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1 Introduction

Semigroups are very classical algebraic structures with a binary composition that satisfies associative law.
Semigroups naturally arose from the general mapping of a set into itself. Therefore, a set of holomorphic
functions on the complex plane C or Riemann sphere C,, or certain subsets thereof naturally forms a
semigroup. We call that any analytic map on C or C,, or on certain subsets thereof by a holomorphic
function.

Definition 1.1 (Holomorphic semigroup and subsemigroup). A holomorphic semigroup S is a
semigroup of holomorphic functions defined on C or Co or certain subsets thereof with the semigroup

operation being functional composition. A non-empty subset T'C S is a subsemigroup of S if fog €T for
all f,ge S.

Let
F ={fa: fa is a holomorphic function for all & € A}, (1.1)

where index set A is allowed to be infinite in general. We are interested in special holomorphic semigroups
whose each element can be expressed as a finite composition of certain holomorphic functions. More
formally, such a semigroup is defined as follows:

Definition 1.2 (Holomorphic semigroup generated by holomorphic functions). Let & be a family
of holomorphic functions as defined in . A holomorphic semigroup S generated by F is a semigroup of
all elements that can be expressed as a finite composition of elements in F. We denote such holomorphic
semigroup by S = (fa)aeca or simply S = (fa).

Holomorphic semigroup S is said to be a rational semigroup or a transcendental semigroup depending
on whether .% is a collection of rational functions or transcendental entire functions. In particular, S is said
to be a polynomial semigroup if % is a collection of polynomials of degree at least one. The transcendental
semigroups and polynomial semigroups are also called entire semigroups. Dynamical properties of rational
and transcendental semigroups were studied first by Hinkannen and Martin [2] and Poon [3] respectively.
In the papers [4 5 [6], we investigated further dynamical features of holomorphic semigroups. In this paper,
we deal only algebraic aspect of holomorphic semigroups.

A holomorphic semigroup S is abelian if f, o fg = fg o f, for all generators f,, fg of S. By definition,
each f € S is constructed through the composition of finite number of functions f, for « € A. That is,
f=foar0fas0 - -0f, forsomem € Nand oy, ag, ..., € {1,2,...,m}. A semigroup generated by finitely
many holomorphic functions f;, (j = 1,2,...,n) is called a finitely generated holomorphic semigroup, and
we write S = (f1, fa, ..., fu). If S is generated by only one holomorphic function f, then S is called a cyclic
holomorphic semigroup, and we write S = (f). In this case, each g € S can be written as g = f™, where f"
is the nth iterate of f with itself.

By the definition of a holomorphic semigroup, we at once get the following assertion.
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Theorem 1.1 ([5, Proposition 1.1]). Let S = (fs) be a holomorphic semigroup. Then for every f € S, f™
(for all m € N) can be written as [™ = fa, © fa, © faz 00 fa,, where a; € {a: a € A}, for some p € N.

Example 1.1. Let S be a set consisting all of powers z which are either all powers of 2 or all powers of
3 or product of all powers of 2 and 3. Then S forms a semigroup under functional composition. It is a
finitely generated polynomial semigroup generated by two polynomials z — 2% and z — 23. In this case,

S = (22,23).

Example 1.2. Let o € C such that R > 0. For any k € N, the function fy(z) = e~ %z for all z € C
is holomorphic in the complex plane C, and so S = {fy : k € N} is a holomorphic (in particular, entire)
semigroup. Also, each f € S can be written as f(z) = fi(z) for some | € N. Therefore, S = (f1).

Example 1.3. If we choose A a set of positive rational numbers QT in Ezample then each function
fr(z) = e 2z forall z € C andr € QT for some o € C such that Ra > 0, can be written as a finite
composition of fi(z) = e~z with t € Q. Hence S = (fi)icq+ is a holomorphic semigroup generated by
the set {fi:t € Qt}.

Note that these are examples of abelian holomorphic semigroups. The following holomorphic semigroups
are non-abelian.

Example 1.4. 51 = (e*,e™ %), S = (sinz, cos z).

2 Ideal Theory of Holomorphic Semigroups

There are certain subsets of semigroups with a stronger closure property rather than that of subsemigroups.

Definition 2.1 (Left ideal, right ideal and two sided ideal). Let I be a non-empty subset of holo-
morphic semigroup S. We say I is a left ideal (or right ideal) of S if foh €I (orhofel) forall f€ S
and h € I, that is, SI C I (or IS C I). We say I is two sided ideal (or simply ideal) if it is both left and
right ideal.

Note that if S is an abelian semigroup, then the notions of left ideal, right ideal, and two sided ideal
coincide. For any non-empty subset K of a holomorphic semigroup S, the sets

SK={fog:feSgeK}=|]Soy,

geEK

KS={gof:feSgek}=]go5

geEK

and
SKS={fogoh:fheS,geK}= U SogoS
geEK

are respectively left, right and two sided ideals. Likewise, for any g € S, the sets Sog, go.S and Sogo .S
are respectively left, right and two sided ideals. In general, g may not be in go.S (or Sog or Sogo S) for
each g € S. If it happens to be in go S (or Sogor Sogo S), then g=go f (org= fogor g= fogoh,
h € S) for some f € S. In this case, go S (or Sog or SogoS) is a smallest right (or left or two sided)
ideal containing g, which is a right (or left or two sided) ideal generated by g. Otherwise, go S (or go S or
SogolS) is said to be quasi-generated by g. It is obvious that the union of any non-empty family of left
(or right or two sided) ideals of S is a left (or right or two sided) ideal of S.

On the basis of some topological structure of the complement of g 0o .S in S, we can define the following
types of holomorphic semigroups. Recall that a space X is compact if every open cover of X contains a
finite subcover.

Definition 2.2 (F-semigroup and C-semigroup). Let S is a holomorphic semigroup and g € S. Then
we say

1. S is a F-(right) semigroup if S — go S is finite;
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2. S is a C-(right) semigroup if S — go S is relatively compact (that is, S — go S is compact in S).

Analogously, we can define F-(left) semigroup and C-(left) semigroup of any holomorphic semigroup S.
We say only F-semigroup and C-semigroup onward for such holomorphic semigroup S on the assumption
that left/right is clear from the context. For example, holomorphic semigroup of Example is both
F-semigroup and C-semigroup and that of Examples and are C-semigroups.

There are certain type of left (or right) ideals which are connected to two sided ideals. That is, on the
basis of such ideals of holomorphic semigroups, we can construct two sided ideals. This ideal structure is
defined as follows.

Definition 2.3 (Minimal left (or right) ideal). A left (or right) ideal M of holomorphic semigroup S
is minimal if for every left (or right) ideal I of S such that I C M, then we have M = I.

Note that minimal left (or right) ideal of S may be empty. If it is non-empty for a certain holomorphic
semigroup S, then for every f € M, there must be M of =M (or foM = M) and So f = M (or
foS=M). Also, a minimal left (or right) ideal is always contained in every two sided ideal of S. We can
also make two sided ideal by the help of minimal left (or right) ideals. For any holomorphic semigroup S,
let us define

K(S)= U{M : M is a minimal left (or right) ideal of S}

Since K (S) is non-empty if and only if S has at least one minimal left (or right) ideal and in such a case
it is itself a minimal left (or right) ideal. So, as stated above, it is contained in every two sided ideal of S.
Since for all f € S

K(S)o f= U{M o f: M is a minimal left (or right) ideal of S} C K(.5)

So, K(S) is also left (or right) ideal as well. From this discussion, we can conclude the following result.

Proposition 2.1 (Example of minimal two sided ideal). For any holomorphic semigroup S, K(S) is
a minimal two sided ideal of S if it is non-empty.

Proof. See for instance in [Il, Theorem 2.9]. O

We can define a special type of holomorphic semigroup S where K (S) is non-empty. Such a semigroup
has some special features such as every left (or right) ideal of S include minimal one and every left (or
right) ideal of S contains a special element which is called an idempotent. Recall that an element e € S is
an idempotent if eoe = e.

Definition 2.4 (Abundant semigroup). A holomorphic semigroup S is abundant if every left (or right)
ideal of S includes a minimal one and every minimal left (or right) ideal contains an idempotent element.

It is obvious that K(S) # 0 if S is abundant. There is a topologically significant nice examples of
abundant semigroups which can be defined as follows.

Definition 2.5 (Compact right topological holomorphic semigroup). Let S be a holomorphic semi-
group and g € S.

1. We define a right translation map Fg : S — S with respect to g by Fg(h) =hog for allh € S.

2. We define a compact holomorphic right topological semigroup by the pair (S, T), where T is a topology
on S such that the space (S, T) is compact and Hausdorff and right translation map Fy for every g € S
is continuous with respect to T.

Note that a left translation map and a compact holomorphic left topological semigroup are defined
similarly. Also note that in a compact right topological semigroup, we do not require that left translation
maps are continuous. We say only translation map and compact holomorphic topological semigroup if left
or right is clear from the context.
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Example 2.1. Let S = (f; : t € Q) be a holomorphic semigroup, where fi is a function of Example
for allt € Q. The collection of all subsets of S forms a topology T on S and hence it is also open cover of
S. There are some finite number of elements in 7 that can cover S. Hence, the space (X,T) is compact
and Hausdorff as well. Therefore, this semigroup is compact holomorphic topological semigroup and hence
abundant.

Note that in the holomorphic semigroup S of Example there is an element fy(2) = e~ Yz such
that fo o fo = fo which an idempotent by definition. Therefore, unless holomorphic semigroup in general,
abundant semigroup and in particular, compact holomorphic topological semigroup do have idempotents.

Theorem 2.1 (Idempotents exist for holomorphic semigroup). Let S be a compact holomorphic
topological semigroup. Then there is an element e € S such that eoe = e.

This theorem can be proved as a standard application of Zorn’s lemma from set theory. It states
that if every chain € in a partially ordered set (S, <) has upper bound in S, then (S,<) has a mazimal
element. Note that partial ordered set is a system consisting of non-empty set S and a relation denoted by
< satisfying the properties of anti-symmetry, reflexivity and transitivity. A chain % in a partial ordered set
(S, <) is subset of S such that for every z,y € €, either x <y or > y. An element m € S is a maximal
element of (S, <) if m <z for x € S implies m = x.

Sketch of the Proof of Theorem[2.d The proof of this theorem follows via the following two facts:

Fact 1: S has a minimal close subsemigroup.

Let 7 be a family of all closed subsemigroups of semigroup S. Then 7 # ) and it is a topology of closed
sets partially ordered by the reverse inclusion. Let € C 7 be a chain in (7,2). Since S is compact and
% has the finite intersection property. So, NyrexT is non-empty and serves as a least upper bound of €.
Then by Zorn’s lemma, 7 has a maximal element M (say) where M C NpeeT. In reality of this context,
M is minimal closed subsemigroup of S.

Fact 2: If e € M, then M = {e} and e is an idempotent.

We can consider two cases of the proof of this fact 2.

Case 1: We prove M = M oe = {e}. Let e € M. Then M o e is a subsemigroup of M. The map
F.: M - Moe, F,(h) = hoeis a right translation map of topological holomorphic semigroup S
restricted to M. Then it is continuous. Since M is compact, so M o e is also compact as a image of
compact set under continuous map Fe. Since by fact 1, M is minimal and M o e is non-empty, we must
M = M oe = {e}. This proves that e is an idempotent.

Case 2: Weprove N = {f € M : foe = e} = M. By the construction of set IV, it is subset of M and closed
under functional composition. This shows that IV is a subsemigroup of M. By the case 1, e€ M = M oe
can be written as ¢ = f o ¢ for some f € M. This shows that e € N # (. Finally, N can be written as the
intersection of closed subsets of M and F, *{{e}}. This proved N is a non-empty closed subsemigroup of
M. Then as in the case 1, N = {e}. O

Since every left (or right) ideal is a subsemigroup of S. So, from the proof of Theorem we can say
the following important facts for every compact holomorphic topological semigroup S.

1. Every left (or right) ideal of the form So f (or fo.S) is the image of continuous right translation map
Fr(g)=gofforallgeS. SoSof (or folS)isclosedin S.

2. For every left (or right) ideal I of S, we have So f C I (or foS C I). Thus every left (or right) ideal
contains closed ideal.

3. For every minimal left (or right) ideal M of S, we have M = So f (or M = fo S for all f € M. This
shows that every minimal left (or right) ideal of S is closed.

4. Every left (or right) ideal contains an idempotent element.

5. Let I C J, where J is an arbitrary left (or right) ideal, and I is a closed left (or right) ideal of S. By
Zorn’s lemma, there is a minimal element L of (Z, C), where Z is the family of closed left (or right)
ideals contained in I. This shows L is a minimal left (or right) ideal of S. That is, every left (or
right) ideal S contains minimal left (or right) ideal.
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From all of above facts, we may conclude the following assertion.

Theorem 2.2 (An example of abundant semigroup). Every compact holomorphic topological semi-
group is abundant.

There is a close connection between minimal left ideals and certain idempotents (minimal idempotents).
If we suppose a set of idempotents of arbitrary holomorphic semigroup by E(S), then it may be empty
but it is non-empty for abundant holomorphic semigroup. Minimal idempotent can be defined in a partial
order relation on E(S).

Definition 2.6 (Dominated element of set of idempotents). Let E(S) be a set of idempotents of
(abundant) holomorphic semigroup S. We say e is domonated by f on E(S) and write

e< f ifand only if eo f = foe=ce forall e, f € E(S).
This is clearly partial order relation on E(S). That is, for all e, f, g € E(S), we have
1. e<e.
2.e<fand f<e=e=f.
.e< fand f<g=—=e<g.

An element e € E(S) is minimal if there is no element of F(S) strictly less than e. That is, if h < e, then
h =e for all h € E(S). In a abundant holomorphic semigroup, minimal idempotents are tightly connected
to minimal left (or right) ideals.

Theorem 2.3 (A connection between minimal ideal and minimal idempotant). Let S be a holo-
morphic abundant semigroup and e € E(S).

1. IfLC Soe (or L CeoS) isaminimal left (or right) ideal, then there is some idempotent f € L
such that f <e.

2. e is a minimal idempotent if and only if e € L for some minimal left (or right) ideal L, that is, if and
only if e € K(S).

3. e is minimal idempotent if and only if the left (or right) ideal L = Soe (or L =eoS) is minimal.
4. There is some minimal idempotent f such that f < e.

Proof. We prove this theorem for left ideal L of semigroup S. By symmetry, the same is true for right
ideal.

(1) Since L is minimal left (or right) ideal, so there an idempotent in L. Since S is abundant, so there
isani € LNE(S). Sincei € L C Soe, soi=soe for some s € S. Now

joe=soeoe=S50e=1.

Let eoi = f. We will show that f is our required element. First of all f € L because L is a left ideal.
Secondly, f is an idempotent because

fof=eoioceoi=ceoioi=ceco0i=f.
Finally, f is an minimal idempotent because
eof=eceoi=coi=f

and
foe=eocioe=coi=f.

(2) Let us suppose that e is a minimal idempotent of S. Let us make a set

L={L CS:Lisaminimal left ideal of S}
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Since S is abundant, so there is L € £ such that L C Soe. By (1), there is f € LN E(S) such that f <e.
Since e is a minimal idempotent, we must have f = e. Therefore, e € L. Conversely assume that e € L
for some minimal left ideal L € £. We have to show that e is an minimal idempotent. Let h € E(S) with
h <e. Then Soh C Soe. By minimality of L, we can write

L=Soh=Soe.
So e =goh for some g € S. By h < e, we can write h = eo h and so
h=eoh=gohoh=goh=ce.

This proves e is a minimal idempotent.

(3) This follows from the observation of converse part of (b) that if e € L and L is minimal left ideal,
then L = Soe.

(4) By abundancy of S and (1), there is a minimal left ideal such that L C Soe and f € LN E(S) such
that f < e. Then f is minimal by (2). O

From the proof of Theorem it is not hard to conclude that minimal idempotents of abundant
holomorphic semigroup S are just those in K(S), that is, they are from E(S) N K (S). Theorem [2.3]is also
an important source of alternative definition of minimal idempotent. That is, on the basis of Theorem [2.3]
(2), minimal idempotent can also be defined as follows. An idempotent e on semigroup S is minimal if it
belongs to the minimal left (or right) ideal. Also, from the same Theorem [2.3] (3), we can say that minimal
left (or right) ideal always is of the form S oe (or e o .S), where e is a minimal idempotent in S.
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