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Abstract

Lattice-valued semiuniform convergence structures are important mathematical structures
in the theory of lattice-valued topology. Choosing a complete residuated lattice L as the
lattice background, we introduce a new type of lattice-valued filters using the tensor and
implication operations on L, which is called T-filters. By means of T-filters, we propose
the concept of T-semiuniform convergence structures as a new lattice-valued counterpart
of semiuniform convergence structures. Different from the usual discussions on lattice-
valued semiuniform convergence structures, we show that the category of T-semiuniform
convergence spaces is a topological and monoidal closed category when L is a complete
residuated lattice without any other requirements.

Mathematics Subject Classification (2020). 54A20

Keywords. T-semiuniform convergence, T-filter, monoidal closedness, residuated lattice

1. Introduction

In the theory of general topology, the category of topological spaces consisting of topo-
logical spaces as objects and continuous maps as morphisms lacks nice categorical proper-
ties, such as Cartesian-closedness. In order to overcome this deficiency, convergence spaces
via filters were introduced. In the framework of topological spaces, the category of uni-
form spaces also lacks function spaces, i.e., it is not Cartesian closed. As generalizations of
uniform spaces, uniform convergence spaces were proposed. The resulting category is not
only Cartesian closed, but also has close relationship with convergence spaces. Consider-
ing more nice categorical properties, the notion of semiuniform convergence spaces were
introduced by relaxing some axioms in the definition of uniform convergence spaces. In
the famous book [18], Preuss presented systematical investigations on convergence spaces
and semiuniform convergence spaces.

With the development of lattice-valued topology, convergence structures and semiu-
niform convergence structures have been generalized to the lattice-valued case, such as
Jager [11-14], Fang [4,5], Yao [25,26], Li [15-17], Flores [7,8], Pang [19-24] and Zhang
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[28-30]. From a categorical aspect, closedness is a very important character of lattice-
valued convergence-related structures with L as the lattice background, such as Cartesian-
closedness. However, it is usually required that L should be equipped with some restric-
tions in order to show the closedness of the resulting categories of lattice-valued struc-
tures. For examples, the categories of stratified L-generalized convergence spaces [11] and
L-uniform convergence spaces [13] are Cartesian-closed whenever L is a complete Heyt-
ing algebra and the category of T-convergence spaces [27] is Cartesian-closed whenever L
is a complete MV-algebra. This demonstrates that internal feature of L determines the
Cartesian-closedness of the lattice-valued structures. So a natural question has risen:

How to generalize the lattice background to ensure the closedness of lattice-valued struc-
tures?

Up to now, there have not been further results which can ensure the Cartesian-closedness
of lattice-valued structures in a more general lattice background. Besides Cartesian
closedness, monoidal closedness is another important categorical property with respect
to closedness. In [30], Zhang et al used modified stratified L-filters to introduce stratified
L-convergence structures with L a complete residuated lattice and showed the monoidal
closedness of the resulting category. Recently, Fang and Fang [6] further proposed the
concept of stratified L-semiuniform convergence structures by modified stratified L-filters
(L is an integral, commutative unital quantale) and proved that the resulting category is
monoidal closed. This motivates us to consider the monoidal closedness of lattice-valued
structures by means of modified lattice-valued filters in a more general lattice background.

In many cases, it can be considered similar to show the Cartesian-closedness or the
monoidal closedness of a category. However, the requirements on the lattice background L
are usually different when dealing with the Cartesian-closedness and the monoidal closed-
ness of lattice-valued filter based structures. Moreover, compared with the lattice-valued
fitlers used in showing Cartesion-closedness, it is usually required that some modifications
should be equipped on the lattice-valued fitlers in order to construct the tensor product
in the definition of monoidal closedness. Recently, Yu and Fang [27] applied T-fitlers [9]
to introduce the concept of T-convergence structures and showed that the category of T-
convergence spaces is Cartesian closed when L a complete MV-algebra. Jéger and Yue
[14] showed the category of T-uniform convergence spaces is Cartesian closed when the
lattice background is a commutative and integral quantale which is divisible or is a value
quantale. Following the idea on Cartesian-closedness and monoidal closedness of lattice-
valued filter based structures, we will first modify T-filters by replacing the A-operation
by the * on a complete residuated lattice. Then we propose a new kind of lattice-valued
semiuniform convergence spaces via modified T-filters, which will be called T-semiuniform
convergence spaces. In this approach, we will explore the monoidal closedness of the re-
sulting category where the background lattice is a complete residuated lattice without any
other requirements.

This paper is organized as follows. In Section 2, we recall some necessary concepts and
notations. In Section 3, we introduce a new type of T-filters and make some investigations
on its properties. In Section 4, we propose the notion of T-semiuniform convergence spaces
by using T-filters. Further, we define the tensor product of T-semiuniform convergence
spaces, and prove the category of T-semiuniform convergence spaces is a topological and
symmetric monoidal category. In Section 5, we prove that the category of T-semiuniform
convergence spaces is a monoidal closed category.

2. Preliminaries

A complete residuated lattice is a triple (L, <, *), where (L, <) is a complete lattice with

the top element T and the bottom element 1, and * is a commutative, associative binary
operation such that
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(1) T is the unit element for %, i.e., T*a =a, for a € L;
(2) ax (Vjerj) =Vjejaxb;,VaeL,{bj|jeJ}cL.
There exists a binary operation —: L x L — L corresponding to *, computed by

Va,be L, a >b=\/{ce L|axc<b},

called the implication operation on L. Further, * and — form an adjoint pair in the sense
ofaxb<c<=b<a—-cforall ab,celL.

Lemma 2.1 ([2]). In every complete residuated lattice (L,<, *), the following results are
valid:

) T>a=a, and a<b if and only ifa > b=T;

(2) (a->by*x(b—>c)<a—c;

(3) a—= Ajesbj = Njes(a —bj);

(4) (Vjesa;) = b=Njes(aj - b);

5) a=»(b=c)=b—>(a—>c)=(a*b)—>c

(6) ax(a—b)<b

(7) (a=c)*(b>d)<axb—>cxd;

(8) (anc)*(bad)<(axb)A(cx*d).

Throughout this paper, let L be a complete residuated lattice and X be a nonempty
set. An L-subset on X is a map from X to L, and the family of all L-subsets on X will
be denoted by L¥, called the L-power set of X. By 1x and Tx, we denote the constant
L-subsets on X taking the value 1 and T, respectively. We will not distinguish an element
a € L and the constant map a: X — L such that a(x) = a for all x € X.

All algebraic operations on L can be extended to the L-power set L¥ in a pointwise
way. That is, for all A, Be LX, ae L and z € X,

(Av B)(z) = A(x) v B(x);

(AAB)(z) = A(x) A B(x);

(A% B)(x) = A(z) *» B(x), and (a * A)(z) = a * A(x);

(A - B)(z) = A(z) > B(z), and (a - B)(x) =a - B(x).

Let ¢ : X — Y be a map. Define ¢~ : LX — LY and o= : LY — LX by ¢~ (A)(y) =
Vo(z)=y A(z) for A€ LX andy e Y, and ¢ (B) = Boy for B € LY, respectively. For a given
set X, define a binary map Sx (-, -) : LX x LX — L by Sx (A, B) = Azex (A(z) - B(z))
for each pair (A, B) € L* x LX. For all A, B e L, Sx(A, B) can be interpreted as the
degree to which A is a subset of B. It is called subsethood degree [10] or fuzzy inclusion
order [2] of L-subsets.

Lemma 2.2 ([2]). The fuzzy inclusion order Sx(—,-) satisfies the following properties:

VA,B,C,DeL*~,
(1)ASB(=>SX(A7 T

() Sx(A,B) » Sx(B.C) < 5x(4,C);

(3) Sx(A,B) »Sx(C,D) < Sx (A +C,Bx D);

(4) Sx(A,B)ASx(C,D)<Sx(AANC,BAD);

(5) A< B implies Sx(C,A) <Sx(C, B) and Sx(B,D) <Sx (A, D).

Lemma 2.3 ([2]). Let ¢ : X — Y be a map. Then for A,B e L*X,C,D e LY, it holds
that

\./

Sx (A4, B) <Sy (¢~ (A),¢7(B)) and Sy (C, D) < Sx (¢~ (C), 9" (D))

Definition 2.4 ([3]). A category C is called a monoidal category if there exist a bifunctor
® : CxC — C and an object I in C such that the transformations a : ® o (® x id¢c) —
Qo (idc x®), : I®(-) — idc and 7: (=) ® I — idc are natural isomorphisms with the
components

axyz: (XeY)®Z — X (Y®Z),
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ly:I®Y —Y rx: Xl — X,
subjected to the following coherence axioms:

(1) The bifunctor ® is associative, i.e., Diagram 1 is commutative;
(2) Iy =rr and Diagram 2 is commutative.

(XeY)ez)elU 2 (XeY)e(ZeU)
aXYZ@“Ui (Xeol)oY XL Xe(IeY)
(Xeo(YoZ)U axXY (ZgU) m iz‘dX@ly
aX(Y@Z)Ui XY
Xe(Yez)eU)— ——=Xe(Ye(Zel)) Diagram 2

Diagram 1

Definition 2.5 ([3]). A monoidal category C is called symmetric when the natural iso-
morphism c: ® — ® whose components cxy : X ® Y — Y ® X satisfies the subsequent
coherence axioms expressed by the commutativity of the following Diagram 3, Diagram 4
and Diagram 5.

(XoY)eZ %7 (yeX)ez
axyzi iaYXZ
Xe(Y®Z) YR (X®Z)
CX(Y®Z) i iidY®CXZ
(YeoZ)o X Y®((Z®X)
ay zXx
Diagram 3
Xol I1eX XV 2 vex
\ ilx \ \LCYX
X
X XeY
Diagram 4 Diagram 5

Definition 2.6 ([1]). Let F:C — D and G : D — C be functors. If for each object X
in C and object Y in D, there exists a bijection

W i=Wwxy : [FX, Y]IDJ — [X, GY]C
such that w is natural in X and Y, then the triple (F, G,w) is said to be an adjunction
from C to D. In this case, the functor F is said to be a left adjoint for G and G is called
a right adjoint for F.

Definition 2.7 ([3]). A symmetric monoidal category C is said to be closed with respect
to the tensor operation ® if for each object X in C, the functor (-) ® X : C — C has a
right adjoint [X,-]:C — C.

The class of objects in a category C is denoted by |C|. For other notions, we refer to
[1,18].
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3. T-filters via residuated lattices

In this section, we will propose the concept of T-filters by means of the operations *
and — on a complete residuated lattice and then investigate some of its properties.

Definition 3.1. A nonempty subset F of L is called a T-filter on X provided that

(TF1) If Ae LX such that Vper Sx(B,A) =T, then A €TF;
(TFQ) A1 * AQ e F for all Al,A2 € ]F;
(TF3) Vyex A(x) =T for all AeF.

The set of all T-filters on X is denoted by F} (X).

Example 3.2. Given a point x € X, the set [z]; € L~ defined by
[¢]r:={Ae L™ | A(z) = T},

is a T-filter on X, which is called the point T-filter of z. In case X = {o0}, a single point
set, [oo]t is the unique T-filter on X.

Actually, the idea of T-filters was originated from [9] in the framework of a complete
MV-algebra by using a R-condition. Recently, Yu and Fang [27] modified this concept and
presented a concrete form by (TF1), (TF3) and

(TFQ)* Al A AQ e F for all Al,Az eF.

In this sense, Yu and Fang [27] defined T-convergence spaces and showed the Cartesian-
closedness of the resulting category when L is a complete MV-algebra. In this section, we
will adopt Definition 3.1 by replacing A by * on a complete residuated lattice and explore
its properties as preparations for the sequel sections.

Firstly, let us introduce the concept of bases of T-filters in the sense of Definition 3.1.

Definition 3.3. A nonempty subset B of L is called a T-filter base on X provided that
(Bl) VBEBSX(B7B1 * BQ) =T for all By, By € B;
(B2) Viex B(x) =T for all BeB.

In [27], Yu and Fang showed how to generate a T-filter from a T-filter base. The method
can also be applied to our case. That is, for a T-filter base B, a T-filter can be generated
in the following way:

Fp:={AeL*|\ Sx(B,A)=T}.
BeB
In this sense, B is called a base of Fg. Obviously, a T-filter F is also a T-filter base and it
can be generated by itself as a T-filter base.

Next we present some results on T-filters and T-filter bases and only give some necessary

proofs.

Proposition 3.4. Let p: X — Y be a map, Fe F](X), Ge F/(Y), and Br and Bg be
T-filter bases of F and G, respectively. Then

(1) ¢=(F) generated by the T-filter base {@~(A) e LY | A€ F} is a T-filter on Y, which
is called the image of F under ¢. The calculation formula of ¢~ (F) is as follows:

¢~ (F)={BeL"| ,}/FSY(W(A)’B) =T}

={BeL"| \/ Sy(¢”(A),B) =T}
AeBp

(2) The set {¢=(B) € L* | B € G} is a T-filter base on X if and only if Vyeo(x) B(y) =T
holds for each B € G. In this case, it can generate a T-filter by

P (G)={AeL™ |\ Sx(¢~(B),A)=T}
BeG

={AeL™| \ Sx(¢7(B),4) =T},
BeBg
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which is called the inverse image of G and is denoted by ¢=(G).

Proposition 3.5. Let p: X — Y be a constant map with the constant oo € Y. That is,
@(x) = oo for each v € X. Then ¢~ (F) = [oo]; for each F e F](X).

Proof. Take each A € F. Then ¢~ (A)(o0) = Vyzex A(x) = T. By Proposition 3.4 (1), we
have

Beyg™(F) <=\ Sy(¢7(4),B) =T

AelF

=V A" (A)) - B(y)) =
AelF yeY

=V (¢7(4)(00) > B(e0)) =T
AelF

<=>B(o0) =T

«<=Be€[oo]q,

which shows o= (F) = [oo]5. O

Proposition 3.6. Let ¢ : X — Y be a map, F,G e F] (X). Then

(1) FnGe F/(X).
(2) ¢=(FnG) = ¢~ (F) np=(G).

Proof. (1) Obviously.
(2) Since = (FnG) < ¢~ (F)ny~ (G) is obvious, we only need to show o= (F)ne™(G) <
7 (FnG). Take each D € ¢~ (F) n ¢~ (G). By Proposition 3.4 (1), we have

T=T*T=V Sy(¢”(A),D)* \ Sy(¢~(B),D)
AelF BeG

=V Sv(¢7(4),D)xSy(¢7(B). D)
AelF,BeG

(4)
(
<V Sv(¢”(A),D)ASy(p”(B),D)
AelF, BeG
Sy (

=V

AelF,BeG

<V Sv(¢7(0). D),

CeFnG

¢~ (A) v~ (B),D)

which means D € o= (F nG), as desired. O

Proposition 3.7. Let F e F[(X), Ge F[(Y), and By and Bg be T-filter bases of F and
G, respectively. Then B = {A® B e LX*Y | A ¢ By, B € Bg} is a T-filter base on X x Y,
where A® B((x,y)) = A(z) » B(y) for each (x,y) € LY.

Proof. It suffices to verify that B satisfies (B1) and (B2). Indeed,



1354 L. Zhang, B. Pang

(B1) Take each Dj, Dy € B. Then there exist Aj, A € Br and By, By € Bg such that
D1 =A1® By and Dy = Ay ® By. This implies
\/ Sxxy (D, D1 * D>)
DeB
= \/ SXXY(A®B7D1*D2)
AeBp,BeBg

=V  Sxxv(A®B,(41®B1) * (A2® By))
AeBp,BeBg

=V AN (A(z) *» B(y) > Ai(z) * Bi(y) * Az(x) * Ba(y))
AeBr,BeBg (z,y)eXxY

>V A ((A(z) > Ai(z) » A2(2)) * (B(y) — Bi(y) » B2(y)))
AeBg, BeB (z,y)eXxY

>\ (Sx(A A * Ay) xSy (B, By » By))

AE]B]F,BGBG

= \/ S)((A,Al * Ag) * \/ Sy(B,Bl * Bg)
AEIB]F BGBG

=T*T=T,

which means (B1) holds.
(B2) Take each D € B. Then there exist A € By, B € Bg such that D = A® B. This
implies

V Dy = 'V AeB(xy)
(z,y)eXxY (z,y)eXxY
=V  A@)=B(y)
(z,y)eXxY
= V A=)+ V B(y)
zeX yeY
= T*T=T,
which means (B2) holds, as desired. O

Since each T-filter is a T-filter base of itself, it follows from the above proposition that
a T-filter on X x Y, denoted by F® G, can be generated from I € F} (X) and G € F/ (Y)
in the following way:

FeG={CeL™Y| \/ Sxxw(A®B,C)=T}.
AeF,BeG

In this sense, F® G is called the tensor product of F and G. In particular, for each x € X,
[z]; ® [z]; is a T-filter on X x X, and it is easy to check that [z]; ® [z]; = [(z, )]+

Proposition 3.8. LetF e F](X),G e F[(Y), Br,Bg be T-filter bases of F,G, respectively.
Then

FeG={DeL*| \/ Sx«w(A®B,D)=T}.
AE]B]&BEBG

That is to say, {A® B| AeBy, B eBg} is also a base of F® G.
Proof. 1t suffices to show

FGe{De L™ | \/ Sx«w(A®B,D)=T}.
AeBp,BeBg

Take each C € F® G. Then

V Sxxv(A®B,C)=T.
AelF,BeG
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Since
\/ SX(Al,A) =T and \/ Sy(Bl,B) =T
A1 €Bp BieBg
for each A € F and B € G, we have

T= V SXxy(A®B,C)

AeF,BeG

= \/ (SXxy(A(X)B C \/ Sx Al, )* \/ Sy(Bl,B))
AelF,BeG AqeBp BieBg

<V (Sxxw(A®B,C)* \/  Sxxv(A1©DB1,A® B))
AEF,BEG A1€B]}:,31€BG

= \/ v (Sxxy(A(X)B,C)*SXxy(Al ®Bl,A®B))

AeF,BeG A eBr,B1€Bg

< Vo Sxxy(41®B,0),
A1€BF,BlEBG

which means C € {D € LY |V 4, Ben Sxxy (A ® B, D) =T}, as desired. O

Proposition 3.9. Let F be a T-filter on X x X. Then F~ defined by F~ = {A™t e LX*X |
A €T} is also a T-filter on X x X, where A~ (z,2') = A(z', x) for each (z,2') e X x X.

Proof. Tt is enough to verity that F~! satisfies (TF1)—(TF3). Indeed,
(TF1) Take each B € LX*¥ such that \ 4ep-1 Sxxx (4, B) = T. Then
V Sxxx(C,B™) = \/ Sxxx(A™,B™) =\ Sxxx(A,B)=T,
CeF A-leF AeF-1
which means B™' € F, i.e., Be F '
(TF2) It follows immediately from (A B)™' = A™' « B! for each A, B e LX*X,
(TF3) Take each AeF~! ie., AL €F. Then
V Alzy)= V. Alya)= V. Al(yo)=T,

(z,y)eXxX (z,y)eXxX (y,z)eX xX
as desired. 0

Proposition 3.10. Let ¢ : X — U andvy :' Y — V be two maps, px : X xY —
X,py : X xY — Y be the projection maps, and F e F/(X), Ge F/(Y), Ke F/(X xY),
He F; (X x X). Then
(1) (px9)~(FeG)=¢

(2) px(FoG)=F, py (FoG)
( ) pX (K )®Py(K)1C K;

@) ((px @)™ (M) = (px @)™ @),
where px1h : X xY — UxV is defined by ox(z,y) = (¢(z),¥(y)) for each (z,y) € X xY .
Proof. For (1), let By = {(¢x¢)"(A®B)| AeF,BeG}and Bs = {p~(A)®y~(B)| A«
F, B € G}. By Propositions 3.4 and 3.8, we know B; is a T-filter base of (¢ x )™ (F® G)
and By is a T-filter base of ¢~ (F) ® ™ (G). Since (¢ x¢¥)"(A® B) = ¢~ (A) ® Y~ (B)
holds, we get By = By. This means (¢ x )~ (F®G) = o= (F) @ v~ (G).

For (2), it follows immediately from p3(A®B) = A and py>(A® B) = B for each A e LX
and Be LY.

For (3), take each D € p3 (K) ® py’ (K). Then

T= \/ SXXY(p;((A) ®p)_/)(B)7D)
A,BeK

< \/ SXXY(A* B’D)
A,BeK

< \/ SXXY(C7D)7
CeK
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which means D € K. This shows p¥ (K) ® p7 (K) c K.
For (4), take each D € LY*V. Then

De((px9)~(H) ™ <D e(pxp)~(H)
=\ Suxv((¢x¢)”(A),D™)

T (by Proposition 3.4)

AeH

=\ SUxU((cp x cp)_’(A_l),D) =T
AeHl

— SUxU((SO X @) (B),D) =T
BeH-!

—De(pxp)”(H"), (by Proposition 3.4)
which shows (¢ x )= (H)) ™" = (¢ x )= (H). 0
Proposition 3.11. Let F,G e F] (X) and He F/(Y). Then
(FnG)oH=(FeH)n(GeoH).
Proof. Take each D € (F® H) n (G ®H). Then
T=TxT= \/ Sxxw(A®H,D)* \/ Sxxyv(B®H>,D)

AeF,HieH BeG,HzeH

= V Sxxy (A® H1, D) * Sxxy (B ® Ha, D)
AeF,BeG,H,HoeH

< V Sxxy (A® H1, D) ASxxy (B ® Hz, D)
AeF,BeG,H1,HoeH

= vV Sxxv((A® Hy) v (B® Hs),D)
Ae€lF,BeG,H, ,HoeH

< V Sxxv((A® Hy) v (B® Hs),D)
A€eF,BeG,H* HoeH

< V SXXY((A®(H1*HQ))V(B@(Hl*HQ)),D)

AeF,BeG,H » HyeH

< V  Sx«w((A®H)v(B®H),D)
AelF,BeG,HeH

=V  Sxw((AvB)®H, D)
AelF,BeG,HeH

< \/ Sxxy(C(X)H,D),
CeFnG,HeH
which implies D € (FnG) ® H. This shows (F®H) n(G®H) c (FnG) @ H. The inverse
holds obviously. Thus, we obtain (F®@H)n(GeH) = (FnG) @ H. O

4. T-semiuniform convergence spaces

In this section, we introduce the notion of T-semiuniform convergence spaces and verify
the category of T-semiuniform convergence spaces is a topological and symmetric monoidal
category.

Definition 4.1. A set A ¢ F/ (X x X) is called a T-semiuniform convergence structure on
X provided that

(TSUCL) [z]r® [x]7 € A;

(TSUC2) Fe A and Fc G imply G € A;

(TSUC3) F e A implies F~! € A.

For a T-semiuniform convergence structure A on X, the pair (X, A) is called a T-semiuniform
convergence space.
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A map ¢ : (X,Ax) — (Y,Ay) between T-semiuniform convergence spaces is called
uniformly continuous provided that F e Ax implies (¢ x )~ (IF) € Ay for each F e F} (X x
X).

It is easy to check that all T-semiuniform convergence spaces as objects and all uniformly
continuous maps as morphisms form a category, which is denoted by T-SUConv.

Let A(X) denote the fibre of X i.e.,
A(X) := {Ax | Ax is a T-semiuniform convergence structure on X }.

We can define an order on A(X) by for each A, Af € A(X), A < AY if and only if
idx : (X, AY) — (X, A) is uniformly continuous. In this case, we call A;® is finer than
A or A2 is coarser than A.

Example 4.2. (1) We define a set A;\; = F} (X x X). This is the coarsest T-semiuniform
convergence structure on X, which is called the indiscrete T-semiuniform convergence
structure on X.

(2) We define a set A% = {[z]; ® [z]; | # € X}. This is the finest T-semiuniform con-
vergence structure on X, which is called the discrete T-semiuniform convergence structure
on X.

(3) For each single point set X = {oo}, there is a unique T-filter [oo]; ® [co]; on X x X.
So there is a unique T-semiuniform convergence structure on {oo}, which is denoted by
Afooy- Concretely, Afoy = {[o0]r ® [o0]1}.

Theorem 4.3. The category T-SUConv is a topological category over Set.

Proof. Ezistence of initial structures. Given a source {¢; : X — (X;,Ax;)}ier in T-
SUConv, define a set Ax ¢ ] (X x X) by

Ax ={Fe FJ(X x X) | Vie I, (pix ;)" (F) e Ay, }.

Now let us prove that Ax is the initial structure w.r.t. the source {¢; : X — (X, Ax,) }ies-
It is easy to show that Ax is a T-semiuniform convergence structure on X. Next it suffices
to verify Ax is the unique T-semiuniform convergence structure on X such that for each ob-
ject (Y, Ay ) in T-SUConv and for each map ¢ : Y — X, themap ¢ : (Y, Ay) — (X, Ax)
is uniformly continuous if and only if the composite map ¢; 01 : (Y, Ay) — (X;,Ax,) is
uniformly continuous for each ¢ € I. The necessity is straightforward. Conversely, if the
composite map p; o : (Y,Ay) — (X;, Ax,) is uniformly continuous for each i € I, then
for each G € Ay, it follows that

((pi x i) o (h x¥))7(G) = ((pio¥) x (pi01))T(G) € Ax,.

By the definition of Ax, we get (¢ x )~ (G) € Ax, which means the map ¢ : (Y,Ay) —
(X, Ax) is uniformly continuous. Suppose that there is another T-semiuniform convergence
structure A,X on X such that for each object (Y,Ay) in T-SUConv and for each map
¥ :Y — X, the map ¢ : (Y,Ay) — (X, A/X) is uniformly continuous if and only if the
composite map ¢; o9 : (Y,Ay) — (X, Ax,) is uniformly continuous for each i € I. Let
P =idx : (X,Ax) — (X,AY). Since p;0idx = ¢; : (X,Ax) — (Xi,Ax,) is uniformly
continuous for each i € I, we conclude that 1 is uniformly continuous. That is to says
Ax c A’X. On the other hand, it follows from the uniform continuity of idx : (X, A'X) —
(X,AY) that the map ¢; : (X,Ay) — (Xi,Ay,) is uniformly continuous for each i € I.
By the definition of Ax, we obtain AIX ¢ Ax. This shows A/X =Ax.

Fiber-smallness. The class of all T-semiuniform convergence structure on X denoted by
A(X) is a set since A(X) ¢ {0, 1}PFLX=X))

Terminal separator property. For a single point set X = {oo}, there is exactly one
T-semiuniform convergence structure A, on X (See Example 4.2 (3)). O
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In the sequel, we aim to show that the category of T-semiuniform convergence spaces
is a symmetric monoidal category. To this end, we will first construct a tensor operation
between T-semiuniform convergence spaces to define a bifunctor from T-SUConv x T-
SUConv to T-SUConv.

Given two T-semiuniform convergence spaces (X,Ax) and (Y,Ay), we define a set
Ax ® Ay € FJ((X xY) x (X xY)) as follows:

Ax @Ay ={He F,((X xY)x (X xY)) | (px xpx)”(H) € Ax, (py x py)~ (H) € Ay},
where px : X xY — X and py : X xY — Y are projection maps.

Proposition 4.4. Ax ® Ay defined above is a T-semiuniform convergence structure on
XxY.

Proof. 1t suffices to show that Ax ® Ay satisfies (TSUC1)—(TSUC3). Indeed,
(TSUCL) Take each (x,y) € X x Y. Then it follows from Proposition 3.10 that

(px xpx)7 ([(=, )] ® [(#,9)]7) = [z]: ® [#]r
and

(py xpy)~ ([(z,9)]r @ [(z,9)]7) = [yl @ [y]+-

Since [z]r ® [z]r € Ax and [y]r ® [y]r € Ay, we have

(px xpx)™ ([(z; 9)]r @ [(2,9)]r) € Ax
and
(py xpy) 7 ([(2,9)] ® [(2,9)]7) € Ay
By the definition of Ax ® Ay, we get [(z,y)]r+ ® [(x,y)]r € Ax @ Ay.
(TSUC2) Obviously.
(TSUC3) Take each H e F] ((XxY)x(X xY')) such that H e Ax®Ay. By the definition
of Ax ® Ay, we have

(px xpx)~ (H) e Ax
and
(py xpy)~ (H) € Ay.
Then it follows from Proposition 3.10 that
(px xpx)"(H™') = ((px xpx)~ (H)) " e Ax
and
(py xpy)~(H™") = ((py xpy) ™ (H)) ™ € Ay,
This shows H™' € Ay ® Ay, as desired. O

By the above proposition, we can get an object map ® : T-SUConv x T-SUConv—>T-
SUConv defined by for every two T-semiuniform convergence spaces (X, Ax) and (Y, Ay),

(X, Ax)® (Y, Ay) = (X xY,Ax ® Ay).

We call (X xY,Ax ® Ay) the tensor product of (X,Ax) and (Y,Ay) and ® the tensor
operation. Further, we will show the tensor operation ® is a bifunctor.

Proposition 4.5. The tensor operation ® : T-SUConv x T-SUConv—T7-SUConv is a
bifunctor.

Proof. By Proposition 4.4, we only need to show that for every two uniformly continuous
maps ¢ : (X, Ax) — (Y,Ay) and ¢ : (U,Ay) — (V,Ay), the map

PRY:i=px: (XXU,A)(®AU) — (YXV,AY®Av)
is uniformly continuous. Take each H e F} ((X xU) x (X x U)) such that
HeAx ® Ay.
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For clarity, let px : X xU — X, py: X xU — U, gy : Y xV —Y and qv: Y xV —V
denote the projection maps, respectively. Then

(pxp)o(px xpx) = (ay xay) o ((px 1) x (¢ x¢))
and

(¥ x ) o (pu xpu) = (qv x qv) o ((¢ x ) x (¢ x1)).
By the definition of Ax ® Ay, we also have (px xpx )™ (H) € Ax and (py xpy)~ (H) € Ay.
Since ¢ and 1) are uniformly continuous, we get

((av xav) o ((px¥) x (o x )~ (H) = (¢ x 9) o (px x px))~ (H) e Ay
and
((av xav) o (e x¥) x (¢ x 1))~ (H) = (¢ x ) o (py x py))~ (H) € Ay.

This means

(9 x ) x (9 x )~ (H) € Ay ® Ay.
Thus, p@ ¢ =2 x1p: (X xU,Ax @ Ay) — (Y xV, Ay ® Ay) is uniformly continuous. [

By the bifunctor ®, we can construct a transformation
a:®0 (®xidi_sUConv) — ®° (idr_SUConv X ®)
by for each (X,Ax),(Y,Ay),(Z,Az) €|T-SUConv|,
axyz: (X xY)xZ,(Ax®Ay)®Az) — (X x (Y x Z),Ax ® (Ay ® Az)).
Concretely, for each ((z,y),z) e (X xY) x Z,
axyz(((z,y),2)) = (2, (y,2))-

For preparations, we first present the following projection maps in advance.

P2 (X xY)xZ — X xY, pS (X xY)xZ — 2,

DX x (Y xZ) — X, pp D X x (Y x2Z) —Y x 7,
p§Y:XxY—>X, péY:XxY—>Y,

p%ﬁZ:YxZ—>Y p’Z/Z:YXZ—>Z.

)

Proposition 4.6. The transformation

a:®o0 (®xidr_SUConv) —> ®© (idr_SUConv X ®)
s a natural isomorphism.

Proof. 1t is easy to check that the transformation a is natural. Here it remains to show
that for each (X,Ax),(Y,Ay),(Z,Az) in |T-SUConv|, the map

axyz: ((X XY) x 7, (Ax®Ay) ®Az) —> (X X (Y X Z),Ax® (Ay@Az))

is an isomorphism. To this end, we need to show

(1) axyz is a bijection.

(2) axyz: ((XxY)xZ, (Ax®Ay)®Az) — (Xx (Y xZ),Ax®(Ay ®Az)) is uniformly
continuous.

(3) axyz: (Xx(YxZ),Ax®(Ay®Az)) — ((XxY)xZ,(Ax®Ay)®Az) is uniformly
continuous.

For (1), it is straightforward.
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For (2), take each He FJ(((X xY)x Z)x ((XxY) xZ)) such that He (Ax ®Ay)®A.
By the definition of (Ax ® Ay) ® Az and Ax ® Ay, we obtain

PO xpB7) T () e Ax @ Ay

and
(P75 pSI )= (H) € Ay,

which is equivalent to

XYz XY)Z\\=
((pXYXpX) (pg(y) Xp_(xy) )) (H)EAX7

(XY % p¥Y) 0 (B x p 7)) 7 (H) € Ay

and
(p(ZXY)Z Xp(ZXY)Z):»(H) c AZ-

Since

XY _ XY) (XY)Z _ (XY)Z X(YZ) _ X(YZ)

(px XPx )o (pXY XPxy )—(px XPx )o(axyz xaxyz),
(" <2 ) o 07 x5 D) = VE x v E) o (pyy D xiiyy ) o (axyz x axyz)

and

P(ZXY)Z P(ZXY)Z (plz/z x PZ ) (piféyz) pé(ZYZ)) o(axyz xaxyz),
we get

((PX(YZ) X(YZ)) o(axyz xaxyz))” (H)eAx,
(V7 xp¥?) o (0307 5 pE 0 Y o (axy 7 axyz))” (H)eAy

and

(037 xp57) 0 (050D w0 ) o (axys  axv2))” (H) € As,

By the definition of Ax ® (Ay ® Az), we have

(axyzxaxyz)” (H) e Ax @ (Ay @ Az).
This shows axyz is uniformly continuous.

For (3), it is similar to (2). O

Proposition 4.7. Let px : X xY — X and py : X xY — Y be projection maps. Then
x (X xY, Ax®Ay) — (X,Ax) and py : (X xY,Ax ® Ay) — (Y, Ay) are uniformly
continuous.

Proof. Take each H e F]((X xY) x (X xY)) such that He Ax ® Ay. By the definition
of Ax ® Ay, we obtain

(px xpx)~ (H) e Ax
and

(py x py)~ (H) € Ay.
This shows that px : (X xY,Ax®Ay) — (X,Ax) and py : (X xY,Ax®Ay) — (Y, Ay)
are uniformly continuous. O

By means of the unique T-semiuniform convergence structure A,y on the single point
set {oo}, we construct two transformations
L: ({00},/\{00}) ® (_) — idt-SUConv
and
r: (=) ® ({00}, A{o)) — idr_sUConv
by for each (X,Ax) in [T-SUConv],

lX : ({oo}vA{oo}) ® (X,Ax) - (X,A)(), rXx: (X7AX) ® ({°°}7A{oo}) - (XaAX)‘
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Concretely, for each = € X,

Ix((00,2)) =z, rx((x,00)) = x.
Next we will show that transformations [ and r are natural iSsomorphisms.
Proposition 4.8. The transformations
L: ({00},A{°°}) ® (_) — idt_SUConv
and
L (_) ® ({00}’ A°°) — idr_SUConv

are natural isomorphisms.
Proof. 1t is easy to verify that [ : ({oo},A{e}) ® (=) — idr_sUConv and r : (=) ®
({oo},A{oo}) — id1_SUConv are natural transformations. Next it remains to show that
Ix : ({oo},A{oo}) ® (X,AX) — (X,Ax) and rx : (X,AX) ® ({oo},A{oo}) — (X,AX)
are isomorphisms for each (X,Ax). Here we only show the case of Ix : ({0}, Afe}) ®
(X,Ax) — (X,Ax). To this end, we need to verify

(1) lx is a bijection.

(2) Ix : ({oo}, Afoo}) ® (X, Ax) — (X, Ax) is uniformly continuous.

(3) I (X,Ax) — ({0}, A{oo}) ® (X, Ax) is uniformly continuous.

For (1), define a map 13! : (X,Ax) — ({00}, A{e}) ® (X, Ax) by I (x) = (00,z) for
x € X. It is easy to see that l;(l oly = id{w}xX and lx o l;(l = idx. This means [x is a
bijection and l}l is the inverse map of [x.

For (2), by Proposition 4.7, it is easy to see that Ix : ({oe}, Afeo})®(X,Ax) — (X, Ax)
is uniformly continuous.

For (3), take each F € F/(X x X) such that F e Ax. Let prooy : {00} x X —> {oo}
and px : {oo} x X —> X denote the projection maps, respectively. Then it follows that
((px xpx) o (Ix xI31))™(F) =F. By Proposition 3.5, we also have

(oo} X Pooy) © (Ix x1%)) T (F) = [o0]7 ® [oo]7.
This implies
((px xpx) o (Ix x1x)) 7 (F) € Ax
and
((Pfoo} X Ppooy) © (X X 1)) T (F) € Aqoey.
By the definition of Af,} ® Ax, we obtain
(Ix xIx)7(F) € Afooy ® Ax,

which means I3 : (X, Ay) — ({00}, A{oo}) ® (X, Ax) is uniformly continuous. This shows
[: ({00}, A{o}) ® (=) — idr_SUConv is a natural isomorphism.

In a similar way, we can show that r : (=) ® ({00}, Afe}) — id7-sUConv is also a
natural isomorphism, as desired. ]

Next we construct another transformation ¢ : ® — ® defined by for each (X, Ax), (Y, Ay) €|T-
SUConv|,
CXy : (X, Ax) ® (Y, Ay) — (Y,Ay) ® (X, Ax).
Concretely, for each (z,y) e X xY,
CXY((xvy)) = (yvl‘)
Proposition 4.9. The transformation
cC:®—®

is a natural isomorphism.
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Proof. 1t is easy to see that ¢: ® — ® is a natural transformation. Then it remains to
show that for each (X, Ax), (Y, Ay) €/T-SUConv]|,

CXYy : (X,Ax) ® (Y,Ay) — (Y,Ay) ® (X,Ax)

is an isomorphism. For this, we need to show that
(1) exy is a bijection.
(2) exy : (X, Ax)® (Y, Ay) — (Y, Ay) ® (X, Ax) is uniformly continuous.
) exy 1 (Y, Ay) ® (X, Ax) — (X,Ax) ® (Y, Ay) is uniformly continuous.
For (1), it is straightforward.
For (2), take each H e F} ((X xY) x (X xY')) such that He Ax ® Ay. Let

pxlXXY—>X, pY:XXY—>Y>
gx Y xX — X, gv: Y xX —Y

be the projection maps. Then

px xpx = (gx x qx) o (cxy x cxy)
and
py xpy = (qy x qy) o (cxy x cxy)-
By the definition of Ax ® Ay, we have
((gx xgx) o (exy xexy))” (H) = (px xpx )~ (H) € Ax
and
((ay xqv) o (exy x exy))™ (H) = (py xpy) ™ (H) € Ay.
This implies
(exy xexy)™ (H) e Ay ® Ax,
which means cxy : (X,Ax) ® (Y,Ay) — (Y, Ay) ® (X, Ax) is uniformly continuous.
For (3), it is similar to (2). O

Theorem 4.10. The category T-SUConv of T-semiuniform convergence spaces is a sym-
metric monoidal category with respect to the tensor operation ®.

Proof. By Propositions 4.6, 4.8 and 4.9, we know for objects (X,Ax),(Y,Ay),(Z,Az)
in T-SUConv, axyyz, lx, rx and cxy are natural isomorphisms. Further, for each
((z,00),y) € (X x{o0}) xY, it follows that

(/LdX ® ZY) ° aX{oo}Y((I7 OO),y) = ZdX ® lY(Iv (ooay)) = (xay) =Trx ®Zdy((3§', oo)’y)v

which means the Diagram 2 is commutative. The commutativity of other Diagrams are
obvious. Hence, we have shown the corresponding coherence axioms in Definitions 2.4 and
2.5 hold. That is to say, the category T-SUConv of T-semiuniform convergence spaces is
a symmetric monoidal category. g

At the end of the section, we point out that for each object (X, Ax) in T-SUConv, we
obtain a functor

Fx :7-SUConv — 7-SUConv
determined by (X, Ax) in the sense of

Fx(Y,Ay) = (Y,Ay) ® (X,Ax)
for each object (Y,Ay) in T-SUConv, and
Fx(p) =pxidx: (Y, Ay)® (X, Ax) — (£,Az) ® (X, Ax)

for each uniformly continuous map ¢ : (Y,Ay) — (Z,Az).
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5. Monoidal closedness of T-SUConv

In this section, we will show the monoidal closedness of the category of T-semiuniform
convergence spaces. Firstly, we introduce the following map.
Suppose that X and Y be two nonempty sets. Define nxy : (X x X) x (Y xY) —
(X xY) x (X xY) by for each ((z,2), (1,4)) € (X x X) x (Y xY),
nXY((max )7 (yay )) = ((xvy)a (.%' 'Y ))

Then we have the following proposition.

Proposition 5.1. LetFe F} (X xX),Ge F/(YxY) He F]((XxY)x(XxY)),H,H; €
L(XxY)x(XxY). Then

(1) F=((px xpx) onxy)T(F®G) and G = ((py xpy) onxy)~ (F®G);
(2) Hy* Ha <nyy((px xpx)” (H1) ® (py x py)~ (Hz));

(3) Ry ((px x px)™ (H) ® (py xpy) ™~ (H)) € H;

4) ¥y ®G) = (n7y (FeG ™))™

where px : X xY — X and py : X xY — Y are the projection maps.

Proof. (1) Take each A€F, BeG and (x,2') € X x X. Then

((px xpx) o nxy)~ (A® B)((z,2))
_ V; Ae B((z,a'), (y,9))

(pxxpx)onxy ((z,2"),(y,y"))=(z,z")

=V A7) B((n.y))

(yy")ey xY

:A((:U,m,))* V B((yay’))

(y,y')eY'xY
=A((w, @) *
=A((w,2)).
This shows ((px xpx) onxy)” (A® B) = A. Then for each D e L**X it follows that

DEF@ \/ SXXX(A,D) =T
AeFF

— V  Sxux(((px xpx) onxy)” (4@ B), D)
AeF,BeG

«<—De((px xpx)onxy) (F®G), (by Propositions 3.4 and 3.8)

which implies F = ((px x px) onxy )~ (F® G). In a similar way, we can get G = ((py x
py)onxy)ﬁ(ﬂ?@@). o
(2) Take each ((z,y),(x,y)) e (X xY) x (X xY). Then
ny ((px x px)” (H1) @ (py xpy)” (Ho) ) ((2,9), ('3 )
=(px % px)” (H1)(2,7) * (py xpy)” (H2) (3, )
= V Hl((x,z),(x’,zl)) * V H2((w7y)7(w’7y,))

pxxpx ((2,2),(2",2"))=(z,2") py *py ((wy),(w'y"))=(y.y")

>Hi((z,y), («',y)) » Ha((2.1), (z',y))
=H, » Hy((z,), (2 ,y)),

which means Hy * Hy <13y ((px x px)~ (H1) ® (py x py)~ (H2)).
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(3) Take each D ¢ U;Y((px xpx )~ (H)® (py xpy )~ (H)). By Propositions 3.4 and 3.8,
we have

T= A\/ S(XxY)x(XxY)(W}Y((pX xpx)”(A) ® (py XPY)Q(B)),D)
,BeH

< v S(XXY)X(XXY)(A * BvD) (by (2))
A,BeH

< \/ S(XxY)x(XxY) (Ca D)a
CeH

which means D € H. This shows 77):(>y((PX xpx )~ (H) ® (py xpy):(]H[)) cH.
(4) Take each D e LEOY)X(XxY)  Then

Denyy(F'®G)

=V  Sxxv)x(xxv)(n¥y(A® B),D) =T (by Propositons 3.4 and 3.8)
AeF-1,BeG

—= VS ((iy(AT @ B™) ™, D) =7
AeF-1 BeG

- \/ S(XxY)x(XxY)(n)_()Y(A_l®B_1)¢D_1) =T
AeF-1,BeG

= V Sy (C®E), D) =1
CelF,EeG—1

—D ' en?y(F®G™) (by Propositons 3.4 and 3.8)
«De(nyy(Fe G_l))_l.
This shows 73y (F'®G) = (n3y (FeG™1)) L O
For each (X, Ax), (Y, Ay) €|]7-SUConv|, we denote the set of morphisms from (X, Ax)
to (K AY) by [Xa Y]v ie.,
[X,Y]:={¢: (X,Ax) — (Y, Ay) | ¢ is uniformly continuous}.
Then we define a set Axyy € Fy ([X,Y]x[X,Y]) by
VF e F} (X x X),F € Ax implies
A[XY]={HEF£([X7Y]X[X,Y]) L ) xY }
’ ((evxy xevxy)onxy)x)  (H®F) € Ay

where evxy : [X,Y] x X — Y is defined by

evxy ((p,2)) = ()
for each (p,z) € [X, Y] x X, and nrxy1x : ([X, Y] x [X,V]) x (X x X) — ([X,Y] x X)) x
([X,Y] x X) is defined by

n[X,Y]X(((SOﬂj})a (l‘,l"))) = ((‘:071‘)’ (¢,J}’))

for each ((p, %), (z.2)) € ([X,¥] x [X,¥]) x (X x X).
In order to show that the map A[xy] is a T-semiuniform convergence structure on
[X,Y], the following lemmas are necessary.

Lemma 5.2. Let ¢: X — Y be a map and Ae LX*X. Then

(0 x©)7(A) = ((evxy xevxy) o nx,y1x)” (T{(p)} ® 4);

[X,Y]x[X)Y

where T{(40)) € L 1 is defined by T} (X)) = T if (,x) = (p,9) and

T{(w,«p)}(¢7x) =1 otherwise.
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Proof. Take each (y,y') €Y xY. Then
((evxy x evxy) o n[X,Y]X)Q(T{(ga,go)} ® A)(y, y’)
= V Mxy1x (T (o)} ® A) (¥, 2), (x,2))

eUXYerXY((¢7$)7(X7$/)):(yvy,)

= V Ti(oie)} (0, X) * Az, 2)
P(x)=y,x(z")=y’

= \Vi Az, z)

p(2)=y.p(z")=y
=(px )" (A)(y:y),
as desired. g
Lemma 5.3. Let ¢: X — Y be a map and F e FJ (X x X). Then
(px )7 (F) ¢ ((evxy xevxy) onxyix)~ (([¢]r ® [¢]7) ®F).
Proof. Take each D € (¢ x )~ (F). Then
7=V Syxy((¢x )7 (A),D)

AelF

=V SYxY(((evxy x evxy ) onx,y1x) (T{(ee)} ®A)7D) (by Lemma 5.2)
AelF

< V Syxy(((evxy X evxy) °77[X,Y]X)—>(E®A)7D)-

Ee[p]t®[p]T,AeF
This implies D € ((evxy x evxy) onx,y1x)~ (([¢]r ® [¢]7) ®F), as desired. O

Proposition 5.4. Let (X,Ax),(Y,Ay) €[T-SUConv|. Then Axy) defined above is a
T-semiuniform convergence structure on [X,Y].

Proof. 1t suffices to show that A[x yq satisfies (TSUC1)-(TSUC3). Since (TSUC2) is
obvious, it remains to show (TSUC1) and (TSUC3).
(TSUC1) Take each ¢ € [X,Y] and F € Ax. By the uniform continuity of ¢, we have
(@ x )7 (F) € Ay. Then it follows from Lemma 5.3 that
((evxy x evxy)o n[ny]X):(([cp]T ® [¢]7) ®F) € Ay.

This shows [p]7 ® [¢]r € Arx v7-
TSUC3) Suppose that H € Aryy7. Then take each F e F] (X x X) such that F e Ax.
[X.Y] L
It follows that F~! e Ay. By the definition of Arx,y], we have

((evxy x evxy) ompx,yix) " (HOF ') € Ay.
This implies
- -1
(((evxy x evxy)omxyix)~ (H®F ™)) e Ay.
Next we show

(((eva X evxy ) on[X’Y]X)ﬁ(H@)F_I))_l c (evxy x eva)ﬁ((n[:;(’Y]X(H®F_1))_1).

Take each D ¢ (((eUXy X evxy) o 77[X7Y]X):>(H®F_l))_1, i.e., D' e ((evyy x evxy) o
n[X’y]X):’(]HI@)F_l). By Propositions 3.4 and 3.8, we have
V SYxY(((evXY xevxy)onx,ylx) (B® A_l),D_l) =T,
BeH, AeF
which is equivalent to

V SYxY((((evXY xevxy)onxylx) (B® A_l))_laD) =T.
BeH, AeF



1366 L. Zhang, B. Pang

Further, it follows from

(((evxy x evxy) omxyix) " (B® 14_1))_1 = (evxy x evxy) " ((nx yix(B@ A™))™)

that

V SYxY((eUXY xevxy)” ((fx .y x(B® A_l))_l),D) =T.
BeH, AelF

This implies D € (evxy xeva):’((n[:;( Y]X(H@)F_l))_l). By Proposition 5.1 (4), we have

(evxy eUXy)ﬁ((n[:;(’Y]X(H(X)F_l))_l) = ((evxy x evxy) o TI[X,Y]X)=>(H_1 Q).
Thus we get ((GUXY X e’UXy) o U[X,Y]X)ﬁ(H_l ® ]F) € Ay, which means H e A[ij], as
desired. ]

For a fixed object (X, Ax) €|T-SUConv|, we can define an object map Gx : T-SUConv —
T-SUConv, which is ensured by the above proposition. Concretely,

V(K Ay) ElT—SUCOnVl, GX(Y, Ay) = ([X,Y],A[)Qy]).

In order to show Gy is a functor, we define a morphism map Gx from T-SUConv to
itself by for each ® € [V, Z],

Gx(®): ([X, Y], Arxyy) — ([X, Z], Arx,21)
and for each p € [X,Y],
Gx(P)(p)=Poyp: (X,Ax) — (Z,Az).

It is easy to see that Gx(®) is well-defined. In order to show that Gy is a functor from
T-SUConv to itself, we need to show the following proposition.

Proposition 5.5. Let & : (Y,Ay) — (Z,Az) be a uniformly continuous map. Then
Gx (®) defined above is uniformly continuous.

Proof. Take each H e F ([X,Y]x[X,Y]) such that H € Arx y]. Then for each F e Ay, it
follows that

((evxy xevxy)omxyix)” (H®F) € Ay.
By the uniform continuity of ®: (Y,Ay) — (Z,Az), we obtain
((q) X @) [e] (€UXY X e'UXY) [e] n[X,Y]X):(H®]F) € AZ
Since
(((b X (19) [¢] (G’UXY X e’UXY) o T][X,Y]X)
=(evxz x evxz) onpx z1x © ((Gx (®) x Gx (®)) x (idx xidx)),
we have

(& x @) o (evxy xevxy) onxyix)” (H®F)
=((evxz x evxz) o mpx.z1x © (G (®) x Gx (8)) x (idy xidx))) (HOF)
:((eUXZXeUXZ)OU[X,Z]X):(((GX( ) x Gx (@)~ (H)) ®F).
This implies
((evxzxesz)OT][XZ]X):(((GX((I))XG)(((I))):(H))@F)EAz.
By the definition of A[x 7], we get

(Gx(®) x Gx(®))7 (H) € Arx 21,
as desired. O
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By Propositions 5.4 and 5.5, we know that for a fixed object (X,Ax) in T-SUConv,
G x defined above is a functor from T-SUConv to itself.

Recall another functor F x defined at the end of the above section, we realize that they
are both functors from 7-SUConv to itself. In the sequel, we will aim to show that Fx
is a left adjoint of Gx. To this end, we need to find a natural bijective map

Wi=Wwzy : [Fx(Z, AZ)a (YaAY)] - [(Z’AZ)’GX(K AY)]

for each (X,Ax),(Y,Ay) and (Z,Az) in |[T-SUConv|. For each map p: Zx X — Y, we
define the map wzy () : Z — YX by wzy (¢)(2)(2) = ¢(z, ) for each z € Z and z € X,
where Y is the set of maps from X to Y. In order to show wyy is the desired map, the
following propositions are necessary.

Proposition 5.6. If p: (Z x X,Az @ Ax) — (Y, Ay) is uniformly continuous, then so
is wzy (p)(2) 1 (X,Ax) — (Y, Ay) for each z € Z.

Proof. Take each I € F/ (X x X) such that F € Ax. By Proposition 5.1 (1), we have

Fc ((px xpx) onzx)™ (([z]r ® [2]7) ®F)

and
[z]r ® [2]r € ((pz xpz) o nzx)~ (([2]r ® [2]7) ® F),

where px : Zx X — X and py : Z x X — Z are projection maps. This implies

((px xpx) omzx)™ (([z]r ® [2]7) ®F) € Ax
and

((pz xpz) omzx)™ (([z]r ® [2]7) ®F) € Az.
By the definition of Az ® Ax, we get

nzx(([z]r®[z]r) ®F) e Az ® Ax.

Since ¢ : (Z x X,Az ® Ax) — (Y, Ay) is uniformly continuous, it follows that

((exp)onzx)™ (([z]r ®[2]1) ®F) € Ay.
Take each D € LY*Y. Then

De((pxp)onzx)” (([z]:®[z]r) ®TF)

— VS (w2 (#) () xwav (9)(2))7 (4). D)

= IL}/FSYxY((((P x ) OUZX)Q((T{Z} ®T(}) ®A),D) =T

({T{zy ® T21 } is a T-filter base of [2]r ® [2]+)
—D € (wzy () (2) xwzy (9)(2)) (F),

which means

(e x @) onzx)™ (([z]r ® [2]7) ®F) < (wzy () (2) x wzy (¢)(2))~ (F).
This implies
(wzy (9)(2) xwzy (¢)(2))7 (F) € Ay,
as desired. g

Proposition 5.7. If p: (Zx X, Az @ Ax) — (Y, Ay) is uniformly continuous, then so
18 O.)ZY(QO) : (Z7AZ) - ([X7Y]7A[X,Y])
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Proof. Take each K € F} (Z x Z) such that K e Az. Then for each F € Ay, it follows from
Proposition 5.1 (1) that

((pz xpz) onzx)” (KeF)=KeAyz
and
((px xpx)onzx)”(KeF) =FeAx,
where py : Z x X — Z and px : Z x X — X are projection maps. This implies
nzx(K®F)e Az ® Ax.
By the uniform continuity of ¢: (Z x X, Az ® Ax) — (Y, Ay), we have

((pxp)onzx) " (K®F) e Ay.
Since
(¢ x ) onzx = (evxy x evxy) o nx,y1x © ((wzy (9) x wzy (¢)) x (idx x idx)),
it follows from Proposition 3.10 that
((evxy x evxy) o mpx,y1x) ™ (((wzy (¥) x wzy (9)) T (K)) ®F)

=((evxy x evxy) omx.y1x © ((wzy () xwzy () x (idx x idx)))” (K& F)

=((pxp)onzx)T(KeoF) e Ay.
This implies

(wzy (0) xwzy ()~ (K) € Aix vy

This shows that wzy () : (Z,Az) — ([X, Y], A[x,y}) is uniformly continuous, as desired.
O

Proposition 5.8. Let (X, Ax) be an object in T-SUConv. Then for each object (Y, Ay),
the map

evxy : ([X,Y]x X, Aixy1® Ax) — (Y, Ay)

s uniformly continuous.

Proof. Take each H e F] (([X,Y]xX)x ([X,Y]xX)) such that H e A[xyj®Ax. By the
definition of Ajxy]® Ax, we have

(p[X,Y] XPIx,y] )~ (H) e A[X,Y]
and
(px xpx)~ (H) € Ax,

where prx y1: [X, Y] x X — [X,Y] and px : [X,Y] x X — X are the projection maps.
Further it follows from the definition of Ay yq that

((evxy x evxy) omxyyx) ™ ((Prxy] * Ppxyy) ™ (H) ® (px x px )~ (H)) € Ay.
By Proposition 5.1 (3), we obtain
(evxy x evxy )™ (H) € Ay,
as desired. 0

Theorem 5.9. The category T-SUConv of T-semiuniform convergence spaces is monoidal
closed.
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Proof. By Theorem 4.10, we have shown that T-SUConv is a symmetric monoidal cat-
egory. Then by Definition 2.7, it suffices to show that the functor Fx has a right ad-
joint Gx for each object (X,Ax) in T-SUConv. By Definition 2.6, we only need to
show that for each (Z,Az),(Y,Ay) in T-SUConv, there exists a natural bijection from
[Fx(Z,Az),(Y,Ay)] to [(Z,Az),Gx(Y,Ay)]. By Propositions 5.6 and 5.7, we know
that the map

wzy : [Fx(Z,Az), (Y, Ay)] — [(Z,Az2), Gx (Y, Ay)],

defined above is well-defined. Actually, it is easy to see that the map is natural and injec-
tive. Now it remains to show that wzy is surjective. Take each ¢ € [(Z,Az), Gx(Y,Ay)].
That is to say, ¢ : (Z,Az) — ([X,Y],A[x,y]) is uniformly continuous. By Proposition
4.5, we know that ¢xidx : (Zx X, Az®Ax) — ([X,Y]xX, A[x y1®Ax) is uniformly con-
tinuous. Since compositions of uniformly continuous maps are still uniformly continuous
maps, it follows from Proposition 5.8 that the composite map

evxy o (P xidx): (Zx X, Az ®Ax) — (Y, Ay),
is also uniformly continuous. This means evxy o (¢ xidx) € [Fx(Z,Az), (Y,Ay)]. Since

wzy (evxy o (¢ xidx)) =,

we obtain wzy is surjective, as desired. ]

6. Conclusions

Based on a complete residuated lattice, we introduced a new type of T-filters and then
used it to define T-semiuniform convergence spaces. In a categorical approach, we showed
that the resulting category is a monoidal closed and topological category. Following the
contents, we will consider the following problems in the future:

(1) In the classical case, semiuniform limit spaces, uniform limit spaces and principal
uniform limit spaces are also important types of semiuniform convergence spaces.
By this motivation, we will consider T-semiuniform limit spaces, T-uniform limit
spaces and principal T-uniform limit spaces as “T-filter" counterparts of semiu-
niform limit spaces, uniform limit spaces and principal uniform limit spaces and
discuss their relationships from a categorical aspect.

(2) Following (1), we will investigate the monoidal closedness of the categories of
T-semiuniform limit spaces, T-uniform limit spaces and principal T-uniform limit
spaces. We can adopt a straightforward approach to show how these categories are
monoid closed. Also, we can investigate their monoidal closedness by the internal
categorical relationships between them.
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