by some i(1),...,i(m) € K. Let
U=U,nN---N0U,
using the same indexes. We have

selU KCcw
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with
UxW Cy(V)
by construction. Also, for each x € X we have
relU = (Vie K)[(x,i) € V]
= h(z)[K] CV
— y(z) € (K, V) = 5 ((K,V))
to give
Uy ((K,V))

for the required result.

5.2.7 We continue with the partial proof of Lemma 5.2.6.
We start from any
(s,7) € ¢* (V)

where V' € OY, and produce
Ux W C ¢ (V)

such that both
selU e OX reWeOl

hold. We already have
reW CK Co(s)” (V)

for some K € KT and W € OI. Observe that for « € I we have
e K=1iec¢(s)” (V)= o(s)(i) € V
for each 7 € I. This gives
P(s)[K]CV

so that
o(s) € (K, V)

and hence
seU where U=¢"((K,V))

5. Adjunction

with U open in X. From the construction of U and W, for each z € Xand 7 € I we have

(2,i) €U x W = (2,1) € U x K = ¢*(z,i) = ¢(x)(i) € V

and hence
Ux W C ¢ (V)

for the final requirement.

5.2.8 For spaces X, Y we require continuous maps

XTIX

(I=(&XxI) (I=Y)xI)

€y
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to do a certain job. We use the idea of the set-theoretic example of Block 5.2.2. Thus we set

nx (z) (i) = (x,1) ey (p,i) = p(i)

foreachz € X,i€ I,andp: I — Y.
It now looks as though we have quite a bit of work to do, but this is an illusion.
Why are

nx €y

continuous? Observe that
nx =, where U = idxyx; €y = ngﬂ where ¢ = id;—~y

and hence Lemmas 5.2.5 and 5.2.6 give the required continuity.

Why are
770 €e
natural? We require that certain squares commute. But these are squares in Set, and we know
they commute by the set-theoretic example. 0

5.3 Adjunctions uncoupled

5.3.1 We use the notation of this section as in Table 5.1.

Letting only A vary is equivalent to taking S = T with [ = idg. For this case (1) and (D)
become (£ 1) and (b |), and these are equivalent as in Lemma 5.3.2.

Letting only S vary is equivalent to taking A = B with k = id 4. For this case () and (b)
become (ff |) and (b 1), and these are equivalent as in Lemma 5.3.2. O

5.3.2 We use the notation and results of Solutions 5.2.1 and 5.2.2.
We deal with the Y-construction first.

fr————17
Set[X,UA] Inv[XX, A]
Yy 7

For each pair k& (a function) and A (a morphism), as indicated, we must show that the two
squares commute.

X Set[X,UA] Inv[XX, A] A

k UMNo—ok Ao —o (k) A

| e ]

Y Set[Y,UB] " Inv[%Y, B B
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By tracking round the various squares we require
(U(/\)ofok’))ﬁ:/\ofﬁox(k) /\O@/Jbokz()\ogbox(k’))b

for each arrow

X / UA by 4 A
from the appropriate top corner. To verify these equalities we evaluate at an arbitrary element
(y,i) € XY yey
respectively.
We have

U)o fo R = (UM e for)m)” = (o for)m)”

where at the last step we remember we are dealing with three functions. Finally we have
()\ o fio E(k)) (y,1) = A(fﬂ(E(kr)(y, i)))
= A(fH(k(y).7))
=AM(foR) )
- ()\((f o k) (y))>(i) = ((A ofo k’)(y)>(i)

to give the required left hand result. We also have

(Ao, 0 k)(y) (Ao oX(k)),(y)
= (Ao (k(y)) = (Ao o X(K))(y,0)
= M(¢(k(y),0) = (Ao ®) (S(k)(y,0))
= (Ao y)(k(y),0) = (Ao v)(k(y),0)

to give the required right hand result.
Next we deal with the II-construction.

¢ ¢
Inv[A, 11X] Set[UA, X|
G ~—g
For each pair x (a morphism) and [ (a function), as indicated, we must show that the two
squares commute.

A Inv[A, 11X] Set[UA, X| X

K [(l)o—ok lo—oU(k) l

e

B Inv[B,11Y] " Set[UB,Y] Y
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By tracking round the various squares we require
(H(Z)O¢Oﬁ)ﬁ:l0¢ﬁOU(l{) H(l)ogbom:(logoU(/ﬁ))b

for each arrow

o g

A Imx UA X

from the appropriate top corner. To verify these we evaluate at an arbitrary element

beUB beB
respectively. We have
(11(1) 0 6 0 k) (1) (106 0 U(r))(h)
= (@) 0 60 5) (1)) SUCAG0)
= (1@)((¢ 0 m)(®))) = 1(@(x(0),)
= 1(((0om)1),) =1(((¢0om)1),)

to give the required left hand result. We also have

(IL(1) 0 g, ) () = TI(D) (95 ((0)) )

e (logoU(r)),(b)
= ((togoUR)®), (1o g0 U) (1))
= (1o 9) (). (1o 9) (x(t")))
and
k(D)® = K(b%)
since k is a morphism, to give the required right hand result. 0

5.3.3 Let us use the notation
L=(—x1I) R=(I=-)

of Solutions 5.2.3 and 5.2.4.
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To show that (-)* we must check that the square

(-)f

Xl [XlaR}/l] [LXh}/l] Yi
k R(1) ol—ok lo—ch(k) [
X2 [X27 R}/Q] [LX27}/2] }/2

(-)f

commutes for each pair of functions & and [. Here we need not indicate Set since it is the only
category involved. In terms of equations we must show that

(R(1)o fo k)’ = (o f*o L(k))

for each function
f:Xi— ({1 —Y)

in the top left hand corner of the diagram. To do that the abbreviation
g=/fok

will be useful.
Each side of this equation is a function that consumes a pair

(.’L',Z) EXQ XI:LXQ

to return a value in Y5. We have

which evaluates the left hand side. We also have

(Lo f#o L(k))(x,4) = (Lo ff)
= (Lo f%)
(

which evaluates the right hand side, and verifies the equality.

The diagram for the naturality of (-), is similar but with two arrows

()

pointing the other way. We have to show that

(R(l)og,ok) = (logo L(k)),
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for each function
g: Xy xI—Y

in the top right hand corner. To prove the equality the abbreviation
f=log

will be useful.
Each side of this equation is a 2-step function which first consumes = € X5 and then ¢ € [
to return a value in Y5. We have

(R(1) © g, 0 k) (2)(3) = R(D) (9 (K(x))) ()
= (Lo gy(k(2))(i)
= 1g»(k(2)(0))
= U(g(k(z),1)) = f(k(),9)
which evaluates the left hand side. We also have
(Logo L(k))s(x)(i) = (f o L(k))s(2)(3)
= (f o L(k))(=,i)
= f(L(K)(z,2)) = f(k(2),D))
which evaluates the right hand side, and verifies the equality. U
5.3.4 At the function level the two assignment (-)* and (-), are just the same as those used in the
Set-theoretic example of Block 5.2.2. The naturality of these topological versions requires that

certain squares in Set must commute. These are just the same as the Set-theoretic squares,
and are dealt with in Solution 5.3.3. 0

5.4 The unit and the co-unit

5.4.1 We must show that the square commutes

€s

€g — (idgs)ﬂ (F o G)S S
(FoG)(I) l
er = (ider)®  (FoG)T ——T

for an arbitrary arrow [ as on the right. In equational terms we must show that
ero(FoG)(l)=1loeg
holds. To do that we use () twice. We have
er o (FoG)(l) = (idar)* o F(G(1))
— idy o (idar)’ o F(G(I))
— (G(idr) o idar o G(I))F = G(I)*
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where the penultimate step is the first use of (ﬁ). We also have
loeg=1lo (idgg)jj =lo (id@s)ﬂ o F(idgs) = (G(l) o idgs © idgs)ﬁ = G(1)*
where the penultimate step is the second use of (). UJ

5.4.2 For each arrow

we show that

and to do that we use (» | ). Thus

G(g) on)A = G(g) o (idpa), = (goidra), = g
where the penultimate step uses (D ). O
5.4.3 We must first show that for an arbitrary arrow

9

FA S

the second transpose g, is just g. To do that we use an instance of the naturality of €, as given
in Solution 5.4.1. We use the case [ = g. Thus

g = (Glg) ona)*
= €50 F(G(Q) © 77A)
:eSO(FOG)(g)OF(nA) ZQOGFAOF(UA) =g

where the penultimate step uses the naturality of € and the ultimate step uses one of the given
conditions on 7 and €.
It remains to verify (D). Using the notation of Table 5.1, a use of the definition of (-), gives

(lOgOF(k'))b:G(logoF(k‘))0773
=G(log)o(GoF)(k))ong=G(log)onaok

where this last step use the naturality of 7. Continuing we have
(logoF(k)),=G(log)onaok=G()oG(g)onack=G(l)og, ok
using the definition of g,. 0

5.4.4 We continue with the notation of Solutions 5.2.1, 5.2.2, and 5.3.2.

We deal with the X-case first. For each element of a set x € X, each element of an algebra
a € A, and each tag ¢ we let

UX(iU) = (l’, 0) 5A(&7 Z) = a(l)
to obtain two functions of the required type. We need to check that § 4 is a morphism, that is

(5,4((&, Z).) = (5,4(&, i).
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for each a € A and tag ¢. But
64((a,i)*) =dala,1—1i) = a9 = a®* = §,(a,i)®

to give the required equality.
To show that 7,0 are natural we must check that a pair of squares commute. These are
induced by a function f in Set and a morphism ¢ in Inw, as indicated.

T (:L‘_,_O)

(¢(a), ) ¢(a)"”

In both cases we take an arbitrary element of the top left hand corner and track it both ways to
the bottom right hand corner. The two resulting elements must be the same. That condition for
the n-square is trivial. For the -square we need to recall that ¢ is a morphism.
Next we deal with the II-case. For each elements of a set x,y € X and each element of an
algebra a € A we let
ex(zy) =z Cala) = (a,a)

to obtain two functions of the required type. We need to check that (4 is a morphism. But

Ca(a®) = (a*,a**) = (a%,a) = (a,a")* = Ca(a)*

as required.
To show that ¢, ( are natural we must check that a pair of squares commute. These are
induced by a function f in Set and a morphism ¢ in Inwv, as indicated.
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(,9) | z
(Uoll)X —ex— X
(Ue lT)(f) f
U olz)y — ey — Y
(f (@), f(y)) f(z)
al (a,a%)
A—C— (o U)A
¢ (ITo %f )(9)
B—(g— (IoU)B (¢(a),¢(a%))
¢(a) | (6(a), d(a)®)

5. Adjunctions

In both cases we take an arbitrary element of the top left hand corner and track it both ways to
the bottom right hand corner. The two resulting elements must be the same. That condition for

the e-square is trivial. For the (-square we need to recall that ¢ is a morphism.

5.4.5 We deal first with the identities of Lemma 5.4.3.

O

We start with a set X, an algebra A, two functions f, g and two morphisms %, 1, as indi-

cated,

X / UA
A ¢ IIA
and must show that
ff=0403(f)

¢ﬁ:€XOU(¢)

UX

UA

P, = U() omx
g =1(g) oCa
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hold. In other words, we must show that the following triangles commute.

sx =) w004 X ™ L won)x
5 \5/4 k Uw)

A UA
va Y (Uom)X A (roU)A
¢ﬁ \EX k II(g)

X

To do that we take an arbitrary element

(x,i) € ¥X reX
acUA a€ A

for the top left hand corner, track it both ways to produce
flz)® e A Y(z,i) € UA
pla)y € X (9(a), g(a®)) € IIX

to give the required result.
Next we deal with the identities of Corollary 5.4.4. For each set X and algebra A we must
show that each of the composites

dox 0 X(nx) U(6a)onua
evaoU(Ca) H(ex) o Crx

is the identity arrow on the relevant carrier. To do that we calculate.

)
EX_J@Q.@OUOEMT X yx
(xvi) S (UX(@J) g 77X<x>(i)
U(s
va—" L osora YW g
a (a,0) a®
UA Uca) (UolloU) VA A
ab———— (a,0°) ———a
11
X — 9% (oo m)x —HX), iy

(x7y) P ((1;73/)7 (yvx)) — (77 ?>
At the top we have nx(z) = (x,0) so that

nx () = (2,0)% = (x,1)
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by considering the two cases for the tag. Next we have o) = a by definition. The third
composite is trivial. Finally we have

(7,7) = (ex(,9), ex(y,2)) = (z,9)
to complete the calculations. U
5.4.6 We use the notation of Solution 5.2.3. Thus we have
LX =X x1 RY =(I=Y)

for sets or spaces X, Y.
For the first part we must show that for functions

f

X RY LX Y
both
fP=evoL(f) g =Rlg)onx
hold. Thus we must evaluate the composites
L R
x U ory Yy x B (Rornyx B9 gy

and remember that (-)* and (-), merely shuffle brackets about. For (x,i) € LX we have
(ey o L(f)) (i) = ey (L(f)(z, 1)) = ey (f(2),i) = f(z)(i)
as required. For x € X we have
(R(g) o nx)(x) = R(g) (nx(x)) = g o nx(z)
and then for ¢ € I we have
(R(9) o nx) (2)(i) = (g 0 nx(2)) (i) = g(nx (2)(i)) = g(x. 1)

as required.
For the second part we must show that

erx o L(nx) = idxx1 R(ey) onry = id=y

for arbitrary sets X and Y. For (z,i) € LX we have

(erx o L(nx))(x,i) = erx (L(nx)(,17))

= €rLx (UX(SU)’ Z) = nx(2)(1) = (z,9)
as required. For each function p : [ — Y we have
(R(EY) © 77RY) (]9) = R(EY) (TZRY(]O)) =€y O (TZRY(p))

and this composite is a function / — Y. For each 7 € Y we have

(R(€Y) © TIRY)(p)(i) = €&y (URY(P)(i)) = ey (p,i) = p(i)

to give the required result. 0
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5.5 Free and cofree constructions

5.5.1 Consider any arrow

FA—Y% .3
of T'rg. We first check that
FA g s
F(g) €s
(FoG)S

does commute (and then consider the required uniqueness). We use the selection of arrows

d
9 GS g tas

GS

A
GS

S

and then apply (1) of (Nat). Thus
es 0 F(g,) = ids o (idas)* o F(g) = (G(ids) 0 idgs © g,)F = (5)F = g

as required.
For the uniqueness we consider any arrow

i

as for which g = eg o F(f)

and show that, in fact, f = g,. We use the selection of arrows

I . as g s

GS

A
GS

S

tdgs
and then apply (1) of (Nat). Thus

g=¢esoF(f)
= (idgs)" o F(f)
= idg o (idgs)* o F(f)
= (G(idg) o idgst o f)* = f*
and hence
f=U =9
by a use of (Bij). O
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5.5.2 Let us first state the result we must obtain,

Let

be a functor, and suppose

G e ()

is the data that provides a F-cofree solution. Then the object assignment G fills out to

a functor for which
FAHG

with (-), as the transposition assignment and € as the counit.

On several occasions we invoke the unique factorization provided by the GG-cofree property.
Our first job is to produce an arrow assignment to create the functor G. Consider any arrow

l

S T
of T'rg. Let g be the composite
l
(FoG)S —F .+ 5 T
and consider the commuting square
F
(Foc)s —9) _(pocyr
€9 €T
S T

provided by the F'-cofree solution. We set

G(l) =g, = (loes)y

for each Trg-arrow [, as above. In other words, for each such arrow [ we take G/(I) to be the
unique Src-arrow such that

Focys — 2D | poayr
€s €T
S T

l

commutes. This uniqueness ensures that we have produced a functor G.
Consider arrows
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of T'rg. We have arranged that the following diagrams commute.

143

Foa)g — DB poge FeOU | pooyr
€R €|S €T
}

R - S ; T
(FoG)R (FoG)iok) (FoG)T
€R €r
1 lok r

We are given that F' is a functor, so that top composite is
F(G(l) o G(k))

and hence
G()oG(k) =G(lok)

by the given uniqueness. A similar argument shows that G preserves identity arrows, and hence
we do have a functor. Furthermore, the commuting square we have produced ensures that € is

natural.

We now begin to show that /' - G using the given assignment (-),.

For the time being fix A € Src and S € T'rg, and consider the given assignment

Src[A,GS| Trg|FA,S]
9 g

between the two arrow sets.We show that this is a bijection.
By definition of F'-cofree, for each arrow

9

FA S the associated arrow A

is the unique arrow such that

FA g s
(V)
F(g) €5
(FoG)S
commutes. Suppose
% =9

for two arrows ¢!, g* from Trg[F A, S]. Then

g' =€esoF(g)=esoF(g}) =g°

9 as
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to show that (-), is injective. Consider any arrow f from Src[A, GSS]. With

g=c¢soF(f)
we see that
FA J S
F(f) %
(FoG)S

commutes, and hence g, = f by the uniqueness in (57). This shows that (-), is surjective, and
hence we do have a bijection.
To show that (-), is natural consider any square

O

A Src[A, GS] Trg[F A, S] S
k G(l)ol—ok; lo—(IF(k:) !
B Sre[B,GT] Trg[FB,T] T

()
induced by a pair of arrows k and [, as indicated. We must show that this square commutes, that

G(l)ogbok::(logoF(k))b

where g is an arbitrary arrow from the top right hand corner. Let

f=G{l)ogy ok h=1logoF(k)

so that
f="h
is required. To verify this we show that f satisfies the unique property of h,, namely that
h
FB T
F(f) ‘T
(FoG)T

commutes. To verify this we use the commuting properties of two earlier diagrams. Thus
er o F(f) = ero (FoG)(l) o F(g) o F(k)
=loeroF(g)oF(k)=1logoF(k)=h

as required.
This shows that we do have an adjunction F' - G with (-), as one of the transpositions. It
remains to show that the given € is the counit of this adjunction. We require

€s = (iﬂle)ﬁ
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or, equivalently,
(es)y = idgs

since, by definition, (-)* is the inverse of (-),. Since

(FoG)S il S
F(idgs) €s
(FoQ@G)S
commutes, the required equality follows by the given property of (-),. 0

5.5.3 Recall that we have
UX ={(z,i) |z € X,i=0,1}  nx(z)=(z,0)
for each set X and x € X. Consider any function

f

X A

from X to an algebra A. We require a morphism

i
¥X / A suchthat  ffony = f

and we must show there is only one such morphism.
Consider any z € X with the two corresponding members

(,0) =nx(z)  (z,1) =nx(z)"
of ©.X. If there is such a morphism f* then
fi(x,0) = (ffonx)(z) = f(x)

and
fia, 1) = f4((2,0)°) = (f3(2,0))" = f(z)®
where the third step uses the morphism property. This shows that there is at most one such

morphism f*. Exercise 5.2.2 shows that this f¥ is a morphism, and we have checked that the
triangle does commute. 0

5.5.4 Recall that we have
HX:{<LU,y)|I,y€X} EX(‘QI?y):x
for each set X and =,y € X. Consider any function

g

A X

from an algebra A to X. We require a morphism

A L IIX such that EXOg, =g
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and we must show there is only one such morphism.
Consider any a € A. We have

g(a) = (2,y)
for some x,y € X, and then

r=ex(z,y) = (eog)(a) =g(a)

to determine z. But now

(y,2) = (2,9)* = g(a)* = g(a*) = (g(a®), 2)

for some z € X. The third step uses the morphism property of g,, and the last step uses the
previous observation. This gives

that is

g»(a) = (g(a), g(a"))
for each a € A. This shows there is at most one such morphism g,. Exercise 5.2.2 shows that
this g, is a morphism, and we have checked that the triangle does commute. 0

5.5.5 We first deal with the Set example of Block 5.2.2. To do that we gather together all the
bits of gadgetry that we need.
We have a pair of functors

F=(—x1I)
Set Set
G=(I=-)

although for the free case we need only the object assignment of F’, and for the cofree case we
need only the object assignment of G.
For the free case the arrow assignment of (G is given by composition

Z : Y GZ GY

p [op

for functions as indicated. We also have functions

X - (GoF)X = (= (X x1I))

where
nx (z)(2) = (2, 1)

for each x € X7 € I. We do not need the naturality of this. For an arbitrary function

X—f»(f:»y)

we must show there is a unique function

fti

X xI Y
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such that
G(ffonx=f

holds. If there is such a function f* then for each z € X, i € I we have

fi(@,1) = £ (nx (@) ()
= (f*onx(x))(i)
= (G (nx(=)) ) )
= (G5 onx) (@) () = F(2)(6)

to show there is at most one such function f*. Almost the same calculation shows that this
function does make the triangle commute.
For the cofree case the arrow assignment of F' is given by

Z i Y i FZ FY

(Z’ Z) - (k‘(Z), 2)

for functions k, as indicated, and z € Z,¢ € I. We also have functions

(FoG)Y =(I=Y)xI Y.y

given by evaluation, that is
EY(pv Z) = p(Z)

forp € (I = Y),i € I. We do not need the naturality of this. For an arbitrary function

9

X xI Y

we must show there is a unique function

X2 1=y
eyoF(g) =g

holds. If there is such a function g, then for each z € X, € [ we have

95 (2)(1) = ey (g5(2),9)
= EY(F(Qb)(ﬂU:i))
= (EY o F(gb))(xai) = g(ZE,i)

to show there is at most one such function gslat. Almost the same calculation shows that this
function does make the triangle commute.

For the Top case of Block 5.2.3 we use the same functions, but must show that certain of
them are continuous. This is straight forward. 0J
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5.6 Contravariant adjunctions

5.6.1 (a) This functor occurred in Block 3.3.2 and the exercises there.
(b) For finite subsets a, b of A we have

(a) N (b) = (aUb)

and hence these subsets do form a base for a topology.

(c) For an arbitrary monotone function

A

between poset, the inverse image map

v 2= 4

does send upper sections to upper section, and hence is a function of the indicated type. To
show that ¢ is continuous we show that the inverse image function ¢ sends basic open sets of
T A to basic open sets of T B. Consider any finite subset

a = {al,...,am}
of A. Then, for each ¢ € T B we have

¢ € ¢~ ((a)) < ¢(q) € (a)
= ay,...,am € [(q)
< flar),..., flam) € ¢
— flalSq > q € (fa])
and hence
¢~ ((a)) = (f[al)
which is enough to show that ¢ is continuous.

(d) For an arbitrary poset A and space S we set up an inverse pair of bijections

Pos[A, OS] Top|S, TA]

between the indicated arrow sets.
Consider any monotone function f, as indicated. Let

a€ fo(s) <= s € f(a)

foreach s € Sand a € A. We first check that 7 always returns an upper section of A. Consider
elements a < b of A, and a point s of S. Then, since f is monotone, we have

a€ f7(s) = s € fla) C f(b) = be [7(s)
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to show that f7(s) € T A. Now consider a finite subset

a = {al,...,am}
of A. For each s € S we have

s € f77((a)) <= [f7(s) € (a)
< aC fs)
= ay,...an, € f7(s) <= s fla)N--- flam)

and hence
(@) = fla) N+ fam)

is open (since each f(a;) is open). Thus f7 is continuous.
This gives us an assignment in one direction. To obtain an assignment in the other direction
consider any continuous map ¢, as indicated. Let

s € ¢p%(a) < a € ¢(s)

for each a € A and s € S. We first check that ¢* always returns an open set of .S. Consider
element a € A. Then for each s € S we have

s € ¢p%(a) < a € ¢(s)
> {a} € ¢(s)
= ¢(s) € ({a}) <= s € 97 ({a}))

to show that ¢“(a) is open (since ¢ is continuous). Now consider elements a < b of A. For
each s € S we have

s€¢*(a) =>a € ¢(s) = be p(s) = s € ¢*(b)

to show that ¢“ is monotone.
This gives us the two assignments. We show they form an inverse pair. Consider any
monotone function f, as above. Fora € A, s € S we have

s€ f7%a) <= a € fI(s) <= s € f(a)

to show that f?* = f for one of the inverse properties. A similar calculation shows the other
inverse properties.
(e) For each element a € A let

h(a) = ({a})
that is
pE€h(a) <= acp

for each p € T A. This gives a function
h:A—— O(TA)

and almost trivially it is monotone.
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For each element s € S let (s) be the set of open sets neighbourhoods of s, that is
Uen(s)«<=selU
for each U € OS. This gives a function
n:S——T(OS)

for almost trivially 7)(s) is an upper section of O.S. We need to check that 7 is continuous.
We show that for each basic open set of T(O.S) the inverse image across 7 is open in S.
Each such basic open set has the form

{Ur,.... Un})
for Uy,...,U,, € OS. Thus
Pe{Uy,....U,}) <= Uy,....U,€P
for each upper section P of OS. For each s € S we have

sen™({Ui,...,Un})) <= n(s) € {U,...,Un})
(:>U1,...,Um€7](8)
—selUn---NU,

so that

which is open in S.

(f) So far we have hardly mentioned the required functorality and naturality conditions.
That is because they are ensured by a more general construction. Consider first the material of
Subsection 3.3.2 and Exercise 3.5.2. Let 2 = {0, 1} with the sierpinski topology (that is {1} is
open but {0} is not). Let

=S = ToplS, 2]

the set of continuous characters of S. We partially order =S with the pointwise comparison.
There is an obvious bijection between

(ON) =S
and Exercise 3.5.2 shows that this is natural. Thus the two functors

O.=
! Pos

Top
are naturally equivalent. In particular, we can replace O by the enriched hom-functor = =
TOp [_7 2] :

Now view 2 as a poset with 0 < 1. Let
[IA = Pos[A, 2]

the set of ‘monotone characters’ of A. There is an obvious bijection between

TA ITA
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for we simply match each upper section of A with is characteristic function. We now use the
sierpinski topology on 2 to furnish ITA as a space, the subspace of the product space. We check
that the bijection above is a homeomorphism. Thus we have two functors

T, 11
Pos

Top

and with a little bit of work, we see these are naturally equivalent. In particular, we can replace
O by the enriched hom-functor IT = Pos[—, 2].

The object 2 lives in both categories. It is both a poset and a topological space. It is a
schizophrenic object. Furthermore, it induces both of the functors. With this observation we
can check all the functorality and naturality required for the contravariant adjunction. In fact,
all the calculation can be done down in Set. The details are given in the next exercise. UJ

5.6.2 (a) Consider arrows

S ¢

A AS S GA
from the two arrow sets. These are functions in curried form.
fi:A S * ¢S A *

By uncurrying these are essentially the same as the 2-placed functions

f:AxS * ¢:SxA *

each of which consumes its inputs as a pair rather than one after the other. We chip the order of
these two inputs. Thus we say f and ¢ correspond precisely when

f(a)(s) = (s)(a)

foreacha € A and s € S. I bet you didn’t know that curry and chips are part of the bread and
butter of certain parts of mathematics.

(b) Consider a diagram induced by a Alg-arrow [ and a Spc-arrow \.

f ¢
A Alg[A, S| Spc[S, G A] S
l A(N)o—ol S(l)o—o\ A
B Alg [1£, AT Spe [7\1 GB] T
g ? ¥

Across the top we have a corresponding pair f, ¢ of arrows, that is

fla)(s) = ¢(s)(a)
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for each a € A and s € S. The functors give us a pair g, ¢ of arrows at the bottom. We must
show that these correspond, that is

foreachb € Bandt e T.
We have
AN) =—oA S(l)=—ol

since both 2, & are enriched hom-functors. The two functions
g=ANofol Pp=6()ogpoA
must be matched. For each b € B and ¢ € T we have
g(0) = AN (FUD))) = FUB) 0 A w(t) = 8D (6(A®) ) = S(A(®) o1

so that
g®)(t) = f1B) (MB)  w(B)(b) = (A1) (1(1))
and hence the given correspondence between f, ¢ ensures the required correspondence between
9, -
(c) For A € Alg unit is induced by the identity arrow on G A.

hA idGA

A (Ao &)A GA &

Thus for each
pe BGA thatis p: A—— %

we have
ha(a)(p) = idsa(p)(a) = p(a)
so that h4(a) is ‘evaluation at a’. In the same way
ns(s)(m) = m(s)
foreach s € S'and m € 2AS. O
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Posets and monoid sets

6.1 Posets and complete posets

6.1.1 We show that f has a right adjoint precisely when f preserves suprema, that is

FVX) =V [1X]

for each subset X of S.
Suppose first that f = g, that is

fla) <b <= a<g(b)
forall a € S and b € T'. Consider any subset X C S. For each b € T" we have

JVX) <b<= VX <g(b)
— (Ve X))z <

g(b)]
= (Vo e X)[f(z) <

b <=V fIX] <D
to show that
fFVX) =V f1X]
as required.
Conversely, suppose f does preserve suprema. For each b € T let

gb) =\ X where z€ X < f(z)<b

to produce a function g : 7' —— S. We easily check that g is monotone, and we show that
f g as follows. Consider any b € T with the associated set X. For each a € S we have

fla)<b=a€e X = a<g(b)

to give one of the required implications. For the other we use the preservation property of f.
Thus if

a<gb)=VX
then
fla) < fFVX) =V fIX] <D

as required.
The map f has a left adjoint precisely when it preserves infima. 0

153
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6.2 'Two categories of complete posets

6.2.1 When they exists we have

Vi=L1=AS A0=T=VS

respectively. O

6.2.2 Consider the following 4-element poset.

® [
[ [
The set of two lower nodes has two upper bounds but no supremum. U

6.2.3 We require two implications, but by symmetry it suffices to verify just one of them.
Suppose the poset S has all suprema. We show that S has all infima. Let X be an arbitrary
subset of X. Let ¢(X) be the set of all lower bounds of X. We must show that /(X) has a
largest member.

Since S has all suprema we may take

a=\V{X)
and show that a is the infimum of X. Consider any z € X and y € ¢(X). We have
y<zx

by construction of ¢(X). Letting y range over ¢(X) we see that x is an upper bound of ¢(X),
and hence
a<zx

since a is the least upper bound of ¢(X'). Letting x range over X this shows that a € ¢(X), as
required. O

6.2.4 We use two subsets of the reals as posets. We draw these sets pointing upwards, with
larger number in higher positions. Consider the following two posets.

S T
) 3 °
) 2
° 1
° 0 °

On the right we have all the real numbers from O to 3 including these two end points. This poset
T is complete (by the Dedekind completeness of the reals). On the left we omit the central
third, we include 1 but exclude 2. This poset S is also complete. The only problem is to find
the infimum of its top half. That infimum is 1, whereas the infimum of the corresponding set
in 7" is 2. This observation shows that the inclusion of S into 7" is a \/-morphisms but not a
/\-morphism. O
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6.3 Sections of a poset

6.3.1 Let X' be any family of lower sections of the poset S. We show that each of | J A and
() X is a lower section.

Considerany a <z € [JX. Wehavea < z € X forsome X € X. Butnowa € X C X
to givea € |J X.

Consider any a < x € (| X, and consider any X € X. We have a < z € X, sothata € X,
and hence a € [ X.

Consider any lower section X and any x € X. We have | x C X, so that

U{lz|ze X} CX
and the converse inclusion is immediate. U
6.3.2 For a, b in the parent poset we have
a<b=—=a€ b= laC |b a<b=becla= TbC Ja

to show that 77 is monotone, but a —— Ta is antitone. Taking complements is antitone, so 7"
is monotone. 0

6.4 The two completions

6.4.1 For the second part we have

ye(1X) —=y¢l X
= (I)[r e X &z <y
— (Va)r e X =z £y

" v e NIX] <= (W)fz € X = y € 7'(2)]
— (Vo)[zr € X =y € 1(x)]
— (Va)[lr € X =z £y
for the required result. U

6.4.2 For the second part consider any Y € £S and let X = Y’ so that
11X =Y

to give
Y =(1X) =Nn"[X]
by Exercise 6.4.1. Thus, assuming that g, h are /\-morphisms, we have
9(Y) = g(Nn"[X]) = Alg o n")[X]
W(Y) = h(Nn'[X]) = A(hon")[X]

which leads to the required result. 0
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6.4.3 We deal with the V-version, in other words we show
F(NX) = AFA]

foreach X C LS.
Remembering this definition of this f ¢ foreach t € T we have

t< fANX) =t <AF[(NX)]
— (Vse S)[se (N ) =t < f(s)]
— (VseS)[t£ f(s)=se (NX)]
— (Vs e S)(VX e X)[t £ f(s) = s € X]
" LS P = (9X € 2 < F(X)
— (VX € X)(Vs€ S)[s ¢ X =t < f(s)]
— (VX e X)(Vs e )t £ f(s) = s € X]
which gives the required result. O

6.5 Three endofunctors on Pos

6.5.1 In each case the 3-version is straight forward but the V-version need a little more care.
To produce the explicit description of V( f)(X) we remember how to take a negation through
quantifiers and connectives. We have

beV(f)(X) b ¢ 1f[X]
= ﬂ[b € 1/[X7]]
—(Jz e S)x e X' & f(b) < z]
<:>—|(E|x€S)[:c¢X&f() ]
— (Ve e S)re X = f(b) <z

as required.

To show that V(f) is monotone consider lower sections X; C X, of S. For each b €
V(f)(X;) and x € S we have

fz)<b=z2e X, =10€X,

to verify that b € V(f)(X2). The required implication also follows directly from the definition

of V(f).

To show that V is a functor consider any pair

g

R S

of monotone maps between posets. We require

V(fog)=V(f)oV(g)
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that is
V(f o g)(X) =Y(f) o ¥(g)(X)
for all X € LR. Unravelling the definition we see that
1(f o)X= 1/1g[X"]]

is required. Consider any ¢ € T f[Tg[X’]]. We have f(b) < ¢ for some b € Tg[X’] which gives
g(a) < bfor some a € X'. Then

flgla)) < f(b) < ¢

to show that
c €V(fog)(X)
and so obtain one of the two required inclusions.
The other inclusion follows by a similar argument. 0

6.5.2 A proof of the left hand equivalence is straight forward.
For the right hand equivalence consider any X € £S and Y € LT. Then

Y CV(N)(X) =Y < (1/IXT])
= 1fXcy
— fX7cy
— VrelS)reX = f(z) Y]
— (Ve e 9)[f(z)eY =z € X]
— MVreS)ref~YV)=2reX|—= f(Y)CX

as required. 0

6.6 Long strings of adjunctions
6.6.1 There are many possible examples all with small posets. For instance we have
ANO =0 VAHO) = (1£15)
so if Tf[S] is not the whole of 7" then the two induced maps are different. Thus
S / T

o——— o

is a very small example. [

6.6.2 ForY € LT and a € S we have
a€Ig)(Y) = FyeT)a<gly) &yeY]
= (WeT)|fla)<y&kyeY]
<~ f(a) €Y <~ acl(f)Y)
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to show 3(g) = I(f).
For X € £S5 and b € T we have

beV(f)(X) <= (Ve e 9)[f(x) <b=x e X]
— (Vx € S)[x < g(b) =z € X|
= g(b) e X = bel(g)(X)

to show V(f) = 1(g). O

6.6.3 You will probably find that the components are listed the other way up with a left adjoint
below its right adjoint. Show

n+1 n+1 n+1
o ol A4

i+1
and
Aop) = oy (o) = ot
) = oy V(o) = ot
for all 0 < ¢ < n. This is a bit fiddly, but not difficult. U

6.7 Two adjunctions for R-sets

6.7.1 (a) Let R = {41} under multiplication. For an R-set A let

for each a € A.
(b) Let R = {1, 0} under multiplication. For an R-set A let

a® = al

foreacha € A.
(c) Let R = {+1, £4} under multiplication. For an R-set A let

for each a € A.
(d) With w? = 1 let R = {1,w, w?} under multiplication. For an R-set A let

° . 2

a = aw a = aw

for each a € A.

Other roots of unity give many other examples of this kind. These algebras usually need
more than two carried 1-placed operations. As a bit of entertainment look for a description
using ¥*? = 1. O
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6.8 The upper left adjoint

6.8.1 We require

((z,7)s)t = (x,7)(st)
for all € X and r, s,t € R. However, since R is associative, we see that both sides evaluate to
(x, rst) for the required result. O

6.8.2 For an arbitrary function

we require

¥(g)

XY XX

to be a morphism, that is
2(9)((y,7)s) = (B(9)(y,7))s
foreachy € Y and r, s € R. But, remembering how XY and >.X are structured, we have

%(9)((y,7)s) = Z(g)(y.rs) = (9(y).rs) = ((9(y).r))s = (Z(g)(y,7))s

as required.
We also require that the arrow assignment X passes across composition, that is

Y(hog)=3(h)o%(g)

for each pair

A Y X

of composible sets. By evaluating at an arbitrary pair (z,7) € X7, we see that this is almost
immediate. UJ

6.8.3 Consider any morphism

2X A

to an arbitrary R-set. We have
(z,r) = nx(z)r
for each (z,r) € XX, and hence

f((w,r)) = flnx(@)r) = f(nx(x))r = (fonx)(@)r

since f is a morphism.
Applying this observation to a parallel pair of morphisms gives the required result. U
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6.8.4 We have seen that there is only one possible function g*, that given by
G (x,r) = g()r
forx € X and r € R. Since
(9° o nx)(x) = ¢ (nx (2)) = ¢*(2,1) = g(2)1 = g(x)

we see that this function does make the triangle commute (in Set). Thus it suffices to show that
¢* is a morphism.
We require

7 ((x,1)s) = ¢*(z,7)s

for each z € X and r, s € R. Remembering the way >.X is structured we have

gﬁ((x, r)s) = gﬁ(:v,rs) =g(z)rs = (g(a:)r)s = ¢*(z,7)s
as required. O

6.8.5 For an arbitrary function

Y X
we apply Theorem 6.8.5 to the composite
y —4 o x M oy

to obtain (g). Thus X(g) is the unique morphism for which the square

y —9 . x
Ny \UX %(g) = (nx 09)ﬁ
Y » X

commutes. This is defined in equational form on the right. Evaluating at an arbitrary (y,r) €
2Y we have

2(9)(y,7) = (1x 0 9)*(y,7)
= (nx o g)(y)r
=nx(9(y))r
= (g(y), )r = (9(y),7)

which agrees with Definition 6.8.2. At the last step of this calculation we remember how >.X
is structured. U
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6.8.6 As in the subsection, we must show that
nx og=23%(g)ony

where

Y X

is an arbitrary function. To do that we evaluate both sides at an arbitrary y € Y. We have

(nx © 9)(y) = nx(9(v)) = (9(v), 1)

and
(Z(g) omy) (W) =2(9) (nyv (v)) = 2(9)(y,1) = (9(»),1)

to give the required result. 0

6.8.7 We require
ea((a,r)s) = (eala,r))s
foreacha € Aandr,s € R. But
ea((a,r)s) = eala,rs) = a(rs) (ea(a,r))s = (ar)s
so it suffices to remember that A is an R-set. 0

6.8.8 As in the subsection, we must show that

epoX(f)=foeu
where

f

A b

is an arbitrary morphism. To do that we evaluate both sides at an arbitrary (a,7) € 3 A. We
have

(eroX(f))(a,r) = eg(2(f)(a, 7)) = ep(f(a),r) = fla)r
and

f( o 6A) (a,?“) = f(EA((I, T)) = f(CLT)

so remembering that f is a morphism gives the required result. U
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6.8.9 For a given morphism

DX

suppose there is a function

X

A suchthat €40X(g) = f
holds. For each (z,r) € ¥.X we have

(ea0X(g))(x,7) = ea(E(9)(x, 7)) = ealg(x), ) = g(z)r
to give
g(x)r = f(z,r)
for each such x and r. In particular, we have

g9(x) = f(z,1)

to show there is at most one such function g.
It suffices to show that this particular function does make the triangle commute.
For this function ¢ we have

(€a0X(9)) (z,7) = gla)r = f(z, )r = f(a.7)

where at the last step we remember that f is a morphism and the way that > X is structured. [

6.9 The upper adjunction

6.9.1 Consider first the composite

by
sx =) 5o ponyxy X sy
on ».X. We must show that this is the identity function on >.X.
For each
(x,7) € ¥X
we have
E(UX)<377 T) = (77X(x)7 T)
where

nx(z) = (z,1)
by the definitions of X and 7. Thus

(esx © X(nx)) (2, 7) = exx(nx (x),7) = nx (2)r
by the definition of 7. We now remember the action on XX to get
(EEX © 2(77)())(377 r) =nx(x)r = (z,)r = (z,7)

for the required result.
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Next consider the composite

U
UA—A L ovora L) g

on U A. In terms of functions he two components are

A—"1 x4 SA— A

ab————(a,1) (a,7) ——— ar
so the composite is

7 .ya— % .4
at (a, 1)1 al =a

the identity on A, as required. O

6.9.2 For an arbitrary function

and z € X we have

(€4 03(9)) (z) = ea(B(g)(2)) = ealg(z),r) = g(a)r

which agrees with the suggested g*.
For an arbitrary function

X xR A

and (z,7) € X x R we have

(U<f) © 77X) (l’, T) = f(UX(SUaT)) = f(l’, 1)
which agrees with the suggested f,. 0

6.9.3 Remembering how > X is structured, we require

(gﬁ(xﬂ T))S = gjj ((Iv T)‘S)

foreachz € X andr, s € R. But

(¢ (z,1)s = (g(x)r)s g ((x,r)s)g(z,75) = g(2)(rs)

so that fact that the target of g is an R-set gives the required result. U



164 6. Posets and monoid sets

6.9.4 For an arbitrary function

x—9 .4
the equality
d=9
is almost trivial.
For an arbitrary morphism
2X / A

and (z,7) € ¥X we have
£¥(z,7) = filx)r = f(z,1)r = f((x, 1)7“) = f(z,7)
as required. At the last two steps remember that f is a morphism and how ¥ X is structured. [

6.9.5 For (f) we must show that

(U(l) ogok)jj = (logTj oE(k))

for each pair £, g of functions and morphism [, as indicated in the section. To do that we evaluate
both sides at an arbitrary (y,7) € XY Using the definition of (-)* we have

Uy ogok)i(y,r) = (logok)(y)r=1((gok)(y)r=1((gok)(y)r)

since [ is a morphism. We also have

(l ogfo E(k))(y, r)=(log (Z(k‘)(y,r))
= (log")(k(y),r)
= z(gﬁ(k(y)ﬂ")) = l(Q(’ﬂ(y))T)

to give the required result.
For (D) we must show

(lofbok):(lofox(k))b

for each function & and pair f, [ of morphisms, as indicated in the section. To do that we evaluate
both sides at an arbitrary y € Y. Using the definition of (-), and > we have

(Lo fyo k) () =1 (kW) ) =1(F (k) 1)) = (L0 1) (k(y),1)

and

(lofoX(k)),(y) = (lofoX(k))(y,1)

to give the required result. U
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6.10 The lower right adjoint

6.10.1 We require
(h?")s — hT‘S

for each function h : R — X and r, s € R. But for each r, s,t € R we have
(h")*(t) = h"(st) = h(r(st)) = h((rs)t) = h"(t).
for the required result. 0

6.10.2 For each pair of functions

R X

we require
[I(g)(h") = (T(g)(h))"
that is
goh” =(goh)

for each r € R. But for each r, s € R we have
(goh")(s) = g(h(s)) = g(h(rs)) = (goh)(rs) = (g0 h)"(s)
for the required result. O
6.10.3 Remembering how I1A is structured we require
na(as) = na(a)®
for each a € A and s € R. To verify this we evaluate both sides at an arbitrary » € R. Thus
na(as)(r) = (as)r = a(sr) = na(a)(sr) = nala)*(r)
as required. O
6.10.4 Referring to the diagram we require
npo f=1I(f)ona
for an arbitrary morphisms f, as in the section. Thus we require
ne(f(a)) =1(f)(n4(a))
for each a € A. Remembering the definition of II this is
s (f(a)) = fonala)
so we evaluate both sides at an arbitrary » € R. We have
ne(f(@)(r) = fla)r  (fonala))(r) = f(na(r)) = f(ar)

so that remembering that f is a morphism gives the required result. 0
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6.10.5 It suffices to show that the composite

TI(f*) 0 1a

is the given morphism f. To do that we first evaluate at an arbitrary a € A. This gives

(TI(f*) o na) (a) = TI(f*) (na(a)) = f*onala)

A, so we evaluate at an arbitrary € R to

by the construction of II. This is a function R
get
(I(f%) o ma)(a)(r) = fF(na(a)(r)) = fi(ar) = f(ar)(1)
by the construction of f*.
We now remember that f is a morphism, and the way ILX is structured. Thus

(I(f%) o ma)(a)(r) = f(ar)(1) = f(a)'(1) = f(a)(r1) = f(a)(r)
to give the required result. 0

6.10.6 Consider any morphism

A X

from an R-sets to a cofree R-set. Remembering how 11X is structured we have
k(a)(r) = k(a)(rl) = k(a)" (1) = k(ar)(1) = (eX o k) (ar)
where the third equality holds since k is a morphism. 0

6.10.7 We require
ey oll(g) =goex

for an arbitrary function

X Y

between sets. To verify this we evaluate at an arbitrary function h : R — X. Thus

(ev o II(g)) (h) = ey (I(g)(h))
=¢€y(goh)
= (goh)(1)
= g(h(1))
= g(ey(h)) = (goex)(h)

for the required result. 0
6.10.8 Consider the 2-step function g, given by

g»(a)(r) = g(ar)

foreacha € A and r € R. We have

(ex 0 9)(a) = ex(gp(a)) = gp(a)(1) = g(a)
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so the triangle does commute. It remains to show that g, is a morphism.
Remembering the way I1.X is structured, we require

g(ar) = gy(a)"
for each a € A and r € R. To check this we evaluate both sides at an arbitrary s € R. Thus
grlar)(s) = g((ar)s)  g5(a)"(s) = go(a)(rs) = g(a(rs))

which, since A is an R-set, gives the required result. O

6.11 The lower adjunction

6.11.1 For each a € A we have

(enaoU(na))(a) = ena(nala)) =na(a)(1) =al = a

to verify the left hand equality.
For each function i : R — X we have

(I(ex) o nux) (h) = M(ex) (nux (k) = ex © nux(h)

and we must show that this is just the function h. To do that we evaluate at an arbitrary r € R.
Thus

(M(ex) o mx ) (h)(r) = ex (mx (h)(r)) = ex (h") = h"(1) = h(r)

to give the required result. 0

6.11.2 For the left hand equality we evaluate the compound

f

€X

A 19,4 X

at an arbitrary a € A. Thus

(ex 0 f)(a) = ex(f(a)) = f(a)(1)
as required.
For the right hand equality we first observe that the compound

II(g)

AL o)A X

is a 2-step function
A— R— X

so we evaluate first at a € A and then at » € R. Thus we obtain
(TI(g) 0 na)(a) = 1I(g) (nala)) = g o na)(a)

followed by
(I(g) © na)(a)(r) = g(na(a)(r)) = g(ar)

for the required result. O
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6.11.3 For each morphism

we require
that is

foreach a € A and r € R. But we have

fola)(r) = filar) = flar)(1) = f(a)" (1) = f(a)(r1) = f(a)(r)

as required. At the final couple of steps we remember that f is a morphism and how IL.X is
structured.
For each function

we require
that is

for each ¢ € A. But we have

as required. U
6.11.4 For the given function g we require
gp(ar) = gy(a)"
for each a € A and r € R. To verify this we evaluate both sides at an arbitrary s € R. Thus
glar)(s) = g((ar)s)  gy(a)(s) = gs(a)(rs) = g(a(rs))

to give the required result. U
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6.11.5 To prove
(Il(l) o f o /{;)ti = (lo ffoU(k))

it is convenient to set

m=(fok)
so that m is a morphism. For each b € B we have
(TH(2) o f 0 k) () = (T(1) o m)*(0) (10 f*o U(R)) () = 1 fH(k(2)))
= (I1(1) o m) (8)(1) = 1(f (k) (1)
= T1(1) (m (b)) (1) — 1(m(b)(1))
= (Lom(®) (1) = (Lom(®)(1)

to give the required result.

To prove
M(l)og, ok = (logoU(k)),

it is convenient to set
n=(log)

so that n is a mere function. For each b € B we have
(11(1) 0 g, 0 k) (6) = T1(1) (95 (k1)) ) = L0 (s (K (1))
and hence for each r € R we have
(1101) 0 9 0 ) (1) (lo ( ( )))
= l( <k<b>r>) = n(k(b)r)
to evaluate the left hand side. In a similar way, for the right hand side we have

(logoU(K)),()(r) = (nok)(br) = n(k(br)

which, since £ is a morphism, gives the required result. 0J



