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A Decomposition of Arf Semigroups

Nihal Giimiisbas?®, Nesrin Tutas?

*Department of Mathematics, Akdeniz University, 07058, Antalya, Turkey.

Abstract. The aim of this work is to exhibit a kind of primitive semigroup decomposition of Arf semigroups
using combinatorial properties of partitions of a positive integer n.

1. Introduction

Numerical semigroups have several applications to many branches of mathematics. They have become
important because of their applications in algebraic geometry, coding theory during the half of the last
century, see [1,2,4,7,8,12].

A numerical semigroup S is a monoid of Ny = IN U {0} and has a finite complement G(S) = INp\S. The
elements of G (S) are called gaps of S. The largest element of G(S) is called the Frobenius number of S and
denoted by F(S). The conductor of S is the number ¢ := F(S) + 1. We say that S is generated by A C S, if

nm
S={Y haj:meN,h € Np,a €A, i=1,...,m} Inthis case, Ais a system of generators of S and we denote S
i=1
by (A). Note that a system of generators of a numerical semigroup is a minimal system of generators if none
of its proper subsets generates the numerical semigroup. If {n; < ny < --- < n,} is the minimal system of
generators of S, then n; is called the multiplicity, and e is called the embedding dimension of S. We say that S
has maximal embedding dimension if e = n;.

If S is a numerical semigroup, then unless otherwise stated we assume S = {0 = s, 51, ...,5, = F(S)+1, —
}, where “—"” means that all subsequent natural numbers which are bigger then s, belong to S and r denotes
the number of small elements of S.

Partitions occur in several branches of mathematics, including the study of symmetric polynomials, the
symmetric groups in group representation theory, see [6]. A partition A = [A1, Ay, ..., A,] of a positive integer
n is a non increasing list of positive integers, A, < A,_; < ... < A1, whose sum is n and length is r. We refer
to the A; as a part of partition A. If A; # A;41,1 <i <r—1, then we called A is a strict dominant partition.

The Young diagram of A consists of a left-justified shape of r columns of boxes with lengths A1, 15, ..., A,.
If there are r columns in a Young diagram and there are u; rows of length i, fori = 1,...,r, then we denote

r
this diagram of the form 1122 --.¢* and n = Y, ju;. If u; = 0 for some 1 < j < r, then we omit /° in the
j=1
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presentation of a Young diagram Y and if u; = 1, then we write j. If A = [Ay,A3,...,A,] is the partition
corresponding to Y = 1"12"2...r", then A; = Zf:]- ui , 1 < j <r Note that A\; — Aj41 = u; for each j =
m times
—_—

1,...,r=1 and A, = u,. We will use the notation m-A; := [A4, ..., A1] to avoid misunderstanding. Flipping
a diagram over its main diagonal (from upper left to lower right) gives the conjugate diagram, the conjugate
of A will be denoted here by c(A). If A = ¢(A), then we say A is a symmetric partition. Given a box of a Young
diagram, the shape formed by the boxes directly to the right of it, the boxes directly below it and the box
itself is called the hook of that box. The number of boxes in a column (or a row) is called the length of that
column (or, respectively, that row). The boxes to the right form the arm and the boxes below form the leg
of the hook. The hook of a box is a column if it has no arm, it is a row if it has no leg, and it consists of
the box itself if it has no arm and no leg. The number of boxes in the hook of a box is called the hook-length
of that box. The Young tableau (plural, “tableaux”) of a Young diagram is obtained by placing the numbers
1,...,min the diagram which has m boxes.

A connection among partitions, Young diagrams, numerical semigroups was given by [3, 5, 10, 11, 14].
We think of a path as lying in IN?> with bottom left corner of Young diagram at the origin. Starting with
x = 0. If x € 5, then we draw a line segment of unit length to the right. If x ¢ S, then we draw a line segment
of unit length up. Repeat for x + 1. For any x greater than the Frobenius number of S we draw a line to
the right. The lattice lying above the path and below the horizontal line defines a Young diagram of S (see
[3, 5]). If Y5 is the Young diagram of a numerical semigroup S, then we denote the jth column by G;, for
each j > 0. We know that Oth column, Gy, gives the gap set G(S) of S.

5§=1{0,4,7,8,11, -} is a numerical semigroup and we have the following Young tableau for S:

Ys =

312
2[1

=N U1 O

EEEEEEE

This Young tableau consists of a Young diagram with the hook lengths of each box in the diagram.

Let S be the set of numerical semigroups, Y be the set of Young diagrams and let P be the set of partitions.
Here we define the following maps :

g:5-Y, 0(S) = Ys, where Y5 is the Young diagram of S.

:Y > P, 0(Y) = A, where A is the partition of the Young diagram Y.
The map S — Y5 — A is an injection between the set of numerical semigroups and the set of partitions.
For a numerical semigroup S, A = 70(S) is called the partition of S.

For a given numerical semigroup S, we have several related semigroups. For each i > 0, the sets S; and
S(7) defined as follows:

Si={s€eS:s>s}, S—si={s—s;€Ny: s€ S}

S@)=S-Si={z€eNp: z+S5; C S}.

It is obvious that every S(i) is itself a numerical semigroup, and we obtain the following chain:
---CcS5,CcS.1Cc---Cc5cScS()c---cS(r)=1INy.

For i > 1 we define ith type set T(i) := S(i)\S(i — 1) and t; = |T(i)|. We call ((t;) : i > 1) the type sequence of S.
A numerical semigroup S is called Arf semigroup if x+ y—z € S, forall x,y,z € S with z < y < x. This
property is equivalent to, 2x —y € S, for all x, y € S with y < x. An Arf semigroup has maximal embedding
dimension. There are several equivalent conditions on Arf semigroups, see [2, 8, 9, 12, 13].
The combinatorial properties of an Arf semigroup allow us to define an Arf partition of a positive integer
n. In [14], the concept of Arf partition was firstly introduced. In [15], the authors analyzed the relation
among an Arf partition, its Young dual diagram, and the corresponding rational Young diagram. Here,
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we continue these works. In Section 2, firstly, we recall the construction of Arf partitions with respect to a
Young diagram, then we add some new properties to Arf partitions.

For a given hook, if u denotes the number of boxes of the leg and x — 1 denotes the number of boxes of
the arm, then this hook can be represented by 1“x. If x = 0, then the hook is aleg. Let K = {1"x: u >0, x >
2 or x = 0} be the set of hooks. Then we define an operation © on K such that

[1OT, = 1wty 11)x,

where I't = 1"1x3, I; = 1"2xp and u1 > up, X1 — 1 > x,. In Section 3, Lemma 3.3 states that any partition A can
be written with respect to the operation © on the set of hooks. Additionally, using Lemma 3.3, we exhibit a
primitive semigroup decomposition of an Arf semigroup via the operation ©® in Theorem 3.6.

2. Some properties of Arf Partitions
For the calculation of hook lengths of a partition, using the definition, one can prove Lemma 2.1.

Lemma 2.1. Let A = [Ay, ..., A,] be the partition of a numerical semigroup S, A; # 0, 1 < i < r. From the bottom, the
hook lengths of the (A1)st row of the Young diagram of A form the partition A + p, and the hook lengths of (A1 + 1)st
row form A+ p+r-1, where p = [r—1,r-2,...,1,0]. The small elements of S are obtained by r-(A1 +r) — (A+p)—r-1.
For j < Ay, there exist k,t € INg such that the hook lengths of the jth row form the partition

[(AM—=A)+k+t=1, (A= A)+k+t-=2,..., (A1 — A) + K]
If A is a partition and Y = 1"12*2 - .- r"" is the Young diagram of A, then the complement of the hook set
of the first column of Yis {0, u1 + 1, uq + o + 2, u1 + s +uz +3,...,u1 + o + -+ + U, + r,—}.

Here, in order to ensure completeness, we recall the characterization of the numerical semigroup S with
respect to the corresponding Young diagram Ys. Theorem 2.2 proved in [14].

Theorem 2.2. Let S = {so,51,...,5,-1,5,, —} be a numerical semigroup and Y be the Young diagram of S. Let G;
be the hook set of the ith column of Ys, i > 0. Then the following statements hold:

1. For0<i<r—1,wehave G, ={s—s;:s € Gy, s > s;}.

2. For 0 <i<r—1,theset G; does not contain any element of S.

3. For1 <i<r,wehaveu; = si—sj-1—1,and Ys = 112"2 ... ¥, [n this case, the conductor of Sisc = r+Y.|_, u;.
Ifu;=0,1<i<r, then S =INp.

4. IfYg=1"2"...v" then |G| =s, —si—(r—i),0<i<r—-1

5. The first hook length of G; is min {b € G (S) : b > s;} —s;, i > 1, the last hook length of G; is F (S) — s;.

6. S() = Mj2i(S —5j) = No\ U;;,-l G;.

7. x€T(@)ifandonlyifx € Giyandx ¢ Gj,i—1<j<r.

Recall that genus is the cardinality of G(S).

Proposition 2.3. Let S be a numerical semigroup of genus g and A = [A4, ..., A,] be the partition of S. Then the
following statements hold:

1. Ay is the genus of S, ¢ = A1 + v is the conductor of S.
2. If S is an Arf semigroup and s, is the largest minimal generator, then s, = Ay + r + t1, where t; is the first type

of S.

Proof. (1) is clear. (2) S has maximal embedding dimension, we have F(S) = s, —s1. Using (1), we obtain
Se=A1+7’+i’1. O
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If A =[A4,...,A/] is a partition of a positive integer #, then we say Ay + r is the conductor of A.

If we consider the Young diagram of an Arf semigroup S, we can add new properties to Theorem 2.2. For
example, for any numerical semigroup S, the hook set of the ith column of Y5 is a subset of the complement
of the semigroup S(i), 0 < i < r. In particular, S is an Arf semigroup if and only if G; is the complement of
S(i), and S(i) is also Arf, see [14].

Let A be a partition of a positive integer n. If A is the partition of an Arf semigroup S, then A is called
an Arf partition of n. Any positive integer n has at least one Arf partition. For example, A = [n] is an
Arf partition of n. Some of the Arf partitions of 13 are [13], [9,4], [9, 3, 1], [10,3], [10,2,1]. Let S be an Arf
semigroup. If Yg = 112" -..1*, then u; # 0, for all 1 < i < r. Equivalently, A = [A4,...,A,] = ©(Ys), then
Ai # Az, 1 <i<r,see[15].

The proof of Proposition 2.4 is obtained from [14].

Proposition 2.4. A =[A4,..., A,] is an Arf partition if and only if
A]‘ —/\]41 +1e {/1]4] —A/’Jrz + 1,/\j+] _/\j+3 +2,...,/\]'+] - A, +7—j— 1,/1]4] +r—j,—>}
forallj=1,...,r=1.

In [14], the authors gave an algorithm that uses Arf partitions to obtain the Arf closure (the smallest Arf
semigroup containing S) of a numerical set S. Now, we can obtain some Arf partitions associated with an
Arf partition A. These are listed in Proposition 2.5.

Proposition 2.5. Let A = [Ay,..., A,] be an Arf partition of a positive integer n.

1. Forany 1 <i <7, the partition p = [A;, ..., A,] is an Arf partition.
2. Forany 0 <1i < Ay, the partition p = [A1 —i,..., A, — i] is an Arf partition of length r.
3. Forany 0 <i < Ay, the partition B = A — r-i (non-negative parts) is an Arf partition of length s, where s < r.

Proof. If A is an Arf partition, there is an Arf numerical semigroup S such that G(S) is the hook set of the
first column of Y.

(1) The hook set of the ith column of Y is the complement of the semigroup S(i), since S is Arf, 5(i) is
also Arf. Wiping the columns from left to right does not change any hook length in other columns.

(2) Deleting rows from top to bottom does not change hook lengths in other rows.

(3) The proof follows from (2). O

Recall the trace of a partition is defined by tr (1) = max{i: A; > i}.

Corollary 2.6. Let A be an Arf partition of length r and tr(A) be the trace of A. Then [Ajx1 —1i,...,A; —i] is also an
Arf partition, where j is the biggest number j < r such that A; —i > 0and 0 <i < tr(A).

Proof. The proof follows from Proposition 2.5 (1) and (3). O

Corollary 2.7. Let A be an Arf partition of length r and t = tr(A) be the trace of A. Then [Ay,...,As] — t-t and
[Ate1, ..., Ay] are Arf partitions.

Proof. The proof follows from Proposition 2.5. [

Let P be the set of partitions obtained from the set of all numerical semigroups. The intersection of
two numerical semigroups is again a numerical semigroup. The intersection of two semigroups induces a
binary operation ® on P and P is a semigroup.

Theorem 2.8. If A is the set of Arf partitions, then A is a semigroup.

Proof. Leta, p € A and let S, T be corresponding Arf semigroups. Then SN T is also an Arf semigroup and
we define ® : AXxA — A, (a,f) — a ® = y, where y is the partition of S N T. Since the intersection of
numerical semigroups has associative property, the set A becomes a semigroup with the operation ®. [
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3. Decomposition of an Arf Semigroup

In this section, we give a decomposition of an Arf semigroup to the primitive semigroups. Now, we
consider the special subset of the set of Young diagrams. Any element of this subset is a hook of some
diagram. If u denotes the number of boxes of the leg of that hook and x — 1 denotes the number of boxes of
the arm of that hook, then we represent the hook by 1“x. If x = 0, then the hook is a leg. Foru =5,x =9,
we have the following hook:

x=9 horizontal boxes

1°< | 1°9 = [TTTTTT]

Determining the Arf partitions of positive integers is equivalent to determining Arf semigroups. We
want to explain Arf semigroups with the help of partitions. Any partition consists of finitely many hooks.
For this reason, we think of the separation of a partition into hooks. This is motivation for Definition 3.1
and Lemma 3.3.

Definition 3.1. Let K = {1"x : u > 0, x > 2 or x = 0} be the set of hooks. Then we define an operation © on K such
that
I 0T, = 14702021 (x, +1)x,

where T'y = 1"1xq, T, = 1"2xp and uq > up, x1 — 1 > xo.
Example 3.2. LetT; = 1"x; =199 and T, = 1"2x, = 1*4. Then we obtain T1 0T, = 1-4+1D24(@+1)'9! = 11245191,
x1 horizontal boxes  x, horizontal boxes  x; horizontal boxes

[TTTTTT]e [11 = LT 1]

=169 rier=112*5191

Here, we define an ordering > over the set of hooks as follows:

I'n >, ouy>u, x1—-1>2x

where I'1 = 1"'xy and I';, = 1*2x,. Definition 3.1 can be explained as the nesting of two hooks I';, I'; with
I't = TI';. The result I'1 © T is not a hook, but a partition of a positive integer n. In Example 3.2, we obtain
n = 23.

If Ty, I'; are hooks with the same notation as in Definition 3.1, then we obtain the partition I'1 ©I';. On
the other hand, the hook I' can be added to the right-hand side or left-hand side of I'1 ® I';, for a suitable
hook I'. Therefore, we observe that the operation © has associative property: (I'1 ©I;) oI =T1 0 (I, 1),
where I', = 1"2x,, ' = 1"xand u» > u, xo — 1 > x.

Lemma 3.3. If A is a partition and t = tr(A), then it can be written of the form

A=T10T,0:- 0T =1"2723% - (t = )" ' t"yiyi1 - y2y1

where'; = 1"x;, 1 <i<t,vi=uj— (U1 +1),1<i<t-1L, o =wandy;=x;+(j—1),1<j<t
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Proof. Let A = [A4,...,A,]. The trace of a partition can be seen by its Young diagram; it is equal to the
number of boxes of the Young diagram of shape A in the main diagonal. i.e., tr(A1) = max{i : A; > i}. Then
tr(A) gives the number of components which can be seen on the decomposition. Given partition A, we can
calculate x;, i < t, by the following algorithm:
cui=A—i,i <t
“A=rt=[my,...,my, My1,..., M], where m; = —m; is negative integer, t + 1 < j <.
-If m = [my4q, ..., m,], then c(m) denotes the conjugate of m.
Ixi,.oox] =tr—c(m)® -10,1,2,--- ,t = 1], where c(m)” means that the reverse ordering of c(m).
Hence, u; > u;41, Xi =1 > x441. LetI; = 1%x; € K, 1 <i <t = tr(A). Then we get,
rhol, = 1~ (+l)yu (X2+1)X1
[ eT,ols =14 tth-(e+thgis (x,42)(x,+1)x,
and by using induction we obtain
Ihol,o---0I; =1912%23%... (t — 1)7’!*1 tvtytyt_l. YoV,
where v; = u; — (ujy1 +1),1<i<t-1, v, =wandy;=x; +(j—1),1<j<t. O

Example 3.4. For a partition A = [9,6,3,2,1,1], we have the decomposition 13233'416! = 136 © 1*3 © 1}, in other
words, A =19,1,1,1,1,110[5,1,1] @ [1].

Lemma 3.5. Let K = {1"x:u >0, x > 2 or x = 0}. Then the following statements hold:

1L IfKi={1"xeK:u>1,2<x<u+1orx=0} then any I' € Ky is a partition of a numerical semigroup.
2. If A is a partition of a numerical semigroup, then it has a decomposition via the set K, but components may not
be a partition of some semigroup.

Proof. (1) LetT = 1"x € Kj. If x = 0, then the corresponding semigroup is S = {0, u + 1, —}. Otherwise,
S={0,u+1Lu+2,---,u+x—1,u+x+1,—}
(2) The proof follows from the definition of the partition of a semigroup. [

Recall that if F(S) < 254, then S is called a primitive semigroup. Hence, if I' € K;, then I' is a partition of a
primitive semigroup by Lemma 3.5.

Theorem 3.6. If S is an Arf semigroup, then S has a primitive semigroup decomposition and the length of the
decomposition is the trace of the Arf partition of S. Additionally, the component semigroups do not commute.

Proof. Let S be an Arf semigroup and A be its partition. Then A is a strict dominant Arf partition. By
Proposition 2.5, and Corollary 2.6, we see that [A; — j,..., A, — j] is also an Arf partition, for 1 <i < r and
0 < j < A1. In other words, if we separate the last row together with the first column which is left-aligned,
then we obtain two partitions; one is an Arf partition, the other is an element of K;. Both are partitions of the
appropriate semigroups, since A is Arf. Using Lemma 3.3, we write A = 1912%23% - - (t — 1)" " t"y,y;_1- - - Y, ¥1,
where v; = u; — (U1 +1), 1 <i<t-1, o9 =wrandy; =x;+(j—1),1 < j <t =tr(d). Let S; denote the
semigroup of the partition 1*x;. Hence, S has a decomposition of the form S = 5105,0---085, and each
component 5; is a primitive semigroup by Lemma 3.5. [

Corollary 3.7. If A is the partition of an Arf semigroup S and S = $105 0085, is the primitive semigroup
decomposition of S where S; denotes the semigroup of the partition 1"ix;, then for any 1 < j < t = tr(A) the following
statements hold:

1. Ifxj=1,then §; = {0,A; — j + 2,—), and ifx; — 1 > 0, we have
Si=10,(Aj=N+1,.., (A= P+ =1), (A = ) + (x; + 1), —}.

)\j—j+Xj, Xj>1
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Proof. For the case j = t, we may have two situations for S.. IfT =14 then S; = {0, A j—j+2,—}, otherwise,
any primitive component is

Si={0,A=D+1...,(A =N+ x—1), (A — ) + (x; + 1), —}.
Direct calculation gives the Frobenius number F(S j) and the genus g(S p- O

Example 3.8. For S = (0,4, 8,12,15, —}, we have the following tableaux:

2lll®%

—

Yo =14
ST 3
il

10

2] - M@32[1] o
T

=[N W U1 O

9
5]
1]
3]
2]
1]

rEEEEENEE

EEEEERNEE]

EEEEEREE

The partitionof Sis A = [11,8,5,2] = 13233%42,r = 4and tr(A) = 3, A—4-3 = [11,8,5,2]-[3,3,3,3] = [8,5,2, —1].
Then m = [1] and its conjugate is c(m) = [1], we extend c(m) to the partition of length tr(A) = 3. Hence,
[x1,%2,x3] = [4,4,4] - [0,0,1] = [0,1,2] = [4,3,1]. Therefore, Ty = 194, T, = 173 and T3 = 121 = 13. Then, we
obtain primitive semigroups S1 =10,11,12,13,15,—}, S, = {0,7,8,10,—}, and S5 = {0,4, —}. Thus S has a
decomposition of the form S = 5105, © 85 where

{0,4,8,12,15,—} = {0,11,12,13,15,—} ©{0,7,8,10, —} © {0,4, —}.
Lemma 3.9. If S is a symmetric numerical semigroup, then the partition of S is a symmetric partition.
Proof. The proof follows from the construction of the partition of a numerical semigroup. [J

Proposition 3.10. If S is a symmetric Arf semigroup and A is the partition of S, then A is a symmetric Arf partition.
Additionally, the primitive semigroup decomposition of S can be written of the form S = 51 © S, © --- © Sy where
1<j<t=tr(A)and

S_{{OA—]+2—>}

Ai=j
{0 j+1 200 =7, 20 =)N+2,—), Aj=2j+1
Proof. The first assertion follows from Lemma 3.9. Since A is a symmetric Arf partition of the semigroup
Sand t = tr(A), we see that u;_ = ts444+1,1 < k <t —1. On the other hand A; — (i —1) = x;, 1 <i < t. Using
Corollary 3.7, if x; = 1 for some j < t, then 5]- ={0,A; - j+2,—}andif x; — 1> 0, we have
S; = {O,(/\j—'j)+ 1,...,(Aj—j) +((A; —.j+1)— DA =-D+Aj—-j+1)+1),—)

={0,A;—j+1,...,2(4; = )), 2(Aj — j) +2,—}.

24 -2j+1, x;>1

Ai—j+1, x=1. -

Therefore, we have g(gj) =Aj—j+1land F(gj) = {
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