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CATEGORIES ENRICHED OVER A QUANTALOID: ISBELL
ADJUNCTIONS AND KAN ADJUNCTIONS

LILI SHEN AND DEXUE ZHANG

ABSTRACT. Each distributor between categories enriched over a small quantaloid Q
gives rise to two adjunctions between the categories of contravariant and covariant
presheaves, and hence to two monads. These two adjunctions are respectively general-
izations of Isbell adjunctions and Kan extensions in category theory. It is proved that
these two processes are functorial with infomorphisms playing as morphisms between
distributors; and that the free cocompletion functor of Q-categories factors through
both of these functors.

1. Introduction

A quantaloid [Ros1996, [Stu2005] is a category enriched over the symmetric monoidal
closed category consisting of complete lattices and join-preserving functions. Since a
quantaloid Q is a closed and locally complete bicategory, one can develop a theory of
categories enriched over @ [Ben1967]. It should be stressed, that for such categories,
coherence issues will not be a concern in most cases. For an overview of this theory the
reader is referred to [Hey2010, HS2011} [Stu2005, [Stu2006].

This paper is concerned with an extension of Isbell adjunctions and Kan extensions
for Q-categories. In order to state the question clearly, we recall here Isbell adjunctions
and Kan extensions in category theory.

Let A be a small category. The Isbell adjunction (or Isbell conjugacy) refers to the
adjunction between Set*”” and (Set*)°P arising from the Yoneda embedding Y : A —
Set®” and the co-Yoneda embedding YT : A — (Set*)°P. Given a functor F : A — B
between small categories, composition with F induces a functor —o F' : Set®” — Set™.
The functor — o F' has both a left and a right adjoint, called respectively the left and
the right Kan extension of F. Isbell adjunctions and Kan extensions have also been
considered for categories enriched over a symmetric monoidal closed category [Bor1994,
DL.2007, [Kel1982, [KS2005, |Law1973, Law1986].

In this paper, it is shown that for a small quantaloid Q, each Q-distributor ¢ : A —e— B
between Q-categories induces two adjunctions:

¢r 1 ¢t PA — P'B (1)
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and
¢" 1 ¢ : PB — PA, (2)
where PA and PTA are the counterparts of Set®” and (Set”)°P, respectively.
If ¢ is the identity distributor on A, then the adjunction ¢4 - ¢* reduces to the Isbell
adjunction in [Stu2005|. Given a Q-functor F': A — B, consider the graph F, : A = B
and the cograph F* : B —e—+ A. Then it holds that (Theorem [5.4)

(F5) A (FF). = F© = (F)" 4 (F),

where F'< : PB — PA is the counterpart of the functor — o F' for Q-categories.

Therefore, the adjunctions (1)) and (2) extend the fundamental construction of Isbell
adjunctions and Kan extensions, so, they will be called Isbell adjunctions and Kan ad-
junctions by abuse of language. This paper is mainly concerned with the functoriality of
these constructions.

For each Q-distributor ¢ : A —e— B, the related Isbell adjunction and Kan adjunction
give rise to a monad ¢* o ¢ on PA (called a closure operator on A in this paper) and a
monad ¢, o ¢* on PB, respectively. The correspondence

(¢:A-o2B) = (A ¢ 0ey)

is functorial from the category of Q-distributors and infomorphisms (defined below) to
that of Q-closure spaces (a Q-category together with a closure operator) and continuous
functors; and the correspondence

(p: A —->B) — (B, ¢.00")

defines a contravariant functor from the category of Q-distributors and infomorphisms to
that of Q-closure spaces. Furthermore, the fixed points of the closure operator ¢+ o ¢y :
PA — PA (or equivalently, all the algebras if we consider ¢*o ¢, as a monad) constitute
a complete Q-category M (¢); the fixed points of the closure operator ¢, 0¢* : PB — PB
also constitute a complete Q-category KC(¢). Thus, each distributor ¢ : A —e— B generates
two complete Q-categories: M(¢) and K(¢). It will be shown that M is functorial and
IC contravariant functorial from the category of Q-distributors and infomorphisms to that
of complete O-categories and left adjoints. Moreover, the free cocompletion functor P of
Q-categories factors through both M and K.

It should be pointed out that some conclusions in this paper have been proved, in the
circumstance of concept lattices, in [SZ2013] for discrete Q-categories in the case that Q
is an one-object quantaloid, i.e., a unital quantale. The situation dealt with here is much
more involved, and the method developed here allows for a wide range of applicability.

2. Categories enriched over a quantaloid

The theory of categories enriched over a quantaloid has been studied systematically in
[Stu2005, [Stu2006|. In this section, we recall some basic concepts and fix some notations
that will be used in the sequel.
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Complete lattices and join-preserving functions constitute a symmetric monoidal closed
category Sup. A quantaloid Q is a Sup-enriched category [Ros1996, Stu2005]. Explicitly,
a quantaloid Q is a category with a class of objects Qg such that Q(A, B) is a complete
lattice for all A, B € Qp, and the composition o of morphisms preserves joins in both
variables, i.e.,

go (\/f) z\/(Qsz') and (\/gj) sz\/(gjOf)

for all f,fi € Q(A,B) and g,9; € Q(B,C). The complete lattice Q(A, B) has a top
element T 4 p and a bottom element 1 4 p.

In this paper, Q is always assumed to be a small quantaloid, i.e., Qg is a set.

For each X € Qj and f € Q(A, B), both functions

_OfQ(BvX) — Q(AaX) :g'—>gOf,
fO— : Q(XuA) — Q(X7B) :g'_>fog
have respective right adjoints:

f\—:Q(X,B)—>Q(X,A):gr—>f\g.

The operators /" and \, are respectively the left and right implications.

A Q-category [Stu2005] A consists of a set Ay equipped with a map t : Ay — Qp :
x +— tx (tr is called the type of x and Ag is called a Q-typed set) and hom-arrows
A(z,y) € Q(tz, ty) such that

(1) 1y < Az, z) for all x € Ay;
(2) Ay, z) o A(z,y) < Az, 2) for all x,y, 2z € A,.

A Q-functor [Stu2005] F : A — B between Q-categories is a map F' : Ag — By such
that

(1) Fis type-preserving in the sense that Vo € Ay, tx = t(Fx);
(2) Vz,2' € Ay, A(z,2") <B(Fz, Fa').

A O-functor F' : A — B is fully faithful it A(x,2") = B(Fz, Fa') for all z,2’" € Ay.
Bijective fully faithful Q-functors are exactly the isomorphisms in the category Q-Cat of
O-categories and Q-functors.

A Q-category B is a (full) Q-subcategory of A if By is a subset of Ay and B(z,y) =
A(z,y) for all z,y € By.

Given a Q-category A, there is a natural underlying preorder < on A,. For x,y € Ay,
x <y if and only if they are of the same type tz =ty = A and 14 < A(x,y). Two objects
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x,y in A are isomorphicif x <y and y < z, written x = y. A is skeletal if no two different
objects in A are isomorphic.
The underlying preorders on Q-categories induce an order between Q-functors:

F<G:A—B < Vrely) Fr<Grin B,.

Wedenote F2G: A —Bif F<Gand G<F.

A pair of Q-functors F' : A — B and G : B — A form an adjunction [Stu2005],
written FF 4G : A =B, if 1, < Go F and F'o G < 1g, where 1, and 1 are respectively
the identity O-functors on A and B. In this case, F' is called a left adjoint of G and G a
right adjoint of F'.

A Q-distributor [Stu2005] ¢ : A —e— B between Q-categories is a map that assigns to
each pair (z,y) € Ay X By a morphism ¢(z,y) € Q(tz, ty) in Q, such that

(1) Vi € AO? vy??/ € BO? B(?/??J) o ¢(l’,y,) < ¢(l’,y),
(2) VQS', x' € AO) Vy € B(b Qb(l'/,y) ° A(l‘,I‘/) < qb(l’,y)
Q-categories and Q-distributors constitute a quantaloid Q-Dist [Stu2005]| in which

e the local order is defined pointwise, i.e., for Q-distributors ¢,y : A —o— B,

(b S ¢ <~ Vo € AOavy € BO:¢($7y) S 7/J($,y);

e the composition 1) o ¢ : A —— C of Q-distributors ¢ : A —e— B and ¢ : B e~ C is
given by
Va € A, Vz € Co, (Yo ¢)(z,2) = \/ ¥(y,2) 0 d(,y);

y€Bo

e the identity O-distributor on a Q-category A is the hom-arrows of A and will be
denoted by A : A e A;

o for Q-distributors ¢ : A o= B, ¢ : B —e— C and n : A —e— C, the left implication
1y ¢ : B —— C and the right implication ¢ \ 7 : A —=— B are given by

Vy € Bo,Vz € Co, (1 0)(y,2) = N\ n(z.2) " 6(x,y)

€A

and

Vo € Ao, Vy € By, (1 \um)(z,9) = N ¢(y,2) \en(, 2).

2€Co

An adjunction [Stu2005] in a quantaloid Q, f ¢ : A — B in symbols, is a pair of
morphisms f: A — Band g: B — Ain Q such that 1, < go f and fog < 1p.
In this case, f is a left adjoint of g and g a right adjoint of f. In particular, a pair of
Q-distributors ¢ : A —e— B and ¢ : B —e— A form an adjunction ¢ 4 : A — B in the
quantaloid Q-Dist if A <o ¢ and oy <B.
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Every QO-functor F' : A — B induces an adjunction Fj - F%: A — B in O-Dist
with F(z,y) = B(Fz,y) and Fi(y,z) = B(y, Fz) for all x € Ay and y € B;. The O-
distributors F, : A e+ B and F* : B -+ A are called the graph and cograph of F,
respectively.

2.1. PROPOSITION. [Hey2010] If f 4 g : A — B in a quantaloid Q, then the following
identities hold for all Q-arrows h,h’ whenever the compositions and implications make
sense:

(1) hof=hy g, goh=f\ h.

(2) (foh) Nh' =h~\ (goh), (Wof), h=N, (hog).
(3) (W h)of=h~\ (Wof),goW, h)=(goh) h.
(4

) go(h™\h)=(hof) DM, (M h)of=H, (g0h).
The identities in Proposition [2.1] will be frequently applied in the next sections to the
adjunction Fj, 4 F#: A =~ B mduced by a O-functor F : A — B.

2.2. PROPOSITION. [Stu2005| Let F': A — B and G : B — A be a pair of Q-functors.
The following conditions are equivalent:

(1) F4G: A —B.

(2) F, =B(F—,—) = A(—,G—) = G".
(3) GH%FH B — A in Q-Dist.

(4) G4 F*: A = B in Q-Dist.

2.3. PROPOSITION. Let F': A — B be a O-functor.
(1) If F is fully faithful, then F"o F, = A.
(2) If F is essentially surjective in the sense that there is some x € Ay such that Fxz = y
in B for all y € By, then F,o F* =B.
PROOF. (1) If F is fully faithful, then for all x, 2" € Ay,
(Ffo Fy)(x,2') = \/ B(y, F2') o B(Fx,y) = B(Fx, Fa') = A(x,2').
y€Bo

(2) If F is essentially surjective, then for all y, 3’ € By, there is some x € Ay such that
Fa =y, Thus

(Fyo F*)(y,y) = \/ B(Fa,y') o By, Fa)

acho
> B(Fz,y') o B(y, Fx)
=B(y,y) o B(y,y)
> B(y,y).
Since Fj o F % < B holds trivially, it follows that F}, o F’ T =B. m



582 LILI SHEN AND DEXUE ZHANG

Following [Stu2005], for each X € Qq, write xx for the Q-category with only one
object * of type tx = X and hom-arrow 1.

A contravariant presheaf [Stu2005] on a Q-category A is a Q-distributor p : A —e— *x
with X € Qy. Contravariant presheaves on a Q-category A constitute a Q-category PA
in which

tp=X and PA(u,\)=\/pu
for all g : A —e— xx and A : A —e— %y in (PA),.

Dually, a covariant presheaf on a Q-category A is a O-distributor p : *x —e— A.
Covariant presheaves on A constitute a Q-category PTA in which

tu=X and PA(u, ) =X\ p

for all p:*xxy —o— A and X : %y —o— A.
In particular, we denote P(*x) = PX and Pi(xx) = PTX for each X € Q.

2.4. REMARK. For each Q-category A, it follows from the definition that the underlying
preorder in PA coincides with the local order in Q-Dist, while the underlying preorder
in PTA is the reverse local order in Q-Dist. That is to say, for all x4, A\ € PTA, we have

p<Xin (PTA)y < X < pin Q-Dist.

In order to get rid of the confusion about the symbol <, from now on we make the
convention that the symbol < between OQ-distributors always denotes the local order in
O-Dist if not otherwise specified.

Given a Q-category A and a € A, write Ya for the Q-distributor
A - %y, = A(z,0);
write Yfa for the Q-distributor
kg o> A, x> Aa,x).
The following lemma implies that both Y : A — PA,a — Ya and YI : A —

PTA, a — Y'a are fully faithful O-functors (hence embeddings if A is skeletal). Thus, Y
and YT are called respectively the Yoneda embedding and the co- Yoneda embedding.

2.5. LEMMA. [Yoneda] [Stu2005] PA(Ya,u) = u(a) and PTAN,YTa) = Aa) for all
a € Ay, it € PA and X € PTA.

For each Q-distributor ¢ : A e B and =z € Ay, y € By, write ¢(x,—) for the O-
distributor ¢ o Y:&x Dk —o— A —e— B; and write ¢(—,y) for the Q-distributor Ygy o ¢ :
A —— B —e—+ x4, Then the Yoneda lemma can be phrased as the commutativity of the
following diagrams:

_ T —
’PAM*W fp’rAZ_Aé(AH’)*tA

Yh (YT)N
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That is, u = PA(Y—,p) and A = PTA(N, YT-).

2.6. REMARK. Given Q-distributors ¢ : A o= B, ) : B —e— C and n : A —e— C, one can
form Q-distributors such as ¢(x, —),n " &,n \( ¥(y, —), etc. We list here some basic
formulas related to these O-distributors that will be used in the sequel.

Vo € Ag,Vz € Cy, (¢ 0 @) (z,2) = ¥(—, 2) o ¢p(x, —);

Vo € AO? (1/} © (b)(xa _) = dj © ¢(I, _);
Yy € Bo, (0 &)y, —) =1 é(—,y);

Vo € Ay, Vy € Bo, (¥ N n) (2, y) = ¥(y, —) e n(z, —).

For a Q-functor F' : A — B between O-categories, define Q-functors F~ : PA —
PB and F< : PB — PA by F~(u) = o F* and F*=(\) = Ao F,. Then

F7H4F :PA—~PB
in Q-Cat. For all A € PB and x € Ay, it can be verified that
FT(\)(z) = MFz) € Q(tx, tA). (3)

Dually, we may also define Q-functors F'~ : PTA — P'B and F* : P'B — PTA by
F~(u) = F,opand F<()\) = Ffo \. Then

FEAF”:PB—~PA
in Q-Cat. For all A € P'B and z € A, it can be verified that
FT(\)(x) = M Fx) € Q(t\, tx). (4)

Note that the symbol F is used for both of the Q-functors PA — PB and PA —
PTB. This should cause no confusion since it can be easily detected from the context
which one it stands for. So is the symbol F*.

We would like to stress that

p<FToF7(u) and F7oF“(\) <A (5)
for all © € PA and A\ € PB; whereas
v<FT"oF7(v) and F7oF"(y) <~y (6)

for all v € PTA and v € P'B by Remark .
For a Q-functor F' : A — B and a contravariant presheaf u € PA, the colimit of F
weighted by p [Stu2005] is an object colim, F' € By (necessarily of type tu) such that

B(colim,F, —) = F, /" p.
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Dually, for a covariant presheaf A € PTA, the limit of F' weighted by X is an object
limy F' € By (necessarily of type tA) such that

B(—, limyF) = A\, F*.

A Q-category B is cocomplete (resp. complete) if colim,F' (resp. limy F') exists for
each Q-functor F': A — B and u € PA (resp. A € PTA).

In particular, for a Q-category A and pu € PA (resp. A € PTA), the colimit colim, 1,
(the limit limy1,, resp.) exists if there is some a € Aq such that

Ala,—)=A/ pu (resp. A(—,a) = A\ A).

In this case, we say that a is a supremum of u (resp. an infimum of X\), and denote it
by sup p (resp. inf ). Note that for any O-functor F' : A — B and pu € PA (resp.
A € PTA),

colim, F' = supgF'~ (i) (resp. imyF = infg F"7 (X))

when it exists.

Let A be a Q-category. For & € Ay and f € P(tz) (resp. f € Pi(tx)), the tensor
(resp. cotensor) [Stu2006] of f and z, denoted by f ® z (resp. fr—=), is an object in A,
of type t(f ® ) = tf (resp. t(f—x) =tf) such that

Alf @z, =) =Alz, =)/ [ (tesp. A(—, froz) = [\ A(=, 7).

For z € Ay and f € P(tzx), it is easily seen that the tensor f ® x is exactly the
supremum of f o Yz € PA if it exists. Dually, for y € Ay and g € PT(ty), the cotensor
g1 is the infimum of YTy o g € PTA if it exists.

A OQ-category A is said to be tensored (resp. cotensored) if the tensor f ® x (resp. the
cotensor f— z) exists for all choices of x and f.

2.7. EXAMPLE. Let A be a Q-category.
(1) PA is a tensored and cotensored Q-category in which
fOup=rfop, g—p=g\p
for all 4 € PA and f € P(tu), g € Pi(tp).
(2) PTA is a tensored and cotensored Q-category in which
R AX=AS[f, g—=A=Xog

for all A € PTA and f € P(t)), g € PI(t)).
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Let A be a Q-category and X € Qy. The objects in A with type X constitute a subset
of the underlying preordered set Ay and we denote it by Ax. A Q-category A is said to
be order-complete |Stu2006| if each Ay admits all joins in the underlying preorder.

For each subset {z;} C Ay, if the join (resp. meet) of {z;} in Ay exists, then

\/xi = sup\/Yxi (resp. /\gvZ = inf/\YTxZ),

where \/:L‘Z and /\31:Z denote respectively the join and the meet in Ax; \/Y:L‘i denotes
the join in (PA)x and /\YTxZ- the meet in (PTA)x.
2.8. THEOREM. [Stu2005, Stu2006| For a Q-category A, the following conditions are
equivalent:

(1) A is complete.
2

A is cocomplete.

3) A s tensored, cotensored, and order-complete.

5

)
)
4) FEach p € PA has a supremum.
) Y has a left adjoint in Q-Cat, given by sup : PA — A.
)

(
(
(
(
(6) Each X\ € PTA has an infimum.

(7) YT has a right adjoint in Q-Cat, given by inf : PTA — A.
In this case, for each u € PA and \ € PTA,

swpp = \/ (pl@) @), nfA= A\ (\a)—a)

a€hp a€ho
where \/ and /\ denote respectively the join in Ay, and the meet in Ayy.

2.9. EXAMPLE. Let A be a Q-category.

(1) PA is a complete Q-category in which

sup P = \/ P(p)op=>oo (YA)h

HEPA
[0
,PA ——> ¥Xp

(Ya)y
sup ¢

A
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for all & € P(PA) [Stu2005] and

inf W =\ W) \op =0\ (Ya),

HEPA

for all U € PT(PA), i.e., inf ¥ is the largest Q-distributor p : A —e— ;5 such that
o< (Ya)

(2) PTA is a complete Q-category in which
sup® = (Y)F /@ and inf¥ = (Y)ioW
for all ® € P(PTA) and ¥ € PH(PTA).

In particular, PX and P'X are both complete Q-categories for all X € Q.

2.10. PROPOSITION. [Stu2006| Let F' : A — B be a Q-functor between Q-categories,
with A complete, then F is a left (resp. right) adjoint in Q-Cat if and only if

(1) F preserves tensors (resp. cotensors) in the sense that F\(f ®ax) = f @p Fx (resp.
F(f—ax) = fr—pFz) for all x € Ay and f € P(tx) (resp. f € Pi(tz)).

(2) Forall X € Qy, F: Ax — Bx preserves arbitrary joins (resp. meets).

2.11. COROLLARY. [Stu2006] Let F' : A — B be a Q-functor between Q-categories, with
A complete, then F : A — B is a left (resp. right) adjoint if and only if F' preserves
supremum (resp. infimum) in the sense that F(supy u) = supg F~(u) for all p € PA
(resp. F(infy p) = infg F'~ () for all p € PTA).

Thus, left (resp. right) adjoint Q-functors between complete Q-categories are exactly
suprema-preserving (resp. infima-preserving) Q-functors. Complete Q-categories and left
adjoint Q-functors constitute a subcategory of Q-Cat which will be denoted by Q-CCat.

The forgetful functor Q-CCat — Q-Cat has a left adjoint P : Q-Cat — 9-CCat
that sends a Q-functor F': A — B to the left adjoint Q-functor F~ : PA — PB. This
implies that PA is the free cocompletion of A [Stu2005].

Now, we introduce the crucial notion in this paper, that of infomorphisms between
Q-distributors. An infomorphism between Q-distributors is what a Chu transform be-
tween Chu spaces [Bar1991), Pral995|. The terminology ”infomorphism” is from |[BS1997,
Gan2007].
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2.12. DEFINITION. Given Q-distributors ¢ : A —e— B and ¢ : A’ —e—» B’, an infomor-
phism (F,G) : ¢ —> 1) is a pair of Q-functors F : A — A’ and G : B’ — B such that
G*o ¢ = 1) o F}, or equivalently, ¢(—, G—) = (F—, —).

¢

A——o—B
Fh Gh

A,TB/

An adjunction F 4G : A — B in Q-Cat is exactly an infomorphism from the identity
OQ-distributor on A to the identity O-distributor on B. Thus, infomorphisms are an
extension of adjoint O-functors.

O-distributors and infomorphisms constitute a category Q-Info. The primary aim of
this paper is to show that the constructions of Isbell adjunctions and Kan adjunctions are
functors defined on O-Info.

2.13. PROPOSITION. Let F': A — B be a Q-functor, then
(F,FT): ((Ya)y : A == PA) — ((Yg); : B o= PB)

s an infomorphism.

PROOF. For all x € Ag and A\ € PB,

(Ya)u(z, 7 (A)) = PA(Ya(x), (X))

=F~(\)(2) (by Yoneda lemma)
= A\ Fx) (by Equation ({3)))
= PB(Yg(Fx),\) (by Yoneda lemma)
= (Yp)y(Fz, \).
Hence the conclusion holds. n

The above proposition gives rise to a fully faithful functor Y : Q-Cat — O-Info
that sends each Q-category A to the graph (Y,); of the Yoneda embedding.

2.14. PROPOSITION. Y : Q-Cat — Q-Info is a left adjoint of the forgetful functor
U : O-Info — Q-Cat that sends an infomorphism

(F,G): (¢: A —->B) — (¢: A = B)

to the Q-functor F : A — A'.
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PROOF. It is clear that U oY = idg.cat, the identity functor on Q-Cat. Thus {14}
is a natural transformation from idg.cat to U o Y. It remains to show that for each
Q-category A, Q-distributor ¢ : A’ — B’ and O-functor H : A — A’, there is a unique
infomorphism

(F,G):Y(A) — (¢ : A" -~ B)
such that the diagram

A— ~UoY(A)
U(F.G)

A/
is commutative. By definition, Y (A) is the graph (Ya), : A —— PA and U(F,G) = F.
Thus, we only need to show that there is a unique Q-functor G : B’ — PA such that
(H,G) : (Ya)y: A > PA) — (¢ : A" = B')
is an infomorphism.
Let G = HS o1 : B" — PA, where ¢ : B" — PA’ is the Q-functor assigning each
y' € Bj to ¥(—,y’) in PA. Then
(H,G) : (Ya)y : A > PA) — (¢ : A" == B')

is an infomorphism since

(Ya)i(z,Gy') = (GY)(x) = H oy (y)(x) = ¥(y)(Hz) = ¥(Ha,y')
for all z € Ay and ¢ € Bf,. This proves the existence of G.
To see the uniqueness of GG, suppose that G’ : B" — PA is another Q-functor such
that
(H,G"): (Ya); : A == PA) — (¢ : A" - B)

is an infomorphism. Then for all x € Ay and ' € By,

(G"Y)(@) = (Ya)u(z, GY) = Y(Hr,y') = (y)(Hz) = H™ o(y)(z) = (GY')(v),
hence G' = G. n

Similar to Proposition [2.13] one can check that sending a Q-functor F' : A — B to
the infomorphism

(F<,F): (YD)E: PIB - B) — ((Y1)!: PTA = A)
induces a fully faithful functor YT : Q-Cat — (Q-Info)°P.

2.15. PROPOSITION. YT : Q-Cat — (Q-Info)°P is a left adjoint of the contravariant
forgetful functor (Q-Info)°® — Q-Cat that sends each infomorphism

(F,G): (¢p: A —->B)— (¢: A o> B)
to the Q-functor G : B" — B.

PROOF. Similar to Proposition [2.14] [
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3. Q-closure spaces
3.1. DEFINITION. Let A be a Q-category.

(1) An isomorphism-closed Q-subcategory B of A is a Q-closure system (resp. Q-
interior system) of A if the inclusion Q-functor I : B — A is a right (resp. left)
adjoint.

(2) A Q-functor F': A — A is a Q-closure operator (resp. Q-interior operator) on A
if 1, <F (resp. F <1)and F2=F.

3.2. EXAMPLE. Let FF 4G : A — B be an adjunction in Q-Cat. Then Go F: A — A
is a Q-closure operator and F'o G : B — B is a Q-interior operator.

3.3. PROPOSITION. Let A be a Q-category, B an isomorphism-closed Q-subcategory of
A. The following conditions are equivalent:

(1) B is a Q-closure system (resp. Q-interior system) of A.

(2) There is a Q-closure operator (resp. Q-interior operator) F : A — A such that
By={x€Ay: Fx = x}.

PROOF. (1) = (2): If the inclusion Q-functor I : B — A has a left adjoint G : A — B,
let F'=10G, then FF: A — A is a O-closure operator. Since F'xz = Gz € By for all
x € Ay and B is isomorphism-closed, it is clear that {z € Ay : Fx = 2} C By. Conversely,
for all x € By,

B(Fz,x) =B(Gz,z) = Az, [z) = A(x,x) > 14y,

and B(x, Fz) > 1;, holds trivially, hence = = Fz, as required.

(2) = (1): We show that the inclusion Q-functor I : B — A is a right adjoint. View
F as a O-functor from A to B, then 1, < I o F. Since F? = F, it follows that Fol = 1.
Thus ' -1 : A — B, as required. [

3.4. REMARK. For a Q-category A, a Q-closure operator (resp. Q-interior operator)
F : A — A is exactly a monad (resp. comonad) [Mac1998| on A. The above proposition
states that a Q-closure system (resp. Q-interior system) of A is exactly the category of
algebras (resp. coalgebras) for a monad (resp. comonad) on A. The terminology ” Q-
closure operator” (resp. ” Q-interior operator”) comes from its similarity to closure (resp.
interior) operators in topology.

3.5. PROPOSITION. Each Q-closure system (resp. Q-interior system) of a complete Q-
category is itself a complete Q-category.
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PROOF. Let B be a Q-closure system of a complete QO-category A. By Proposition [3.3]
there is a Q-closure operator F': A — A such that By = {x € Ag: Fo = x}. View F as
a Q-functor from A to B, then F' is essentially surjective and F' 41 : A — B, where [ is
the inclusion Q-functor. For all u € PB,

F(sup, I~ (u)) =supgF'” o I () (by Corollary
— supgp o I* o F* (by the definition of F~ and I7)
= supgp o Fy, 0 F¥o I o I (by Proposition [2.3(2))
= supgpto Fyo (FoloF)
= supgp o F, o F* (since F41:A —B)
= Supp/i. (by Proposition [2.3(2))
Then it follows from Proposition [2.8| that F'(A) is a complete Q-category. n

3.6. PROPOSITION. Let A be a complete Q-category with tensor ® and cotensor =, B an

isomorphism-closed Q-subcategory of A. Then B is a Q-closure system (resp. Q-interior
system) of A if and only if

(1) for every subset {x;} C By of the same type X, the meet /\ x; (resp. the join \/ x;)
i Ax belongs to By.

(2) for each x € By and f € Pi(tx) (resp. f € P(tz)), the cotensor f— x (resp. the
tensor f @ x) in A belongs to By.

PRrROOF. Follows immediately from Proposition [2.10] n

An immediate consequence of Proposition is that the infimum (resp. supremum)
in a Q-closure system (resp. Q-interior system) B of a complete Q-category A can be
calculated as

infg\ = /\ (A(b) —D), (resp. supgil = \/ (p(b) ® b)) (7)

beBo beBo

for A\ € PTB (resp. u € PB), where the cotensors and meets (resp. tensors and joins) are
calculated in A.

3.7. DEFINITION. A Q-closure space is a pair (A, C') that consists of a Q-category A and
a Q-closure operator C' : PA — PA. A continuous Q-functor F : (A,C) — (B, D)
between OQ-closure spaces is a Q-functor ' : A — B such that I 7o C < Do F~. The
category of Q-closure spaces and continuous Q-functors is denoted by Q-Cls.
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3.8. REMARK. If C, D are viewed as monads on PA, PB respectively, then a O-functor
F: (A C)— (B, D) between Q-closure spaces is continuous if and only if F 7 : PA —
PB is a lax map of monads from C' to D in the sense of |Lei2004].

Note that for a Q-closure space (A, C), the Q-closure operator C' is idempotent since
PA is skeletal. Let C(PA) denote the Q-subcategory of PA consisting of the fixed points
of C. Since PA is a complete Q-category, C'(PA) is also a complete Q-category. A
contravariant presheaf A —e— xx is said to be closed in the Q-closure space (A, C) if it
belongs to C(PA). The following lemma states that continuous Q-functors behave in a
manner similar to the continuous maps between topological spaces: the inverse image of
a closed contravariant presheaf is closed.

3.9. LEMMA. A Q-functor F : (A,C) — (B, D) between Q-closure spaces is continuous
if and only if F<(\) € C(PA) whenever A € D(PB).

PROOF. It suffices to show that F7oC < Do F~7 ifand only if Co F" o D < F< o D.
Suppose F7o(C < Do F7, then

F7oCoF oD<DoF 0oF oD<DoD=0D,

and consequently C'o F< oD < F* o D.
Conversely, suppose C'o F" o D < F* o D, then

C<CoF“oF"<CoF“0DoF7?<F 0DoF7,

and consequently F7 o C' < Do F7. ]

Thus a continuous Q-functor F' : (A, C') — (B, D) between Q-closure spaces induces
a pair of Q-functors

F*=DoF~:C(PA) —s D(PB) and F<=F* : D(PB) —s C(PA).
3.10. ProprosITION. If F' : (A,C) — (B, D) is a continuous Q-functor between Q-
closure spaces, then F* - F*: C(PA) — D(PB).

PROOF. It is sufficient to check that
PB(D o F~ (1), A) = PB(E~ (1), )
for all p € C(PA) and A € D(PB) since it holds that PA(u, F< (X)) = PB(EF 7 (1), ).

Indeed, since D is a Q-closure operator,
PB(F (1), ) < PB(D o F~(n), D())
=PB(Do F 7" (u),\)
_ X\ (Do F~(u)
<A F7(w)
= PB(F (1), M),

hence PB(D o F7(u), \) = PB(F 7 (u), \). =
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Skeletal complete Q-categories constitute a full subcategory of Q-CCat and we denote
it by (Q-CCat)ge. The above proposition gives rise to a functor

T : Q-Cls — (Q-CCat)ge

that maps a continuous Q-functor F' : (A,C) — (B, D) to a left adjoint Q-functor
F*: C(PA) — D(PB) between skeletal complete Q-categories.

For each complete Q-category A, it follows from Theorem and Example that
Cp =Y osup: PA — PA is a Q-closure operator, hence (A, C,) is a Q-closure space.

3.11. PROPOSITION. If F : A — B is a left adjoint Q-functor between complete Q-
categories, then F': (A, Cy) — (B, Cg) is a continuous Q-functor.

PROOF. For all u € PA,

F~ 0 Cu(p) = Caln) o F*
= A(_7 SupAM) © Fﬂ
< B(F—, F(supyp)) o F*
= Fy(—, F(supyp)) o F*

< B(—, F(supyp)) (since Fl, 4 F": A — B in Q-Dist)
— B(—, sups P (1)) (by Corollary -TT)
=Cpo F7(p).

Hence F': (A, Cy) — (B, Cp) is continuous. n

The above proposition gives a functor D : (Q-CCat)ge — Q-Cls.

For each Q-category A, it is clear that Cy(PA) = {Yaa | a € Ag}. So, for a skeletal
Q-category A, if we identify A with the Q-subcategory Cy(PA) of PA, then the functor
T : Q-Cls — (Q-CCat)ge is a left inverse of D : (Q-CCat)ge — Q-Cls since
T oD(A) = Cy(PA).

3.12. THEOREM. T : Q-Cls — (Q-CCat)ge is a left inverse and left adjoint of D :
(Q—CCat)ske| — 9Q-Cls.

PROOF. It remains to show that 7T is a left adjoint of D . Given a Q-closure space (A, C),
denote C(PA) by X, then Do T(A,C) = (X,Cx). Let nacy =Co¥Yy: A — X We
show that 7 = {ne,c)} is a natural transformation from the identity functor to Do 7 and
it is the unit of the desired adjunction.

Step 1. nuc) @ (A,C) — (X,C%) is a continuous Q-functor, i.e. 7y oo C <
Cx o oy
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Firstly, we show that C'(n) = supx on ¢)(p) for all 4 € PA. Consider the diagram:

—

PA L p(PA) PP pA

c— C
4,0

PX X

supy

The commutativity of the left triangle follows from 1, c) = C' o Yy. Since C' : PA —
X is a left adjoint in Q-Cat (obtained in the proof of Proposition , it preserves
supremum (Corollary , thus the right square commutes. The whole diagram is then
commutative. For each p € PA, we have that

p=poh=poYio(Ya) =Yy () o (Ya) =supp, oYy (), (8)

where the second equality comes from the fact that the Yoneda embedding Y, is fully
faithful and Proposition [2.3(1), while the last equality comes from Example 2.9] Conse-
quently,
C(p) = Cosuppy o Yy (1) = supx © 14 o) (1)
for all u € PA.
Secondly, we show that 7} o (1) < Yx(u) = X(—, p) for each p € X. Indeed,

77(7&,0)(#) =po U?A,C)

=10 (CoYy)

= PANYa—, 1) o Y o C" (by Yoneda lemma)
— (Ya)i(— ) 0 Yi 0 CF

< PA(—,p) o C" (since (Ya); 1YL : A — PA in Q-Dist)
< X(C—, pu)oC" (since C' is a Q-functor and C'(u) = p)
— G p) o CF

< X(—, p). (since Cy, 4 C* : PA — X in Q-Dist)

Therefore, for all u € PA,

— —

Mo ° C(p) < Yxosupy o U(A,C)(M) =Cxo 7](7&,0) (1),

as desired.
Step 2. 7 = {nu,c)} is a natural transformation. Let F': (A,C) — (B, D) be a
continuous Q-functor, we must show that

DoYgoF =ngpoF=DoToFonacy=DoF " 0oCoY,.
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Firstly, we show that

YeoF = F~ oY, 9)
for each O-functor F' : A — B. Indeed, for all x € A,
Ygo Fr = F(—, x) (by the definition of F?)
= (Ao F¥)(—,x)
= A(—,2) o F* (by Remark
=F 7oY. (by the definition of F'7)

Secondly, since C' is a Q-closure operator,
YeoF =F7 oYy < F70(CoVY,,

and consequently DoYgo FF< Do F7o(C oY,.
Thirdly, the continuity of F' leads to

F7oCoYy<DoF70Yy=DoYgoF,

henceDoF"oC’oYA <DoYgoPF.

Step 3. nuc) : (A,C) — (X,C%) is universal in the sense that for any skeletal
complete Q-category B and continuous Q-functor F' : (A, C) — (B, Cp), there exists a
unique left adjoint O-functor F : X — B that makes the following diagram commute:

77(A )

(A, C) — (X, Cx)

RN

(B, Cp)

F (10)

Existence. Let F' = supg oF'~ : X — B be the following composition of Q-functors

X < PA -7 PB

First, F : X — B is a left adjoint in Q-Cat. Indeed, F has a right adjoint G : B — X
given by G = F<o Yy. G is well-defined since Ygb is a closed in (B, Cp) for each b € By.
For all i € Xy and y € By, it holds that

B(F(n),y) =B(—.y) " F~(u)
=B(—,y) ./ (no F¥)
= (B(—,y)o Fy) v (by Proposition [2.1)(2))
= Fy(—,y) / (by Remark [2.6)
= PA(u, F* o Ygy) (by the definition of F}, and F)

= X(u, Gy),
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hence F is a left ‘adjoint of G.
Second, F' = F'on,c). Note that for all z € A,

B(va _) = Fu(.T? _)

= (B F)(z,—) (by Proposition [2.1|1))
=B,/ F(~,z)

=B, (Ypo Fx)

=B/ (F7 oYyz), (by Equation @)

thus F' = supg oF~ o Y,. Consequently

Fon(&c) =supgo F7oCoVYy

<supgoCgo F~7 oY, (since F' is continuous)
=supg o Ygosupg o F oYy

=supgo F oY, (since supg 1 Yp : PB — B)
=F

Conversely, since C' is a Q-closure operator, it is clear that
F=supgo F7 oYy <supgoF 7 oCoY, :Fon(&c),

hence F = F o n(a,c), and consequently F' = Fo nea,c) since B is skeletal.

Uniqueness. Suppose H : X — B is another left adjoint Q-functor that makes
Diagram (|10) commute. For each p € X, since C': PA — X is a left adjoint in Q-Cat,
we have

p=C(u)=C(poA)= C’( \/ w(z) oYAx) = \/ p(z) @x C(Yaz),

r€Ag €A

where the last equality follows from Example and Proposition [2.10L It follows that

H(p) = H( \/ n(z) @x C(Yaz))

TE€AQ
= \/ pw(x) @ (H onu,cy(x)) (by Proposition [2.10))
rE€AQ
= \/ p(r) @p Fx.

TE€AQ
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Consequently,

B(H (1), —) =B( \/ ) @s Fr,~)

TEAQ

= A (B(Fz,-) /(@)

TEAg

=F v
=B (uoF% (by Proposition [2.1[2))
_B. F ()

Since B is skeletal, it follows that H () = supg oF ~(u). Therefore, H = supg oF ” = F.m

4. Isbell adjunctions

Given a Q-distributor ¢ : A —e— B, define a pair of Q-functors
¢r: PA — P'B and ¢':PB — PA
by
Gr(p) =9 p and  ¢H(N) = A\ ¢
It should be warned that ¢; and ¢* are both contravariant with respect to local orders in

O-Dist by Remark 2.4] i.e.,

Vi, o € PA, i < pio = dr(p2) < d1(1) (11)

and

VAL A2 € PTB, AL < Ay = ¢ (\2) < ¢F(\1). (12)
4.1. PROPOSITION. ¢y - ¢+ : PA — P'B in Q-Cat.
PROOF. For all u € PA and \ € P'B,

PIB(or(1), ) = A\ b1 (p)
= AN (¢ 1)
=(AN\O) 1
=o' (\) v 1
= PA(u, o*(N)).

Hence the conclusion holds. n
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Letting B = A and ¢ = A in Proposition [4.1] gives the following
4.2. COROLLARY. [Stu2005] A /(=) 4 (=) \ A : PA — PTA,

The adjunction in Corollary is known as the Isbell adjunction in category theory.
So, the adjunction ¢y 4 ¢* : PA — PTB is a generalization of the Isbell adjunction. As
we shall see, all adjunctions between PA and P'B are of this form, and will be called
Isbell adjunctions by abuse of language.

Each Q-functor F : A — P'B corresponds to a Q-distributor "F7: A —e—+ B given
by "Fx,y) = F(x)(y) for all z € Ag and y € By, and each Q-functor G : B — PA
corresponds to a Q-distributor "G : A —e— B given by "G (z,y) = G(y)(z) for all z € Ag
and y € By.

4.3. PROPOSITION. Let ¢ : A —e— B be a Q-distributor, then "¢r oY, = ¢ =Tt OY]E—'.

ProOOF. For all x € Ay and y € By,

"proYa (2, y) = (¢r0Yaz)(y)
= (¢ (Yax))(y)

showing that the conclusion holds. [

4.4. THEOREM. The correspondence ¢ — ¢4 is an isomorphism of posets
Q-Dist(A,B) = Q-CCat®(PA, P'B),

where the "co” means reversing order in the hom-sets.

PROOF. Let F : PA — P'B be a left adjoint Q-functor. We show that the correspon-
dence F'+— "F oY, "is an inverse of the correspondence ¢ — ¢4, and thus they are both
isomorphisms of posets between Q-Dist(A,B) and Q-CCat®(PA, P'B).

Firstly, we show that both of the correspondences are order-preserving. Indeed,
¢ <1 in Q-Dist(A,B)
= Ve PA o(p) = b 1 <b " = 4(p) in Q-Dist

= Y € PA, o(i) >ty (p) in (P'B)g
< ¢y <1y in Q-CCat®(PA, P'B)
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and

F < G in Q-CCat®(PA, P'B)
= Vu € PA, F(u) > G(p) in (P'B),
<= Vu € PA F(pu) < G(p) in Q-Dist(A,B)
= Ve e Ay, "FoYy(x,—)=FoYpyr <GoYpr="GoY,(x,—) in Q-Dist(AB)
= TFoY, <TGoY," in O-Dist(A,B).

Secondly, F' = ("F oY, ). For all p € PA, since F' is a left adjoint in Q-Cat, by
Example 2.7 and Proposition [2.10] we have

F(p) = F(uoA)

= F( \/ p(x) oYAx>

TE€Ag
= N\ (FoYur) / p(x)
T€AQ
="FoYy/ p
= ("TF oY )s(n)
Finally, ¢ = "¢ o Y, 7. This is obtained in Proposition {.3] "

For a Q-distributor ¢ : A —e— B, one obtains two O-functors Q - A — PIB and
¢ : B — PA by letting ¢px = ¢(x, —) for all x € Ay and ¢y = ¢(—,y) for all y € By.
Stubbe [Stu2005] shows that the maps ¢ — ¢ and F'+ "F7 establish an isomorphism of
posets between Q-Dist(A,B) and Q-Cat(A, P'B), while the maps ¢ — ¢ and F + "
establish an isomorphism of posets between Q-Dist(A,B) and Q-Cat(B, PA). Together
with Theorem [£.4] we have the following isomorphisms of posets

O-Dist(A, B) & Q-Cat®(A, P'B) = O-Cat(B, PA) = Q-CCat®(PA, P'B).  (13)

Given a Q-distributor ¢ : A —e— B, it follows from Example that ¢* o ¢y : PA —
PA is a Q-closure operator and ¢ o ¢* : PTB — P'B is a Q-interior operator. For each
y € By, since

¢y = d(—,y) = ¢* o Yy = ¢* 0 ¢y 0 ¢* 0 Yy, (14)
it follows that ¢y = ¢(—,y) is closed in the Q-closure space (A, @* o ¢¢). Dually, for all
T € Ay,

?x:gb(x,—) :(bToYAx:ngoqﬂoqﬁToYAx (15)
is a fixed point of the Q-interior operator ¢ o ¢*. These facts will be used in the proofs
of Theorem [4.6] and Theorem [4.16]

4.5. PROPOSITION. Let (F,G) : ¢ —> 1 be an infomorphism between Q-distributors
¢:A > Bandp: A —e— B'. Then F : (A, ¢ 0 @) — (A’ 1y 0 YY) is a continuous
Q-functor.
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ProoFr. Consider the following diagram:

PA— " piB Y pA
F~ G F~

PA —— PIB ——— PA’
Y1 U
We must prove F~ o ¢* o ¢ < 9% o1y 0 . To this end, it suffices to check that
(a) the left square commutes if and only if (F,G) : ¢ — 1 is an infomorphism; and
(b) F7 o ¢t <4t o G if and only if Gfo ¢ < 1) o .
For (a), suppose G~ o ¢ = 1y o F7, then for all = € Ay,

Gho ¢z, —) = G (p(x, —)) (by the definition of G*)
=G (¢pr0Yar) (by Proposition
= Ur(F7 oY)
= p(Yaw o FF) (by the definition of F~)
= (Yaz o F9) (by the definition of 14)
= o F) A(—,x) (by Proposition [2.1)(2))
= o Fy(z,—).

Conversely, if (F,G) : ¢ — ) is an infomorphism, then for all u € PA,

G opr(p) =G o (¢ 1) (by the definition of G and ¢;)

= (GPo )/ 1 (by Proposition [2.1)(3))
= (Wo k) p
=1/ (poF¥) (by Proposition [2.1)(2))
=Py o B (n).

For (b), suppose F'~* o ¢* < ¢t o G, then for all y € By,

G(= ) oo =Gyly, =) o (by Proposition 2.1(1))
= ¢*(Gy(y', -)) (by the definition of ¢*)
< FSoF7 0" Gyly,—)) (since F~ 4 F© : PA — PA)
< FTopro G (Gy(Y, )
= FoygtoG oG oYLy (by the definition of G™)
< FSoytoYly (by Inequality (6]) and (12)))
= F(u(—,y")) (by Proposition

=Y(—,y) o F}. (by the definition of F'*)
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Conversely, if G* o ¢ <) o F}, then for all A € P'B,

F7og*(\) = (A \(¢) o F" (by the definition of F~ and ¢V)
< ((G*o M)\ (GFo @) o F*
< ((GFo )\ (40 By)) o F¥
< (GFoX) \ (Vo Fyo FY)
< (GFo X))\ ¥ (since [, 4 F": A — B in Q-Dist)
=to GT(N). (by the definition of 1* and G*)
This completes the proof. ]

By virtue of Proposition we obtain a functor U : O-Info — O-Cls that sends an
infomorphism

(F,G):(¢p: A ->B)— (v: A > B)
to a continuous Q-functor
Fi (A 650 6r) — (A6 0 ),
Given a Q-closure space (A, C), define a Q-distributor (¢ : A - C(PA) b

Co(w, 1) = p(z)

for all z € Ay and p € C(PA). It is clear that (¢ is obtained by restricting the domain
and the codomain of the Q-distributor

PIA o PA, (A p) = poA

Given a continuous Q-functor F': (A, C) — (B, D) between Q-closure spaces, con-
sider the Q-functor F*: D(PB) — C(PA) that sends each closed contravariant presheaf
A to F9(\) = F<()\). Then similar to Proposition one can check that

(F,F9) : (Go : A == C(PA)) — (¢p : B = D(PB))

is an infomorphism. Thus, we obtain a functor F : Q-Cls — O-Info.

4.6. THEOREM. F : Q-Cls — OQ-Info is a left adjoint and right inverse ofU : Q-Info —
Q-Cls.

PROOF. Step 1. F is a right inverse of U.

For each Q-closure space (A, (), by the definition of the functor F, F(A,C) is the
Q-distributor (¢ : A - C(PA), where (c(z, ) = pu(x) for all x € Ay and p € C(PA).
In order to prove U o F(A,C) = (A, C), we show that C' = Qé o (Ce)s-

For all ;4 € PA and X € C(PA), since C' is a Q-functor,

A = PA(u, \) < PAC(0),\) =\ C(p),
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and consequently C'(u) < (A @) \¢ A. Since C' is a Q-closure operator, we have
(C(1) " 1) \ C) < 1 N Cp) = Cp),

hence

Clw)= N () A

AeC(PA)

= /\ (CC(_v)‘)\/:u)\ICC(_’)‘)

AEC(PA)

= N\ €O el

AEC(PA)
= (& o (o)),

as required.

Step 2. F is a left adjoint of U.

For each Q-closure space (A, C), idac) : (A, C) — UoF (A, C) is clearly a continuous
Q-functor and {id(s,cy} is a natural transformation from the identity functor on Q-Cls
to U o F. Thus, it remains to show that for each Q-distributor ¢ : A’ -e— B’ and each
continuous Q-functor H : (A, C) — (A’, 1% 0 9)4), there is a unique infomorphism

(F,G) : F(A,C) — (¢ : A" == B')
such that the diagram

id(a,0y

(A, C)——=Uo F(A,C)

k |“<F7G>

(Ala @D\L o wT)
is commutative.
By definition, F(A,C) = (¢ : A - C(PA) and U(F,G) = F, where (c(x, u) = p(x).
Thus, we only need to show that there is a unique Q-functor G : B" — C(PA) such that

(H,G): (¢ : A -5 C(PA) — (¢: A - B)

is an infomorphism.
_ Let G =H0o% : B — C(PA). That G is well-defined follows from the fact that
Yy’ € Pt o (PA) for all y € Bf by Equation and that H : (A, C) — (A, ¢t o1)y)
is continuous. Now we check that

(H,G): ({c: A - C(PA) — (¢ : A" - B)

is an infomorphism. This is easy since

Co(x,GY) = (Gy)(x) = H o ¥(y) () = (Y ) (Hz) = p(Hz,y)
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for all z € Ay and y' € Bj,. This proves the existence of G.
To see the uniqueness of G, suppose that G’ : B — C(PA) is another Q-functor
such that
(H,G"): (Cc: A o> C(PA)) — (¥ : A" = B)

is an infomorphism. Then for all z € Ay and ' € By,
(G"Y) (@) = Co(x, G"Y) = p(Hz,y') = ¥y )(Hz) = H* o 4 (y')(2) = (Gy') (),
hence G' = G. [

4.7. COROLLARY. The category Q-Cls is a corefiective subcategory of Q-Info.

The composition
M =TolU: Q-Info — (Q-CCat)g

sends a Q-distributor ¢ : A —e— B to a complete Q-category ¢*op+(PA). Conversely, since
F is a right inverse of & (Theorem and 7T is a left inverse of D (up to isomorphism,
Theorem [3.12)), we have the following

4.8. THEOREM. Every skeletal complete Q-category is isomorphic to M(¢p) for some Q-
distributor ¢.

The following proposition shows that the free cocompletion functor of O-categories
factors through the functor M.

4.9. PROPOSITION. The diagram

O-Cat — Y~ Q-Info
M

Q-CCat

commutes.
PROOF. First, M((Ya)y) = ((Ya)y)¥ o (Ya)y)+(PA) = PA for each Q-category A. To see
this, it suffices to check that

po=((Ya)) o (Ya)o)r (i) = (Ya)s o 1) N (Ya)s
for all u € PA. On one hand, by Yoneda lemma we have

(Ya)y o = (Ya)y " (Ya)y(—, 1) = PA(u, —),
thus
((Ya)y o 1) N (Ya); S PA(, —) N (Ya)y = (Ya)s(— 1) = p.

On the other hand, 1 < ((Ya)y v 1) \¢ (Ya)y holds trivially.
Second, it is trivial that for each Q-functor F': A — B,

MoY(F)=F~ = P(F).

Therefore, the conclusion holds. [
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Corollary says that the category Q-Cls is a coreflective subcategory of Q-Info.
In the following we show that O-Cls is equivalent to a subcategory of Q-Info. This
equivalence is a generalization of that between closure spaces and state property systems

in [ACVS1999].

4.10. DEFINITION. A Q-state property system is a triple (A,B,¢), where A is a O-
category, B is a skeletal complete Q-category and ¢ : A —e— B is a O-distributor, such
that

(1) ¢(—,infg\) = A\ ¢ for all A € P'B,

(2) B(y,y') = o(—,y') " &(—,y) for all y,y € By.

O-state property systems and infomorphisms constitute a category Q-Sp, which is a
subcategory of Q-Info.

4.11. EXAMPLE. For each Q-closure space (A, C), (A, C(PA),(¢) is a Q-state property
system. First, for all ¥ € PT(C(PA)), it follows from Example[2.9and Equation (7) that

Co(—,infeopay¥) = infopa) ¥
S ANRA RN
ueC(PA)
neC(PA)

=¥\ (o

Second, it is trivial that

C(,PA)(:U7)‘) =A l/ n= CC<_7 )‘) \/ gC(_au)
for all u, A € C(PA).

Therefore, the codomain of the functor F : Q-Cls — Q-Info can be restricted to
the subcategory O-Sp.

4.12. THEOREM. The functors F : Q-Cls — Q-Sp and U : Q-Sp — Q-Cls establish
an equivalence of categories.

PROOF. It is shown in Theorem that U o F = ido.cis, s0, it suffices to prove that
Fold= idg_sp.
Given a Q-state property system (A, B, ¢), we have by definition

Fo U(A, B, gb) = (Av ¢¢ © ¢T(PA>7 Cqbloqu)'

By virtue of Equation , the images of the Q-functor ¢ : B — PA are contained in
@ o p+(PA), so, it can be viewed as a Q-functor ¢ : B — ¢* o ¢+(PA). Since for any
.TGAO andyEBo,

(2, y) = (0Y)(2) = Corop, (2, 0Y),
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it follows that 1y = (14,¢) is an infomorphism from Colog, + A - @ o ¢+ (PA) to
¢ : A —— B. Hence 7, is a morphism from F ol (A, B, ¢) to (A, B, ¢) in O-Sp. We claim
that 7 is a natural isomorphism from F o/ to the identity functor idg.gp.

Firstly, ns is an isomorphism. It suffices to show that

¢ :B — ¢ 0 1(PA)

is an isomorphism between Q-categories.
Since
B(y,y) = ¢(—y) " d(—.y) = PA(by, oy
for all 3, € By, it follows that ¢ is fully faithful. For each u € PA, let y = infp ¢4 (),
then
by = ¢(—,y) = ¢(—, infapy(1)) = ¢1(1) N & = ¢* 0 1),
hence ¢ is surjective. Since B is skeletal, we deduce that ¢ : B — ¢* o ¢r(PA) is an
isomorphism.

Secondly, n is natural. For this, we check the commutativity of the following diagram
for any infomorphism (F,G) : (A, B, ¢) — (A’, B, 1)) between Q-state property systems:

(1a,9)

FoU(A,B, ¢) (A,B,9)
(F,F9) (F,G)
FoU(A B, — A B,

UK, B, 1) ———— (4B 1)

In fact, the equality F'o 14 = 1,/ o F is clear; and for all z € Ay and y' € By,
b0 G(Y)(x) = ¢(z,Gy') = ¥(Fr,y) = d(y)(Fz) = F o g (y)(x),

thus the conclusion follows. m

Together with Theorem [3.12] we have

4.13. COROLLARY. The composition
TOZ/{ . Q-Sp — (Q—CC&t)Skd

s a left adjoint of
FoD: (Q-CCat)ske| — Q-Sp

We end this section with a characterization of the complete Q-category M(¢) for a
O-distributor ¢ : A —e— B.

Given a Q-distributor ¢ : A —e—» B, let M,(A,B) denote the set of pairs (u, \) €
PA x P'B such that A = ¢1(p) and p = ¢+(\). My(A,B) becomes a Q-typed set if we
assign t(p, ) =ty = tA. For (1, A1), (2, A2) € Mg(A,B), let

M¢(A>B)((M1, )\1)7 (Mz, )\2)) = PA(M, ,u2) = PT]B(/\M /\2)7 (16)
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Then M4(A,B) becomes a Q-category.
The projection
Tyt Mqﬁ(Aa B) — PA? (N? )‘) =

is clearly a fully faithful Q-functor. Since the image of 7 is exactly the set of fixed points
of the Q-closure operator ¢* o ¢y : PA — PA, we obtain that My(A,B) is isomorphic
to the complete Q-category M(¢) = ¢* o ¢1(PA).

Similarly, the projection
Tyt Mg(A,B) — P'B,  (u, \) — A

is also a fully faithful O-functor and the image of 7y is exactly the set of fixed points of
the Q-interior operator ¢y o ¢* : PTB — PIB. Hence My (A, B) is also isomorphic to the
complete Q-category ¢ o ¢*(PB), which is a Q-interior system of the skeletal complete
QO-category PTB.

Equation shows that

1 1 ¢ 0 or(PA) — ¢y 0 ¢*(P'B)

and

¢" : pr 0 6H(PB) — ¥ 0 61(PA)

are inverse to each other. Therefore, M(@)(= ¢* o ¢1(PA)), ¢1 0 ¢*(PIB) and My(A,B)
are isomorphic to each other.

4.14. DEFINITION. A Q-functor F' : A — B is sup-dense (resp. inf-dense) if for any
y € By, there is some p € PA (resp. A € PTA) such that y = supg F~(u) (resp.
y = infg F7()\)).

4.15. EXAMPLE. For each Q-category A, the Yoneda embedding Y : A — PA is sup-

dense in PA. Indeed, we have that u = supp, oY 7 (p) for all 4 € PA (see Equation
in the proof of Theorem [3.12)). Dually, the co-Yoneda embedding YT : A — PTA is

inf-dense.

The following characterization of M (A, B) (hence M(¢)) extends Theorem 4.8 in
[LZ2009] to the general setting.

4.16. THEOREM. Given a Q-distributor ¢ : A —e— B, a skeletal complete Q-category X
is isomorphic to My(A,B) if and only if there exist a sup-dense Q-functor F : A — X
and an inf-dense Q-functor G : B — X such that ¢ = G* o F, = X(F—,G—).

PROOF. Necessity. It suffices to prove the case X = M,(A,B). Define O-functors
F:A—Xand G:B— X by

Fa = (¢" o ¢a,¢a), Gb= (¢b, ¢+ o ¢b),
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then F G are well defined by equations and . It follows that

= PA(¢" 0 p—, ¢* 0 Yi—) (by Equation (T4))
= PiB(¢r 0 ¢ o o=, Yi-) (by Proposition [4.1))
= P'B(¢—, Yi-) (by Equation ([15]))
= (¢p—)(—) (by Yoneda lemma)

Now we show that F': A — X is sup-dense. For all (i, \), (1//, \') € X,

(ks M), (1, M) = ANGA

=N\ br(p)

=N\ (0 1)

=N\

= PB(¢—, N) v 1

= X(F—, (W, N)) " n (by Equation ([6))

= (X(= (W, X)) 0 Fy) o/ 1t
= X(—, (¢, \)) o (o F?) (by Proposition [2.1)(2))
= X(= (W, X)) o 7 (),

thus (u, A) = supyx o F7(u), as desired.

That G : B — X is inf-dense can be proved similarly.
Sufficiency. We show that the type-preserving function

H:X — My(A,B), Hzr=(F(-,),Gz,~))

is an isomorphism of Q-categories.

Step 1. X=F, / F, = G" \/G".

For all z € X, since F' : A — X is sup-dense, there is some p € PA such that
x = supx F7(u), thus

X, ") =X F7 (1) =X/ (no F) = (Xo ) / n=F ./ p, (17)
where the third equality follows from Proposition (2) Consequently
X(z, =) < F v/ Fy(=, )
— (B, / F(=2)) o (Fy(=2) / ) (by Equation (T7))

S E L p
= X(z, -), (by Equation (17))



CATEGORIES ENRICHED OVER A QUANTALOID: ISBELL AND KAN ADJUNCTIONS 607

hence X(z, —) = F; /" Fy(—,z) = (Fy " F)(z, —).
Since G : B — X is inf-dense, similar calculations lead to X = G \, G*.
Step 2. Hx € M,(A,B) for all x € X, thus H is well defined. Indeed,

¢T(Fh<_7$)) =0/ Fh(_’x)

= (G o F) v Fy(—,x) (since ¢ = G% o F})
=G (F, v Fy(—,2)) (by Proposition [2.1)(3))
=G o X(z,—) (by Step 1)
= G“(:c, -).

Similar calculation shows that ¢*(G*(z, —)) = F,(—, x). Hence, Hx € My(A,B).
Step 3. H is a fully faithful Q-functor. Indeed, for all z, 2’ € Xq, by Step 1,

X(l‘,l’/) = Fb(_vx/) v Fu(—,x) = PA<FU(_7:E)7FH(_7$/)) = M¢<A,B)(HJZ,HI,)

Step 4. H is surjective. For each pair (p, A) € My(A,B), we must show that there is
some z € Xg such that F,(—,x) = p and G*(z, —) = X. Indeed, let = supx F~(u), then

GHx,—) = G* o X(z,—)

—Gio(R o 1) (by Equation (T7))
= (G o F,)  u (by Proposition [2.1)(3))
=¢ ./ (since ¢ = G* o F})
= or(n)
= A,
and it follows that F,(—, x) = ¢*(G¥(z, —)) = ¢*(\) = p. -

4.17. REMARK. (1) If the quantaloid Q has only one object, i.e., Q is a unital quantale
(in particular the 2-element Boolean algebra), then a Q-distributor ¢ : A —e— B between
discrete Q-categories is exactly a Q-valued relations between two setsﬂ In this case an
element (u, ) in My(A,B) is a formal concept of the formal context (A,B,¢) in the
sense of [Bel2004, GW1999, SZ2013| and M (A, B) is the (fuzzy) formal concept lattice
of (A,B,¢). So, the construction of M(¢) provides an extension of Formal Concept
Analysis [Bel2004, GW1999).

(2) If the quantaloid Q degenerates to a unital commutative quantale, then Q-categories
have been treated as quantitative (fuzzy) ordered sets, e.g. [Bel2004, Wag1994]. In this
case, for each Q-category A, M(A) is the enriched MacNeille completion of A given
in [Bel2004, Wag1994]. Thus, the construction of M(¢) also generalizes the MacNeille
completion of (quantitative) ordered sets.

1A QO-category A is discrete if A(x,z) = 1y, for all z € Ag and A(x,y) = Lyt whenever z # y.
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5. Kan adjunctions

Given a Q-distributor ¢ : A —e— B, composing with ¢ yields a Q-functor

o* : PB — PA
defined by
(\) = Ao,
for all A € PB. Define another O-functor
o« : PA — PB
by
¢*<:u) = U \/ ¢

The following propositions [5.1] and can be verified in a way similar to that for
propositions [4.1] and 4.3

5.1. PROPOSITION. ¢* - ¢, : PB — PA in Q-Cat.

5.2. PROPOSITION. Let ¢ : A —e— B be a O-distributor, then "¢* o Yg ' = ¢.

If ¢ : A — B is itself a left adjoint Q-distributor, then ¢* is not only a left adjoint
Q-functor, but also a right adjoint Q-functor as asserted in the following

5.3. PROPOSITION. ¢ 4 ¢ : A — B in Q-Dist if and only if v* 4 ¢* : PA — PB in
Q-Cat.

PRrROOF. Necessity. By Proposition (2), for all 4 € PA and )\ € PB,
PB(0" (1), A) = A (o)) = (Ao o) u=PA(n,¢"(A)).

Sufficiency. We must show that A < ¢ o¢ and ¢po1) < B. Indeed, for all z € Ay and
y € By, by Proposition [5.2]

w(—,l’> © ¢ = Qb*(’l/}(—,ﬂf)) = (b* © 1/1* o YAx > 1'PA OYAQZ = A(_7QJ)7

P(—,y) o = ¢ (d(—,y)) = 9" 0 ¢" o Ypy < 1pp o Yy = B(—, ).
This completes the proof. n
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Therefore, for a left adjoint Q-distributor ¢, ¢* has both a right adjoint ¢, and a left
adjoint ¢*, where 1 is the right adjoint of ¢ in Q-Dist. In particular, given a O-functor
F : A — B, since the cograph F? : B —e» A of F is a right adjoint of the graph
F, : A = B of F, it follows that both (F%), and (F})* are right adjoints of (F%)*, hence
equal to each other. Since F~ : PB — PA is the counterpart of the functor — o F'
for Q-categories, we arrive at the following conclusion which asserts that the adjunction
¢* 1 ¢, generalizes Kan extensions in category theory.

5.4. THEOREM. For each Q-functor F : A — B, it holds that
(F)* A (F*), = F© = (F)* H (F)..

5.5. REMARK. (1) The left Kan extension (F*)* : PA — PB of a Q-functor F': A — B
given in Theorem is exactly the pointwise left Kan extension of Yg o F' : A — PB
along Y, : A — PA in Stubbe [Stu2005|. Indeed, it can be verified that if the pointwise
left Kan extension (F,G) of a Q-functor F': A — B along G : A — C exists, then for
each ¢ € C,,
(F.G)(c) =B/ (F)"(Gy(—.c)).

(2) Consider the Boolean algebra 2 = {0, 1} as an one-object quantaloid. Then every
set can be regarded as a discrete 2-category. Given sets X and Y, a distributor F' : X —e—
Y is essentially a relation from X to Y, or a set-valued map X — 2¥. If we write F°P
for the dual relation of F', then both F, and (F°P)* are maps from 2 to 2%. Explicitly,
foreach V C Y,

F.(V)={x e X |F(z) CV}and (FP?)*(V)={z e X | F(z)NV # (}.

If both X and Y are topological spaces, then the upper and lower semi-continuity of
F (as a set-valued map) |Ber1963] can be phrased as follows: F' is upper (resp. lower)
semi-continuous if Fi (V') (resp. (F°P)*(V)) is open in X whenever V' is open in Y. In
particular, if F is the graph of some map f : X — Y, then (F°P)*(V) = F,(V) = f~1(V)
for all V" C Y, hence f is continuous iff F' is lower semi-continuous iff F' is upper semi-
continuous [Ber1963].

The following corollary shows that for a fully faithful Q-functor F' : A — B, both
F"* and (F,). can be regarded as extensions of F' [Law1973].
b

5.6. COROLLARY. If F' : A — B is a fully faithful Q-functor, then for all p € PA, it
holds that (F*)*(p) o Fy, = p and (F}).(p) o B, = p.

PROOF. The first equality is a reformulation of Proposition[2.31). For the second equality,
(F2)«(p) o Fy = (n /" Fy) o F

=pu (F'o F) (by Proposition [2.1[(4))
=uy A (by Proposition [2.31))
= /’l/‘

This completes the proof. [
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Adjunctions of the form ¢* 4 ¢, : PB — PA will be called Kan adjunctions by abuse
of language. The following theorem states that all adjunctions between PB and PA are
of this form.

5.7. THEOREM. The correspondence ¢ — ¢* is an isomorphism of posets
Q-Dist(A,B) = Q-CCat(PB, PA).

PROOF. The proof is similar to Theorem [4.4l The correspondence G — "G o Y is an
inverse of the correspondence ¢ — ¢*. n

Theorem [5.7] adds one more isomorphism of posets to (L3)):

Q-Dist(A,B) = Q-Cat®(A, P'B) = Q-Cat(B, PA)
>~ Q-CCat®(PA, P'B) = Q-CCat(PB, PA).
Since ¢, 0 ¢* : PB — PB is a Q-closure operator for each Q-distributor ¢ : A —e— B,
it follows that (B, ¢, o ¢*) is a Q-closure space.

5.8. PROPOSITION. Let (F,G) : (¢ : A - B) — (¢ : A" —— B') be an infomorphism.
Then G : (B¢, o *) — (B, ¢, 0 ¢*) is a continuous Q-functor.

ProoOF. Consider the following diagram:

PR Y pa Y PR
G~ Fe G~
PB pe PA Y PB

One must show that G~ o, o™ < ¢, 00" o G7. We leave it to the reader to check that
the left square commutes if and only if (F,G) : ¢ — 9 is an infomorphism and that if
Gho¢§woFuthenG_’ow*§¢*oF‘_. [

By virtue of Proposition 5.8/ we obtain a functor V : (Q-Info)°® — O-Cls that sends
an infomorphism

(F,G) : (¢p: A ->B) — (v: A > B)
to a continuous Q-functor
G: (Bl7¢* o ¢*) — (]B7 ¢y 0 ¢*>

The composition of
V : (Q-Info)® — Q-Cls

and
T : Q-Cls — (Q-CCat)ge
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gives a functor
K=ToV:(Q-Info)®® — (Q-CCat)g

that sends each Q-distributor ¢ : A —e— B to the complete Q-category ¢, o ¢*(PB).
The following conclusion asserts that the free cocompletion functor of Q-categories
factors through K.

5.9. PROPOSITION. If F : A — B is a fully faithful Q-functor, then K(F*) = PA. In
particular, the diagram

Q-Cat Yt (Q-Info)°P
K

Q-CCat

commautes.

PROOF. In order to see that IC(F?) = (F?), o (F%)*(PA) = PA, it suffices to check that
(F%), o (F%)*(uu) = p for all g € PA. Indeed,

(F9)« o (F5)"(n) = (Fy)" o (F%)*(n) (by Theorem [5.4)
— (Fo ) (n)
= A*(p) (by Proposition [2.3(1))
= ILL'

Furthermore, it is easy to verify that K o YT(G) = G7 = P(G) for each Q-functor
G : A — B. Thus, the conclusion follows. [

Theorem shows that every skeletal complete Q-category is of the form M(¢). It
is natural to ask whether every complete Q-category can be written of the form KC(¢)
for some OQ-distributor ¢. A little surprisingly, this is not true in general. This fact was
pointed out in [LZ2009] in the case that Q is a unital commutative quantale. However,
the answer is positive for a special kind of quantaloids.

Let ® = {ds: A— A| A€ Qy} be a family of morphisms in a quantaloid Q. ® is
called a cyclic family [Ros1996] if da " f = f \ dp for all f € Q(A, B). © is called a
dualizing family [Ros1996| if (da " f) \vda = f =dp " (f \(dp) for all f € Q(A, B).

A Girard quantaloid |[Ros1996| is a quantaloid with a cyclic dualizing family © of
morphisms.

5.10. PROPOSITION. [R0s1996] Suppose Q has a dualizing family
D={dy:A— A| A€ Qp}.
Then for all Q-arrows f,fy :A— B, g: B—C, h: A— C:
(1) gof=dc/ (f \(9\vdc)) = ((da f) 9) \da.
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(2) (b f) Nede = fo(h\dc), da/ (9 \h)=(da/ h)og.
() (ds v 9) N\ f =9 (f \dp).
Let Q be a Girard quantaloid with a cyclic dualizing family
D={ds:A— A| A€ Qy}.
For all f € Q(A, B), let

~f=da f=f\vdp: B — A

Then =—f = f since ® is a dualizing family. For each O-category A, set
(~A)(y, 2) = ~A(z, )
for all z,y € Ag. It is easy to verify that —=A : A —e— A is a Q-distributor and
D'={-A:A -5 A|A € Q-Dist}
is a cyclic dualizing family of Q-Dist. Thus

5.11. PROPOSITION. [Ros1996] If Q is a Girard quantaloid, then Q-Dist is a Girard
quantaloid.

Therefore, by assigning —¢ = =A /" ¢ = ¢ \, —B for each Q-distributor ¢ : A —e— B,
we obtain a functor = : Q-Info — (Q-Info)°? that sends an infomorphism

(F,G): (¢p: A ->B)— (v: A = B)
to
(G,F): (¢ :B o> A') — (=g : B o> A).

It is clear that =0 = = lg nf. We leave it to the reader to check that (—¢)(y,x) =
—¢(x,y) for any distributor ¢ : A —— B and = € Ag,y € By.

5.12. LEMMA. Suppose Q is a Girard quantaloid. Then for any Q-distributor ¢ : A ——
B, it holds that ¢* = — o (—¢)r and ¢, = (—¢p)* o —.

PRrROOF. For all A € PB and p € PA, we have

¢"(A) = Ao
= Ao (m¢\,A) (by Proposition [5.11]
= (=g A\) \ A (by Proposition [5.10{2))

=0 (=9)r(A)
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and
Gu(p) = o ¢
=1 (7o N\ —A) (by Proposition [5.11]
= (mA / p) \( ¢ (by Proposition [5.10(3))
=\ TP (by Proposition [5.11))
= (—\¢>¢ O .
The conclusion thus follows. [

5.13. PROPOSITION. Suppose Q is a Girard quantaloid. Then V = U o — and it has a
left adjoint right inverse given by

G=-0F:Q-Cls — (Q-Info).

Therefore, every skeletal complete Q-category is isomorphic to K(¢p) for some Q-distributor
0.
PRrROOF. This is an immediate consequence of Theorem and Lemma [

6. Concluding remarks and questions

Isbell adjunctions and Kan extensions are fundamental constructions in category theory,
both of them can be viewed as adjunctions between categories of (contravariant) func-
tors. This paper investigates the functoriality of these constructions in a special setting:
categories enriched over a small quantaloid Q. To this end, infomorphisms (an extension
of adjunctions between categories) are introduced to play the role of morphisms between
distributors. It is shown that each distributor between categories enriched over a small
quantaloid gives rise to two adjunctions (which are respectively generalizations of Isbell
adjunctions and Kan extensions), hence to two monads; and that these two processes
are functorial from the category of distributors and infomorphisms to the category of
complete Q-categories and left adjoints.

This paper is a first step (in a very special setting) to the functoriality of the construc-
tions of Isbell adjunctions and Kan extensions, many things remain to be discovered. We
end this paper with two questions.

The definition of infomorphisms is meaningful for distributors between small cate-
gories. The first question is: Is it possible to establish similar results for distributors
between small categories?

The infomorphisms between distributors introduced here can be composed vertically,
but not horizontally. So, the second question is: Is it possible to find a certain kind of
morphisms between distributors that can be composed in both directions and behave in
a nice way with respect to the construction of Kan extension and Isbell adjunction?
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