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The aim of the book is to develop an appropriate category-theoretical background to
characterize the category Par of all sets and all partial mappings between sets and to use
this characterization to study theories for partial algebras. For a better understanding we
first will give the most important basic concepts from Category Theory which are used
throughout the book.

1 Basic Concepts from Category Theory First we provide a short, self-contained
introduction to some elementary topics in Category Theory, including categories, functors
and natural transformations to make the material presented in “Partial Algebras and Their
Theories” more understandable. For more information on Category Theory we refer the
reader to [11] and [9)].

A category C consists of a class |C| of objects and a class morcC' (or morC, for short)
of morphisms between these objects. Let C(A, B) be the set of all morphisms between the
objects A and B. Each morphism f has exactly one object A as its source and exactly

one object B as its target. We will write f : A — B or also A L Bfora morphism from
source A to target B. The objects of a category are classes which are not necessarily sets.
For a set-theoretical foundation one can use for instance the Set Theory of von Neumann-
Bernays-Gddel. The concept of a class is then taken as a basic concept, and sets are those
classes which are elements of a class. There exists a universal class which contains all sets
as elements. For details see for instance [7] or [10].

A category in which the objects are sets with additional structure (such as operations,
partial operations or relations) is called a concrete category. A category is called small if
morC is a set. The following properties have to be satisfied by the objects and morphisms
of such a category:

(i) If A is the base set of an object, then 14 : A — A defined by 14(x) = for all x € A
is a morphism.

(ii) The class of morphisms is closed under composition: if A, B and D are objects and
f:A— Band g: B— D are morphisms, then go f : A — D is a morphism.

(iii) For any objects A and B and any morphism f : A — B the equations foly = f and
1g o f = f are satisfied.

(iv) The composition of morphisms is associative.

Example 1.1 1. The objects of the category Set are sets and the morphisms are the
usual mappings between sets.

2. The objects of the category Par are sets and the morphisms are the partial mappings
between sets.
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3. The objects of the category Top are the topological spaces and the morphisms are the
continuous mappings between them.

4. The objects of the category Group are groups and morphisms are homomorphisms
between them.

5. The objects of the category Alg(r) are the algebras of type 7 and the morphisms are
(algebra) homomorphisms between them.

6. More generally, each variety of algebras can be regarded as a category, where the
objects are the algebras of the variety and the morphisms are the homomorphisms
between them.

7. The product A x B of two categories A and B is a category which has as its objects
the ordered pairs (A4, B),A € |A|,B € |B|. The sets of morphisms are defined by
moraxs((4,B), (A", B")) := mora(A, A") x morg(B, B’). The composition of mor-
phisms is defined componentwise by (f,¢') - (f,9) := (' f,¢' - g) . (Instead of (f,g)
we will also write f ® g.)

Morphisms can have some special properties.

Definition 1.2 A morphism f: A — B is called
a) left-invertible or a coretraction if there exists a morphism h : B — A such that ho f = 14.
In this case the morphism h is called a left inverse of f.

b) right-invertible or a retraction if there exists a morphism g : B — A such that
fog=1p. In this case g is called a right inverse of f.

c¢) an isomorphism if there exists a morphism g : B — A such that go f = 14 and
fog=1p. Such a morphism g is called an inverse of f.

Remark 1.3 1. If the morphism f : A — B is both left-invertible and right-invertible,
then it is an isomorphism. It is a simple exercise to prove that if f has both a left
and a right inverse, then these two inverses must be equal.

2. If f: A — B is an isomorphism, then there exists exactly one morphism g with
gof =14 and fog = 1g. This mapping g is denoted by f~!, and is called the
inverse of f.

3. If there is an isomorphism between the objects A and B, then A and B are called
isomorphic and we write A = B.

Definition 1.4 A morphism f : A — B is said to be a monomorphism (or a mono for
short) if

Vg1,92:C—A  (fogi=fogs= g1 =g2),
and an epimorphism (or an epi) if
Vhl,hQZBHC (hlof:hgofjhlzhg).

Clearly, any left-invertible morphism is a monomorphism, and dually any right-invertible
morphism is an epimorphism. The converse of this proposition is not true.
Terminal and initial objects of a category are objects with certain special properties.

Definition 1.5 An object T of a category C is called terminal if for every object A of C
there is exactly one morphism 74 : A — T.
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If there are terminal objects in the category C, then such objects are uniquely determined
up to isomorphism.

Example 1.6 In the category Set every one-element set is terminal. In the category Group
every one-element group is terminal, and in Alg(7) the one-element algebras of type 7 are
terminal.

Definition 1.7 An object I of a category C is called initial if for every object A of C there
is exactly one morphism I — A.

The initial objects of a category are also uniquely determined up to isomorphism.

Example 1.8 In the category Set the empty set @) is initial. In Group every one-element
group is initial.

Now we look at two constructions defined on a family (4;);cs of objects in a category.

Definition 1.9 Let (A;);cr be a family of objects in a category C. An object S together

with a family (e; : A; — S);er of morphisms is called the sum of the A;’s if for every object

Q@ from C with morphisms (g; : A; — Q);er there is exactly one morphism s : S — @ with

q; = soe; for all i € I. If such a sum exists, we write S := > A, and call the morphisms
i€l

(e:)ier injections of the sum.

The diagram in Figure 1 illustrates the sum construction. The sum of a family of objects
is also called their coproduct.

S 5 Q

€; % q;
(&

A; ! A;

Figure 1: Coproduct

Example 1.10 Consider the category Set of sets and set mappings. We take S to be the
disjoint sum
A + A = {(L,a)|a€ A1} U {(2,b)| be As},

and as morphisms the mappings e; : Ay — A1 + Ao and ey : Ao — Ay + Ay defined by
ei1(a) = (1,a) and ez(a) = (2,b). To see that this fits our categorical definition of the sum,
suppose that @ is any set with mappings ¢; : A; — @ for ¢ = 1,2. Then there exists
precisely one mapping s : A; + As — @ with ¢; = soe;, defined by s(i,a) := ¢;(a). For any
a € Ay U As, we have ¢;(a) = (soe;)(a) = s(e;(a)) = s((i,a)), so ¢ =soe; fori=1,2.
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The sum of a family (A;);cr of objects of a category C is uniquely determined up to
isomorphism. The injections (e;);e; associated with a sum must be epimorphisms. That is,
for all morphisms hi,hs : S — C and all i € I we have

hioe; =hgoe; = hy = hs.
The product of a family of objects is defined in the following dual way.

Definition 1.11 Let (A4;);es be a family of objects in a category C. An object P together
with a family (p; : P — A;)ier of morphisms is called the product of the A;’s if for every
object @ from C with morphisms (¢; : P — A;);cr there is exactly one morphism s : Q — P

with ¢; = p;os for all ¢ € I. If the product exists, we write P := [] A;, and the morphisms
iel
(pi)ier are called projections.

The diagram in Figure 2 illustrates the product construction.

S s Q
Pi % qj
A; PiNg 4,

Figure 2: Product

In the category Set of sets, the usual cartesian product of a family of sets is their
product, with the usual projection mappings as morphisms. In the category Alg(7) the
direct product of a family (A);c; is a product.

Pushouts and Pullbacks are defined as follows:

Definition 1.12 Let (f; : A — B;)icr be a family of morphisms in a category C. An
object P together with a family (p; : B; — P);er of morphisms is called a pushout of the
fi’S if

(i) for alli,j €I, piofi = pjof;.

(ii) for all objects @ and all morphisms (¢; : B; — Qi)ier with g; o f; = ¢j o f; for all
i,j € I, there exists a unique morphism h : P — @ satisfying hop; = ¢; for all i € I.

Figure 3: Pushout



ON “PARTIAL ALGEBRAS AND THEIR THEORIES” 415

Definition 1.13 Let (f; : A; — B)ier be a family of morphisms. An object P together
with a family (p; : P — A;)ies of morphisms is called the pullback of the f;’s if

(i) foralli,jel, fiop, = fjopj;

(ii) for all objects @ and all morphisms ¢; : Q@ — A; with foq, = fjoq; for alli,j € I,
there exists a unique morphism h : Q — P such that p; o h = ¢; for all i € I.

So far we have considered morphisms between objects in one category. Now we turn
to mappings between objects and morphisms of two different categories. A functor from a
category C to a category D maps the objects of C to objects of D and the morphisms of
C to morphisms of D, in a way that is compatible with the composition of morphisms and
preserves the identity morphism. The next definition makes this more precise.

Definition 1.14 Let C and D be categories. A (covariant) functor F : C — D defines
a mapping A — F(A) of objects A from the object class |C| of the category C to objects
F(A) from the object class |C’| of the category D; and also a mapping for morphisms which
maps each morphism f : A — B from C to a morphism F(f) : F(A) — F(B) from the
category D, such that for all morphisms f, g and all objects A from C the following two
conditions are satisfied:

(i) Flgo f)=F(g)o F(f),
(ii) F(1a) = idp(a)-
(The functor is called contravariantif instead of (i), (ii) the following conditions are satisfied:
(") F(gof)=F(f)oF(g),
(ii") F(1a) =idp(a)-)
We are interested here only in covariant functors, and shall refer to them merely as

functors.
A bifunctor is a functor F' : A x B — C. If F(A,B) and F(f,g) are the images of

(Aa B) and of (fa g)v respectively, then F(f, ' fa gl ' g) = F(f/agl) : F(fv g)
We can use the following constructions to combine functors into new functors. Let Fj
and F5 be functors from Set to Set.

(i) Fy o Fs defined by A +— Fy(Fy(A)) for objects A and f +— Fy(Fa(f)) for morphisms f
is a functor. This construction is called composition of functors.

(ii) Fy x Fy defined by (Fy x F3)(A) := F1(A) x F»(A) for objects and (Fy x F2)(f)(u,v) :=
(F1(f)(w), Fa(f)(v)) for morphisms is a functor. This construction is called the carte-
sian product of functors. The cartesian product can also be defined for arbitrary
families of endofunctors of Set.

(iii) F1+ F5 is defined on objects by (F1+ F3)(A) := F1(X)+ Fo(X), where Fy (X) + Fa(X)
is the disjoint union of the sets Fy(X), F»(X). For each morphism f we define

_ [ B()w), ifue F(X)
(F1 + F2)(f)(u) { E(f)(u), ifue Fr(X)

Then F; + F5 is a functor.
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Remark 1.15 1. If F': Set — Set is a functor and f is injective (surjective) then F(f)
is also injective (respectively surjective).

2. Let C be a category and let C(A, B) be the set of all morphisms f : A — B in C.
Every functor F': C — D defines a mapping F4 g : C(A, B) — D(F(A), F(B)).

3. A functor F': C — D is called full if for any two objects A and B of C the mapping

F4 p is surjective. F is called faithful if Fia p is injective for any two objects A and
B of C.

4. The functor F' : C — D is called an isomorphism if there is a functor G : D — C
such that FoG = Ip and Go F = I¢.

Natural transformations connect functors with functors.

Definition 1.16 Let F3, F5 : C — D be functors. A natural transformation n from Fj to
F5 maps each object X from C to a morphism nx : F1(X) — F»(X) such that for every
morphism f: X — Y in C the equation

Fy(f) onx = ny o F1(f)

is satisfied. If 7 is a natural transformation from F; to Fp we write n : Fy — Fy. If
nx is an isomorphisms for each object X, the natural transformation 7 is called a natural
isomorphism.

2 Symmetric Monoidal Categories The book is based on an important class of cat-

egories, the symmetric monoidal categories. This concept was introduced by Eilenberg and
Kelly (see [6])

Definition 2.1 C:= (Cyp,®,1,a,c,r,1) is said to be a symmetric monoidal category if the
following conditions hold:

(i) Co is a category.

(ii) ® : CxC — C is a functor, the monoidal product of C (also called the tensor product
or the multiplication).

(iii) I is an object of C.

(iv) a = (aaBc)a,B,ceic| With aapc : A® (B®C) - (A®B)®C,

(v) ¢c=(caB)a,Bejc| With cap : A® B — B® A,

(vi) r=(

(vii) I = (la)aejc| with la : I ® A — A are families of isomorphisms of C such that for
arbitrary morphisms f: A — A',g: B — B’,h: C — C’ the equations:

TA)AE|C’| with 74 : AQ T — A,

aapc-((f®g)@h) = (f®(g®h)) aapc,
caB-(9® f) = (f®g) cap,

ra-f = (f®l;) ra,

la-f = (1y®f) la

and the coherence conditions
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(la®aapc) - aaBocp @ (6apc ®1p) =  aABC®D - GARBCD,
aarp-(ra®1p) = 1a®lIg),

CAB " CB,A = lags, Z'.e.CEE,:CBA,

AABC " CA®BC * QCAB = (la®cBc)-aacs - (cac ®1B),

car-la TA

are satisfied.
This means that a, ¢, r,l are natural isomorphisms.

3 dht-Symmetric Categories With the aim to give an axiomatic description of the
category Par in [8] H.-J. Hoehnke defined the concept of a dht-symmetric category.

Definition 3.1 K := (Ko,®,1I,a,c¢,r,1,d,t,0) is said to be a dht-symmetric category if
the following conditions hold:

(i) (Ko,®,1,a,c,r,1) is a symmetric monoidal category.

(ii) O is an object of K, 0 : I — O is a morphism of K and A® O = O ® A = O for each
A€ |K]|.

(i) d = (da)acix| Withda: A — A® A, A € |K]|

(iv) t = (ta),A € |K| withts : A — I, A € |K|, are families of morphisms of K satisfying
the following conditions:
(1) da-(f@f)=f-da forany f: A— A’;

(2) if frg=1a,then f-tg=tsforany f: A— B,g: B — A;

(3) f=ta-0,9=(1p®t,)-rpforany f: A— O,g:0 — B.

(4)

4) Let G :={aapc | A,B,C € |[K|}U{cap | A,Be |K|}U{ra|Aec|K|}U{la|
A€ |K|}U{ta| A€ |K|}. Then f-tp =t4 for each f: A — B € Mgk where
Mk is the ®-closed subcategory of K such that |Mg| = |K| which is generated
by G.

(5) da - (1A®tA) cra=1x,dy - (tA®1A) -lg =14 foreach A € |K|

(6) dagp - (14 ®@tp) @ (ta®@1pB))-(ra @) = lagp for any A, B € |K]|.

Because of (2) dht-symmetric categories are not defined by equations, but the authors
can give an equational description of dht-symmetric categories. The basic example of a
dht-symmetric category is the category Par of all sets and all partial mappings between
sets. Here d and t are the families of morphisms with d4 : A — A x A defined by z — (z, )
and t with t4 : A — I and I = {0} defined by x + 0 for all z € A. The morphism o

is defined by 0 : I — O where O = (. Let Db(f) be the definition domain of the partial
operation f. Then for partial mappings f,g: A — B a partial order < is defined by

f < g Db(f) € Db(g) and Va € A (f(a) = g(a)).

This means, f is the restriction of g onto the definition domain of f. It is well-known,
that < is a partial order on Par(A, B). The partial order < can be characterized as follows:

(Vf,g: A= BePar) f<g&odis (fRg)=da-(f®[).

This observation motivates the following definition:
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Definition 3.2 Let K be any dht-symmetric category. Then we denote by “<k” or simply
by “<” if no confusion is possible, the binary relation in morK defined by:

[<g<= A=A B=Bandds- (f®g)=da - (f®f)

forall f: A— B,g: A’ — B’ of K.
The binary relation < is said to be the canonical partial order of K.

Based on this canonical partial order the authors define the important concept of a
subidentity.

Definition 3.3 For any dht-symmetric category K, a morphism e of K is called a subiden-
tity of K, if there is an object A of K such that e < 14.

In Par subidentities can be used to describe the definition domain of a partial function.

4 Monoidal dht-symmetric functors

Definition 4.1 For any two dht-symmetric categories K, K’ ' : K — K’ is said to be
a monoidal dht-symmetric functor ( of K to K’), if F' is a functor and there are a family

= (FAB)A,BG\K\ of morphisms of K’ and morphisms F*, F° of K’, such that:

(i) F'=Fap:F(A)® F(B) —» F(A® B) (A, B € |K|) is a natural isomorphism, i.
e., for arbitrary objects A, B of K, F4p is an isomorphism of K’, and for arbitrary
morphisms F': A — A’,g: B — B’ of K one has

Fap - F(f®g) = (F(f)®F(9)) Farp,
(i) F*:I' — F(I) is an isomorphism of K/,
(iii) F°:O" — F(0O) is an isomorphism of K'.

For arbitrary objects A, B, C' of K the following equations hold:

(1) (1pa) ® Fpe) - Fapec - Flaapc) = U (A F(B)F(C) (Fap ® lp(c)) - Fags,c,
(2) Fap - F(cap) = C,F(A)F(B) - Fpa,

(3) (Lpay @ F') - Far- F(ra) =),

4) (F* @ 1py) - Far- F(la) = Ug g,

(5) F(da) = dlp(ay- Faa,

(6) F(ta) =1tp4) - Fl.

The concept of a monoidal dht-symmetric functor was introduced by H.-J. Hoehnke in
[8]. Monoidal dht-symmetric functors are characterized as follows:

Proposition 4.2 For any two dht-symmetric categories K,K', a functor F : K — K’ is a
monoidal dht-symmetric functor iff there hold:



ON “PARTIAL ALGEBRAS AND THEIR THEORIES” 419

(1) F=F4p: F(A® B) — F(A)® F(B) (A,B € K|
is a natural isomorphism,
(2) t’F(I) € isoK’ and (VA € |K|): F(ta) - t'F(I) = t’F(A),
(3) F(O)=0O'.
For any two dht-symmetric categories K, K’ and any functor F : K — K’ the following
conditions are pairwise equivalent:

(1) F(e) is a subidentity of K’ for all subidentities e € K.
(2) For arbitrary morphisms f: A — A’ g : B — B’ of K one has:

Fap-(F(f)®F(g9)=F(f®g) Fap.

(3) For arbitrary morphisms f, g of K there holds:
It f < g, then F(f) < F(g).

For a dht-symmetric category K the mapping
ak : morK — {e | e is a subidentity of K},

(for short «) is the mapping which maps each morphisnm f : A — B to the subidentity
A,B
aff)=da-(1a® f)-py ",

Definition 4.3 For any two dht-symmetric functors K and K’ a functor F' : K — K/’ is
called an «a-compatible functor, if F: K — K’ is a functor and the following identity is
valid:

(Vf € K) : F(a(f)) = a(F(f)).
Then a-compatible functors were characterized as follows:

Proposition 4.4 For arbitrary dht-symmetric categories K and K', a functor F : K — K’
is a-compatible, iff there hold:

(1) F = Fup : F(A® B) — F(A) @ F(B) (A,B € |[K'K|) is a natural
transformation,
(2) F(ta) - thpy = Upay for every object A of K.

Corollary 4.5 For arbitrary dht-symmetric categories K, K’ and every functor F : K —
K’ one has:

(1) If F is a monoidal dht-symmetric functor, then F' is an a-compatible functor.
(2) If F is an a-compatible functor, then one has:
(Vf.9€K): f<g= F(f) < F(g9).

The monoidal dht-symmetric functors can be characterized in the following way as spe-
cial a-compatible functors:

Theorem 4.6 For arbitrary dht-symmetric categories K and K', F' : K — K’ is a monoidal
dht-symmetric functor, iff there hold:

(1) F is an a-compatible functor,
(2) Fap € isoK’ for arbitrary objects A, B of K,
(@) FUI) =T,
(4) F(0)= 0.
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Strict monoidal dht-symmetric functors are defined as follows:

Definition 4.7 Let K, K’ be dht-symmetric categories. F : K — K’ is called a strictly
monoidal dht-symmetric functor, if F' is a monoidal dht-symmetric functor and for arbitrary
objects A, B of K one has:

Fap = 1ra)eFB);
F'=1p,

FO=1p.

F : K — K’ is called an embedding (of K into K'), if F' is a faithful, monoidal dht-symmetric
functor; and then K is said to be embeddable in K’ , if there exists an embedding of K into
K'.

F : K — K’ is called an isomorphism, if F is a strictly monoidal dht-symmetric funtor,
the mappings of objects and of morphisms are bijective; and then K and K’ are called
isomorphic (in signs: “K = K””), if there is an isomorphism F : K — K.

Now the the following two categories can be considered:

dht-Cat is the category with all small dht-symmetric categories as objects and with the
class of all a-compatible functors ' : K — K’, where K, K’ are objects of dht-Cat, as
morphisms. The composition of morphisms of dht-Cat is induced by consecutively carrying
out the functors to be composed. The category dht-Cat will be called the category of a-
compatible functors (between small dht-symmetric categories).

dht-Mon is the subcategory of dhit-Cat with the class of all monoidal dht-symmetric functors
F: K — K’, where K, K are objects of dht-Cat, as morphisms. This category is called the
category of monoidal dht-symmetric functors (between small dht-symmetric categories).

5 The Category of all Partial Arrows of a Category Any morphism (arrow) f :
A — B of the category Par, i. e. any mapping of a subset X of A (the definition domain
of f) into the set B can be considered as an ordered pair (m, x) of morphisms of Set, where
m=idx : X>Aandzx=f:X — B:

A X 5B,

Here m = idx : X >—A is a monomorphism of Set. The composition of morphisms of
Par can be expressed by means of pullbacks in the category Set of sets. This connection
between the categories Set and Par can be used as a model for gaining a category of partial
arrows by a suitable locally small category gaining a category of partial arrows by a suitable
locally small category C admitting pullbacks. A category C is called locally small, if for
every object A of C there is a set of monomorphisms R of C having the source A, such
that for each subobject U of A, that is an equivalence class of isomorphic monomorphisms
of C, there exists exactly one m in R belonging to U.

Now the authors apply a construction of categories of partial arrows for an arbitrary
category which is based on an M-class of a category.

Definition 5.1 For any category C, 91 is an M-class of C, if 9 is a class of morphisms
of C, which is closed with respect to composition of morphisms, such that
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(1) isoC C M C monoC,

(2) C is M-locally small, i. e., each class of pairwise non-isomorphc monomor-
phisms of C from 9 having the same target, forms a set.

(3) C has inverse M-images, i.e., for arbitrary morphisms of C, X 5 B £ Y
where n € 9, there exists a cartesian square in C with n’ € 9.

Examples of M-classes are the following ones:
(a) The class of all injective mappings between sets is an M-class of Set.
(b) For every category C the class of all isomorphisms of C is an M-class of C.

(¢) For every locally small category having pullbacks, the class of all monomorphisms of
C, monoC, is an M-class of C.

Let PartgnC be the category of all partial arrows of C as defined in 2.1.2 of the book.

Let C, C’ be cartesian categories and let 0T, M’ be M-classes of C and C’ respectively,
such that all conditions are satisfied, which enable the construction of the dht-symmetric
categories of partial morphisms of C and C’ respectively.

Let F: (C,9) — (C',9) be an M-functor. Then

Part F : PartgnC — Party C’
is an a-compatible functor.
6 The Category of Subidentities of a

dht-symmetric Category For any category K, let SubK be the category of subidentities
of K, which is constructed as follows:

The class of objects of SubK is the class of all subidentities of K.
For subidentities e < A,e¢’ < A’ of K, SubK (e,e’) designates the corresponding set of
morphisms, i. e. of all triples (e, f, '), for which f € K(4, A’) and

oz(f)ze,f-e/:f.

Then a composition of morphisms will be defined.
The next important result is the Embedding Theorem.

Theorem 6.1 For any dht-symmetric category K
Hgk : K — Part(SubK)
1s a full and faithful strict monoidal dht-symmetric functor.

7 Embedding of Small dht-symmetric Categories into Par The authors are able
to characterize the category Par up to categorical equivalence as a dht-symmetric category.
To do so they give necessary and sufficient conditions for any dht-symmetric category K to
admit a fully faithful representative monoidal dht-symmetric functor from K to Par. These
conditions are given in Proposition 4.2.2 of the book.
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8 Partial Theories In the second part of the book the theory of dht-symmetric cate-
gories is used to characterize partial theories, i.e. theories for many-sorted partial algebras.

For any set J let H = (H,®,I) be a free algebra of type (2,0), freely generated by 7,
let O ¢ H be an arbitrary element, and HY = (H°,®,I,0) for H® = H U {O} be the
algebra of type (2,0,0), which arises from H by adjoining O as the zero element. Thus for
every element X of HY there holds O ® X = X ® O = O.

Definition 8.1 Any dht-symmetric category T such that (|T|,®,I,0) = HC is called a
partial theory (relative HO).

Then every partial theory necessarily is a small dht-symmetric category. Since every
small category can be defined as a multi-based algebra, also any partial theory T can
be considered as a multi-based algebra. Its carrier family is given by (T(A,B))a pemo-
The composition of morphisms - of T and the bifunctor ® : T x T — T induce families
(‘aBc)a.B,ceno and (®aBcp)a,B,c,peno as defining operations:

*ABC T(A,B) X T(B,C) — T(A,C),

XABCD : T(A,C) X T(B,D) — T(A@B,C@ D)

(A,B,C,D € H).

Morerover we have the following families of 0-ary defining operations:
(1a)aeno,(aaBc)a B,ceno, (QZ}B(J)A,B,CeHOa (caB)a,peno, (T4) acmo, (ra') acwo,
(la)acwo, (lgl)AeH(% (da)aemo, (ta) aemo, and o.

The authors prove that dht-symmetric categories can be characterized by a system of
axioms, which exclusively consists of equations. Hence the class 7h of all partial theories
with respect to H?, considered as multi-based algebras, forms a variety (equationally de-
fined class) of multi-based algebras. Thus for any set J and a family (T;);cs of partial
theories of Th, the direct product (x);es T; of the family (T;);es (in the sense of the
theory of multi-based algebras) again is a partial theory. Moreover each subalgebra of a
partial theory of 7 h is again a partial theory, and 7 h is closed with respect to homomorphic
images of partial theories of 7 h.

The first main result gives a representation of partial theories.

Theorem 8.2 FEvery partial theory T is isomophic to a subdirect product of partial theories
which are embeddable into Par.

Let 7 hg be the subclass of the variety 7 h consisting of those partial theories of 7h
which are embeddable into the dht-symmetric category Par, i. e. T hg is the class of all
partial theories T’ relative to H?, for which there is a faithful monoidal dht-symmetric
functor from T' to Par. Then we have:

Theorem 8.3 The variety T h is generated by T hg.

In chapter 5 the authors describe how free binary partial theories can be obtained by
generators and relations. The main tools for this presentation are taken from braid theory
and the Daile monoid introduced in [5]. In her thesis from 1956 (advisor: B. H. Neumann)
E. C. Dale characterized varieties of algebras by a certain monoid and by braids. Hoehnke
generalized this to varieties of many-sorted partial algebras.
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9 Partial Theories and Mal’cev Clones In the case of total algebras, i.e. alge-
bras with everywhere defined fundamental operations F. W. Lawvere described varieties
by “Lawvere-Theories”. These theories are dually isomorphic to the clones of those vari-
eties.

Clones (of total operations) are sets of operations defined on the same set A which are
closed under composition and contain all projection operations. But clones are understood
also in a more general sense. It turns out that clones of operations form many-sorted
algebras. They belong to a variety of many-sorted algebras whose members are called
abstract clones. In this sense not only operations, but also partial operations, sets of
operations, terms, sets of terms, cooperations and relations form clones. The notion of a
clone was first used in P. M. Cohn’s book “Universal Algebra”, but probably it goes back
to Ph. Hall. The concept of a clone is one of the basic concepts of General Algebra and
has applications in the theory of data bases and in other fields of Theoretical Computer
Science.

Composition of partial operations can be described by operations S?, as follows:

S'rerL(fagla"' 7gn) = f(gl(ala"' 7am)"'- agn(ala"' 7am))

for all (aq,...,am) for which g1, ..., g, are defined and for which the values

b =gi(a1,... ;am)s-.. ,bp = gnlay,...,an) form an n-tuple (by, ... ,by,) belonging to the
domain of f. Then one can consider the many-sorted algebra ((P"(A))n>1; (S™)m.n>1). If
we add a family of nullary operation symbols, corresponding to the total projections, then
we obtain a many-sorted algebra

P —cloneA = ((P™"(A)n>1; (S mn>1, (€] )n>1,1<i<n)-

This algebra satisfies the following axioms (C1) and (C3).

(C1) S2(Z,5™ (Y1, X1, .., Xn), -, 82 (Y, X1,y ..., X))
~SE(SP(Z,Yq,...,Y), X1, ..., Xpn), (mn,p=1,2,...),

(C3) S™(Y,el,....en) =Y, (n=1,2,...).

Here Z,Y4,... ,Y'p,X'l, ..., X,, are variables for terms, g%,gfn,gﬁ,gg are operation

symbols and e;” are symbols for variables.

The axiom (C1) is called the superassociative law. It generalizes the associative law
which we obtain from (C1) if we set for m,n and p the integer 1.

One can check that the following identities are also satisfied:

f.5%(ed et 9),-.., Sa(et, e, 9)) = Sh(ef, £, 9),

e1, f) = f,

e, feM)=f,1<i<n,

e1,57(e3, f,9),h) = S (e, f, Sh(ef, g, h)),
Slﬁb(efﬂ,gn,go, oo Gn—1) = ST (R gy gn), 1 <P <,
L5) Sp(e?, 91,57, (e7, 91, , gn))-

In [1] a many-sorted algebra of the corresponding type was called an abstract P-clone
algebra if (C1), (R), (L1), (L2), (L3), (L4), (L5) are satisfied. The algebra P — cloneA is
an abstract P-clone algebra. P-clone algebras consisting of partial operations are called
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concrete P-clone algebras. Answering to a question of H. J. Hoehnke (posed on occasion
of the 4-th Conference for Young Algebraists, Potsdam 1988), F. Borner proved in [1] that
any abstract P-clone algebra is isomorphic to a subdirect product of concrete ones. This
result is a universal-algebraic version of the representation theorem (Theorem 8.2).

Another important example of a clone is the clone of all terms of a given type 7.

We define terms of type T using an indexed sequence (f;);c; of operation symbols and
individual variables from an alphabet X. Let X,, := {x1,... ,2,} be a finite alphabet and
let X := {x1,... ,Zp,...} be countably infinite. To every operation symbol f; there belongs
an integer n; as its arity. The type of the formal language which we want to define is the
indexed set (n;);cr of the arities. We define n-ary terms of type 7 as follows:

Definition 9.1 Let n > 1. The n-ary terms of type 7 are defined in the following inductive
way:

(i) Every variable z; € X,, is an n-ary term.

(ii) If t1,...,t,, are n-ary terms and f; is an n;-ary operation symbol, then f;(¢1,... ,ty,)
is an n-ary term.

(#4i) The set W, (X,,) = Wr(z1,... ,2y) of all n-ary terms is the smallest set which contains
Z1,...,x, and is closed under finite application of (ii).

We denote by W, (X) the set of all terms of type 7 over the countably infinite alphabet
X:

Wox) = |JWi(x).

n>1

Definition 9.2 Let W, (X,,) be the set of all n-ary terms of type 7. Then the composition
operations S (for terms) are inductively defined by the following steps:

(i) If x; € X,, is a variable and ¢4, ... ,t, € W, (X,,), then

S:Ln('rj7t17--- 7tn) = t], for 1 SJS n;

(ii) If fi(s1,... ,sn,) is a composite term, then

Sﬁl(fi(sl, NN 75ni)at17 NN ,tn) = fi(Szl(Sl,tl, NN ,tn), NN ,S,Y:L(Sni,tl, PN ,tn)).
Then we obtain a N*-sorted algebras

Clonet := (Wr(Xn))nen+; (‘S_’Zz)m,neN‘*‘a (xi)lgign,nEN‘*')a

the term clone of type 7. This algebra satisfies (C1) and (C3).

It turns out that terms for partial algebras A = (A4;( fié)ie 1), where fiA is an n;-ary
partial operation defined on A should be defined by adding one more set of symbols (for
projection mappings). This gives the set W (X) of C-terms. These terms were introduced
by W. Craig (see [4]). Welke defined in [12] many-sorted superposition operations for C-
terms which satisfy the superassociative law (C1).

In the next chapter the authors study “clone theory” in the language of dht-symmetric

categories.
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10 The Clone-part of a Theory For any dht-symmetric category C and any subset
G C C, the authors introduce the notion of a “C-clone generated by G”:

First one chooses a set J of objects of C such that any g € G is of the form g : A — B,
where A and B belong to the submonoid with zero K¢ of (|C|, ®, I, O), which is generated
by J. Second one forms the full subcategory C(K%) of C such that |C(K%)| = K%; this
is a dht-symmetric category. Third one considers the dht-symmetric subcategory Gc(K%)
of C(K%) which is generated by G. The C-clone generated by G is the set (G)G of all
f:+ A— B e Ge(K%) such that B € JU{I,0}. For (G)S = G, the set G itself is called
a C-clone. The only essential case is that one where the monoid with zero K¢ is freely
generated by J. This is assumed henceforth.

These notions apply to C =T € |Thy|, and then one also speaks of an abstract Mal’cev
clone G. Further, these notions apply to C = Par. Instead of a Par-clone GG, one speaks
of a concrete Mal’cev clone G.

Abstract and concrete Mal’cev clones are commonly denoted as Mal’cev clones. (Of
course, each concrete Mal’cev clone is an abstract one.)

Let T be any partial theory and K be an arbitrary dht-symmetric category. Then the
monoidal dht-symmetric functors £ : T — K can be considered as the natural functorial
description of the notion of a T-algebra over K. Especially for K = Par one obtains thus
the natural functorial description of a partial T-algebra.

For any functorial T-algebra over K, F : T — K, the authors introduce the arity-
interpretation (“typization”) of T F' C K, which is again a partial theory, Ary Im F.

One observes, that each C-clone G by assumption generates a partial theory G¢ Ky) =
T € |Thy|, and then G is also called the (Mal’cev) clone-part of T. One may consider the
problem to characterize the clone-part of a partial theory T independently of its connection
to 1.

IfT e|Thy|and F: T — K is a T-algebra over K, then we define

Mcl F:={(A,fF,B); f: A-BeT, Be JU{l,0}}.

This is the clone-part of the partial theory Arylm F'. It is also called the Mal’cev clone
of the T-algebra F. In particular this notion applies to the case K = Par . In this case, Mcl
F is obviously a concrete Mal’cev clone. Observe, that F maps the clone-part Mcl Idp of
T onto Mcl F'. The connection between the structures of partial theories T and their clone-
parts Mcl T can be derived from the clone-part functor Cp = (|Cp|,Cp) : Thy — Mcly ,
which is defined by: o S

T|Cpl = M T (L€ |Thgl),

FCp = F|MclT (E: (‘F|aF) : IHZ' EThJ)'

The clone-part functor is fully faithful. This has several consequences which are de-
scribed in section 7.2 of the book. In section 8 the authors study clones which are derived
from free algebras.

11 Strong Varieties, Regular Hyperidentities and Solid Strong Varieties Strong
varieties of partial algebras of the same type are model classes of partial algebras defined
by so-called strong identities. A strong identity in a partial algebra A is a pair (s,t) €
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(WE(X))? such that the realization of s on A is defined if and only if the realization of
t on A is defined and both are equal. An identity is said to be a strong hyperidentity if
(s,t) is satisfied as strong identity after each replacement of n;-ary operation symbols f;
occurring in s and in ¢ by terms containg all variables z1, ... ,z,,. Such replacements can
be performed by so-called regular hypersubstitutions. If every identity satisfied in A is
satisfied as a strong hyperidentity, the strong variety is called solid. The theory of strong
hyperidentities and solid varieties is studied on an universal-algebraic level in [?] and [3] (see
also [2]). The authors can formulate this theory in terms of dht-symmetric theories. Other
highlights of the book are the formulation of the one-point extension of partial algebras to
total ones in 9.6 and the main theorem on strong hypervarieties in 9.9.

REFERENCES

[1] F. Borner, Operationen auf Relationen, Dissertation, Karl-Marx-Universitat, Leipzig 1988.

[2] S. Busaman, K. Denecke Partial Hypersubstitutions and Hyperidentities in Partial algebras,
Advances in Algebra and Analysis, Vol. 1, No. 2 (2006) 81-101.

[3] S. Busaman, Hyperequational Theory for Partial Algebras, Dissertation, Universitat Potsdam,
2006.

[4] W. Craig, Near Equational and Equational Systems of Logic for Partial FFunctions I, The
Journal of Symbolic Logic, 54(1989) 795-827, Part II ibid., 1188-1215.

[5] E. C. Dale, Semigroup and Braid Representations of Varieties of Algebras, Thesis, Victoria
University of Manchester, Manchester, 1956.

[6] S. Eilenberg, G. M. Kelly, Closed Categories, in: Proceedings of the Conference on Categorical
Algebra, La Jolla 1965, editors: S. Eilenberg, D. K. Harrison, G. M. Kelly, pp. 421-562,
Springer- Verlag, Berlin-Heidelberg-New York, 1966.

[7] D. Hilbert, P. Bernays, P., Grundlagen der Mathematik, Vol.1, 194, Vol2, 1939, Berlin.

[8] H.-J. Hoehnke, On Partial Algebras, Collog. Math. Soc. J. Bolyai 43, pp. 189-207, North
Holland Publ. Co., Amsterdam 1981.

[9] S. Mac Lane, Kategorien, Begriffssprache und mathematische Theorie, Hochschultexte,
Springer- Verlag, Berlin, Heidelberg, New York, 1972.

[10] J. v. Neumann, Eine Axiomatisierung der Mengenlehre, J. f. reine und angewandte Math.,
Vol. 154 (1925), 219-240.

[11] H. Schubert, Kategorien, Akademie-Verlag, Berlin 1970.
[12] J. Welke, Hyperidentitaten Partieller Algebren, Dissertation, Universitat Potsdam, 1996.

Universitat Potsdam,

Institut fir Mathematik,

Potsdam, Germany,
e-mail:kdenecke@rz.uni-potsdam.de



