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Abstract In this paper we discuss some enlargements of the category of sets with semi-
group actions and equivariant functions. We show that these enlarged categories possess
two idempotent endofunctors. In the case of groups these enlarged categories are equiva-
lent to the usual category of group actions and equivariant functions, and these idempotent
endofunctors reverse a given action. For a general semigroup we show that these enlarged
categories admit homotopical category structures defined by using these endofunctors and
show that up to homotopy these categories are equivalent to the usual category of sets with
semigroup actions. We finally construct the Burnside ring of a monoid by using homotopi-
cal structure of these categories, so that when the monoid is a group this definition agrees
with the usual definition, and we show that when the monoid is commutative, its Burnside
ring is equivalent to the Burnside ring of its Grothendieck group.

Keywords Semigroup actions - Monoid actions - Reverse actions - Homotopical
category - Burnside ring
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1 Introduction

In the classical terminology, the category of sets with (left) actions of a monoid corresponds
to the category of functors from a monoid to the category of sets, by considering monoid as
a small category with a single object. If we ignore the identity morphism on the monoid, it
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corresponds the category of sets with actions of a semigroup, which is conventionally used
in applied areas of mathematics such as computer science or physics. For this reason we try
to investigate our notions for semigroups, unless we need to use the identity element. In this
note we only consider the actions on sets so that we often just write “actions of semigroups”
or “actions of monoid” without mentioning “sets”.

Actions of semigroups appear quite often as mathematical models of progressive pro-
cesses. In computer science, for example automata, or so called state machines, can be
defined using semigroup actions. In physics a dynamical system can be seen as a semi-
group action. An important problem in the theory of semigroup actions is reversibility of
the actions. Reversible actions are particularly important when one considers applications.
For example, in [11] Landauer establishes the relation of reversibility of computation with
energy consumption. Reversibility is also a fundamental issue in the theory of quantum
state machines, since a quantum automaton has to be reversible. In dynamical systems the
periodic attractors can be considered as reversible parts of the dynamical system.

In the theory of group actions, when a group G is given, one often considers either left
actions of G, or right actions of G, or if another group H is given, one considers (G, H)-
bisets, i.e. biactions of G and H so that G acts from the left and H acts from the right. The
categories of these actions are also well studied in the literature, see e.g. [3]. The same dis-
tinction is also present in semigroup actions. For a given semigroup /, we define actions by
fusing previous ideas and use some exotic notion of equivariance for biactions of a semi-
group on a set, in a way that the biaction behaves like a single action, which generalizes the
actions from one side, so that we no longer need to call them left, right or biactions, and we
call them just “actions”.

We construct the category of actions in Section 3, see Lemma 1, and we denote the
category of all actions by ACT(/). For groups this category will be equivalent to the one
defined in the usual way, so that when [ is a group the category of left /-sets (which is
equivalent to right /-sets) is equivalent to ACT(/). In the theory of group actions when a
left group action on a set is given, one can define a right action on the same set given by
acting with the inverses of elements in the group; which is often called reverse action of
the given left action. A similar construction exits for right actions as well. Due to lack of
inverses these “reverse action” constructions are not possible for actions of semigroups. On
the other hand, generalizations are still possible for semigroup actions on sets by considering
our definition of actions. One of the objects of this paper is to define reverse actions so that
they generalize the ones for groups. For a semigroup action on a set, these constructions
are called “reversing from left to right” and “reversing from right to left”, see Section 4.1.
Although the reverse actions have to be defined on different sets, it agrees with the above
construction up to isomorphism when we consider group actions on sets, see Theorem 3.
These constructions define two endofunctors on ACT(7), which will be called the reversing
functors, Invj and Invi, which are idempotent, see Theorem 1. Composition of these functors
will not be idempotent in general, but when we restrict our attention to finite 7-sets it will
be idempotent.

There are several other major advantages of these definitions of actions. For a semigroup
1, the category ACT(/) has a subcategory denoted by ACT(/), whose objects are actions
which are “reversible on one side” with equivariant maps between them, see Section 3. We
show that this subcategory ACT (/) possesses a homotopical category structure in the sense
of [9], see Section 6. In some respect, we can say this paper is initiative for the usage of
notion homotopy for semigroup actions in this setting. We show that in the case when [ is
a monoid the homotopical category act; (1), the full-subcategory of ACT([/) of finite left /-
sets, will admit 3-arrow calculus, so that from 27.5 of [9] it will be saturated. As a result
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Semigroup Actions on Sets and the Burnside Ring 9

we are able to define Burnside ring of a monoid 7, which is another main objective of this
note. We denote the Burnside ring of a monoid / by Br(Z). This construction generalizes
the Burnside ring of N given in [14] to any monoid, so that we can propose our construction
for a generalization of “the theory of non-invertible finite dynamical systems” (which is a
proposed problem in [14], page 130) to “theory of finite state automata”. We also define ana-
logues notion to the Burnside’s mark homomorphism so that we get the theory of Burnside
rings, see Theorem 5. When [ is a group, our construction of Burnside ring agrees with the
usual one existing in the literature, see [5], which is a very important construction in group
theory and homotopy theory. If I is a commutative monoid and K (/) is its Gréthendieck
group, then we have proved Br(7) is equal to Br(K (1)), see Theorem 4. In particular we
show Br(N) = Br(Z), so that we can add one more arrow which would be an isomorphism
in the main diagram in [7] page 3.

We also recover the idea of the attractors for a finite state automaton (or attractors for
non-linear finite dynamical systems in a generalized way) in analogy with the attractors
in the field of dynamical systems, as the orbits of the reverse actions of a given monoid
action. When the monoid is taken as N, this will correspond to the standard definitions. The
periodic attractors will be the generators of the Burnside ring. The Burnside ring of a free
monoid on an alphabet is an invariant of the types of machines can be build, so that it would
be very useful in Automata theory.

2 Actions of Semigroups on Sets

Given sets A and B, we denote the set of functions from A to B by [A, B] and we denote
the set of endofunctions on A by End(A). One can define two distinct monoid structures on
the set End(A) = [A, A], where the identity on A is the identity of the monoid. In the first
one we choose the monoid operation on End(A) as the composition of endofunctions when
endofunctions are applied on A from the right. Then we denote this monoid by End,(A)
and we write fg for the composition of f and g in End, (A), which we mean f is applied
first then g. In other words if f and g are in End, (A) and a is in A then

(@ (fg) = (@) )g-

Similarly, for the second one we write End;(A) for the monoid obtained by taking the
monoid operation on End(A) as the composition of endofunctions when endofunctions are
applied on A from the left. In this case we write f o g for the composition of f and g in
End;(A). In other words if f and g are in End;(A) and a is in A then

(f e g)a) = f(g(a)).

We can also consider the endofunction sets End,(A) and End;(A) with the underlying
semigroup structure.

2.1 Actions on Sets and Function Sets

Let I be a semigroup (resp. a monoid). All through this section we denote the operation in
I by ®. Normally one defines an action of / on a set A as a function A x I — A which is
compatible with the semigroup operation; or alternatively, it can be defined as a semigroup
(resp. a monoid) homomorphism from / to End, (A) and call it a right action of 7 on A.
One can also define an action of a semigroup / on a set A as a semigroup (resp. a monoid)
homomorphism from / to End; (A) and call it a left action of I on A. However, in this paper
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10 M.A. Erdal, O. Unlii

we consider an action of a semigroup (resp. a monoid) on a set as a biaction. More precisely
we have the following definition:

Definition 1 Suppose that / is a semigroup (resp. monoid) and A is a set. An action « of /
on A is a pair (¢, o) such that oy : I — End;(A) and o, : I — End, (A) are semigroup
homomorphisms (resp. monoid homomorphism) and «; commutes with ¢, so that for all
i,jin I and a in A we have

(@) (@) (j) = ar(D) (@) (j))-
Instead of saying « is an action of I on A, we could also say « is a /-action on A or say

(A,a)isa l-setorjustsay A is a I-set.

Suppose that we have [-actions « = (o, &) on A and B8 = (B, Br) on B. There is an
induced /-action

[a, B] = (e, Bl1, [ex, Br)
on [A, B] such that for f in [A, B] and i in [ the function [«, B];(i)(f) is the composition

A (@) A f B B (i) B

and (f)[e«, B (i) is the composition

A (i) A f B Br (i) B

2.2 Equivariant Functions and Fixed Point Sets

We first are going to define centralizers of semigroup and monoid actions. Let (A, o) be a
I-set where o = (o, ;). Then C 4 (/) the centralizer of I in A with the action « is defined
as

Ca(l)={ae A:Viel,a@)a) = (a)a,@{)}.
Suppose that we have [-actions @ = (o, o) on A and B = (fy, B-) on B. Consider-

ing the 7-action [, B] on [A, B] we define Map;(A, B) namely the set of /-equivariant
functions from A to B as of I in [A, B] with the induced action [, 8], i.e.

MapI(A, B) = C[A’B](I).

Hence a function is called a /-equivariant function from A to B if it is in Map; (A, B), so
that a function f : A — B is a I-equivariant function if and only if we have the identity

(f @) (@B (i) = (D) (f (@)er (D))

foralli in I and a in A.

Here we list some of the properties of equivariant functions similar to the classical case.
Let (A, @), (B, B), (C, y), and (D, §) be four I-sets. Assume f : A — Bandh:C — D
be two functions. The functions f and & induces a function [B, C] — [A, D] which sends
g : B — Ctohogo f. The following result shows that compositions by equivariant
functions induces an equivariant function between function sets.

Proposition 1 If f : A — Band h : C — D are two I-equivariant functions then the
induced function [B, C] — [A, D] by f and h is I-equivariant.
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Semigroup Actions on Sets and the Burnside Ring 11

Proof Since f and h are I-equivariant, we have

(h(yr ) (g ((f (cr (D) (@) Br (NS, (i) = 8 (1) (h((g(Br (D) (f (@)etr (D)))))yr (D))

forallain A, i in I and g in [B, C]. Hence we have

(ho (([B, y1i(D)(8)) o SN, 81, (i) = e, 811 (D) (R o (((Q)B, ¥1- (D)) o f))
for all i in I and g in [B, C]. This means the induced function from [B, C] to [A, D] is
I-equivariant. O
Let A be a I-set. Then we define Fix;(A) namely the set of fix points of / on A as
Fixj(A) = Map; (x, A)

where * denotes a set with one element and the trivial /-action on it.

Proposition 2 Let I be a semigroup or a monoid, and A, B be two I-sets. Then we have a
bijection
Map, (A, B) = Fix([A, B]).

Proof More generally for an /-set A we have a bijection from C7(A) to Cy([*, A]) sending
z in C1(A) to the function from * to A which sends the unique point in * to z. O

Given a function f : A — [B, C] we define f: A X B — Cby f(a, b) = f(a)(D) for
alla in A and b in B.

Proposition 3 Let A, B and C be three I-sets with I-actions «, B and y respectively. Then
the function
Map, (A, [B, C]) — Map;(A x B, C)

defined by f +— f is a bijection.

P_roof We only need to show that f : A — [B, C]is a [-equivariant function if and only if
f :Ax B — Cisa I-equivariant function. We know that the statement f : A — [B, C]
is a I-equivariant function means

(Dl [B, 11 () = [, [B, y I (D ()

for all i in /. In other words it means

(f () (@) (B @) (D))yr (i) = v (f (@er (D)) ((D)Br (D))

forallain A, b in B and i in /. Hence it is equivalent to

(f (@) (@), BOG)yr () = n@(f (@ar (@), B)B(i)))

forallain A, bin B and i in I. Therefore the statement f : A — [B, C] is a I-equivariant
function is equivalent to

(Dl x B, y1-() = [ x B,y G)(f)

which means f : A x B — C is a [-equivariant function. O

Remark 1 If A, B and C be three [-sets, then there is an obvious bijection

Map; (A, B x C]) — Map; (A, B) x Map, (A, C).

@ Springer



12 M.A. Erdal, O. Unlii

3 Categories of I-sets

Observe that when 7 is a monoid, the usual categories of left (resp. right) actions of [ are just
functor categories from [ to Sets, the category of sets. In this section, for a semigroup or a
monoid 7/, we will define several categories whose class of objects are a subclass of the “sets
with an action of /™ defined as in the sense of the previous section, so that they contains the
usual category of left and right actions of I as a full-subcategory. In each case the morphisms
will be I-equivariant functions defined according to the case being considered. In order to
define objects of these categories we will first discuss semi-reversible actions and actions
which are reversible on one side. Secondly, we will show that the composition of two /-
equivariant functions is an /-equivariant function under certain conditions. Finally we will
give the definitions of categories of certain /-sets.

3.1 Semi-reversible Actions and Actions Reversible on One Side

Let (A, «) be an I-set. First note that if oy (i) is an automorphism of A then for all @ in A
then we have the equality

o ()™ (@er (1) = (@™ @) ()
and similarly in the case when o, (i) is an automorphism of A then we have
(D (@ar ()™ = (@ @)ar ()"

We say (A, o) is “semi-reversible” if either o; (i) or (i) is an automorphism of A for
all i in /. We say o (resp. o) is reversible if «; (i) (resp. &, (i) ) is an automorphism of A
for all i. A set (A, @) is called “reversible on one side” if either o or «, is reversible. Note
that if an action is reversible on one side then it is semi-reversible. Hence the results about
semi-reversible actions in this section are also true for actions that are reversible on one side.

3.2 Compositions of Equivariant Functions

Compositions of equivariant functions may not be equivariant unless we have a semi-
reversibility assumption in the following sense. Let S be a set and (By, B(s)) be a
semi-reversible /-set for s in S. Define B as the product I1;cs By with the /-action given
by B(s) on the sth component. Assume (A, «) and (C, y) are I-sets and f : A — B,
g : B — C are [-equivariant functions. Then we have the following result

Lemma 1 g o f is [-equivariant.

Proof We want to show

Vi@ ((g o H(@)e (D)) = ((g o (@) (@) yr (@)
for any a in A and i in /. Let us denote the left-hand side of above equality by LHS and the
right-hand side by RHS. Let f; denote the s’ component of f. Given any s in S and i in I,
since (By, B(s)) is semi-reversible, there exists x (s, 7) in {/, r} such that B(s)x(s,i) (i) is an
automorphism of By. Since ,B(s)x(s,,-)(i)’1 o B(8)x(s,i (i) is identity, we have
LHS = (1) (g (f (@) (1))
=y ()@ ((fs((@ar(i)))ses))
=y () (g((E(a,i)s)ses))
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Semigroup Actions on Sets and the Burnside Ring 13

where
Ela.i), — { (BN ™" 0 BN (s (@ar () if x(s.i) =1
e (fs (@ar (D)) (B ()T B(5) () if x(s,i) =r
We have

LHS = y1(1)(g((F(a, i)s)ses))
if F(a, i)y is defined as follows:
Bs) () (B (D (fs(@ar(@))) if x(s,i) =1
((fs(@)ar ())B(s)r ()" HB(s) () if x(s, i) =7
Since f is I-equivariant means f; is /-equivariant for all s in S, we have
LHS = y1(1)(g((G(a, i)s)ses))

F(a’i)s = {

where

Gla.i)s = { B~ (fs (@) (@))Bs) () if x(s,i) =1
. ((fs(@a, )))B($), () NHB($) () ifx(s,i) =7
By the above equality
LHS = (g(B(s)1(D)((H (a, )s))ses)vr (D)
with

Hia. i), — { BN~ (fser(i)(@) if x(s,i) =r
o (f (@ar (NP )" if x(s,i) =r
Since g is [-equivariant
LHS = (g((J(a, i)s)ses)yr ()
= (g((K(a, Ds)ses))yr(@)

where
iy, { BN BN (f @) if x(s,i) =1
o B ((fs (@ D))B($) @)Y if x(s,i) =7

and
K@, i)y = { fi(@()@) if x(s.i) =1
Y (B()i () (fs((@ay DNNB($), ()™ if x(s,i) =7
Since f; is I-equivariant for all s € S, we have
LHS = (g((L(a, i)s)ses))yr (i)
= (8((fs(ar()(@)))ses)yr (D)

= (g (f (@) (a)N)yr (@)
= RHS
where
L@ i — { fs e (@) (@) ifx(s,i) =1
o (s (@) (@))B(s)r (NP, @)~ if x(s, i) =r
This completes the proof. O

Proposition4 Ler f : A — B be a bijective equivariant function where (A, a) and (B, B)
are semi-reversible finite I-sets. Then the inverse =\ is equivariant.

Proof Assume f is equivariant. We want to show

) FHDB)) = (FH BB (i)
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14 M.A. Erdal, O. Unlii

Assume first both o4 (i) and §; (i) is isomorphism. First since both f and o; (i) are bijective,
we can write

BIO(B)B() = (fu@er@) ™ (f T B BB ().

Since f is equivariant,

BiY((B)Br () = B (f () ((f T B B)))etr (D))

and since B (i) is bijective, we get
BB (i) = f (@)™ ((F B B))err (0)))
which implies
() (f(@)BG)) = (f (B (B))aty (i)

The case when both «; (i) and B, (i) is isomorphism is similar. Assume now «; (i) and g; (i)
are isomorphisms. Since f is an isomorphism, the composition of f~!, &, (i) and g (i) is
an isomorphism. Since A and B are finite sets, from the equality

(f (@@ B (i) = B () (f (@)er(D)))

we get ; (i) and B, (i) are isomorphisms as well. Hence, f —lis equivariant. The case o, (i)
and B; (i) are isomorphism is the same. Hence this proves the statement. O

Observe that if the semi-reversible actions are isomorphism in the same side, then we
do not need the finiteness assumption. However, in general this proposition is not correct
when we drop the assumption on finiteness. For example if / = Nand A = B = N with
the actions @ = (¢q, 1) on A such that ¢;(1)(i) =i + 1 and 8 = (1, B,) on B such that
B-(1)(@ + 1) =i and B,(1)(0) = 0, then the identity function id : A — B is equivariant
butid : B — A is not.

3.3 Definitions of Categories of I-sets

Let I be a semigroup, considering the usual definition one-sided of actions we let ACT; (1),
ACT, (1), act;(I), act,(I) to denote the category of left I-sets, right I-sets, finite left /-
sets and finite right /-sets respectively, with /-equivariant maps. Now we define four new
categories denoted by ACT(I), act(/), ACT(I) and act(l). The objects of the categories
ACT(/) and act([) are I-sets which are products of semi-reversible /-sets and finite /-sets
which are products of semi-reversible /-sets respectively, where /-sets are defined as in the
previous section. The objects of ACT(I) and act(]) are I-sets which are products of sets
with actions that are reversible on one side and finite /-sets which are products of sets with
actions that are reversible on one side respectively, where again I-sets are defined as in
the previous section. The morphisms of the categories ACT(7), act(]), ACT(I), act(I) are
I-equivariant functions (defined as in Section 2.2).
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Semigroup Actions on Sets and the Burnside Ring 15

For a semigroup (or monoid) we have the following diagram

act(l) — ACT(I) «— ACT(I

//\

act(I ACT, (1 ACT,(
acty (1 act, (1)

so that all of the functors are inclusions, which map an /-set to itself.

4 Action Reversing Functors

For a semigroup / we define four semigroup homomorphisms as follows: The homomorphisms
y: I — End;(I) and ¢ : I — End, (1)
sends every element to the identity endofunction and the homomorphisms
w1 — End;(I) and pu,:1 — End,(I)

are given by multiplication from the left and the right, respectively.
4.1 Reversing Actions from Left to Right

Consider [ itself as a I-set with the action (y, i, ). Let A be a set with a 7-action «. To indi-
cate the right action on [ is trivial let us denote the set of equivariant functions, Map; (1, A),
by Inv{(A). Let f : I — A be a [-equivariant map, i.e., for every i, j in I we have

(fUNer (@) = (D)(f(J ®1))
We define a /-action 0 = (6;, 6,) on Inv](A) as follows: The left component
6; : I — End;(Inv}(A))
sends an element £ in / to the function
0, (k) : Inv{(A) — Inv{(A)
defined as the identity function. Hence the function 6; (k) sends f to f. The right component
0y : I — End,(Invj(A))
sends an element £ in / to the function
6, (k) : Invi(A) — Invj(A)

defined as the function that sends f to the composition

" .
I i (k) I f A

so that we have (f)6,(k)(j) = f(k ® j), forevery j, k € I. Since [ is semi-reversible, by
Lemma 1 we can say 6 is well defined.
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16 M.A. Erdal, O. Unlii

We call this action the reverse (from left to right) action of «. In fact this construction
is functorial on ACT(/) and we denote the functor sending an /-action on a set A to the
reverse /-action on Invj(A) by

Inv] : ACT() - ACT(I).

This functor sends a morphism f : A — B to the morphism which sends &2 : I — A to the
composition f o h from [ to B. Given /-set A we can define the evaluation function

&l :Invi(A) > A
given by & (f) = f(1) whenever we have 1.

Lemma 2 & defines a natural transformation from Inv] to id, the identity functor.

Proof Let A be an I-set with action «. From the equality
(D (E ()0 )) = ar (D (f D) = (f (De (@) = (& (e (D),

we can say £ is equivariant, so that it defines a natural transformation from Invj to id. O
4.2 Reversing Actions from Right to Left

We can also define reverse actions from right to left. This time we consider / as an [-set
with the action (u;, ¢,), so that an /-equivariant function f : I — A satisfies

(fE® Nar @) =ar()(f())

for every i, j in /. In this case we denote the set of equivariant functions from I to A,
Map, (I, A), by Invl(A). We define a /-action ¥ = (¥, 9,) on InVi(A) as follows: The left
component

9; : I — End;(Inv! (A))
sends an element k in / to the function
9;(k) : Invl(A) — Invl(A)

defined as the function that sends f to the composition

ALY A
so that we have 9;(k)(f)(i) = f(i ® k). The right component
9, : I — End, (Inv!(A))
sends an element £ in / to the function
9, (k) : Invi(A) — Invi(A)

defined as the identity function. Hence the function ¥, (k) sends f to f. Again by Lemma
1 this construction is well defined. There is again an equivariant evaluation function

Erl : InVi(A) — A

given by Erl( f) = f(1) provided that we have 1, which is equivariant. Similar to the Lemma
2, Erl defines a natural transformation from Invi toid.
The following is an important property of reverse actions when / is a monoid:
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Semigroup Actions on Sets and the Burnside Ring 17

Proposition 5 Let (A, o) be an I-set such that the right action «, is reversible, then there
is a isomorphism InVi(A) = A as I-sets. If the left action «; is reversible, then there is a
isomorphism Invj(A) = A as I-sets.

Proof Assume «; is reversible . Defineamap ¢ : A — Invl such that ¢ (a) = f, fora € A
where
fa®) = e (@ey ()
This map is well defined since
fali ® Pay (i) = o(i @ @ty (i ® ) ety (i) = o1 (D) (fa (),

fa 18 in Inv]r. Since f,(1) = a, ¢ is the inverse of the Erl, so that Erl is a bijection and by
Proposition 4 ¢ is equivariant, so that we get an isomorphism of 7-sets. The proof for the
case o 1s reversible is the same. O

4.3 As Idempotent Endofunctors on ACT(I)
Let I be a monoid. The following lemma shows that the reversing functors are idempotent.

Theorem 1 The evaluations function & (resp. 5rl ) defines a natural isomorphism from
Inv] o Inv] to Invj (resp. from Inv! o Inv! t0 Tnv}).

Proof For any I-set A, consider the function

@4 : Invj(A) — Inv] o Invj(A)
given by

2D () =gl ®j)
for g € Invj(A) and i, j € I.Itis straightforward to check the equalities
o () (P (&) () (J ® k) = (@a(g) (@) (j))eu (k)

and

P () ®k) = (P(g)(0))0(k)
so that @ is well defined. Since

8k ®i® j) =2 (k)(D)(j) = (P8O K)(D)(j) =8k Qi ® J),
@ is equivariant. For any g € Inv{(A) we have
(& 0®)(9) (1) = P ()()(1) = g (i)
and for any & € Invj o Inv{(A) we have
(@0 &ENMD(J) = D)D) () = (1) ® j) = h(i)(j)

so that £ and @ are mutual inverses. This completes the proof. The same proof works for
El as well. O

We denote the composition of two reverse endo-functors on ACT(I) by INV, in other
words we have
INV = Inv} o Inv!
considered as an endofunctor on ACT(I). An equivariant function f in INV(A) satisfies

FE®NE®k) = f(j)k)
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for every i, j and k in /. For any /-set A we have an evaluation function
E:INV(A) — A

defined by £(f) = f(1)(1). If y is the inverse of the inverse action on A, i.e. action on
Invl(Invi(A)), then we have

EWOMear@) = (f o ur (M (D)ey (@) = (f @) (1))etr (D)
by equivariance of f (i) this is equal to
a (D) (f(@O)@) = () (f (D) = cr(DHE(S))
hence, £ is equivariant. Then £ defines a natural transformation from INV o INV to INV.

When [ is a commutative monoid, we have the following proposition:

Proposition 6 If I is a commutative monoid then £ defines a natural isomorphism from
INVoINV 70 INV.

Proof For any I-set A, the function
@4 INV(A) - INVoINV(A)
given by
PN =g ®K)(j D

for g € INV(A) and i, j, k,I € I. It is straightforward to check that this function is
equivariant since on both INV(A) and INV o INV(A), the right actions are trivial. We have

E@A@) k)1 = gk)()
and
PAE@NED) =g)D)

so that £ and @4 are mutual inverses. This completes the proof. O
4.4 Reverse Actions on Finite Sets

We again use the same notations for the restrictions of Invj, Invlr and their compositions INV
on act(/). Let (A, @) be an I-set such that the right action e, is trivial. For an element a in
A, let Ia denote the orbit set

la ={oy@)(a):iel}
and for a given f : I — A inInvj(A) let I f (1) denote the set
1f(D) ={ea@)(f()) i, j e}
We define a set A’ as the set
Al = {ae A: foralli € I, a;(i)|j, is one-to-one}.

Note that

Lemma 3 Let I be a monoid and let A be a finite set. Let (A, «) be an I-set such that the
right action o, is trivial. Then there is a isomorphism Invj(A) = Al as I-sets.
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Proof Firstly, for an element a € Al we define fa it I — Awith £,() = ;i) (a), then
since a € A/, this is a well-defined map. By definition for every i, j in I we have

() fa(®D =ai(ou(j @) (@) = ()" @) = fa(j).

Hence f,, is equivariant and we have an injective function A’ — Invj(A).
Now suppose that f : I — A be a function in Inv{(A). We claim that f (1) is an element
of A'. Assume the contrary that there exist 7, j, k in I such that

ar(HfFD) #ar(k)(f(D) and oy (0 @ H(f (1) = (i @ k)(f(1)).

Since A is finite then for every i € I there exist positive integers m, m’ with m > m’ such

. . . . . !/ . .
that for all a in 1 f (1), we have the identity o (i")(a) = o;(i"" )(a). Hence the restriction
of a; (i™™™) to the set

(" YALFI) = (™) @) :a € 1f (1))

is the identity function. Moreover, for any v € I we have

fO) =a@™) feei™)
so that im( f) is contained in ozl(im/)(lf(l)).
Let j and k be two elements in /. As above there are integers 7, t’ with ¢ > " and
() (Y = FGT

so that oy (j)(f(1)) = f('"~"). Similarly there are integers s, s’ with s > s’ and
a(k)(f() = f(ks_s/_l). Hence both «;(k)(f(1)) and oy (k)(f(1)) are elements of
im(f), which means oy (i’”_’"/) is identity on both.

By our initial assumption we have

(" (e ® HF)) = @ (e ® B)(£(1)
which implies
o (") e () (fF (1)) = e ("™ ) e (k) (f (1))
As aresult we get o (j)(f (1)) = ay(k)(f(1)), i.e. a contradiction, so that f(1) must be an

element of A/, The evaluation function & is injective by definition of Al and E(fa) =a.
By Proposition 4 we get an isomorphism as desired. This completes the proof. O

Objects in act([) are the actions with either left or right component is reversible. Assume
A is an I-set with right component is reversible. Then we define A as Inv! A’ We have the

following lemma:

Lemma 4 There is an isomorphism Inv{ (A) = Al as I-sets.

Proof The proof follows from Lemma 3 and Proposition 5. O
For an 7-set A we define A" similarly. We have a similar lemma as follows:

Lemma 5 Let (A, o) be an I-set such that the left action o; is reversible. Then there is an
isomorphism Invi(A) = A"

Let & denote the restriction of £ on finite /-sets. Note that £ is bijective by the previous
propositions. We have the following lemma:
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Proposition 7 & defines a natural isomorphism from INV o INV to INV.

Proof This proposition directly follows from Proposition 4, since & from INV o INV to INV
is bijective, by the Lemma 3 and Proposition 5. O

5 Equivalence of View Points on Groups
The following theorem shows that Definition 1 is equivalent to the usual one for groups.

Theorem 2 For a group G, the categories act(G), act(G), act;(G) and act,(G) are all
equivalent to each other as categories and ACT(G), ACT(G), ACT;(G), ACT,(G) are all
equivalent to each other as categories.

Proof Here we will only prove the equivalence of ACT(G) and ACT;(G) the rest is either
similar or just obtained by restrictions of the equivalences. First note that the functor

Invl : ACT(G) — ACT(G)
factors through the inclusion

inc : ACT;(G) — ACT(G).
We again write

Inv! : ACT(G) — ACT(G)

for the functor in the factorization, by an abuse of notation. Then this functor sends an object
(A, @) in ACT(G) to the left action i : G — End;(A) given by

(@) (@) = a(g)(@ar(g™")

and sends a morphism f from (A, «) to (B, B) to itself considered as a function from A
to B. Now clearly Invi oinc is identity on ACT;(G). By Proposition 2 and 5, Srl defines
a natural isomorphism from inc o Invi to the identity on ACT (G). Hence, this gives an
equivalence between ACT(G) and ACT;(G). (I

We define a functor
inv; : ACT;(G) — ACT,(G)
which sends a left G action
v:G xA— A,givenby(g,a) — g.a
for g € G and a € A, to aright G-action
v ! Ax G — A, givenby(a,g)— g 'a

for g € G and a € A, i.e. the reverse action of v. The following theorem shows that the two
definitions we gave for reverse actions agree for group actions.
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Theorem 3 The diagram

ACT(G) — 1 5 ACT,(G)

incl \Linc
Invy

ACT(G) ——— ACT(G)

is commutative up to a natural isomorphism.

Proof This follows from Proposition 5, since group actions are reversible on both sides. [

A version of Theorem 3 is also true for the case of reversing actions from right to left,
i.e. the diagram

inv!
ACT.(G) ——— ACT,(G)

incl Jinc

Inv!
ACT(G) ————— ACT(G)

is commutative up to a natural isomorphism, where invlr is defined similarly.

6 Homotopy Category of Monoid Actions and the Burnside Ring

In this section we discuss homotopical category structure on ACT(/) where I is a monoid.
We refer to [9] for general terminology and homotopical notions in this section. Let A, B be
I-setsin ACT(/) and f : A — B be an [-equivariant map. We say f is a weak equivalence
if the induced function INV(f) : INV(A) — INV(B) is an isomorphism. We denote the
class of weak equivalences by W. It is straightforward to check that these weak equivalences
satisfy the 2-out-of-6 property, since isomorphisms do. Hence this makes ACT([) into a
homotopical category. The homotopical structure on the subcategories of ACT (/) is defined
accordingly.

In order to define the Burnside ring of a monoid / we concentrate on the actions of / on
finite sets. Note that the functor

INV : act(I) — act(l)

factors through the inclusion

inc : act;(I) — act(l).
We again denote the functor act(I) — act;(I) in the factorization by INV, by an abuse of
notation. Note that the functor

INV : act(l) — act;(1)
preserve weak equivalences so does the inclusion
inc :act;(I) — act(]).

The composition INV oinc is identity functor on act; (/) and there is a natural weak equiv-
alence from inc o INV to idgg ) given by the evaluation map E. Hence act;(I) is a left
deformation retract of act(/), so that their homotopy categories are naturally equivalent
(see [9], 26.3, 26.5 and 29.1). We will continue with the category act;(I) to define the
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Burnside ring. The category act; (/) has nice properties such as monomorphisms are sta-
ble under pushouts and epimorphisms are stable under pullbacks [10], as it is a topos, so
that isomorphisms are also stable under pullbacks and pushouts. In fact assume we have a
diagram
f/
—— B

A—C

Pullbacks and pushouts are given in a standard way. If D is the pullback of the maps p and
f where @ , B and y are the actions on A, B and C respectively, then D is given as the set

D ={(a,b) € Ax B: f(a) = p(b)}

and the action é on D is given by pair of actions, i.e. §; = (o, f;) and trivial right action.
The maps ¢ and f” are induced by projections so that they are equivariant.
If the above square is a pushout then

C=(AUB)/~
where 1(d) ~ f'(d) for all d in D. The action y on C is given by

o(i)(x) ifx € A

nOT=1 500 ifx e B

for all i € I, with trivial right action. By equivariance of the maps ¢ and f’ in diagram,
so that for all d € D and i € I we have o;(i)(1(d)) = 1(8;({)(d)) and B;(iI)(f'(d)) =
f'(81(0)(d)), so that a; (i) (e (d)) ~ B;(i)(f'(d)), i.e. the action is well defined. The maps p
and f are induced by inclusions so that they are also equivariant.

We will show that the category act; (/) admits a 3-arrow calculus, for details of 3-arrow
calculus we refer to [9], 27.3.

6.1 Saturation of the Category act; (1)

Let us denote the homotopy category of act;(/) by Ho(act;(1)) and let L : act;(I) —
Ho(act; (1)) be the localization with respect to the above weak equivalences (see [9] 26.5).
We will show that act; (/) admits a 3-arrow calculus. To do this we define two subclasses
U and V of the class weak equivalences W of act; (1) as follows: U will be the subclass of
W which are also inclusions and ) will be the subclass of VW which are also surjections.

Firstly, suppose that we have a zig-zag A’ LA —f> B in act;(I) where u is in U. Then we

! /
can associate another zig-zag A’ Lpisp from the pushout

f
A——> B

A/ . N B/
sothat f ou = u’ o f and the function u’ is an inclusion. Let , o’, 8 and B’ be the actions

on A, A’, B and B’ respectively. Since right actions are trivial, to be able to see u’ is weak
equivalence, it is enough to show Inv](B’) is contained in the image of Inv] (). Assume the
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contrary and leto : I — B’ be amap in Inv](B’) which is not in the image of Invj(u"). Then
o (1) is not in the image of u’ because otherwise o factors through u’ since o (1) € (B')!
(see Lemma 3), so that o (1) is in the image of f’. Thus, there is an element a’ in A’ such
that f/(a’) = o(1). Assume first a’ ¢ (A’)! i.e. there exist i, i1, i» in I such that

a(in)(@) # aj(i2) (@) but (i ® i1)(d') = (i @ ir)(a)

then there exist b € B such that u'(b) = f'(a;(i1)(a’)). But as in the proof of Lemma 3
there exist an integer m such that

f1(@) = (1) (f' (i) (@) = ) (i) ' (b)) = u' (B () (D)),
but then this leads us a contradiction unless a’ € (A’)!, so that ¢ must be an element in the
image of Inv{(f’). Since u is a weak equivalence, any element in Inv](A’) factors through
u, so that o is in the image of Inv[(f’ o u). But then we get a contradiction again since &
is not in the image of Invj(u’ o f). Hence, u’ is a weak equivalence, i.e. u’ is in U. If u is
an isomorphism then u’ is also an isomorphism since both u and u’ fits in above pushout
diagram.

Similarly if we have a zig-zag X Ly <Lyin act;(I) where v is in V, then we can

associate another zig-zag X < X' 5 Y from the pullback diagram

g
X' > Y’

g
X —Y

so that g o v' = v o g/, and the function v’ is a surjection. Leto : [ — X', 6 : I — X’
elements in Inv{(X’) with 0 (i) = (x;, y;) and 6 (i) = (X;,y;) fori € I x;,X; € X and
y € Y ie. Inv[(v')(0) = Invj(v')(5). Since Invj(g") (o) (i) = x; and Inv[(g') (o) (i) = X;,
we have Inv] (v) (x;) = Inv](v")(y;) = Inv](v)(%;). We know v is a weak equivalence so that
Invf (v) is bijection, thus x; = X;, i.e. v is a weak equivalence. Hence v’ is in V. Again if v
is an isomorphism then so does v’ since both fits into a pullback diagram.

Assume now w : M — N is a weak equivalence in act;(/), then consider the pushout
diagram

INV(M) —5 5

wogl u

N u M/

From the Lemmas 3 and 5 we know & is injective. Since the above square is a pushout, i is
injective. Hence, there is a unique function v : M’ — N which is surjective. As before, the
functions u and v are also equivariant, so that we have a factorization of w as w = vou such
that v is in V and u is in U{. Hence act; (1) admits a 3-arrow calculus {{{, V}. Then by 27.5 of
[9] we can conclude that act; (1) is saturated, i.e. a function in act; (/) is a weak equivalence
if and only if its image in Ho(act; (7)), under the localization functor, is an isomorphism.

Note that it is possible to define stronger classes of weak equivalences on these cate-
gories which still make them homotopical categories, by using similar ideas above along
with restrictions of actions to submonoids or subsets. However, not all of them admit a
3-arrow calculus. For a given a submonoid J of I let Resg :acty(I) — acty(J) be the

@ Springer



24 M.A. Erdal, O. Unlii

restriction functor, which sends a finite /-set (A, «) to the J-set A with the restriction of
the action o on J. Let Z be a collection of submonoids of / which contains /. A func-
tion f : A — B in act;(/) is called a Z-equivalence if for every J in Z the function
INV(Res§ (f)) is an I-equivariant isomorphism. Since Res§ respects compositions, the
class of Z-equivalences satisfies both 2-out-of-3 and 2-out-of-6 properties, and so that again
act; (/) with Z-equivalences will be a homotopical category admitting a 3-arrow calculus,
when we set U as the subclass of Z-equivalences which are inclusions and )V as the sub-
class of Z-equivalences which are surjections. It is now straightforward to check that these
classes satisfied the required axioms. A Z-equivalence is trivially a weak equivalence so that
Z-equivalences are stronger form of weak equivalences. This is a possible direction to look
but it is too complicated. However, in this paper we continue with the weak equivalences
instead of Z-equivalences for convenience.

6.2 Burnside Ring

In the classical theory of group actions, when a group G is given, the Burnside ring of
G, denoted by A(G), is defined as the Grothendieck ring of the semiring of isomorphism
classes of finite G-sets where the addition is given by disjoint union and the multiplication
is given by cartesian product. The Burnside ring of a group is a very important construc-
tion in group theory, and has several applications, see e.g. [5—8]. We define the Burnside
ring of a monoid by using the homotopical structure on act;(/). The isomorphism classes
in Ho(act;(/)) forms a semiring under disjoint union as addition and cartesian product as
multiplication. We call the Grothendieck ring of this semiring as the Burnside ring of I,
and we denote this ring by Br(/). Most of the properties of this Burnside ring follows from
Section 4.4.

By definition the Burnside ring of a group given in this way is equal to the standard one.
Hence, it does validate the name “the Burnside ring of a monoid”. Moreover, the following
proposition shows that the definitions of the Burnside ring of a commutative monoid is
same as the Burnside ring of its Grothendieck construction. Let us denote by K (I) the
Grothendieck group of a commutative monoid /. Then Br(K (7)) denotes the usual Burnside
ring of the group K (1) (see e.g. [5]).

Theorem 4 [f I is commutative monoid then Br(l) is isomorphic to Br(K (1)).

Proof Define A act;(K (1)) — act;(/) induced by the natural map from / to K (/) and
let A : Br(K(I)) — Br(/) denote the induced function on Burnside rings. Here we will
define the inverse of A. Let A be an /-set with action « and let ¢ be the action on INV(A).
Lemma 3 implies that the action on INV(A) has a group action factorization, i.e. the map
V7 : I — End;(INV(A)) factors through the inclusion Aut;(INV(A)) < End;(INV(A)).
Hence, we can consider INV(A) as a K (I)-set. Define a function I" : Br(/) — Br(K (1))
by sendlng a class [A] of I-set A in Br(/) to the class [INV(A)] in Br(K (/)). Notice that
INV(A(A)) = A(A) by Proposition 5, so that I" o A is identity. The composition A o I is
also identity since by Proposition 7, the natural transformation £ gives a weak equivalence
from INV(A) to A. Hence I' is a ring isomorphism with the inverse A. (]

Remark 2 Note that one can also define Burnside ring with Z-equivalences on act;(/)

defined in the previous section, which again will coincide with the definition of Burnside
ring of a group. However, in this case for an arbitrary monoid the Burnside ring would
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be much bigger and would have a very complicated structure, so that the classification
problems would become very difficult.

6.2.1 Burnside Mark Homomorphism

Assume [ is a monoid and A is a finite left /-set. Let J be a submonoid of /. We define
the mark 717 (A) of J on A as the number of elements in INV(A) that are fixed by every
element in 7, i.e. if ¥ is the action on INV(A) (which is the action obtained by reversing o
twice) then

m(A) = | Fix; (INV(A))].

In other words, 717 (A) is the number of equivariant functions in INV(A) satisfying f (i ®
J)(k) = f(i)(k) forevery i, k in I and j in J. This defines a semiring homomorphism

my : Isom(Ho(act;(1))) — Z

since
INV(A I B) =INV(A) HINV(B),

sothatmy (AL B) =my(A) +my(B) and
INV(A x B) = INV(A) x INV(B)

and hence mj(A x B) = myj(A).m;(B) same as the usual case. The associated ring
homomorphism

my:Br(l) > Z

is called the mark homomorphism at J. Note that when a finite /-set A is given, the image of
¥ in Aut;(INV(A)) form a subgroup, and let #; (/) denote this subgroup. Let ¥;(J) denote
the image of the submonoid J under ¥, which is a subgroup of ¥;(1). Then mark of A at
J corresponds to the usual mark of ©; (1) at the subgroup 9;(J). We call an I-set (A, ) in
act; (I) weakly-transitive, if for every pair of elements f, g € INV(A), there is an elements
i in I such that 9;(i)(f) = g. The set INV(A) can be expressed as a disjoint union of orbits
V(1) /91(J;) for some family {J; : t € T} of submonoids. Hence isomorphism classes
weakly transitive /-sets generate the additive group of Burnside ring, same as the classical
case, see [4].

Let J and J' be two submonoids of /. We say J and J’ are weakly conjugate, and we
write J ~; J/, if for every I-set A the subgroup 9;(J) is conjugate to ¥;(J') in % (1),
where ¥; is the action on INV(A). It is straightforward to check that weak conjugation is
an equivalence relation. Let Y (I) be the set of weak conjugacy classes of 7, i.e. the set
of equivalence classes of ‘~;’. Observe that weakly conjugate submonoid have the same
mark, i.e. if J ~; J' then for any given I-set A we have m j(A) = m/(A), which follows
from standard group theory facts. Hence one can see the mark homomorphism as a ring
homomorphism

m : Br(l) —» @ Z

[JleY 1)

into the direct sum of integers Z, so that m = @ my.
[J1eY ()

Theorem 5 The mark homomorphism m is injective.
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Proof Proof follows from ideas of the proof in the standard case (see [4], Proposition 1.2.2).
Let A be an /-set and x be the corresponding element in the Burnside ring, and let ¢ be the
action on INV(A). Then, since there is an induced action of the group ¥;(/), we can write

x= Y i)/t

Jey ()

with z; € Z. Let K be a monoid such that ¢;(K) is the maximal conjugacy class in ¥ (/)
with respect to the inclusion, with zg 7# 0. The rest is same as the proof of Proposition
1.2.2 in [4]. Since Fixg (9;(1)/9;(J)) is non-empty if and only if ¥;(K) is sub-conjugate to
V1(J), we have m(x) is non-zero due to maximality of ©%;(K). Hence m is injective. O

6.3 Attractors of Finite State Automata

It is well known that the notion of attractors and attracting sets play an important role in
physics, geometry and in particular in the theory of dynamical systems, see for example [1,
2, 12]. We define analogues notion for finite state automata. We will consider an automaton
in the following sense. Let I be a free semigroup on an alphabet and X be an /-set with
action (e, 1), i.e. the right action is trivial. Assume both / and X has a topology and the
action is continuous.

Definition 2 An attractor A of this action is a subset of X defined by the following proper-
ties: There exists neighborhood of X in X denoted by B(X) called a basin of attraction for
A such that for all submonoid I’ of I we have

A:]_[AS

seS
for some index set S so that the following holds for every s in S:

1. A, is forward invariant, i.e. I’Ay C Aj,.
2. Forevery b in B(A) there is a word w such that o (w) () is in Aj.
3. Ay is a minimal set satisfying the above two properties.

This definition can be viewed as a special case of the definition given in [13], when we
consider attractors as global uniform attractors in the basin of attraction. In this paper we
only use discrete topology on sets. We will say that an attractor is periodic if it is invariant up
to isomorphism under the endofunctor INV. Notice that the Burnside ring of [ is generated
by periodic attractors for finite /-sets (which are same as the orbits of the /-sets in the image
of INV) with discrete topology. Hence, the Burnside ring can be used to understand types
of periodic attractors which is also important for the usual definition of periodic attractors.

As some simple examples, consider the set with two elements {xq, x1} with the actions
of free monoid with two generators {ip, i1} as follows

11 iO
0 6.@ io il 6.@ "
21 11

In the first case (on the left side) the reverse action will be isomorphic to itself, and the
attractor is the set itself; however, in the second case, on the right, the inverse action is
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empty so that there is no attractor. If we consider the action on {xg, x1} with the action of
free monoid with one generator i, given by

()=

then the reverse action will be singleton with trivial action on it, so the attractor in this case

is {x1}.
As a last remark we should note that Lemma 3 is not valid in the case when A is infinite.

For

example let / = N with a single generator i and the set A and the action of / be as in

the figure below

1

g)
w

.
g)
[ ]

~

<
C

®

(=)

Then the reverse action will be as follows:

—{ 01 }— . - -
i i i i i

~.
<.

® ©
® ©

N
Q
H
-
o~
o~
-

where the maps oy and & in the inverse action are defined by

and

oy | anrk ifn+k >0
WO)—{n+kim+k§0

5" = by ifn+k>0
KED=Vnak ifn+k<o.

References

. Auslander, J., Bhatia, N.P., Seibert, P.: Attractors in dynamical systems. Bol. Soc. Mat. Mex. 9, 55-66

(1964)

. Bonifant, A., Dabija, M., Milnor, J.: Elliptic curves as attractors in pz. I. Dynamics. Exp. Math. 16(4),

385-420 (2007)

. Bouc, S.: Biset Functors for Finite Groups, Lect Notes Math., vol. 1990. Springer-Verlag, Berlin (2010)
. tom Dieck, T.: Transformation Groups and Representation Theory, Lect Notes Math., vol. 766. Springer-

Verlag, Berlin (1979)

. tom Dieck, T.: Transformation Groups, De Gruy Math., vol. 8. Walter de Gruyter & Co., Berlin (1987)
. Dress, A.: A characterisation of solvable groups. Math. Z. 110(3), 213-217 (1969)
. Dress, A.W.M.,, Siebeneicher, C.: The Burnside ring of the infinite cyclic group and its relations to the

necklace algebra, A-rings, and the universal ring of Witt vectors. Adv. Math. 78(1), 1-41 (1989)

. Dress, A.W.M., Siebeneicher, C., Yoshida, T.: An application of Burnside rings in elementary finite

group theory. Adv. Math. 91(1), 27-44 (1992)

@ Springer



28

M.A. Erdal, O. Unlii

10.
11.

12.
. Souza, J.A., Raminelli, S.A.: Global attractors for semigroup actions. J. Math. Anal. Appl. 407(2), 316—

14.

. Dwyer, W.G., Hirschhorn, P.S., Kan, D.M., Smith, J.H.: Homotopy Limit Functors on Model Categories

and Homotopical Categories Mathematical Surveys and Monographs, vol. 113. American Mathematical
Society, Providence, RI (2004)

Lack, S., Sobocinski, P.: Toposes are Adhesive. In: Graph Transformations, pp. 184-198. Springer-
Verlag, Berlin (2006)

Landauer, R.: Irreversibility and heat generation in the computing process. IBM J. Res. Dev. §, 183-191
(1961)

Milnor, J.: On the concept of attractor. Comm. Math. Phys. 99(2), 177-195 (1985)

327 (2013)
Yoshida, T.: The burnside ring and the universal zeta function of finite dynamical systems. RIMS
Kokytroku 1872, 122-131 (2014)

@ Springer



	Semigroup Actions on Sets and the Burnside Ring
	Abstract
	Introduction
	Actions of Semigroups on Sets
	Actions on Sets and Function Sets
	Equivariant Functions and Fixed Point Sets

	Categories of I-sets
	Semi-reversible Actions and Actions Reversible on One Side
	Compositions of Equivariant Functions
	Definitions of Categories of I-sets

	Action Reversing Functors
	Reversing Actions from Left to Right
	Reversing Actions from Right to Left
	As Idempotent Endofunctors on `39`42`"613A``45`47`"603AACT(I)
	Reverse Actions on Finite Sets

	Equivalence of View Points on Groups
	Homotopy Category of Monoid Actions and the Burnside Ring
	Saturation of the Category `39`42`"613A``45`47`"603Aactl(I)
	Burnside Ring
	Burnside Mark Homomorphism

	Attractors of Finite State Automata

	References


