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Introduction

The basic notion underlying this work is concept of an operation preserving a relation that is
an n-ary operation f is said to preserve a relation p iff f(ry,...r,) € pfor all ry,...r, € p.
This concept will be used to map sets of operations to sets of relations and vice versa. Thereby
one obtains a Galois connection between sets of operations and relations. We will be interested
in giving an inner characterization of the Galois closed sets of operations and relations in
different settings (e.g. we may consider only unary functions and binary relations etc.). In
particular we are interested if and in what way the characterization depends on the cardinality
of the base set. In general we will see that the characterization becomes more complicated with
increasing cardinality and that we need to distinguish between finite, countable and uncountable
base set.

Historically one of the first to study the Galois connection arising from functions preserving
some relations was Krasner (for the exact citation we refer to [299-304] in [PK79]). Motivated
by the idea to generalize the notion of a field by generalizing ordinary Galois theory ! he only
considered unary operations. The Galois closed sets of relations in this case are still named
after him.

Another motivation for the study of the Galois connections between operations and relations
comes from the study of (local) clones (i.e., sets of operations closed under functional com-
position and containing all projections), in particular maximal clones?, and the (local) clone
lattice. The basic idea behind this approach is that “large” clones can be described by “small”
sets of relations which they preserve and which are easier to characterize. For finite base set
for example all precomplete clones have been described with the help of the Galois connection
Pol — Inv by Rosenberg [Ros70]. For infinite base set Rosenberg and Szabo gave an example of
a set of relations whose polymorphisms form a cofinal set in the local clone lattice [?].

The Galois correspondences naturally are also closely related to the concrete (and to a cer-
tain extent also abstract) characterization of related structures (i.e. the characterization of the
subalgebra, congruence lattices, automorphism groups etc. of a given algebra or the character-
ization up to isomorphism in the abstract case) and also find applications there.

Some Galois correspondences have been used in the description of the reducts of (Xg-categorical)
structures on countable sets and in the treatment of constraint satisfaction problems on finite
sets as the Galois closure corresponds to closure w.r.t. to certain logical operations for such
cases.

The results on various Galois connections are numerous (see for example [P6s03]) so that this
work cannot claim to be a complete treatment.

'Here one considers automorphisms of a field which leave a subfield pointwise invariant.
2A. V. Kuznecov was one of the first to use this approach (see [325] in [PK79]).



This work is build up in the following way:
e Chapter 1 introduces the basic concepts and gives an overview of the Galois connections
that have been treated.

e Chapter 2 introduces the operations necessary for the characterization of the Galois clo-
sure.

e Chapter 3 finally gives the characterization of the different Galois connections.



Notation

We use the following notations.
We will use a fixed base set A through this work. If we need to use a different base set we will
note so explicitly.

0™ (A) will denote the set of all n-ary operations on A. The set of all operations is defined as

o) = ] o"A.

neN,n>1

Especially note that we do not include 0-ary operations. Also we may write &™), @ if explicit
reference to the base set is not needed.

For an arbitrary operation f € & if its arity has not been given a name yet we will denote it
by ny.

For the set of all unary operations &) we will also write Tr (which stand for the set of all

transformations). The set of all unary injective, surjective and bijective operations will be
denoted by =1 @) and .¥ respectively.

For an operation f € 6™ we define the graph of f to be the relation

fo=A{(ar,...,an, flay...,ay))|a,...,a, € A}.

For f € 6™, p C A™ we define

ol = e rle€pi=1,..n}
= {(f(rin, - smn1)s oo s f(Pinty o Ton)) |t € i =1,... 0}

The set of all n-ary relations on A will be denoted by %™ (A) and the set of all relations is

R(A) =] 72" (A).

neN

Again we may just write Z™, Z if we do not need to mention the base set explicitly. For the
set of all equivalence relations on a set X we will write Eq(X).

For every € € Eq({1,...,m}), m € N a relation of the form §¢, := {(xy,...,z,,) € A"|(4,]) €
€ = x; = x;} is called diagonal. In particular for e = {(4,j)|i,j € n} we define 5%) =0f =
{(a,...,a)la € A} € Z™ on the base set A. The set of all diagonal relations on A is denoted
by DA.



For a set of relations Q C % and a set O of operations on relations we will write

0@ or Qo

for the closure of Q w.r.t. to O, i.e., the smallest set of relations Q containing Q that is closed
under the operations of O. We will write O(.) for the closure operator obtained in this way.
Similarly for a closure operator C' : Z — % we write

C(Q) or (Q)c

for the closure of Q w.r.t. to C.



Chapter 1

The (Galols connections

We will be interested in Galois connections between certain subsets E of & and R of #. That
is we will define certain maps from Z(E) to Z(R) and from Z(E) to Z(R) so that they
form Galois connections between these to sets. Consequently going from Z(E) (Z(R)) to
Z(R) (Z(E)) and back again using these maps creates a closure operator on Z(E) (Z(R)).
We will give an “inner” characterization (one not involving the Galois connection explicitly) of
the Galois closed sets. We will especially be interested in the changes in the characterization
that occur when the cardinality of the base set changes. We will consider the case of finite,
countable and uncountable base set.

The map between sets of relations and sets of functions arises from the notion of a function
preserving a relation, that is defined a follows.

Definition 1.1. Let f € 0™ be an n-ary operation and p € Z™ an m-ary relation. Then f
is said to preserve p iff for any n-tuple r; = (751,...,7m) € p (i = 1,...,n) of elements of p it
holds that

flre, . ooorn) = (fOri, o osmn1), oo, STty - o3 Tin)) € P,
i.e., the image of the tuple is again in p. In this case we also say f is a polymorphism for p and
p is invariant for f.
We define f to strongly preserve p iff f preserves p and and its complement p® and say that p
is strongly invariant for f in this case.

Remark 1.2. (i) Note that a unary bijective function f strongly preserves a relation p iff both
f and f~! preserve p.

(ii) In the special case when p = ¢* for some function g € ™V f preserves p iff f and g
commute, i.e.,

flglars, - ammn)s -5 9(@1n, -5 Qme1)n)) =
g(f(aflla oo 7a1n)7 st f(amflla o 7a’(m—1)n)>

holds for all aiy,..., a1, ..., a@m-1)n € A.

We give some simple examples to illustrates these definitions.



Example 1.3.
1. As one of the simplest examples one may consider fixed points of unary operations as
unary, one element invariant relations.
2. For a linear order the set of its unary polymorphisms consists of all monotone functions.

3. Very generally for a given algebra o7 = (A, %) the set of its preserved unary relations
are exactly the base sets of its subalgebras.
The set of its preserved equivalence relations are just its congruence relations.
The set of the n-ary relations preserved by .% corresponds to the base sets of subalgebras
of the n-th power of 7.

4. In the euclidean plane for each real number r we define a relation to consist of all pairs
of points whose distance equals r. The automorphisms of the plane preserving all these
relations are then just the isometries.

The Galois connection arises now from the following maps.

Definition 1.4. Let E C ¢ and R C %, then we define the map
Polg : Z(R) — Z(E), Q— PolgQ := {f € E|f preserves all p € Q }
which maps a set of relations Q to the set of functions in E preserving all of them and the map
Invg: Z(E) - Z(R), Fw— InvgF = {p € R|p is invariant for all f € F}

which maps a set of functions F to the set of relations in R invariant for all of the functions in
F.
In the case that E consists of unary functions only we in addition define the maps

sPolg : Z(R) — Z(E), Q—sPolgQ :={f € E|f strongly preserves all p € Q }
slnvg : Z(E) — Z(R), F i slnvgF = {p € R|p is strongly invariant for all f € F}

which are the natural generalizations for strong invariance and strong preservation.

The pairs
Invg — Polg and sIlnvg — sPolg

form a Galois connection between the sets Z(R) and Z(E), i.e., for sets X C X’ C Z(R)
and Y C Y’ C Z(E) the following holds:

e Polg(X) D Polg(X’) , Invg(Y) D Invg(Y’) (antitonie)

e X CInvgPolg(X) , Y C Polglnvg(Y) (extensivity)

and equivalently for sPol and sInv. This implies that the maps Polglnvg, sPolgslnvg as well as
Invgr Polg, sInvgsPolg are closure operators. We will be interested in characterizing the Galois
closed sets i.e sets F € Z(E), Q € Z(R) that fulfill

F = Polglnvg F and Q = InvgPolg Q
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for certain choices of E and R “internally” , that is without explicit reference to the Galois
connection. As we will see the Galois closed sets of operations will in all cases be rather easy to
characterize and so our prime concern will be the Galois closed sets of relations. We will espe-
cially be interested in differences in the characterization that arise from different cardinality of
the base set A (at best we will be able to distinguish between finite, countable or uncountable
cardinality).

The choices for E and Polg we will make are (the (*) indicates strong preservation):

E Polg
O ... the set of all operations Pol... polymorphisms
0'®) ... the set of all s-ary operations Pol® . .. s-ary polymorphisms
0 ... the set of all unary operations End... endomorphisms

()sEnd. .. strong endomorphisms
01 . the set of all injective unary operations | inj-End... injective endomorphisms
O'v3) . the set of all surjective unary operations | sur-End . .. surjective endomrphisms
7 ... the set of all bijective unary operations wAut ... weak automorphisms

) Aut ... automorphisms

For R and Invg our choices will be:
R IHVR
Z ... the set of all relations Inv... invariant relations
sInv ... strongly invariant relations

R ... the set of all s-ary relations | Inv®) ... s-ary invariant relations
Eq... the set of equivalence relations | Con ... congruence relations
Z"Y ... the set of all unary relations | Inv" ... subalgebras
O ... the of all operations Pol ... polymorphisms
0'®) ... the of all s-ary operations Pol... s-ary polymorphisms

In the following we list two tables. The first gives an overview of the different choices

for E and R (where the (*) again indicates the Galois connection arising from slnvg and
sPolg). We list the theorems in which they have been characterized (where the first line
corresponds to theorems characterizing the Galois closure InvgPolg and the second line to the
theorems treating the Galois closure PolgInvg) and give the corresponding references from our
bibliography. Cases in which we are only able to give a necessary and a sufficient condition for
the Galois closure are marked by (~).
The second table contains an overview of the characterizations of Galois closed sets of relations
that have been treated in this work, stating the inner characterizations for different arities of the
base set, where this is easily possible (&C stands for “adding closure w.r.t C”) and giving the
theorem where these characterizations can be found in this work as well as the corresponding
references in the literature.
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3.17 3.22 3.26,3.43 [BGS, Bor00]
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3.55
0 % PolPol operations def. by finite f.s. operations locally. def. f.s. [P6s03, Sza78]
3.45 3.45
% oW EndPol PolPol N &™) [SzaT78]
3.47
o 6" | EndPol® Theorem 3.48 [P6s80, Sto75]
0 7 AutPol (). ® Locy [Jon72]
3.51 3.51
¢ | & | AutPol®
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Chapter 2

Operations on relations and clones

The sets of relations closed w.r.t. the Galois connections introduced in chapter 1 will be
characterized as sets closed w.r.t. certain operations on relations. For Galois closed sets of
functions we will also use the concept of a clone. In the following we will introduce and discuss
the operations and concepts needed.

2.1 Operations on relations

For the characterization of Galois closed sets of relations we will use operations of the form
F o RB™) x ... x ) — ™m0 with k € N (we allow for k& = 0 in which case we simply
obtain a constant y € Z0)): (my, ..., my;mg) is called the signature of F. A set Q C Z is
closed under F iff F(py,...,px) € Q for all p; € Q) 1< i < k.
We start with the definition of a clone of operations on relations.

Definition 2.1. For S; : Z™) x. .. x ™) — ") fori=1,.... land T : Z") x- - -xB™) —
™) we define the superposition of T and Sy, ..., S; through:

T[Sy,...,S): B™) x ... x ™) —  ggmo)
(p17"'7pk) = T(Sl(p17"‘7pk)7"'7Sl(p17“'7pk>>‘

For k € NT, 1 <i <k and (my,...,m;) € NF we define the associated elementary operation :

(P1s---spk) = pi

Now a set C of operations with arities in some set J (i.e., with signature in J*) is called a clone
of operations on relations with arities in J if the following conditions are fulfilled:

(1) Cis closed w.r.t. to superposition.

(2) Forall k e Nt 1 <i<kand (my,...,my) € J* the elementary operations Ei(m1 """ ™) i
in C.

12



(3) For every constant 4 € C with g € 2™ and for all m € J there is a unary operation
S #™ — ™) in C, that has the constant value p.

For a set of operations Cy we define
opclCy := m{C|C is a clone of operations and Cy C C}

to be the smallest clone containing C,

2.1.1 Boolean Operations and projections

We introduce Boolean operations and projections and dual projections.

Definition 2.2. We define intersection N and union U to be map two relations py, py to their
intersection p; M po and their union p; U ps.

2.2.1. The next operation we introduce is the complement of an m-ary relation p defined as:

C: % — %
p = A"\p={acAa ¢ p}
—fac A"(ac p)}
We will also write p¢ for Cp.

2.2.2. Forn,m € Nand s : n — m and a € A™ define ao s := (ay),- - -, Gsn-1))-
Then we introduce the operation

W, : 2™ — g™
p — {ae€ AMaos € p}.
2.2.3. Further we define the projections through
Pr™ . gpm+l) _  gp(m)

p — {(ag,...,am_1) € A™|
(Jam, € A)(ag, ..., am-1,am) € p}.
2.2.4. The dual projections are defined by
Qr™ . gt gm)
p +— {(ag,...,am_1) € A"

(vam € A)<a07 vy m—1, am) € P}
= CPr™(Cp).

2.2.5. Intersection, union and complementation together with the constants () and A™ form
the Boolean operations on Z™, m € N.

2.2.6. A set Q of relations is called a Boolean system if it is closed w.r.t to W, for all n,m € N,
s :n — m and all Boolean operations.

13



2.1.2 Logical Operations

Definition 2.3. Let p(Py,..., Py;x1,...,x,) be a first order formula with predicate symbols
P; (of arity m;) and free variables {z;|1 <4 < m}. Then for p; € 2™ (i = 1,...,n) we define

Ly(p1,...pn) = {(a1,....am) € A™|palp1,...pn;a1,...,am)},

where a(p1, ... pn; a1, ..., an) means that ¢ holds in the structure (A;py, ..., p,) for the eval-
uation z; = a;j, (1 < j < m). The operation L, obtained in this way is called a logical
operation.

Some simple examples of logical operations are boolean operations like intersection N and
complementation, defined by the formula P (z1,...,z,) A Py(z1,...,2y) and = P(xq, ..., x,).

2.3.1. We will write LOP(Zy, ..., Z,) for the set of logical operations coming from first order
formulas which are made up of the symbols 7, ..., Z,.

A set LOP(Zy,...,Z,) of logical operations forms a clone of operations. Some of the clones of
logical operation that will encounter are:

(1))LOP(3, A, =),

(ii) LOP (3, A, V),

(iii) LOP(3, A, V, =),

(iv) LOP(3,V, A, V, =, #),

(v) LOP.

2.3.2. Sets of relations closed w.r.t. to (ii) will be called sir-algebras, (iii)-(v) will be called
weak Krasneralgebras, pre-Krasneralgebras and Krasneralgebras [Bor00] respectively 1.

2.3.3. All the logical clones (i),(iii)-(v) can be expressed in terms of Boolean operations and
projections in the following way [Boér00):

LOP = opcl({#,n,U,C} U {A™|m € N} U{W,|s € FF,} U {6} U {Pr™|n € N}),
LOP(3,V,A,V,=,#) = opcl({0,N,U} U{A™|m € N} U
{W.|s € FFo} U{s, (65} U{Pr™, Qr™|n € N}),
LOP(3,A,V,=) = opcl({0,n,U} U{A™|m € N} U
{W,|s € FFo} U {37} U{Pr™|n € N}),
LOP(3,A,=) = opcl({0,Nn} U{A™|m € N} U
{W.ls € FFo} U {69} U{Pr™|n € N}),

where we have introduced FFy := {s|(3n,m e N)(m =0=n=0) and (s:n —m)} 2

As a side note we mention that in particular LOP is finitely generated on finite sets but not
finitely generated on infinite sets [Jén91].

!Krasneralgebra were first studied by M. Krasner. There algebras closed w.r.t. LOP(3,A,V, =) are called
Krasner algebras of first kind whereas the algebras closed w.r.t. LOP are called Krasneralgebas of second kind.
For the exact citation we refer to [PK79].

2FF is supposed to stand for finite functions.
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2.1.3 Invariant operations

Next we introduce invariant operations and certain subsets of them.

Definition 2.4. An operation S : Z(™) x ... x ™) — (o) ig called
a) invariant iff for all f € .#(A) and all relations p; € Z™) (i =1,...,k)

S(flpals - flor]) = fIS(p1, - - -5 )]

holds.
b) monotone iff for all p;, 0; € #™) 0, C p; (i = 1,...,k) implies S(oy,...,06) € S(p1,- .., pr)-
¢) Tr(A)-permutable iff for all f € &V, for all p; € 2™

FIS(ors - o)l € S(flpals - Flpwl)-
2.4.1. The set of all invariant operations is denoted by IOP 4.
2.4.2. The set of all monotone invariant operations is denoted by MIOP 4.
2.4.3. The set of all Tr(A)-permutable invariant operations is denoted by MVOP 4.

Remark 2.5. Note that IOP 4, MIOP, and MVOP 4 form clones of operations. For the
closure w.r.t to IOP we will also write (.)n,

Invariant operations were introduced in [J6n91]. Motivation for studying them can be found
in the fact that our base set A does not carry any structure. Invariant operations are just the
operations that respect this property, i.e., for any f € . and any Q C Rel(A) they do not
distinguish between (A4, Q) and (A4, f[Q]). Tr(A)-permutable operations might be seen to be the
natural generalization of this idea to arbitrary unary functions (note that all Tr(A)-permutable
operations are indeed invariant operations).

For operations S; (i € I) of equal signature (my, ..., my;mp) we can introduce their intersection
Nic; Si and union (J,.; S; in the following way

(USi)(pl,...,pk) 1:USi(P1,---,Pk),

iel iel
(ﬂsz)(pbapk) = msz(ph?pk)
icl el

Also we may introduce the complement of an operation S simply as CS.

With these operations the invariant operations of a fixed signature form a complete and atomic
boolean algebra [J6n91]. Explicit expressions for the atoms of signature (my, ..., mg;mg) can
be given in the following way. Let o; € £2) (i = 1,...,k) and let b € A™. Then the
operations

At(A;al,...,O'k;b)<p1> B apk) = {fb|f € & and for i = 17 SR 7k f[o-l] = Pz}

are the “smallest” among the invariant operations S with b € S and the atoms of the respective
boolean algebra.

All logical operations are invariant, the converse however only holds for finite base set A. This
can be seen through a simple counting argument as already for signature (1;0) there is an
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infinite number of pairwise distinct atomic invariant operations and so there are at leat 2%
invariant operations [B6r00]. On the other hand the number of logical operations is always
countable.

The operations from MIOP and MVOP of fixed signature are not closed w.r.t complemen-
tation but closed under arbitrary unions and intersections and form a complete, distributive
lattice, which in general will not be atomic.

The relations between the clones of logical operations introduced so far and IOP, MIOP, MVOP
are given by the following lemma.

Lemma 2.6. [B6r00] The following inclusions hold:
(i) LOP C IOP.

(it) LOP(3,V, A, V,=) C MIOP.

(i1) LOP(3, A, V,=) C MVOP.

Equality holds iff A is finite.

2.1.4 Operations of infinite arity - formula schemes, gSup, sSup,
spSup

For infinite base set we will need some operations of infinite arity, i.e., operations F' of the form
F1les ZM) — Z™ with infinite index set I. The simplest such operations will be infinite
union and intersection defined in the usual way.

Definition 2.7. Let m € N and let p; € 2™, i € I for some index set I. Then we define
infinite intersection/union in the following way

mpi ={re A"|rep;forallie I} Upi = {r € A"|r € p; for some i € I}.
iel iel

2.7.1. For a set of relations Q € Z we write (Q)n((Q)y) for the closure of Q w.r.t. arbitrary
intersections (unions).

2.7.2. A set Q C H(A) is called an algebraic closure system iff Q is closed w.r.t. arbitrary
intersections and under unions of directed systems [Gréa68].

2.7.3. We call a set Q C Z A-complete iff

(1) 0 € Q™ and A™ € Q™

(2) Q is closed under arbitrary intersections and unions.

We denote the smallest A-complete set containing Q C Z by (Q)a.

Other operations of infinite arity we will use are introduced with the help of formula schemes,
which can seen as generalization of logical formulas.

Definition 2.8. Let X = {z;]i € I} be a set of variables, Q a set of relations of A, p € Q™. f €
QNo™ ge QN . Then

p(Tiyy oy xi) o f@gy, ., x,) = 9(Tky, - TEy)

are said to be formulas of the variable set X over Q provided z;,, ..., ;,, 2, ..., Ti,, Tkys ..., Tp, €
X (as noted in [SzaT78] formulas of the first kind would be sufficient but introducing both kinds
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makes notation a bit easier later on). A family (a;)i € I) € A is said to satisfy above formulas
if p(aiy, ... a:,), flaj,....a;,)=g(ak,...,ax,) holds.
A triple ¥ = (X, X, (x4, ..., x;,)) is called a formula scheme over Q when X is a set of variables
indexed by I, (z;,,...,z;,) € X™ and X is a set of formulas of the variable set X over Q. We say
U is finite if both ¥ and X are finite. To ¥ as above we associate a n-ary relation Ry defined
by

Ry :={(ai, ..., a;)|(a;]i € I) € A’ satisfies every member of ¥}

and say Ry is defined by W.

2.8.1. On #Z we define the following closure operator

[ ]f‘s. . % — %
Q — [Q]ts := {Ry|V is a formula scheme over Q} U {0}

and say Q is closed w.r.t. formula schemes if Q = [Q];s. .

2.8.2. We say that U = (X, X, (24, ..., %,,%i,,,)) defines an n-ary operation f on B C A" if
for any (ay,...,a,) € B, f(ai,...,a,) = ayyq for some a,1 € A iff Ry(ay, ..., an, ayy1) holds.
A n-ary operation f is said to be locally definable by a set of relations Q C Z(A) if for every
finite B C A" there exists a formula scheme over Q defining f on B.

As a next step we show that [Qlis. is closed w.r.t to formula schemes, i.e., [[Qlts ]ts. = [Qlts.-

Proof. Let U = (I', X, (zj,,...,2j,)) be a formula scheme over Q and let
¢ =Ry = {(bj,,...,b;,)|(bj]j € J) € A” satisfies I'}.

We consider the simplest formula scheme including ¢ namely ¥ = (@, oz b X (T, 2))
over [Qlgs. (where w.l.o.g. we assume that the index set I of the variables X = {z;|i € I}) is
disjoint from J) and show that Ry € [Qlgs..

Ry can be rewritten in the following way:

Ry = {(ai,,...,a;,) | (a;|i € I) € A® satisfies {¢(x,,,...,7,,)}}
={(ay,,...,a;,) | (a;li € 1) € Al satisfies p(a,,,...,a, )}
={(ay,,...,a;,) | (a;i €1)€ A’ satisfies {(b;]j € J) € A7

satisfies I and a,, = bj,,...,a,, = b;, }}
={(ai,---,a;,) | (aili € DU b;lj € J) € AT gsatisfies T and

ar, = bjyy. oy, =b5 },

1

which obviously becomes a formula scheme over Q after relabelling the variables to accom-
modate for a,, = bj,,...,a,, = bj,. Now one can easily see that the same method also works
for a more complicated formula schemes W. This then ends the proof. O

3Note that the empty set is always an invariant relation as we do not consider nullary functions and so was
added here.
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The relations obtained through finite f.s. are equivalent to relations obtained from primitive
positive formulas as can be seen in the following way.
Forafs. V= (XX, (x,...,;,)) by adding formulas of the type z; = z;, to ¥ we can w.l.o.g
assume that iy # ¢; for k # 1 € {1,...,n}. Calling the new set of formulas obtained in this way
3 we rewrite Ry in the following way

Ry ={(ai,,...,a;,) | (a;liel)e Al satisfies i}
= {(aiy, ... a;,) | Iai|i € I\ {ir,..., in}) € AN} gatisfies

/\ (X, x) )

e

For an infinite formula schemes W we can clearly rewrite Ry in the same way. In that sense
Ry can be thought to arise from a logical operation belonging to a primitive positive formula
which may have an infinite number of bound variables but only a finite number of free variables.

The other operations of infinite arity we introduce are strong, special and general superpo-
sition.

Definition 2.9. Let [ be an arbitrary index set and n; € N;b; € A" (i € ) and p; € %(”i)(i €
I). Further let m € N* and a € A™ then we define the following operations

2.9.1. strong superposition: sSup(a, (b;)icr, (pi)icr) == {galg € . and (Vi € I) gb; € p;}
2.9.2. special superposition: spSup(a, (b)ier, (pi)icr) == {galg € €©*¥7) and (Vi € I) gb; € p;}
2.9.3. general superposition: gSup(a, (b;)er, (pi)icr) := {galg € Tr and (Vi € I) gb; € p;}.

A set Q of relations is said to be closed w.r.t. gSup / spSup/ sSup iff p; € QM) (i € I)
implies gSup(a, (b )icr, (pi)icr)/ spSup(a, (bi)ier, (pi)icr)/ sSup(a, (bi)ier, (pi)icr) € Q™.

As in the situation of formula schemes we can rewrite strong, special and general superpo-
sition as “infinite” formulas in the following way.
Let a, b;, n;, p;, I be as above. Then we can rewrite sSup/spSup/gSup in the following way:

sSup(a, (bi)ier, (pi)ier) = {galg € ¥ and (Vi € I) gb; € p;}
= {(xan e vxam)|(3$T)TGA\{a1,--.,am} : (Vy €A \/ Y= ZET)

reA

A( /\ T, # xg) A /\(xbn’ cy Ty, ) € pit,

r#s,r,s€A i€l
spSup(a, (b)icr, (pi)icr) = {galg € 6“7 and (Vi € I) gb; € p;}
= {(@ars -2 %a,) |3 )reariar,amy 1 (Vy € A \/ y =)
reA
A /\(xbﬂ’ ce 7xbmi) S pi}a
i€l
gSup(a, (b;)icr, (pi)ier) = {galg € Tr and (Vi € I) gb; € p;}
= {(xan s vxan)|(E|xk)k€z4\{a1,m,am} : /\(xbﬂ? s >$bmi) S pi}'

iel
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This in particular shows that every general superposition gSup(a, (b;)icr, (pi)icr) is in fact
equivalent to some Ry for an appropriate formula scheme W.
Also one can easily check that Q C % is closed w.r.t. sSup iff Q is closed w.r.t. spSup and

vi={(z,y) € A’z #y} € Q.
We give some examples gSup/spSup/sSup for different choices of a, b;, p;:

1. Relational product: Let |A| > 3, p1,p; € Z% and let a = (a1,as) € A%\ 51(42) and
be A\ {a,as} be arbitrary but fixed. Then

gSup(a, (a1,0), (b, az), p1,p2) = {falf € Trand f(ai,b) € p1 A f(b,a2) € pa}
= pP1°p2;

sSup(a, (a1,b), (b, az), p1,p2) = {falf € 7 and f(a1,b) € p1 A f(b,az) € pa}
= (p1\ 65 0pa\0P)\ 65

2. Intersection: Let I be some index set, p; € Z™ for i € I and n € N. Further choose
a€c A" and set b; = a for all 7 € I. Then

gSup(a, (by)ier, (pi)icr) = {falf € Trand fae€ p; forallie I}

= ﬂpi.

i€l
Assuming a € A"\ (51(4") we get for the same choice of by, p; the strong superposition

sSup(a, (bi)ier, (pi)ier) = {falf € 7 and fa€ p; forallie I}

= (o) \ o}

iel
3. Diagonal relation: By choosing an arbitrary a € 6%) and an empty index set [ we get

gsup(aa(bz')z’eb(ﬂi)iel) = {fa\fETr}
= {galg € 7} = sSup(a, (b))ies, (pi)ier) = 64

4. Logical operations: As can be easily seen all logical operations from LOP(3, A, =) can be
expressed though an appropriate general superposition.
Through special superposition the operation Jzp(z,y) can in general not be produced as
one might see by choosing p = {(1,2), (3,3)} on the base set A = {1,2,3}. Then choosing
b e A%\ 522) always only leaves one possibility for g € . with gb € p, so the appropriate
special superposition cannot be {2,3} as it should. Choosing b € (522) however also does
not lead to the correct result.
Also the complement of a relation can in general not be produced through a special
superposition as can be seen by choosing the relation p := {(1,1), (1,2)} on the base set
A= {12}
For finite base set A let p € Z® be such that there is at least one a € A with Yyp(y, a)
holds and choose {b;|i € I} = {(c,d) € A*|Vyp(y,d)}. Then

sSup(a, (bi)ier, (p)ier) = {galg € " and gb; € pVi € I} = Vyp(y, x).
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For an arbitrary relation this will however no longer be possible, as for example can be
seen through the relation p := {(y,a,a)|ly € A} U{(y,a,b)|y € A} for a # b € A.
Further for example any relation p € Z™ with p N 5%) # 0 and p € 51(4”) cannot be
written as a special superposition as a consequence of the injectiveness of the functions g
in the definition of sSup.

2.1.5 Local closure

In addition to the closure operators that are obtained from the operations introduced above we
need “local” closure operators. The presence of these operators is a direct consequence of the
fact that we study relations and functions of finite arity only.

Definition 2.10. Let Q C #. Then we define

ssLOCQ = {p|lVBCp,|B| <s,J0 € Q: B Co Cp},
LOCQ = {p|lVBCp,|B|<Nyp,dJo€Q:BCoCp}
= (]sLOCQ.
seN

(s-)LOCQ is called the (s-)local closure of Q.

Remark 2.11. (i): Note that if a relation p is not in the (s-)LOC closure of some set Q of
relations there will be a finite set B C p to “witness” that.

(ii): Obviously LOCQ = Q always holds for a finite base set. For s-LOC this same statement
is only true when |A| < s. A typical example of a non-s-LOC closed set of relations in case

where s< |A| choose A = {1,2,3} and Q = {{1, 2}, {1,3},{2,3}}, which is not 2-LOC closed.

The operators s-LOC are ordered in the following way:
1-LOCQ 2 2-LOCQ 2 .... D LOC Q.

In particular we note that closure w.r.t 1-LOC just is closure w.r.t arbitrary unions.
Writing Q in the form Q = U,y Q" where Q¥ := QN 2, we see that

s-LOCQ = [ Js-LOC Q™ and LOC Q = | JLOC Q®,

1€EN €N

i.e., (s-)LOC does not mix aritys.
We mention that LOC is a topological closure operator, i.e., for Q;, Qs C # we have

LOC(LOCQ; ULOCQy) = LOCQ; U LOCQs.

We give some examples for s-LOC closed sets.

Example 2.12. 1.) Any set Q of relations where each relation consist of no more than s — 1
elements is always trivially s-LOC closed.
2.) Any set of linear orders of a base set A is always 2-LOC closed.
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3.) Any set Q of relations where each relation of Q can be singled out by (at most) s — 1
specific elements it contains (i.e., for each p € Q there exists a set B C p,|B] < s — 1 s.t.
BCoeQ&o=np).

Proof: Suppose Q # s-LOCQ), i.e., thereis a p € s-LOCQ\ Q. Then we find a o € Qs.t. o C p.
Let aj,...,a, (n < s—1) be elements that characterize o and choose an element b € p\ 0. For
the set B = {ay,...,a,,b} there can be no 6 € @ s.t. B C o C p which shows p ¢ s-LOCQ.
4.) As we will see below for Q C Z every set of the form InvPol®Q is s-LOC closed.

For a further characterization of s-LOC we need the notion of s-directed systems defined
as generalizations of directed systems.

Definition 2.13. [P6s80] Recall, a set 7 of sets is called upwards directed if for all X,Y € 7
there exists a Z € T s.t. X UY C Z. We define a set T of sets to be s-directed (s € N) if for
all Xy,..., X, €7 andr € Xyq,...,rs € X, there exists a Z € T s.t. {ry,...,rs} C Z.

For sets of relation that are closed w.r.t. arbitrary intersection closure w.r.t. s-LOC is
equivalent to closure w.r.t. union of s-directed systems as stated in the following proposition.

Proposition 2.14. [P6s80] Let Q be a set of relations closed under arbitrary intersections.
Then

(i) s-LOCQ = {U T|0 #7 C Qand 7 is s-directed}.
(i1) LOCQ = {U T|0#7 C Qand 7 is directed}.

An additional characterization is given by the following proposition.

Proposition 2.15. [P6s80] Let Q be a set of relations closed under arbitrary intersections.
Then the following conditions are equivalent (for a fixed s € N).

(a) Q = s-LOCQ,

(b) B Qiff TY(X)C B for all X C B with |X| < s

For the proof of both propositions we refer to [P6s80].

For sets of functions we can also introduce local closure operators similar to s-LOC/LOC.

Definition 2.16. Let F C &. We define

s-LocF = {ge OW|VBC A", |B|<s,3f cF™ g B=f|B,necN},
LocF = {g€ 0™W|VBC A", |B| <No,3f €cF™ : g B=f| B,n €N}

= ﬂ s-LocF,

seN

i.e., the set of all functions that can be approximated on all subsets of A™ of size less or equal
s and the set of all functions that can be approximated on all finite subsets of A™.

4For the definition of T?(X) see definition 3.1.
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2.16.1. For G C .7(A) we define the restrictions of Loc/s-Loc to .#(A) in the following way:

Loc,G := LocGN.#(A) , s-Loc,G:= s-LocGN.7(A).

As for s-LOC/LOC, s-Loc/Loc do not mix arities, i.e., F C & (for some n € N) then also
s-LocF, LocF C 0™,

Remark 2.17. Note that on a finite base set A all sets of functions are Loc closed. However
for |A| >s they are not necessarily s-Loc-closed.

The operators s-Loc are ordered in the following way:
1-LocF D 2-LocF D --- D LocF.

We give some examples to illustrate these definitions.

Example 2.18. 1.)For a set of relations Q, PolQ, POI(S)Q, EndQ are all Loc-closed. For
Q C #' these sets are s-Loc-closed. AutQ is a typical example of a Loc,-closed set.

2.)Let n,k € N and define F := {f € 6"™|f[A"] < k}. Then F is (k + 1)-Loc closed. See also
example 2.25.

3.)The set ¢(~Y of all injective functions is 2-Loc closed. In particular Loc.” = ¢0~Y which
also illustrates that surjectiveness is not a local property.

We mention that Loc and Loc, are topological closure operators, i.e., for F;,Fy C &
Loc(LocF; U LocFy) = LocF; U LocFs

and an analogous statement holds for Loc,. The topology belonging to Loc is the product
topology on A4" where A, is taken to be discrete. The topology belonging to Loc, is obtained
by restricting the topology of A4 to .7 (A).

Let m € N, aj,...,a,,b € A™. Then the sets
Uay,...anp-b = {f € 0| f(ay,...,a,) = b}
form a basis of the topology of Loc. Similarly for m € N, a,b € A™
Uab, o = {f € S (A)|f(a) = b}

form the basic open sets of the topology belonging to Loc,.
In fact all these sets are clopen so they as well as their complements
uC

e =1 €AY f(ar,... a,) # b},
Ui o =1{f €7 (A)f(a) #Db}

provide examples for Loc- and Loc,-closed sets.
Note that s-Loc is in general not a topological closure operator.
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2.2 Clones

At last we will define clones of operations and the closure operator associated with them. First
we define functional composition and projections.

Definition 2.19. A projection is an operation f(x1,...,x,) € O that satisfies an identity of
the form f(z1,...,x,) = x for some 1 < k < n. We denote the n-ary projection onto the k-th
variable by 7}!.

For f € 0™ and gi,...,9, € O™ (n,m € N) the functional composition of f and g1, ..., gn
is defined as the m-ary operation

flgr, o ygn) s (1, o ymm) — fla(xg, oo )y ooy g1, o ).

Finally we call a function f € @™ essentially unary iff it depends only on one of its variable,
i.e., iff there is a unary function F' € 6" and 1 < k < n such that f = F(a}).

Definition 2.20. Let F C &. We say F is a clone if F is closed under functional composition
and contains all projections. We denote the clone generated by a set of operations F C &, i.e.,
the smallest clone containing F, by (F).

For F C 0V, G C . we define (F),u) to be the submonoid of &™) generated by F and (G) »
to be the subgroup of . generated by G.

Definition 2.21. A submonoid F of @) is said to be locally invertible if for all n € N, a € A"
and all f € F there exists a g € F such that g o fa = a, i.e., f has an inverse on every finite
subset. Note that in this case the functions of F are necessarily injective.

We note that we can also think of clones as subalgebras of a certain algebra with base set &
(see for example [PK79, 1.1.1]). That is we can think of (F) as being generated through certain
operations acting on F similar to the logical operations and formula schemes introduced for
relations above. In contrast to formula schemes however these operations are always of finite
arity.

Also note that for F C ¢W, (F) and (F),q) only differ in essentially unary functions and for
some needs may be identified with each other.

In the following we give examples of clones and mention some of their basic properties. For
more on clones we refer to [PK79, GP08] and references therein.
Some examples of clones are:

1. The full clone &', which is the largest clone and the set ¢ of all projections, which is the
smallest clone.

2. For a given linear order the set of all monotone functions (all functions respecting this
order) form a clone.

3. More generally, for a set of relations Q C % the set PolQ of functions preserving it is
always a clone. On a finite base set every clone is of this form, for an infinite base sets
we have to allow for relations of infinite arity as well to be able describe every clone in
such a way [RosT72].
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4. For an algebra X = (X, F) the set of all term operations is a clone. Every clone is of this
form.

By ordering all the clones over A by inclusion one obtains the clone lattice CI(A). Its largest
element is the full clone & and its smallest element the clone consisting of all projections _¢.
In this lattice the meet of two clones is just their intersection while the join of two clones is the
smallest clone containing both of them. The clone lattice is complete as arbitrary intersections
of clones are again clones. Its compact elements are just the finitely generated clones and since
every clone is the supremum of its finitely generated subclones the clone lattice is algebraic.
For an one element base set (|A| = 1) the clone lattice only consist of one element, but already
for | A| = 2 the clone lattice becomes uncountable. For a finite base with three or more elements
its cardinality is 2%, i.e., the maximal cardinality possible. For an infinite base set the size of
the clone lattice is 22"

On a finite base set the clone lattice is atomic as well as dually atomic. While the dual atoms
have been described in [Ros70] a list of the finitely many atoms of CI(A) for |A| > 3 does
not exist. On an infinite set the clone lattice is no longer atomic as can be seen through the
following example.

Example 2.22. [GP08| Let f € . be a permutation with only infinite cycles, that is for any
iterate f* (where k > 1) of f, f*(z) # x for all z € A. The interval [_#, ({f})] is isomorphic
to the lattice of all submonoids of the monoid (N, +,0). In particular it is not atomic.

Under the assumption |A| = k a regular cardinal and 2" = k% it has been shown by
Goldstern and Shelah that Cl(A) is not dually atomic (for the exact references see [GP08]). If
this statement can be proved outright for any infinite base set is however still an open problem.

As we will see we will mostly be interested in (s-)locally closed clones. We will refer to
them as (s-)local clones and in contrast speak of global clones when we want to be sure to
mean clones in general, i.e., not necessarily locally closed ones. When speaking of local clone
we naturally always assume the base set to be infinite.

The following lemma shows that (s-)local clones are obtained simply through (s-)local closure
of ordinary clones (and the same holds for submonoids and subgroups).

Lemma 2.23. [P6s80,B6r00] Let FC ¢ , HC 0V, G C . then the following holds:
1.)s-Loc(F) is a clone of operations.

2.) Loc(F) is a clone of operations.

3.) Loc(H)4a) is a submonoid of &),

4.) Loc,(G) » is a subgroup of ..

As with global clones local clones can be ordered by inclusion forming a complete lattice
Cljoe(A), which however is not a sublattice of the clone lattice as the clone generated by two
local clones needs not to be local as is illustrated by the following example.

Example 2.24. Let A = Z, i.e., the set of integers and let f € . be the permutation that
exchanges 1 and 0 and is the identity else. Further take g € . to be the permutation that
maps every x € Z to x + 1. We call the local clone generated by {f}, € and the local clone
generated by {g,¢g7 '} is called 2. Then the only nontrivial unary operation in ¢ is f, and in
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2 the only nontrivial unary operations are ¢g* and g%, k > 1. As one can verify the join of €
and Z in the local clone lattice contains .. In the global clone lattice however this cannot be
the case since this join is countable whereas |.| = 2%,

Also in contrast to the ordinary clone lattice over an infinite set Clj,.(A) is not algebraic.
The simple reason for this is that the local clone lattice over an infinite set only posses one
compact element, the clone of all projections. The proof of this statement and more on the
structure of the local clone lattice we again refer to [GP08] and references therein. Further
we mention that the local clone lattice is not dually atomic ® which can be seen through the
following example.

Example 2.25. For each cardinal A with 2 < A < |A| define the set
Hoxn = (O U{f | fIAM]] < A}

One can check that this set is always a clone. For a finite number n we will write .%#,, instead
of #_,.1 and note that ., is a local clone.

Further we will call f € 6™ quasilinear iff there exists functions ¢ : 2 — A and ¢1,..., b,
A — 2 such that f(z1,...,2,) = ¢o(¢1(x1)+ ... +dn(x,)) where + denotes the sum modulo
2. We write & for the (local) clone of all operations which are either essentially unary or
quasilinear; 4 is often referred to as BURLEsclone.

Then the interval of nontrivial local clones which contain ¢ is the following countably infinite
chain which ascends to 0':

(O CBCH CHC . C O

For finite |A] the interval of clones above &1 is exactly this chain but stops at %4 = 0.

This example supports the intuition that the local clone lattice is closer to clone lattice on
a finite base set than to the global clone lattice on an infinite set.
This is further backed by the fact that the size of the local clone lattice on an infinite set A
is 2141, That there can be no more local clones can be easily understood from the fact that a
local clone is determined by all restrictions of its operations to finite subsets of A, for which
there are only 2/4! possibilities.

A cofinal set in the local clone lattice has been given by Rosenberg and Szabo in [?].
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Chapter 3

Characterization of the Galois closure

Before we start with the characterization we define the following relations.

Definition 3.1. ( [P6s80, 1.8]) For FC E, Q C R and 0 C A™ (m € N) we define

o) = ﬂ{p e Z™|o C peQl,
Te(o) = [ {p€%"™|o C p € InvgF}.

If F C .% then we also define
I'i(o) = ﬂ{p € #™|o C p € sinvgF}.

For a € A™ we will write ['?(a) for ['?({a}) (and the same for T'f).

Remark 3.2. Note that obviously for F C &,G C ., Tg(0) = I'™F(¢) and T%(0) = *2¢(0)
for o C A™ (m € N).

In the following lemma we collect some simple properties of I'®(c) and T'r (o).

Lemma 3.3. ( [P6s80, 1.8], [BGS, Lemma 2.4]) Let F C E, Q C R and ¢ C A™ (m € N).
Then the following holds:

(i) If R is closed under arbitrary intersection then I'®(s) and I'r(c) are elements of R and
['g(0) € InvgF. In addition for all p € InvgF

Te(p)=p=|J Tk(o),

oCp, |o|<Ro

holds and in particular
Le(p)=p iff pelnvy,F.

(41) If Q is closed under arbitrary intersections then I'?(0) € Q and I'®(s) is the smallest rela-
tion of Q containing o. If in addition Q is closed under complementation the relations I'?(a)
with a € A™ and fixed m € N form a partition of A™. We will write =q for the equivalence
relation belonging to this partition (using the same symbol for different m).
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(17i) Let Qi, Qo be two sets of relations closed under arbitrary intersections. If in addition
Qi, Q; are closed under LOC (s-LOC) then Q; = Q, iff I (B) = I'%(B) for all m € N and
B C A™|B| <X, (|B] < s).

In particular if Q;, Q, are closed under arbitrary unions then Q; = Q, iff [ (a) = I'®(a) for
allm e Nand ae A™.

The mostly simple proofs are left to the reader and can be found in the citations. We note
that the first part of (iiz) one might use proposition 2.15.
The following lemma gives an “inner characterization” of I'r(o) in certain situations.

Lemma 3.4. ( [PK79, 1.1.19], [P6s80]) Let R = %, 0 € %, then for

1. FCO: Tge(o) ={g(r1,...,rn)|lg € (F),{r1,...,v,} Co,n e N}

2. FCoW: Tg(o) ={g(r)lg € (F)n,r € o}

3. FC .7 TE(o) ={y(r)|g € (F)s,r € o}.
Proof. We prove 1. the rest can be proved in an analogous way. Denoting the r.h.s. by v, i.e.,
v = {g(ry,...,rn)|lg € (F),{r1,...,rn} C o,n € N}, we notice v € Inv,F and ¢ C ~ (as all
projections are in (F)). By (ii), (iii) of lemma 3.3 we see that T'r(c) C 7.

For the other inclusion let g € (F),{ry,...,r,} C 0, n € N, then we see that I'r(¢) € Inv,F
and o C I'r(o) imply that g(ry,...,r,) € ['r(0) and all which proves v C I'g(o). O

3.1 Pol — Inv, Pol — Pol, InvPol® PolInv'®

In this section we characterize the following cases:

(a) E=0 and R = Z, i.e the set of all operations and the set of all relations. We write Pol
for Poly and Inv for Invy,.

(b) E=0® and R = %, i.e all s-ary operations and all relations. We write Pol® for Pol,)
and Inv for Invy.

(c) E= 0 and R = #, i.e., all operations and s-ary relations. We write Pol for Pol, and
Inv® for Inv ).

We will mostly follow [P6s80] however replacing “general superposition” by the “formula
schemes” of [Sza78].

First we will describe the Galois closed sets of relations for these situations. As a motivation
we may note that for two relations pi, po of the same arity n their intersection p; N po as well
as p:={(z1,...,xn_1)|Fxp1(x1,. .., i1, T4, Tiv1, ..., 2,)} (for n > 2) and
o :={(x1,11,23,...,2,)|p1(x1, 21, 23,...,2,)} ete. are all members of InvPol({p1, p2}) (indeed
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this set is closed w.r.t Lop(3, A, =) as one can easily check). Even more for an arbitrary number
of n-ary relations (p;);cs the relations

e =A@ )| Cuidier )\ piyi, 21, 20)}

i€l el

are also members of InvPol({p;|i € I}) and can be thought to arise through certain logical
operations of “infinite order”. Indeed the relevant operations are just the formula schemes
introduced in 2.8.

In addition the fact we only deal with functions of finite arity indicates that only “local”
properties of relations should play a role. This will be reflected by the LOC/s-LOC closure of
the Galois closed sets.

We formalize our above observations in the following lemmata which form the basis for the
characterization of Galois closed sets of relations.
The first lemma shows that the closure operators [.]¢s. and s-LOC do not lead out of the Galois
closure of a set of relations.

Lemma 3.5. (Poschel [P6s80, 3.9]). Let Q C %, n,s € N. Then

(1) Pol™Q = Pol™[Q]¢..

(i7) Pol™Q = Pol™s-LOCQ for n < s.

Thus the closure operators [.]¢s. and s-LOC only add relations to Q that have at least the same
n-ary (n < s) polymorphisms that Q has.

Proof. (i): Since Q C [Qlts. we immediately get Pol™ Qles. € Pol™Q.

The other inclusion Pol™Q C Pol™ [Q]ts. can easily be seen from the definition of []¢s.

(17) : Let p € s-LOCQ and ry,...,r, € p. Then there exists a 0 € Q such that {ry,...,r,} C
o C p. So for f € Pol™Q we find f(ry,...,r,) € 0 C p, ie., f preserves p, which proves
f € Pol™s-LOCQ. The other inclusion is again immediate. m

Whereas LOC/s-LOC only add “big” relations (i.e., supersets of relations that are already
in Q ), []rs. also adds subsets of the relations of Q. That indeed the “smallest” invariant
relations are added is shown by the following lemma.

Lemma 3.6. (Poschel [P6s80, 4.3], Szabo [Sza78, Lemma 2]). For Q C Z the following holds
(1) T'poiq(B) € [Qts. for all finite B C A™ (n € N).

(7)) Tpooq(B) € [Qlts. for all B C A™ with |B| < s (s,n € N).

If the set A is finite the formula schemes used to generate [Qlss. can all be chosen to be finite.

Proof. Since I'poiq(B) = I'pyq(B) for all B with [B| < s (ii) is an immediate consequence
of (i). We prove (i) following [Sza78]. Let B = {b; = (byi,...,bn;) € A"i = 1,...,s} be an
arbitrary subset of A™. Since PolQ is a clone by lemma 3.4 I'py1q(B) can be written in the form
Tpoq(B) = {f(by,...,b,)|f € Pol®Q}. We construct a formula scheme defining I'poig(B).

Choose a set of variables X = {z;|i € A®*} indexed by A®. Let p € Q be an m-ary relation and
denote by p® the m x s matrices whose columns are elements of p. To each M € p® associate
the formula p(xyy,, ..., 7, ) where M; denotes the i-th row of M. A tuple (a;|i € A®) € AY
fulfilling these formulas for all M € p° is equivalent to a function f : A> — A, f(i) = a;,
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fulfilling p(f (M), ..., f(My)) ! for all M € p*, ie., f € Polp. Also every f € Pol®p gives
rise to the tuple (f(i)|i € A*) fulfilling all the above formulas. So we find that f € Pol®Q iff
(f(i)]i € A®) satisfies ¥ := {p(zps,, .-, 2a,)|lp € Q™ ,m € N and M € p*}.

Choosing iy := (bg1,. .., bgs) for k = 1,... n, we define the formula scheme ¥ := (3, X, (z;,,...,x;,))
and obtain

Ry = {(ay,...,aq;)|(a;]i € A%) satisfies X} =

= {(f(t1),..., fla)|f € O°, (f(i)|i € A®) satisfies ¥} =

= {f(bi,...,by)|f € PolVQ} =

= T'paq(B).
For finite A we note that for every s-ary operation f that does not satisfy the formula scheme X
there exists a formula ¢, € ¥ such that f does not satisfy ;. Define 3’ to be the set of all such
formulas, i.e., X' := {pf|f € 0° and f does not satisfy ¥} and ¥’ := (X', X, {z;,,...,2;,}) the
corresponding formula scheme (arising from W by replacing ¥ with 3 ). Then clearly Ry = Ry.
Since | X| = |A%| and |X'| < |0 = |A?"] it follows that X and Y are finite, hence ¥’ is a finite
formula scheme. O

Now we are ready to give the characterization for Galois closed sets of relations.

Theorem 3.7. (Péschel [P6s80, 4.2], Szabo [Sza78, Theorem 7] Let Q C #Z. Then the following
holds:

(1) InvPolQ = LOCIQJ¢s., i.e, a set of relations is Galois closed w.r.t. Pol—Inv iff it contains all
unions of directed systems of relations defined by formula schemes over Q. [LOC: 2.10; [];,: 2.8.1]
(i7) InvPol®Q = s-LOC[Q]is., ie., a set of relations is Galois closed w.r.t. Pol® — Inv iff
it contains all unions of s-directed systems of relations defined by a formula scheme over
Q.[s-LOC: 2.10; []r.: 2.8.1]

Proof. Obviously it is sufficient to prove (iz). Making use of lemma 3.5 we find s-LOCI[Q]ss. C
InvPol® s-LOC[Q]ts. = InvPol®Q proving one inclusion.

For the other inclusion let p € Inv™Pol®)Q (m € N). Then p is the union of the s-directed
system 7 := {['p10q(B)|B C p,|B| < s}. However by lemma 3.6 I'p5o(B) € [Qlss. and so
p € s-LOCI[Qlts, O

For Q C ) we see that ITnv"Pol®Q = 5-LOC|[Q]ts.NZ™). In the case of r = 1 we get the
following well known result proved by Birkhoff and O. Frink [BF48], see also [Gra68, Chapter
1§ 9 Theorem 1 and 2].

Corollary 3.8. (Szabo [Sza78, Corollary 11]) Let Q € %£). Then ImvMPolQ = Q iff Q
is an algebraic closure system. In particular Inv(YPolQ = LOC(Q)n. Specializing to s—ary

operations only we find InvWPol®Q = s-LOC(Q)N. [algebraic closure. system: 2.7.2; LOC: 2.10; (.)p: 2.7.1

Proof. The proof is immediate from theorem 3.7 if we note that for C 2V, [Q];, NZWY is just
the closure of Q w.r.t arbitrary intersection. O]

For the case of a finite or countable base set we get a slightly simpler characterization from
theorem 3.7 as follows.

Y(where f(M;) is short for f(My, ..., M;))
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3.1.1 A <N

For finite base set we obtain the following corollary from 3.7 and the comments made after 2.8.

Corollary 3.9. Let Q C #. Then

(7) InvPolQ = LOP(3, A, =)(Q),
(i1) InvPol®Q = s-LOC(Q)rop@n ),

i.e., the Galois closure w.r.t InvPol corresponds to closure w.r.t to primitive positive formulas,
for InvPol® addition s-LOC-closure must be added. [LOP(): 23.1; s-LOC: 2.10]

3.1.2 |4 =R,

For countable base set we find the following.

Theorem 3.10. Let Q C #. Then

(Z) IDVPOIQ = LOC<Q>LOP(3’/\,:) .
(i1) InvPol®Q = s-LOC(Q)rop@A—) -

i.e the Galois closure corresponds to closure w.r.t. unions of (s-)directed systems of relations
from the primitive positive closure of Q. [LOP(.): 2.3.1; s-LOC, LOC: 2.10]

Proof. The corollary can be proved similar to theorem 3.22. We sketch the proof for (i7).

The inclusion s-LOC(Q)rop@a=) C InvPol®)Q is immediate from theorem 3.7 .

For the other inclusion let s-LOC(Q)ropEa,~) = Q and let B = {ay,...,a,} € A". Then for
b € I'?(B) the following holds:

1. Let 7,7 < n and ay; = ay,,...,as = as; then b; = b;. This is a consequence of &, € Q,
with € = {(4, ), (j, 1)} U {(k, k)[k € n}.

2. For all d € A® there exists an e € A such that (b,e) € T?({(ay,d,),...,(as,ds)}) . This
is a consequence of Q being closed w.r.t. Pr™.

3. Let s :m — n then bos € '?({a 0s,...,a,0}). This is a consequence of Q being closed
w.r.t. Wi,

Making use of (1) — (3) we inductively construct an f € Pol®)Q s.t. f(ay,...,a,) = b.

Define fy to be the partial s-ary function with dom(fy) = {a,...,as} =

{(a11,- -, a51), (@12, ..., as2), .o, (Q1n, .-y a5n)} = {ago), . ,ago)} and f(a;,...,as) = b =:
b©®: fy is well defined by (1).

In the induction step choose d € A*\domf;. By (2) we find an e € A s.t. b*T .= (b*) ¢) €
re({(@®. a,),...,(@", d,)}) and define agkﬂ) = (agk), d;) fori=1,...,s.

We define f := (J,cy fr with domf = A®. Property (3) can be used to show that f fulfills

f[B] €eTYB) forall B C A™, meN,|B| < s.
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This implies that f € Pol®’Q . From this we get b = f(ay, ..., a,) € I'™PI“Q(B) and thereby
[vPolQ(BY C TQ(B). As the other inclusion always holds true we get I'™PI"Q(B) = 'Q(B)
for all B C A" |B| < s, which by Lemma 3.3 (iii) InvPol®Q = Q and finishes the proof. [

Now we turn to the characterization of the Galois closed sets of functions which is somewhat
simpler.
First we may note that for any set of relations Q C # the set of its polymorphisms PolQ is
always closed w.r.t to functional composition and includes all projections, i.e., is a clone.
As for relations the fact that we only work with relations of finite arity leads to a “local”-closure
of the set PolQ which will be given by the operators s-Loc/Loc introduced in definition 2.16.
The following lemma shows that these closure operators do not lead out of the Galois closure
of a set of functions.

Lemma 3.11. ( [P6s80]) Let F C &', n,s € N. Then the following holds:
(1) Inv™WF = Inv(™ (F).
(i1) InvWF = Inv™s-LocF for 1 <n < s.

Proof. (i) is immediate from the definitions.

(77): Let p € Inv™F. Then for any f € s-LocF and r1,...,r, € p there exists a g € F such
that f(ri,...,rn) = g(r1,...,m) € p proving p € Inv?™s-LocF. So Inv™F C Inv(™s-LocF and
as the other inclusion is immediate (4i) is proved. O

The characterization of the Galois closed sets of functions is given by the following theorem.

Theorem 3.12. (Poschel [Ps80, 4.2]) Let F C &. Then the following holds:
(1) Loc(F) = PollnvF.

(i1) s-Loc(F) = Pollnv(®F.

[() 2.20; s-Loc, Loc: 2416]

Proof. We start by proving (7).

By lemma 3.11 we have s-Loc(F) C Pollnv(s-Loc(F)) C Pollnv'® (s-Loc(F)) = Pollnv*)F.

To show the opposite inclusion let f € Pol™Inv(®F. We will show that f € s-Loc(F). Let

B =1{bg,...,b; 1} C A" | t < s. Define r; := (by(i),...,b_1(i)) , i € n and o := {r;|i € n}.

Since T¢(0) € InvF and f € Pollnv®F C PollnvF, f(ry,...,r,_1) € Tr(0). By lemma 3.4

(1) then there is a g € (F) s.t. f(ro,...,rn—1) = g(ro,...,rp—1) and so f [ B =g | B ie

f € s-Loc(F).

Now (i) follows from Loc(F) = (),oy s-Loc(F) = Inv®’F = PolInvF.
[

Pollnv®F = Pol | J

seN seN

We give some examples of Galois closed sets of relations in this setting.

Example 3.13. 1.) The simplest examples of Galois closed sets of functions/relations are
the set of all projections _#, the set of all operations &' the set of all diagonal relations D4
(together with the empty set) and the set of all relations % ,which are related in the following
way:

InvsZ =% , PoZ= ¢,
Inv0 =D,U{0} , PolDy=0.
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2.) [PK79, 2.2.2.] Consider a single unary relation p € 2. Then it is easy to see that all
relations of the form p; X - -+ X p, where p; € {p, A}, i =1,...,n are in the InvPol{p}. Adding
all diagonal relations and closing under intersections we obtain the complete Galois closure.
Pol{p} consists of all functions that when restricted to p take values only in p.

3.) [Ros74,PK79, 2.2.4] For |A| > 3 we define the relations ¢; € Z% (i = 2,...,|A|) to be
the union of all diagonal relations of arity ¢, that is

v={(ay,...,a;) € AY{ay,...,a;}| <i}.

Then Pol{s;} = J_;.

The description of the sets Inv).%_; (j € N) is given in [Ros74]. We first introduce the
following notion.

For G C Eq(j) let [G) be the least filter on Eq(j) containing G. Further for £ < j define
G* := {e € GJe has at most k equivalence classes} and {G}* := [G)F\ G*.

Theorem 3.14. [Ros74, Theorem 1] A relation p € %) is invariant under J#_, iff p =
U{d5le € G}, where G C Eq(j) satisfies {G}'~" = 0.

Note that the theorem implies that a p is an elemnet of € Inv(j)%fi,l iff it is of the form
p = U{0le € G} for some G C Eq(j) (this is clear from &) C J#_;) and further for

€1,...,6n € G, 6o € Eq(j)"™" with ¢g D (N, &

05° C p.

4.) For an ideal I of subsets of A (i.e. a downset of the powerset of A that is closed under finite
unions) the set €7 of all functions f s.t. f[B"/] € I for all B € [ is a clone.

Except for the set A (seen as a unary relation), InviY %, contains only the relation [ JI. This is
the case as the functions of %7 are not restricted in any way outside | J I i.e., for p € 2" with
p\UI #0, €[p] = A. Also any function which takes a constant value y € |JI is an element
of €7 (since {y} € I), so a relation p G |JI cannot be in InvV%;.

So the unary invariant relations are of the same type as in example 1.)which leads to the the
same result for Inv%;. Note that %7 is in general not a local clone so Pollnvé; = Locé; D %;
in general.

5.) For a filter D on A (i.e a nonempty subset of the power set of A which is upward close and
closed under finite intersections , we allow also the improper filter A) we define
¢p ={f|(3B € D)(Vx € B)f(z,...,z) =z}
Then % is a clone. For special choices of D one may try to specify Invé)p.
6.) Let .# be the clone of idempotent functions, i.e., all functions f € ™ (n € N) that
fulfill f(x,...,z) =z for all x € A. Then
vt = {pllp| = 1} U A,

which is clear since all these relations are certainly invariant and any other relations cannot be
invariant since elements of .# are unrestricted off the diagonal. Inv(™.# consists of relations p
of the form p = p; X - - - X p, with p; € Inv(Y.# since (as Inv.# is closed under Pr(m)) each line
must be an invariant relation.
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3.2 End — Inv,wAut — Inv, Aut — sInv

In this section we will study the Galois connection between unary operations and relations.
More precisely we study the following situation.

(a) E= 0D and R = %, i.e., general unary operations and arbitrary relations. The poly-
morphisms are called endomorphisms and we write End for Pol ).

(b) E = and R = Z, i.e., bijective unary operations and arbitrary relations. The polymor-
phisms are called weak automorphisms and we write wAut for Pol .

(c) E= . and R = Z, ie., the same as in (b) however in this case we deal with strong
invariance and strong preservation. The polymorpishms are called automorphisms and
we write Aut for sPols and sInv for sInv.

We start by characterizing the Galois closed sets of relations. We will make use of some of
the properties of the characterization of Inv — Pol and treat the case of finite, countable and
uncountable base set separate from each other. As we will see the three different cases (a), (b),
(c) are quite similar to each other and following [B6r00] we treat their characterization parallel
to each other. For the case of an uncountable base set in subsection 3.2.5 we will follow [BGS]
to give an improved characterization (compared to the characterization given in theorem 3.26)
of the closure operator sInvAut.

In the following lemma we collect some simple properties of the the three closure operators.

Lemma 3.15. Let G C . and Q C #. Then the following holds:

() If G contains for every function also its inverse then InvG = sInvG. In particular siInvAutQ =
InvAutQ always holds.

(77) AutsInvG = wAutsInvG.

(77i) InvEndQ C InvwAutQ C sInvAutQ.

Proof. (i): This an immediate consequence of remark 1.2

(#7): This is immediate from the definition.

(173): As wAutQ C EndQ the first inclusion is immediate. Using (i) the second inclusion follows
from InvwAutQ C InvAutQ = sInvAutQ. ]

3.2.1 |4] <R

For a finite base set (b) and (c) are identical as every weak automorphism is always an auto-
morphism and every relation that is preserved by an automorphism is strongly preserved by
that automorphism. The characterizations of (a) and (b,c) can be found in [PK79] and makes
use of our knowledge of the characterization of InvPol.

As InvPolQ C InvEndQ we can simply add new operations to the ones used to characterize
InvPol. Indeed when we specialize to unary functions the union of two invariant relations of
the same arity is again invariant and so we can safely add this operation to the ones already
used. When studying automorphisms and strong invariant relations we see that p € sInvAutQ
implies that p¢ € sInvAutQ so in this case we will also want to add (.)¢ (which corresponds to
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the the logical operation —) as an operation. These observations already suffice to characterize
the Galois closed sets of relations in the finite case as we will show.

The following lemma shows that the transition from general polymorphisms to unary and to
unary injective ones can be characterized by certain relations.

Lemma 3.16. (Poschel, Kaluznin [PK79, Lemma 1.3.1])(This lemma holds for arbitrary |A|.)
Define the two diagonal relations d; := {(a, a, b, ¢)|a,b,c € A} and dy := {(a,b, ¢, c)|a,b,c € A}
and their union 7 = d; U dy. Then Pol 7 = (0'1).

Further let v := {(z,y) € A%|z # y} be the inequality relation. Then Pol{v, 7} = (¢1~V). For
3 < |A| < Xy even Pol v = (¢!~ holds.

Proof. Since diagonal relations are invariant for any function and since for any set of unary
functions F C ¢, InvF is closed under the union of relations we see &) C Pol = and so also
(0M) C Pol w. On the other hand when f € Pol™7 (n > 1) is not essentially unary, i.e.,
it depends on two different indices ¢, k we can find n-tuples a = (ay,...,a,), b = (by,...,b,)
differing only in the i-th component and a’ = (af,...,dl), b’ = (b}, ..., b,) differing only in the

'

k- th component so that f(ay,...,a,) # f(b,...,b,) and f(a},...,al) # f(b},...,b). From

A1y ..., Qp
o bi,...,b . .
this it follows that f a’h ’arf ¢ m but since each row of (a,b,a’,b’) is an element of 7
13+ Uy
by, ..., b,

this implies f ¢ Pol 7, a contradiction that leads to Polm C &™),
The proof of the first part of the second statement is immediate. The proof of the second part
uses the following fact (called Jablonskij main lemma [PK79, 1.1.6.]).

Let 3 < |A| < 8y and let f € ¢\ (0" be an operation on A that takes [ > 2 values.
Then there are sets K; C A, |K;| <l (i = 1,...,n) such that f takes all its [ values on
Ky x--x K,.

Now let f € Pol™ v then f takes k := |A| different values on the n-tuples (c,...,c) € A"
If f ¢ (0W) then by Jablonskij main lemma there exists a n-tuple ¢ := (cy,...,¢,) s.t. f
takes all of its k-values on M := {(ay,...,a,)|a; # ¢;,i = 1,...,n}. This however implies that
fa = fc for some a € M which contradicts f € Pol v (since (a;,¢;) € v for i =1,...,n). ]

For finite base set the characterization of sets of relations closed w.r.t InvEnd /InvAut is
now given by the following theorem.

Theorem 3.17. (Poschel, Kaluznin [PK79, 1.3.5.]) Let Q C %, |A| < Xy. Then
(7) InvEndQ = LOP(3,A,V,=)(Q), i.e., the Galois closed sets are just the sets of relations
closed w.r.t. logical operations arising from primitive positive formula with union.[Lop(.): 2.3.1]

(17) InvAutQ = LOP(Q), i.e., the Galois closed sets are just the sets of relations closed w.r.t.
all logical operations.[LOP(.): 2.3.1]

Proof. “27”: This follows immediately from InvPolQ C InvEndQ and the fact that InvEndQ is
closed under unions.
“C”: From

InvPolQ = LOP(3, A, =)(Q) C LOP(3, A, V,=)(Q)
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we see that LOP(3, A, V,=)(Q) contains all diagonal relations over A. In particular we find
that the union 7 = d; U dy of lemma 3.16 is in LOP(3, A, vV, =)(Q). So
InvEndQ C InvEnd(LOP(3, A, V,=)(Q)) = InvPol(LOP(3, A, V,=)(Q)) € LOP(3, A, V,=)(Q).

The second part of the theorem can be proved in a similar manner, see [PK79]. ]

3.2.2 |A| =N,

When going from finite base set to countable infinite base set we should be aware of two
things. First the cases (b) and (c) become two separate cases. In particular we note that
for a set F of injective unary functions InvF is closed w.r.t. to logical operations including
# (in addition to 3, A,V,=) while likewise for a set F of surjective unary functions InvF is
always closed under logical operations including V. To see that this not true if F consists of
non surjective functions choose, e.g., A = {1,2,3} and define f : A — A, f(1) = 2, f(2) =
1, f(3) = 2. Then p :={(1,2,1),(1,2,2)(1,2,3),(2,1,1),(2,1,2)} is invariant w.r.t f however
o:={(z,y)|Vz (z,y, 2) € p} = {(1,2)} is not.

Secondly we notice that arbitrary (infinite) unions and intersections of invariant relations are
again invariant and so we may need to add these operations. That this is indeed necessary is
illustrated by example 3.21.

As a first step we will characterize the algebraic part of InvEnd, InvwAut and sInvAut as
was done in [Bor00]. We will then use this knowledge to show that these operators are not
algebraic.

Indeed we will see that the algebraic parts (InvEnd)™®, (InvwAut)™®, (sInvAut)™® are given by
the closure w.r.t. the clones of invariant operations defined in 2.4.1. The characterization is
based on the following two lemmata.

Lemma 3.18. Let S : Z(™) x ... x Z™) — (™) be an operation and let p; € 2™
(i=1,....,k). Then the following implications hold:

(1) S € MVOP = S(p1,...,px) € InvEnd{py, ..., pr},

(17) S € MIOP = S(p1,...,px) € InvwAut{p1,..., px},

(i13) S € IOP = S(p1, ..., pr) € slnvAut{p,..., pr},

i.e., the Galois closure w.r.t. InvEnd/InvwAut/sInvAut of a finite set {p,..., p,} of relations
is closed under all operations from MVOP/MIOP /IOP.

Proof. The statements follow easily from the definitions. O]

Lemma 3.19. For i = 1,...,k let m; € N and p; € 2. Then the following holds:
(1) For any po € InvEnd{ps, ..., px}, there exists an operation S € MVOP 4 such that py =

S(p17 s 7Pk)
(i1) For any py € InvwAut{pi,...,pr}, there exists an operation S € MIOP, such that

po=S(p1,---,pr)
(17i) For any py € slnvAut{pi,...,px}, there exists an operation S € IOP4 such that py =
S(p17 s 7pk)
Proof. (i): We explicitly define the operation S through
S(ov,...,on) = J{flpollf € 6V and (Vi = 1,... k) flp;] C o:}
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Then S(p1,...,px) = po- S € MVOP 4 follows through direct calculation.

For the other two cases the slightly changed definition of S is given below.
(17):

S(or,...,01) = U{Q[POHQ € Y and (Vi=1,...,k) g[p;] C o:}
(2di):

S(o1,...,0k) == U{g[po]]g € . and Vi=1,...,k)glpi| = oi}

The following theorem is now an immediate consequence.

Theorem 3.20. The algebraic parts of the closure operators InvEnd, InvwAut, sInvAut are
given by:

(i) (InvEnd)™® = MVOP 4(.).

(i7) (InvwAut)™® = MIOP 4(.).

(i) (sInvAut)™® = TOP 4(.).

[ MVOP,(.): 2.4.3; MIOP4(.): 2.4.2; IOP,(.): 2.4.1 |

Proof. The proof is immediate from lemma 3.18 and 3.19 . O]

Making use of this explicit form of the algebraic parts of the closure operators the following
example shows that InvEnd/InvwAut/sInvAut are not algebraic (see [B6r00, 2.2.7]), i.e., the
characterization as given in theorem 3.20 is not complete.

Example 3.21. Let A be an infinite set and define Q to be the set of all finite or cofinite
subsets of A, i.e.,
Q := {p € Rel(A)|p is finite or cofinite}.

As Q contains all one element sets we see that EndQ = wAutQ = Ath {id} and so
InvEndQ = InvwAutQ = sInvAutQ = Rel(A). In particular we find InvWEndQ = InvwAutQ
sinvVAutQ = Z2A.

Further we notice that Q is closed w.r.t. all Boolean operations and Q is also closed w.r.t.
(sInvAut)®&. To see the last statement let {p1,...,pr} € Q. The set Aut{pi,...,pr} consists
of all permutations that strongly preserve all the (at most 2 many) atoms of the boolean
algebra generated by p1, ..., px. The relations strongly preserved by all those permutations are
then exactly all relations obtained as (finite) unions of the atoms and so are again in Q.

All in all we find ((sInvAut)*2Q)M = Q # PA = sInvY AutQ showing that sInvAut is
not algebraic. As InvEnd and InvwAut are “weaker” than sInvAut (see lemma 3.15 ) we
find ((InvEnd)?¢Q)) = Q # ZA = InvWEndQ and ((InvwAut)?6Q)) = Q # ZA =

InvVwAutQ, i.e., InvEnd and InvwAut are not algebraic either.

Indeed the non algebraic operations that we need are arbitrary unions and intersections as
is proven in the following theorem.

Theorem 3.22. (Borner [Bor00, 2.4.4]) Let Q C %, |A| = Ny. Then the following holds:
(1) Q is closed w.r.t. sInvAut iff Q is closed w.r.t. LOP and is A-complete.
(17) Q is closed wr.t. InvwAut iff Q is closed w.r.t. LOP(3,V, A, V, =, #) and is A-complete.
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(77i) Q is closed w.r.t InvEnd iff Q is closed wr.t. LOP(3, A, V,=) and is A-complete.
[LOP(.): 2.3.1; A-complete: 2.7.3]

Proof. (i): Suppose that sInvAutQ = Q then from theorem 3.17 it follows that Q is closed
w.r.t. LOP and as we already noted is also A-complete.

For the other implication let Q be closed w.r.t. to LOP and be A-complete. Then for n € N*
fixed, 'q(a) € Q for all a € A™. As sInvAutQ 2 Q we have [yvautq(a) € Ig(a).

The opposite inclusion Fgpyauq(@) 2 Iq(a) follows from the fact that for every b € T'q(a) we
can find a g € AutQ so that g(a) = b, as we will show below.

Altogether we obtain guyauq(a) = Tq(a) for alla € A", n € N, which implies sInvAutQ = Q
by lemma 3.4.

For the construction of the function g we start by noticing that for a b € I'q(a) the fol-
lowing properties are a consequence of the LOP-closure of Q:

(1) for all 4,j < n, a; = a; iff b; = b;, as all diagonal relations and complements thereof are in
Q.

(2) for all ¢ € A there exits a d € A such that (b,d) € T'q((a,c)), as Q is closed w.r.t to all
projection Pr™.

(3) for all d € A there exists ¢ € A such that (b,d) € I'q((a,c)), as Q is closed w.r.t. all dual
projections Q).

(4) for s:m —n ,boseg(aos), as Q is closed w.r.t to Wy.

The construction of the function g € AutQ with g(a) = b can now be performed through a
back and forth argument and can be found in detail in [Bér00]. We state the most important
steps.

We construct a series of partial functions g, on A such that g = oy gr and

® gk C grt1, VE €N;
o for all {dy,...,d,_,} Cdomgy, gr(d’) € 'q(d’).

To start with we choose some fixed well ordering of the base set A and define gy through

gO:{CZO’"')an—l}_>{b07"'7bn—1}7 g(a):b7

which is well defined by (1). For the induction step assume that we have already constructed g
with domgy, = {do, ...,d,_1} and gi(d;) = ¢;, (i=1,...,m—1). Let d,,, =min(A\domgy,). By
our assumption e € I'q(d) and by (2) we find an element e,,, € A such that (e, e,,) € I'q(d, d,,).
Thus we define ggy1 : {do,...,dn} — {eo,...,em}, g(d;)) = ¢ (i = 0,...,m). In the next
step we choose €,,,1 =min(A\rangg1) and by (3) find a d,,11 € A such that (e, e, emni1) €
Lo((d, dm, dmt1)). Defining grmyo @ {do,...,dms1} — {€0,- .-, emi1}, gmy2(di) = €5, (i =
1,...,m+ 1), we have completed the induction step.

The so constructed function g := (J oy gr is obviously a bijection of A and indeed also pre-
serves all 'q(d) (d € A™) (which can be seen with the help of (4)), i.e., it is an element of AutQ.

The proof of (i), (iii) can be performed in a similar manner with only slight changes. For
details see [Bor00]. O

With the help of this theorem we can easily prove the following lemma.
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Lemma 3.23. [Bor00] Let A be countable and let Q be a countable Krasneralgebra
(Pre-Krasneralgebra/weak Krasneralgebra). Then Q is closed w.r.t. sInvAut (InvwAut/InvEnd)
iff Q™ is finite for all n € N.

Proof. If all Q™ are finite then Q is trivially A-complete and by theorem 3.22 Galois closed.

On the other hand suppose Q is Galois closed and let n € N. Then Q is A-complete and
I'?Ua) € Q for all a € A™. If the set {['(a)|la € Q™} is finite for a fixed n then Q™ is also
finite by lemma 3.3. When however this set is infinite then Q™ already has cardinality 2%
contradicting Q being countable. O

3.2.3  |4] >R

We now consider an uncountable base set A. We will start by giving examples that show that
our characterization so far is not complete. One may already guess that from the fact that the
back and forth construction used in the proof of theorem 3.22 breaks down in the uncountable
case. Also we may notice that our characterization so far has mainly used logical operations of
finite arity (together with the closure under arbitrary intersections and unions). However with
logical operations it is not possible to distinguish between sets of different infinite cardinalities
which also hints to the fact that our characterization is not complete.

We give the following examples from [Bor00] and [BGS].

Example 3.24. [B6r00] Let A be an uncountable set, C' C A a countable subset and B = A\C.
Let x : A — {0, 1} denote the characteristic function of C' (that is x(a) = 1 if a € C' and 0 else)
and for a € A" define y(a) := (x(ao), ..., x(an—1)). For each a € A™ we define the following
relation ((a)

((a) == {blx(b) = x(a) or x(b) = 1 — x(a) and (¥i,j < n)(a; = a; < b; = by)}.

As is easily seen the ((a) (a € A") form a partition of A™. We now define our set Q C Z to be

Q" = {| J¢a)oc A"}, Q:=[JQ™".
aco
It is immediate clear that Q is a A-complete Boolean System and that ['®(a) = ((a). In

particular note that ((a,a) = 51(42) and that Q™ is a finite set for all n € N, as there are only
finitely many ((a) for a € A™.

Without too much work one finds ( [B6r00]) that Q is also closed w.r.t. all logical operations,
i.e., it is a Krasneralgebra?.

We note that QY = {0, A} and (B x C UC x B) € Q®. The second statement implies

AutQ = {g € .¥| g|B] = B and ¢[C] = C}.

from which follows

sinvAutQ = {0, B, C, A} # QW,

which shows that Q is not closed w.r.t. sInvAut.

2For a base set A of at most countable cardinality and sets B and C' (A = BUC) of unequal cardinality this
no longer holds true.
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Example 3.25. [BGS] More generally consider the following countable structures:

(i) (Q, <) (the rational numbers with the linear order ).

(ii) The full countable bipartite graph:(AU B; p) where A and B are disjoint countable sets and
p:=(AxB)U(Bx A).

(iii) The countable random graph.(See e.g. [Hod97], 6.4.4 )

Each of these structures (M, p) has the following properties:

(a) Th(M), the first order theory of M is w-categorical.

(b) All unary first order formulas p(z) are equivalent (mod Th(M)) to x = x or to x # x, i.e.
the only subsets of M that are first order definable are the empty set and the whole model.
(c) For any uncountable cardinal x there is a model M, of cardinality x such that the set

p"i={x: Theset {y: p(x,y)} is countable}

is neither empty nor the full model.

For each of these models let Q be the set of first order definable relations. It is a A-complete
Kranser algebra, since by Ryll-Nardzewskis theorem, for any k& there are only finitely many
k-ary relations in Q.

In each model M, however the set p* is a (higher order) definable subset of M,, hence p* €
sInvAut(Q) \ Q.

This shows that Q is not Galois closed.

These examples show that we will have to add new operations to the closure operators used
so far. In [Bor00] the question was raised if it might be sufficient to add the set of invariant op-
erations for the characterization of sinvAut as the structure in example 3.24 is not closed under
all invariant operations (as follows from the finiteness of Q™ and theorem 3.20 ). In [BGS] it
was shown that this is not sufficient, i.e., there are sets of relations closed w.r.t. all invariant
operations and A-complete which are not closed under slnvAut (we will take a look at the
construction of this counterexample in subsection 3.2.5).

For InvEnd the additional operations needed for the characterization in the case of an uncount-
able base set can be taken directly from our characterization of InvPol, i.e. we will use the
operations obtained through formula schemes however in the form 2.9.3 as we follow [Bor00].
For the characterization of InvwAut and sInvAut we will add the operations sSup given in
2.9.1, which can be seen as being the natural replacements for gSup when we limit ourselves to
bijective functions.

With the help of these additional operations the characterization of the Galois closed sets
of relations is straightforward.

Theorem 3.26. (Borner [B6r00, Theorem 2.5.4]) Let Q C # then the following holds:

(1) Q is closed w.r.t. sInvAut iff Q is a A-complete Krasneralgebra closed w.r.t. strong super-
pOSitiOIl. [A—complete: 2.7.3; Kranseralgebra: 2.3.2; strong superposition: 2.9‘1]

(77) Q closed w.r.t InvwAut iff Q is a A-complete Pre-Krasneralgebra closed w.r.t. strong su-
perposition. [A—complete: 2.7.3; Pre - Kranseralgebra: 2.3.2; strong superposition: 2.9.1]

(17i) Q is closed w.r.t InvEnd iff Q is a A-complete weak Krasneralgebra closed w.r.t. general
superposition. [A—Complete: 2.7.3; weak Kranseralgebra: 2.3.2; general superposition: 2.9.3]

Proof. (i): Suppose sInvAutQ = Q then it easily seen that Q fulfills the closure properties
stated.
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For the other implication suppose Q is a A-complete Krasneralgebra closed w.r.t. strong su-
perposition. We prove that for each a € A™ (m € N) [®vAuQ(g) = T'Q(a).

For this let I be some index set with cardinality |A|. We choose a family (b;);c; so that for
every n € NT every element of A" is listed once and further let p; be I'®(b;) for all i € I. The
strong superposition o € Q™ resulting from this choice of “parameters” can be written as

o = sSup(a, (b)icr, (pi)icr) = {galg € .7 and (Vn € N*)(Vb € A") gb € T%(b)}
= {galg € AutQ}.

The second line is a direct consequence of the equality p = (,, I['Y(b) (for p € Q) and the
closure of Q under C. It implies that o = FSI“VAUtQ(a). Since id € AutQ we have a € o which
implies ['(a) C ¢ = [™WVAuQ(a) As the opposite inclusion always holds we find that (for
arbitrary a) I'(a) = *"VA"Q(a) which proves Q = sInvAutQ.

The proof of (i), (ii7) can be done in a similar manner. For details see [B6r00]. O

The results of theorem 3.29 might seem a bit dissatisfying as the operations used for the
characterization are of arity |A|. We will give an improved result for sInvAut in subsection
3.2.5 below. First however we will use the theorem to treat some related characterizations.
We start by characterizing sets of relations closed w.r.t. Invinj-End, Invsur-End and sets
of relations closed w.r.t Invinj-End such that their injective endomorphisms form a locally
invertible set of functions. For Invinj-End we recall that Endv = {f € 6|f is injective}. For
Invsur-End we obtain a characterization for the infinite case by replacing the operation sSup
by spSup.

Theorem 3.27. (Poschel [P6s84, Theorem 3.3]) Let Q € #Z. Then

(4) Q = Invinj-EndQ iff v := {(z,y) € A%|z # y} € Q and Q = InvEndQ.

(77) Q = Invinj-EndQ and inj-EndQ is locally invertible iff Q = InvEndQ and Q is closed w.r.t.
complementation. In particular for a base set A that is at most countable this equivalent to Q
being closed w.r.t. sInvAut. [complementation: 2.2.1]

(171) Q = Invsur-EndQ iff Q = InvEndQ and closed w.r.t. spSup. [spSup: 2.9.2]

Proof. (i) follow easily from our comments above and the definitions.

(77) The case of a finite base set is trivial. For countable base set the equivalence to sInvAut is
a consequence of the positive answer to question (I) in section 3.2.4 for the countable case. (i)
Note that similar to the proof of 3.26 (where we expressed I*1"VAU"Q(a) as a strong superposition)
we can write ['™su-EndQ(a) a5 a special superposition for arbitrary a € A", n € N. This
guarantees that the closure w.r.t. spSup and InvEnd is sufficient. Observing that Invsur-EndQ
is always closed under spSup finishes the proof. m

The characterization of InvEnd can easily be specialized to unary relations, i.e., choose
Q € ZW and replace by Inv).

Corollary 3.28. Let Q C #". Then Q = InvWEndQ iff Q is A-complete. [A-complete: 2.7.3]

Finally we also give the characterization for the Galois closed sets of functions.
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Theorem 3.29. (Poschel [P6s84, 3.4], [P6s80])

(i) Let F C ¢W. Then F = EndInvF iff F is a locally closed submonoid of Tr, i.e., F = Loc(F)r.
In particular EndInvF = Loc(F) gy and EndInv®F = s-Loc(F)q, holds.

(i1) Let F C .. Then F = wAutInvF iff F is a Loc,-closed submonoid of .7, i.e., F = Loc,(F)r.
In particular wAutInvF = Loc,(F)r and wAutInv®F = s-Locy(F)

(1ii) Let F C .. Then F = AutsInvF iff F is a Loc,-closed subgroup of ., i.e., F = Loc,(F).».
In particular AutsInvF = Loc,(F) » and AutsInv®’F = s-Loc,(F) ».

(iv) Let F € 0=V, Then F = inj-EndInvF iff F is a locally closed submonoid of Tr, i.e.,
F = Loc(F)1y. In particular inj-EndInvF = Loc(F)r, for s > 2 inj-EndInv®F = s-Loc(F)ry
and inj-EndInvVF = 601 N 1-Loc(F) 1.

(v) Let F € @17V be a locally invertible set of functions. Then F = inj-EndInvF iff F is a Loc
closed submonoid of Tr, i.e., F = Loc(F)r.

(vi) Let F C ¢ be a set of surjective functions. Then F = sur-EndInvF iff

F = Loc(F)g N @¢¥7) In particular sur-EndInvF = Loc(F) N @¢%7) and sur-EndInv®F =
s-Loc(F)q, N 0547

Proof. The proof of (i)-(iii) is analogous to theorem 3.12 and is left to the reader. (iv) — (vi)
follow almost directly from (7). O

3.2.4 sSup#gSup ?

With the help of our characterization so far we can easily see that closure w.r.t to sSup,
spSup and gSup in general do not coincide. As an example let A = Z. Then first choose
Q={{i}|i € Z\0}. Taking I =Z\0and a=0, b; =1, p;, = {i}, i € I we find

{0} = spSup(a, (by)icr, (pi)ier) #
gSup(a, (bi)icr, (pi)icr) = 2.

Indeed one easily sees InvVsur-EndQ = ({{i}|i € Z})u U {Z} and InvWEndQ = ({{i}|i €
Z\A0})u U{Z}.

Now we choose Q = {{i}|i € 2Z}. Then {i|i € 2Z + 1} € sinvVAutQ but {ili € 2Z + 1} ¢
InvWsur-EndQ. Indeed sSup(1, (i)seaz, ({i})icaz) = 2Z + 1 and

spSup(1, (4)icoz, ({1})ic2z) = Z.

The question if a A-closed Krasner algebra that is closed w.r.t. gSup is also closed w.r.t.
sSup was raised in [P6s84] and in slightly different manner in [B6r00].
This question can be rephrased in different ways. To do this we will start with some lemmata.

Lemma 3.30. (Borner [Bor00, Satz 2.6.2]) Let Q € %Z. Then the following are equivalent.:
(1) There exists a locally invertible monoid F C Tr s.t. Q = InvF.
(77) Q is a A-complete Krasneralgebra closed w.r.t gSup.

Proof. (i) = (ii): Let F be a locally invertible monoid and Q = InvF. Then by 3.26 (iii) Q is a
A-complete weak Krasner algebra closed under gSup. Thus for (i7) it is sufficient to show that
Q is closed w.r.t C.

Let p € @Q and a € Cp. For every function f € F there exists a g € F such that go f(a) = a.
This implies f(a) € Cp and shows Cp € InvF = Q. Thus Q is closed under C, i.e., is a Krasner
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algebra.

(17) = (7): By 3.26(iii)) Q = InvEndQ so we only have to show that F := InvQ is locally
invertible. Let f € F and a € A" (n € N) then we need to show that there exists a g € InvQ
s.t g(f(a)) = a. Suppose there exists no such g. Then there is a 0 € Q with f(a) € o but
a € Co. Since Q is closed w.r.t to C this contradicts the fact that f € InvQ . O

Lemma 3.31. (Borner [Bér00, Lemma 2.6.3]) Let F C Tr be a locally invertible monoid. Then
the following are equivalent.

(7) There is a permutationgroup G C . s.t. InvF = slnvG.

(77) F C Loc(” N LocF) holds.

(27i) InvF is closed w.r.t. sSup.

Proof. (i) = (ii): Since LocF = EndInvF = EndsInvG 2> EndInvG = LocG we find F C
LocF = LocG = Loc(. N LocG) = Loc(# N LocF).

(17) = (diii): As F = (F)1y making use of theorem 3.29 we can rewrite (ii) in the form F C
EndInv(wAutInvF). This leads to

InvF O InvEndInv wAutInvF = Inv wAutInvF O InvF,

i.e., InvF = Inv wAut(InvF). This shows that InvF is closed w.r.t. InvwAut and so is closed
under sSup by 3.26.

(77i) = (i) : By 3.30 InvF is a A-complete Krasnerlgebra which by assumption is closed w.r.t.
sSup. By 3.26 this immediately yields the existence of G < . such that InvF = sInvG. ]

We can now restate our initial question in three equivalent ways (the equivalence is easily
seen with the help of the two lemmata above).

(I) Is every A-closed Krasner algebra which is closed w.r.t. gSup also closed

w.r.t. sSup 7
(IT) For very locally invertible F < Tr does there exist a G C . s.t. sInvG = InvF 7
(III) Does F C Loc(# N LocF) hold for every locally invertible F < Tr ?

To answer these question we will use the formulation (IIT).
In fact (III) does hold for a countable baseset A. The proof is based on a back and fourth con-
struction is due to J. Kollar and can be found in [P6s84]. However in the case of an uncountable
base set the answer is negative as was proven in [DKMPO01] through an explicit counterexample.
We state the very similar counterexample given in [B6r00].

Example 3.32. Let R be the set of real numbers and < be the usual total order on R. Further
let Ry be an isomorphic copy of R\ {0} disjoint from R and let <, be the usual total order on
Ry. Let A = R U Ry and define the following two relations on A

pi=<U<g, c:=R xRyURy x R.

Define F := End{p, o}. For a function f being an endomorphism of ¢ implies that f[R]| C [R]
and f[Ro] € Ry or f[R] C [Ro] and f[Ro] € R . This means F can be divided into the
following two disjoint sets

Fi = {f €F[f[R] C R and f[Ro] C Ro},

Fo = {f €F|f[R] € Roand f[Ro] CR}.
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Then F = F; UF; and neither F; nor Fs is nonempty. Being an endomorphism of p on the other
hand implies for every function f € F that both f [ R and f | Rg have to be strictly monotone.
As a consequence for every set {ay,...,a,} C A there is a local inverse for any f € F, i.e., F is
locally invertible.

As (R, <) and (Ryg, <g) are not isomorphic Fy does not contain any permutations. This together
with the fact that both F and F; are locally closed shows

Loc(.#(A) N LocF) = Loc(.#(A)NFy) CFy

and so F ¢ Loc(.”(A) U LocF).

So we have seen that in the case of |A| = 2% the answer to question (III) is negative (for
arbitrary cardinality see [DKMPO1]).

By lemma 3.31 InvF is not closed w.r.t. sSup. We can see that explicitly by using the special
superposition that was used in the proof of 3.26, choosing Q = InvF and a = a € R. Thereby
since the local invertibility of F implies the closure of Q under complementation we get

sSup(a, (by)ier, (pi)icr) = {galg € AutlnvF}
= {galg € . NEndInvF and g~' € .# N EndInvF}
= {galge S NFand g ' €. NF}
= {galg € Fyand g € F;}
= R.

However since F; is not empty R (seen as a unary relation) is not an element of InvF.

Even more InvF is not closed w.r.t. IOP. This can be seen from the fact that since R €
sInvAut{p,c} (as Aut{p,c} NF C F;) and by theorem 3.20 there exists an invariant operation
SR> x B* — R st. S(p,o) =R.

3.2.5 sInvAut revisited

In subsection 3.2.3 gave a characterization of those sets of relations that are closed w.r.t. to
InvEnd, InvwAut, sInvAut. The operations sSup and gSup used for this characterization were
chosen to be of arity |A|. We can improve this result in the case of sInvAut. Especially we will
show that it will be sufficient to consider operations with at most countable arity.

As we have already noted above in [Bor00] the question was raised if there is any A-complete
Krasner algebra closed under all invariant operations but not closed under sInvAut. The authors
of [BGS] showed through a model theoretic construction that the answer to this question is
indeed negative (i.e., adding all invariant operations is in general not sufficient for obtaining
the Galois closure). However adding all invariant operations of countable arity does suffice as
was also shown in [BGS]. In the following we give a quick overview of these results.

Keeping with the notation of [BGS] we will write w for N in this section.

We start with a definition.

Definition 3.33. A partial automorphism f of a relation set Q C Z (or equivalently of the
structure A = (A;(0),eq)) with domain dom f = A; C A and image im f = Ay C Ais a
bijective function f: A; — As, such that for all o € Q, m =arity(o) and all

ai,...,a, €dom f, we have: o(ay,...,an) < o(f(a1),..., flam)).

A set Q C Z (or the structure A = (A;(0),eq)) is said to be homogeneous, if every finite
partial automorphism can be extended to an automorphism of Q.
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The closure of a homogeneous set of relations under sInvAut can be characterized in the
following way.

Lemma 3.34. If Q C # is a homogeneous set of relations, then (Q)ropn = sInvAutQ.

For the proof we will use the following (lemma which essentially already has been used in
the proof of 3.22 and follows easily with the help of the lemmata 3.3 and 3.4).

Lemma 3.35. Let Q C Z be ()-closed and closed under complementation. Then Q =
sInvAutQ iff for all m and all a,b € A™ with a =q b there exists an automorphism g € AutQ
with b = g(a).

Now we can prove lemma 3.34 .

Proof. Note that since Q C (Q)rop,n C sInvAutQ and AutQ = Aut(Q)rop,n = Aut(sInvAutQ)
homogeneity of Q implies homogeneity of (Q)ropn and slnvAutQ. Thus wlog we put Q =
(Qrorn-

Let a = (ay,...,am,) and b = (by,...,b,). Then assuming a =q b we define a partial map f
on A through f(a;) =0b; forall i =1,...,m. Since a; = a; implies b; = b; f is well defined and
is even a partial automorphism of Q since no relations separate a and b. By the homogeneity
of Q f can be extended to a full automorphisms and so by 3.35 the lemma is proved. O

To construct an example of a A-complete Krasner algebra closed under all invariant opera-
tions but not closed under sInvAut the authors of [BGS] consider relational models of the form
M = (M; (pm)i<mew), where p,, € Rel™(A) for all m, thus the langauge £ has exactly one
relation symbol for every arity m.

Further let M ™ = (M;p1,...,pm) denote the reduct of M to the relations py, ..., pm-
The basic idea of the construction of [BGS] is given by the following lemma.

Lemma 3.36. Fix a vocabulary of infinitely many relation symbols {p,,|m € w}. Let A =
(A; (p)1<mew) be an infinite model. Let A™ = (A;py, ..., pm). Assume that the following hold:
(1)The theory of Th(A) is w-categorical.

(2)For all m, the reduct A™ is homogeneous.

(3)A is rigid, i.e., AutA = {id4}.

Then, letting Q := (p1, p2, - - - )Lop being the set of first order definable relations in A, we have:

(p1y- -y pmirop = sInvAut{p1, ..., pm}
and Q =U,,(p1,-- -, Pm)roP, but

Q= <Q>mvﬂ ;Cé sInvAutQ .

Proof. Since Th(A) is w-categorical by Ryll-Nardzewskiss theorem it follows that Q) is finite
for every k implying it is closed w.r.t. arbitrary intersection.
Trivially we have

<p17 e aﬂm)LOP = (Ph cee apm>LOP,ﬂ

and (using lemma 2.6 and theorem 3.20)
(P15 pm)roP S (P1,- - Pm)ine C sInvAut{ps,..., pn}.
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By (2) and lemma 3.34 we get

(P15, pm)rorn = sInvAut{p:, ..., pm}

and so
<,01, cee 7,0m>LOP,ﬂ = </)1, e 7pm>im)-

As (...)rop and (...);,, are algebraic we find

Q= <P1;Pz; . . >LOP = <p1,P2, . >Mw

hence Q = (Q)inv,0-
On the other hand AutQ = {id} and so sInvAutQ = % which is an uncountable set whereas Q
is clearly countable, i.e., siInvAutQ # (Q) O

The main part of [BGS] is taken up by the construction of a structure A fulfilling above
lemma. We will only make some brief comments on this construction.
To define the theory that A has to fulfill we start by defining the notion of a clause.

Definition 3.37. A literal in the variables x, ..., x, (n € w) is a formula of the form
Pm(Tiy, ..., x; ) (unnegated) or —pp, (i, ..., x;, ) (negated)

such that 1 < m < n-+1, {i1,...,im} € {0,...,n}, the iy,...,4, are pairwise distinct and
0€ {1, . im}

A clause in xg, ..., x, is a conjunction K of literals, such that no literal will appear twice, and
no literal appears in negated and unnegated form.

The theory 7 is now introduced in the following way.

Definition 3.38. 7 consist of (the universal closure of) the following formulas: Firstly, for all
1 <m € w we have:

Secondly, for all n € w and all clauses K = K (zo,...,x,) in zg, ..., x, we take the formula:

(T2) /\19‘<an Z; 7’é T; — (Hl‘o)K<I0, . ,xn)

This theory 7 has the following properties (see [BGS, lemma 3.8]):
(1) 7 is consistent and has no finite models.

(2) 7 has the property of elimination of quantifiers.

(3) 7 is complete.

(4) T is w-categorical.

Thereby especially property (1) of lemma 3.36 is guaranteed for every model of 7. The authors
of [BGS] construct A := J,.., M, as the union of models M, of 7 with the following properties:

1€w) ——

(i) M, is an elementary submodel of M, , and M; =
j € wq.

i<j M, in the case of a limit ordinal

(i) ¢ € M, for all i € w;.
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(iii) For every s € w and every i < j € wy, every finite partial automorphism 7 of M ES] can be
extended to a partial automorphism ; of M E-s} with M; Cdom m; and M; Cim 7;. When
7, T are two such extensions with j < k then m;, extends ;.

(i) guarantees that A is a model of 7 and (ii) implies that A = w;. Finally (iii) ensures
that A is homogeneous for very s € w.
The construction in [BGS] is further done in such a way that for “sufficient long” tuples
(x1,...,2,) € A", p(z1,...,2,) must hold if 1 < x93 < -+ < x, and must not hold otherwise
(for details see [BGS]). This allows to define the well ordering (w;, <) in A by a formula of
higher order logic which in turn makes A rigid (i.e AutA = {ids}). This ends our comments
on the construction of A, for all the details we refer to [BGS].

After having argued that invariant operations together with A-closure are not sufficient to
obtain Galois closed sets we follow [BGS]| to show that closure w.r.t invariant operations of
countable arity (as defined below) and A-completeness leads to Galois closed sets. The follow-
ing lemma is of central importance for proving this fact.

Lemma 3.39. ( [BGS, Lemma 4.1], [Bér00]) Let m € w \ {0} and Q € £2™ be closed under
complementation. Then there exists a p € (Q)ﬁ@ A such that Aut{p} = AutQ.

Proof. As Q is closed w.r.t complementation by lemma 3.3 the set M := {I'%(a)la € A™}
forms a partition of A™. Choose some well ordering on M and let (;);<, be the corresponding
enumeration of M (for some cardinal k). Now we form the new relation

pi=J %>

1<j<K

which is obviously an element of <Q>(L2g)'3 A and so fulfills Aut{p} O AutQ.

We will now show the opposite inclusion. For this let g € Aut{p} and a,b € ~; for some i < k.
Then (a,b), (b,a) are both elements of p and therefore so are (g(a), g(b)), (g(b),g(a)). This
implies that there exists a single index [ < k so that g(a) and g(b) are elements of v;. As
i,a,b were arbitrary we can define a function gy : K — & through g[vi] C 74,¢;). Repeating this
argument for g=! € Autp we find (¢7')o = (go) ™! which shows that gq is a bijection. Even more
go is order preserving as i < j implies g[vi] X g[v;] = Vgo(i) X Vgo(j) € p Which is only possible
for go(i) < go(j). The well ordering of  finally implies that g is the identity on .

This shows that g[y;] € v and g7 '[v] C i, ie., g(s) = for all i < k and so g € AutQ. [

An immediate consequence is the following lemma.

Lemma 3.40. ( [BGS, Lemma 4.2] , [B6r00]) For any set of relations Q C # there exists a
countable set Qy C Z so that AutQ = AutQy. In particular if Q = (Q)Lop.a, Qo can be chosen
to be a subset of Q.

Proof. Using lemma 3.39 for every m € N* we find a relation p,, such that AutQ™ = Aut{p,,}.
We define Qo := {p|m € NT} and observe

AutQ = ) AutQ™ = () Aut{p,} = AutQ,.

meNT meNT
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If Q= (Q)rop.a lemma 3.39 tells us that p,, € Q for all m € N* and so Qy € Q which proves
the lemma. O
As the next step we define invariant operations of countable arity.
Definition 3.41. [BGS] An operation S : [], ., R™) — ™) s called w-invariant iff for
allge.? , pi € Z™) (1<i<w),
S(glpi])i<iew = g[S(pi)1<iew]

holds.
For Q C Z the smallest set closed under all w-invariant operations will be called (Q)y,_iny-

We quickly observe the following two facts (which can be proved similar to lemmata 3.18
and 3.19).

Lemma 3.42. ( [BGS, Lemma 4.4]) Let Q C Z.
(1) If Q = sInvAutQ then Q = (Q)w—inv.A-
(2) If Q is at most countable then sInvAutQ = (Q),—inv.A-

Now we can give the simplified characterization of the sets closed with respect to sInvAut.

Theorem 3.43. ( [BGS, Theorem 4.5]) Let Q C #. Then sInvAutQ = (Q)u—inv.A- [(Jomine: 3415 (Ja: 2.7.3
]

Proof. We consider the following statements:

(1) sInvAutQ = Q

(2) Q is A-closed and for all at most countable subsets Qg of Q : sInvAutQy C Q
(3) Q is A-complete and for all at most countable subsets Qg of Q : (Qo)w—inv.a € Q
(4) (Qoinns = Q

They are indeed all equivalent. The equivalence (1) < (2) is a consequence of lemma 3.40,
(2) & (3) follows from lemma 3.42 and (3) < (4) is immediate from the definitions. This
proves the theorem. O

3.3 Operations only

In this section we will consider Galois connetions between sets of operations only. That is we
treat the following situations.

(a) E= 0 and R = 0, i.e., all operations and all operations.
(b) E= 0" and R = 0, i.e., unary operations and all operations.

(b) E=. and R = 0, i.e., bijective functions and operations.
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As a first step in this section we will characterize the sets of the form PolPolQ for some set
Q of relations or operations.
As mentioned before for a set Q of operations the set of its polymorphisms PolQ is equivalent
to the set of functions which permute with all the functions of Q 2. To characterize the Galois
closed sets we make use of the “local definability” of a function introduced in definition 2.8.
Sets of the form PolPolQ (Q C Rel(A)) are characterized by the following lemma

Lemma 3.44. (Szabo [Sza78, Lemma 5]) Let Q C Rel(A). Then f € PolPolQ iff f can be
defined by Q locally. If A is finite we can choose the formula schemes used to define f to be
finite.

Proof. For the one implication let f be an n-ary operation defined by Q locally. Let g € Pol™Q
and M = (ag))mxn € A™*™. Then there is a formula scheme W defining f on the set

B ={(ag1,...,akn) |k =1,...,n} U{(g(ar1, .. am1),- -, g(a1n, -, amn))}-

This means Ry (a1, - - -, agn, f(ar1,- -, arn)) holds for k= 1,... m. Since g is a polymorphism
of Q and by lemma 3.5 also

Ry(g(air, .- ami), -y 9(ain, oy amn), 9(f(a11, ... a1n), ..., f(@mi, ..., ann))) holds. This im-
plies

flglarr, -y ami)s- s g(an, -« amn)) = g(f(ar1, .- a10)s - f(Qmis -+ Qmn)),

i.e., f and g commute and so f € PolPolQ.

For the other implication we start with an f € Pol™PolQ. Seen as a relation f is an element of
Inv(™™PolQ and by theorem 3.7 can be written as f = |J,.; R where (R;]i € I) is a directed
system of (n + 1)-ary relations defined by formula schemes over Q. Now let B C A" be a finite
set. Then f|B C R;, for some iy € I as (R;|i € I) is a directed system. The formula scheme ¥
over Q defining R;, also defines f on B as f|B C R;, C f implies

fIB=A{(a1,...,an,ans1)|(a1,...,a,) € B and (ay,...,a,,a,41) € R;y = Ry}.
This finishes the proof. O

As an immediate consequence we get the following theorem.

Theorem 3.45. (Szabo [Sza78, Theorem 13]) Let F C & be a set of operations then the set
PolPolF consists of all functions that can be defined by F locally. If A is finite it consists of all

functions that can be defined by finite formula schemes. [l()cally definable: 2.8.2; defined by finite formula scheme:

To see that closure of some set of functions F w.r.t. finite formula schemes is in general really
more than the clone generated by F, i.e., PolPolF O PollnvF, we give the following example.

Example 3.46. Consider the base set A = {1,2,3}. Let g € ¢® be the constant function
g1(z1,79) = Land let go € 0@ be defined by g»(1,2) = 92(2,3) = ¢2(3,1) = 1 and go (21, 75) = 2
else. Then let f € 01 be defined by

f. = {(x17x2)|gl(x1>x2) = gQ(xlva)} = {(172)’ (273)7 (37 1)}7

3 As a note we recall the notion of an entropic algebra, which is an algebra whose functions all commute with
each other.
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in particular we note that f € [{g1,92}]rs.. However since ¢1,¢90 € Pol({(1,1),(2,2)}) D
(g1, 923) and £ ¢ Pol ({(1,1),(2,2)}) we find f ¢ ({1, g2

For infinite base set A := AU B with AN B = 0 and |B| > X, we might extend the example
in the following way. Let §; € ¢® be constant §; = 1 and let §» € €@ be the extension of ¢,
defined by

1, for xy = a9

~ 2 2 - 12\ A2\ _
Y AN VR B
Then defining f analogous to f, i.e.,

Fo o= {(1, 22) |1 (1, 22) = Gola1, 22) },

above we see that f € 61 and f € {g1,0}is. and f T A= f | A,Nf I B =idg. As before
g1,02 € Pol ({(1,1),(2,2)}) and f ¢ Pol ({(1,1), (2,2)}) which shows f ¢ Loc{{g1,g2})-

As a specialization of above theorem we get.

Theorem 3.47. (Szabo [Sza78, Theorem 15]) Let F C &) then F = EndPolF iff F contains
every transformation defined by F locally.[locally definable: 2.8.2]

In the case that F € ¢ is monoid that consists of s-locally invertible and constant
functions only we can give a necessary and a sufficient condition for F being closed w.r.t.
EndPol®.

First for every a € A we define the constant function ¢, : # +— a. Then to every F C 0" we
associate the following set x(F) of constant functions

K(F) :=A{calVb e A,b# a,3f,g € F: fla) = g(a) and f(b) # g(b)}.

Theorem 3.48. (Poschel [P6s80, Theorem 9.6], [Sto75]) Let s € N and let F = GU K be a
monoid where G C ¢ is a s-locally invertible monoid of functions and K is a set of constant
maps on A. Consider the following conditions:

(1) k(F) € F and F is s-locally closed.

(i1) F = EndPol®F.

(i73) K(F) C F and F is (s + 1)-locally closed.

Then (Z) = (ZZ) = (ZZZ) [s—locally closed: 2.16]

Proof. The implication (i¢) = (ii4) is straightforward.
The proof of (i) = (ii) can be done similar to the proof of 3.51 (i) below. We refer to [P6s80]
for the details. O]

At last we turn to the case of bijective functions.

Theorem 3.49. (Jénsson [J6n91, Theorem 1 and 2]) For G C ., s € N, s > 2, consider the
conditions

(1) G =s-Loc,(G), i.e., Gis a s-Loc, closed group of permutations.

(i) G = AutPol®G, i.e., G is closed w.r.t. AutPol®.

(171) G = (s + 1)-Loc,(G) ., i.e., G is a (s + 1)-Loc, closed group of permutations.

Then (i) = (i4) = (4i1). [s-Loc,: 2.16.1]
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Proof. The implication (ii) = (7i7) is straightforward.

For the implication (i) = (i) define K := {x|x € A°, x; # x; for i,j < s,i # j}, i.e., the set of
all one to one sequences of elements of A having s terms. Then for each x € K define a |x|-ary
operation Fy by

oy, ity eGx
Fx<y) { yg,lfngX ’
where Gx := {gx|g € G}. Now it is mostly straightforward to show that G = Aut{Fx|x € K}.

O

The following example shows that for s = 1, (i) does not imply (i7).

Example 3.50. (Jénsson [J6n91, Example 1]) Let A be the disjoint union of of the sets B and
C, each with at leat three elements. Define G := {g € ¥|g(B) = B and ¢(C) = C} which
clearly fulfills 1-LocG = G. Now for a unary operation f that is not the identity,i.e., there exists
x € A with f(x) =y # x choose g,¢" € G so that g(x) = ¢'(x) and ¢(y) # ¢'(y). Then f is not
preserved by both g and ¢ as g(y) = f(g(x)) = f(g/(x)) = ¢'(y) would lead to a contradiction.
This shows that PolVG = {id}.

An example that the inverse implications in above proposition do not hold in general can
also be found in [J6n91].
Finally a characterization of sets of permutations closed w.r.t. AutPol and AutPol® is given
by the following theorem.

Theorem 3.51. (Jénsson [JénT72, 2.4.3, 2.4.1]) Let G C .. Then

(1) G = AutPolG iff G = Loc,(G).», i.e., G is closed w.r.t AutPol iff G is a locally closed group
of permutations. [Loc,: 2.16.1; ().»: 2.20|

(i) For s € N, s > 2, G = AutPol® G iff G = (G)» and f € .% belongs to G, whenever for all
B C A with at most s elements there exists a g € G that agrees with f on I'p qz)¢(B).

For the case s = 1 we find: G = AutEndG iff G = (G) » and for all bijective functions f

(Va € A: Tenac({a}) # {a} or I'mac({f(a)}) # {f(a)} = g € G: g [ Tmnac({a}) = f [ T'mnac({a}))

implies f € G.

Proof. (i) is a direct consequence of theorem 3.49.

We will however give an alternative proof for (i), as was done in [P6s80], since it illustrates
the use of general superposition in this situation. We content ourselves with showing that
G = Loc,(G).» implies that G is closed w.r.t AutPol since the other direction is obvious.
Making use of theorem 3.7 this we show .* N LOC[G®}ts. C (Loc,(G).»)®. First we notice that
(G)% C [G*)ts., so w.lo.g. we may assume G = (G).». Now we consider an f* € .*NLOC[G®]¢s,
and show that f € Loc,G.

By definition for every finite subset B C f* there is a general superposition (a formula scheme)
o € [G*s. s.t. B C o C f*. Note that the sets B are in one-to-one correspondence with finite
sets B C A through B = {x|(z,y) € B*} and B = (f | B)*.

Since o is a general superposition of G* we find g; € G, b; € A% (i € I) such that

(ajal’ xaz) €0 (Elmk)kGA\{al,az} : /\(xbil’ xbm) € gz‘.'
i€l
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We will consider the quantifier free part of this formula as a labelled graph with vertex set
V = {z;]j € A} and for (b, b;2) = (t,t') we draw an edge going from x, to zy with label g,
(i € I). There are two cases to be considered.

Case (1): The vertices x,, and z,, are connected, i.e., there exist distinct vertices

Tay = T4y, Ttyy- -+, Tt,_y5 T, = Tq, such that there is an edge from x4, to x4,,, or vice versa with

label g;; (j € n). We put ggj := g;; in the first case and ngj =9, !'in the second case. Then

o C {(atw atn)‘aatu sy Qi gt ggo(ato) - atug;l (atl) = Qiy, - - ‘ggn,l(atnfl) - atn} )

ie, o C g°, where g := g} g ...¢, , € G. Since B C o C ¢g* we find (¢ | B)* = B, ie,
gl B=f1B.

Case (2): The vertices x,,, z4, are not connected. Let w.l.o.g. (x,y) and (2’,y’) be two distinct

elements of B C o. The disconnectedness of the vertices x,,, 74, implies that (x,3') is also an
element of 0. Since 0 C f*® and f € .% this leads to a contradiction, so only case (1) occurs,
which finishes the proof.

For the proof of (ii) we refer to [Jén72]. O

3.4 Congruence relations

In this section we will characterize the Galois closed sets of equivalence relations.

(a) E= ¢ and R = Eq(A), i.e., all unary functions and all equivalence relations.
The endomorphisms in this case are called dilatations and we write End for Pol,u) ( some
authors use D). The preserved equivalence relations are called congruence relations and
we write Con for Invgg(a).

We start with a lemma that shows that considering unary operations only is indeed no
restriction at all. First we need a definition.

Definition 3.52. Let F C ¢. For f € F™, ay,... a;_1,0;41,...,an € A, n € N, every
mapping of the form

x flag, ..., aq;1,2,0i41,...,0,)

is called a translation of F.

Lemma 3.53. Let F C &'. Then © € ConF iff © is invariant for all translations of F.

Proof. If © € ConF it is immediate clear that it is invariant for all translations.
For the other direction let f € F™ and a,00y, ...,a,0b,. Then invariance w.r.t. the transla-
tions coming from f leads to

f(a17a27"‘7an) © f(b17a27"'7an>
@ f(bl,bg,ag, e ,Cln)

@ f(blaan"'7bn)7

which proofs the theorem. O
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For a binary relation p define [pl, == [{O|© € Eq(A) and © D p}. The equivalence
relations Eq(A) on an given base set A naturally form a lattice with the meet A and the join
V defined by

@1 A @2 = @1 N @27
O,V 0O, [©1 U O3]eq,

for @1, @2 € Eq(A)
We note that for any algebra (A, F) its congruence lattice is a complete sublattice of Eq(A).
Indeed it is even an algebraic lattice [Gra68].

For our characterization we also modify the general superposition in the following way.

Definition 3.54. For a,b; € A%, p; € Eq(A), for all ¢ in some index set I, define

gSup,(a, (bi)icr, (pi)icr) = [gSup(a, (bi)icr, (pi)icr)]eq-

We note that modified in this way the general superposition corresponds to the graphical
composition introduced by H. Werner [Wer74]. We write gSup® for all general superpositions
where a € A2, i.e., which correspond to binary relations.

We follow [Thr93] for the proof of the following characterization.

Theorem 3.55. Let L be a complete sublattice of Eq(A). Then the following are equivalent:
(a) L is the congruence lattice of some algebra.

(b) L is closed w.r.t gSupt?.

[ gSup3q:3.54,2.9.3]

Proof. (a) = (b): Let L = Con(A,F) for some set of unary functions F C &%), Further for an
index set I let a,b; € A%, p; € L, for alli € I and let (z,y) € gSup Ej) (a, (bi)ier, (pi)icr), i-€., in
the transitive, symmetric closure of gSup(a, (b;)icr, (pi)icr). Then there exist xg, x1,...,2, € A
such that + = z9, y = =z, and for j = 0,...,n — 1 either (x;,x;41) or (z;41,2;) is in
gSup(a, (b;)ier, (pi)ier). This implies that for every j =0,...,n — 1 there is an f; € oY) with
fibi € p; for all i € I and w.lo.g. fja= (zj,x;41). For f € F we find that then also f o f;a=
(fzj, fzj11) € gSup(a, (bi)ier, (pi)ier) and thereby also (fz, fy) € gSupl2(a, (bi)icr, (pi)ier).
This proofs that gSupg]) (a, (by)ier, (pi)icr) € Con(A,F) = L.

(b) = (a): Let © € ConEndL. Then we can write © as

© = [ J{falf € EndL}

aco

= U gSupEf}(a, (bi)ier, (pi)ier)

aco

by choosing b;, p; as we did in the proof of 3.26(i). Since by assumption L is closed w.r.t.
gSupg) this finishes the proof. H

52



3.5 sInv —sEnd

Making use of our the characterizations given so far (especially of InvEnd and sInvAut) we
turn to the following Galois connection ( studied in [BPV02, BPS]):

(a) E= 0" and R = Z, i.e., all unary functions and all relations together with strong
invariance and strong preservation.
We call the strongly preserving endomorphisms strong endomorphisms and write sEnd
for sPol ;a1). We call strongly preserved relations strongly invariant relations and as above
we write sInv for sInvy.

We will only give the characterization for finite base set A.

We start by defining sir-algebras . They will play the same role as for example Krasner algebras
did in the case of sInv — Aut, i.e., they will be the Galois closed sets in the case of a finite base
set. Their definition can be motivated by noting that compared to the closure w.r.t. InvEnd
we should add closure w.r.t complementation for strong invariance however at the same time
discard closure w.r.t. logical formulas involving “=", as else we would end up with bijective
functions only.

Definition 3.56. Let Q C Z. If Q = LOP(3, A, Vv, —)(Q) then Q is called a sir-algebra. The
sir-algebra generated by some set of relations Q C % will be denoted by [Qs-

An immediate connection to Krasner algebras is given by the following lemma.

Lemma 3.57. Let Q be a sir-algebra. If the diagonal relation d4 is in Q then Q is a Krasner
algebra.

Definition 3.58. Consider an equivalence relation © on our base set A and define L := A/© :=
{a/Bla € A}. For every relation p € %’ém) we associate a relation p® € %X”) and for every
relation o € 2" a relation 0/0 € Z\™ in the following (natural) way:

p° = {(ay,...,an) € A™(ay/O,. .. an/0O) € p},
0/ = {(a1/0,...,a,/0)|(a1,...,am) € c}.

For Q C #; we define Q° := {p°|p € Q} and call it the O-extension of Q.
On the other hand for R C %, we define R := {p/O|p € R} C Z,.

The property of being a sir-algebra is conserved under the maps Q — Q® and R — R/O as
is expressed in the following lemma.

Lemma 3.59. Let © and L be as above.
(1) If Q C #, is a sir-algebra Q® is a sir-algebra.
(2) If R C %, is a sir-algebra the R/© is sir- algebra.

Proof. The lemma can be proved by directly checking the necessary conditions. O]

4The name sir-algebra is derived from strongly invariant relations .
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The following theorem now gives the important relationship between n sir-algebra and
Krasner algebras through © extensions.

Theorem 3.60. Every sir-algebra is a ©-extension of some Krasner-algebra. In particular, if
R C %, is a sir-algebra and © is the least equivalence relation in Q? | L = A/O then R/O is a

Krasner algebra and (R/@)@ = R. Conversely if Q C Z, is a Krasneralgebra and © € Eq(A)
then Q®is a sir-algebra and trivially Q®/0 = Q.

Remark 3.61. The existence of a least equivalence in R is a consequence of the closure of R
w.r.t. intersection and the finiteness of our base set A.
For the proof we will we use the following lemma.

Lemma 3.62. Let R C Z be a sir-algebra and let © be the least equivalence relation in R(®),
Let a,b € A then aOb implies
acp<bep

for all p € R.

Proof. For every p € R every i € m we define an equivalence relation in the following way:

Fi(p) :={(a,b) € A2|on, e Ty Tty ey Tt (Toy e oy Tim1, 0, T+ 1y o 1) € p
< ($07...,$i_1,b,$i+].,...,.I’m_l) S ,0}

By construction F;(p) € LOP(3,A,V,=)(p) € LOP(3,A,V,—)(R) = R (since R is a sir-
algebra). This implies © C F;(p).
Now let a,b € A with a®b. Then (a;,b;) € F;(p) for all i € m and thus

(ag,...,am-1) € p <= (by,a1,a2...,a4m_1) € p
s (bo,bl,CLQ,...,am_l) cp
<~ (b07b177b2“'7bm—1) cp

which proves the lemma. O
The proof of the theorem now follows easily.

Proof. By lemma 3.59 R/© is a sir-algebra. Further we have d;, = ©/0 so the the diagonal
relation on L is in R, i.e., R is a Krasner algebra by lemma 3.57.

It remains to prove that every o € R is of the form p® for some p € R/6O. We show o = p® for
p = 0/0O. Obviously o C p®. For the other inclusion let (by, ..., b,) € p®. Then there is a tuple
(ay,...,ay,) € o with ¢;00b; for all i = 1,...,m. By lemma 3.62 this implies (by,...,b,) € o
which finishes the proof. m

For functions we can do a similar constructions as we did for relations.
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Definition 3.63. Let f € Tru be a unary function preserving an equivalence relation © € [A],,.
Then we define
f/©:L— L a/Ow— f(a)/O,

which is well defined function on L = A/© as can easily be checked. For a set of functions F
preserving some equivalence © we define F/© := {f/O|f € F}.
The following lemma shows the importance of this construction if f strongly preserves ©.

Lemma 3.64. Let f € Try be a unary function strongly preserving a equivalence relation
© € [A].,. Then f/O is an injective function. For p € %, we have

f strongly preserves p° < f/0© is an automorphism of p .
The proof is straightforward and can be found in [BPS]. As an immediate consequence we
get the following corollary.

Corollary 3.65. Let © be an equivalence relation on A and let Q C #; be a Krasneralgebra
on L = A/O. Then
sEnd(Q®) = {f € Tralf/© € AutQ}.

The following lemma is the first step towards the characterization.

Lemma 3.66. Let F C ¢, Then sInvF is a sir-algebra.

The proof can be found in [BPV02] and is mostly straight forward.
Different from the situation for e.g. Inv — End the lemma does no longer hold for infinite base
set as can be seen by the following example.

Example 3.67. Let A = N and define p = {(a + 1,a)la € N}. Then f: N - Nn+— n+1
strongly preserves p but ¢ := {a|3z(a,x) € p} = N\ {0} is not strongly invariant.

Now we can give the characterization for Galois closed sets of relations.

Theorem 3.68. ( [BPV02, Theorem 7.8], [BPS, Theorem 3.11]) Let A be finite and Q C Z,.
The following are equivalent.

(1) R =sInvsEndR.
(2) R =sInvH for some H C W),
(3) Ris a sir—algebra. [sir—algobra: 3456]

(4) There exists an equivalence relation © in R and a Krasneralgebra Q on L = A/© so that
R = Q°. [pe°: 355

Furthermore for all Q C % we have [Qls;, = sInvsEndQ.
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Proof. (1) = (2): trivial

(2) = (3): follows from 3.66

(3) = (4): is the content of 3.60

(4) = (1): We will show that Q® is closed under sInvsEnd, i.e., we will proof that Q® C
sInvsEndQ® (as the other inclusion always holds). Let o € sInvsEndQ® and define p := 0/0.
Then we show that o = p® and p € Q.

For the first statement let ¢t : A — L,a — a/O and define u : L. — A to be some “choice
function” so that u(a/0O) € a/O. Then (uot)/O is the identity on L and so is an element of

Aut;Q. By lemma 3.64 this implies that u ot € sEnd,Q®, from which it easily follows that

o= p°.

For the second statement we show that p € sInvAutQ = Q. Let ¢ € AutQ then we find an
f € Try that strongly preserves © and g = f/©. From 3.64 we see that f € sEndQ®. Since
o € sInvsEndQ®, p is strongly invariant under f/© which finishes the proof.

The last statement of the theorem now follows easily. ]

The characterization of Galois closed sets of functions can be done in a similar way as the
characterization of Galois closed sets of relations was done. That is we will make use of a
relation between sets of the form sEndQ and AutR (where Q,R will be sets of relations on
different base sets related through an equivalence relation).

Theorem 3.69. ( [BPS, Theorem 3.18], [BPV02, Proposition 7.9]) A set F C Tr, is Galois
closed, i.e., F = sEndsInvF iff there exists a equivalence relation © on A and a permutation
group G C ., on L := A/O such that

F={feol|f/6cG}.
Indeed let © be the least congruence in sInvF and L := A/©. Then we have:

sEndsInvF = {f € ﬁg)]f/@ € (F/©) ,m} . [/6: 3.63: ()0 2.20]

Proof. Let F = sEndsInvF then by theorem 3.68 there exists a Krasneralgebra Q such that
sInvF = Q®. With the help of corollary 3.65 we find

F = sEndsInvF = {f € Tru|f € sEndQ®} = {f € Tr4|f/O € AutQ},

which proves one implication.

For the other direction let F = {f € Tru|f/© € G} for some group of permutations G on

L = A/O. Then by theorem 3.29 we know that G = Autzslnv;G and by lemma 3.64 we find

F = sEnd(sInvG)®.

The proof of the last statement of the theorem is now straightforward and is left to the reader.
O
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The following table lists the operations and names that were introduced.

C 2.2.1
W, 2.2.2
Pr™ 2.2.3
Qr™ 2.2.4
Boolean operations 2.2.5
Boolean system 2.2.6
LOP 2.3.1
weak Krasneralgebras, pre-Krasneralgebras and Krasneralgebras —2.3.2
sir - algebra 3.56
I0P 4 24.1
MIOP 4 2.4.2
MVOP 4 2.4.3
(Vw—inw 3.41
(Qn(Qu) 2.7.1
algebraic closure system 2.7.2
A-complete 2.7.3
[ s, 2.8.1
locally definable 2.8.2
sSup 2.9.1
spSup 2.9.2
gSup 2.9.3
s-LOC,LOC 2.10
s-Loc,Loc 2.16
s-Loc,, Loc, 2.16.1
locally invertible 2.21
(), (Do, () 2.20
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