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ON THE ABHYANKAR-MOH INEQUALITY

BY ROLAND D. BARROLLETA, EVELIA R. GARCIA BARROSO AND ARKADIUSZ
Pr.osKI

Abstract. In their fundamental paper on the embeddings of the line in
the plane, Abhyankar and Moh proved an important inequality which can
be stated in terms of the semigroup associated with the branch at infinity
of a plane algebraic curve. In this note we study the semigroups of integers
satisfying the Abhyankar—Moh inequality and describe such semigroups
with the maximum conductor.

Introduction. In this note we study the semigroups of integers appearing
in connection with the Abhyankar—-Moh inequality which is the main tool in
proving the famous embedding line theorem (see [1, Main theorem]). Since the
Abhyankar—Moh inequality can be stated in terms of the semigroup associated
with the branch at infinity of a plane algebraic curve, it is natural to consider
the semigroups for which such an inequality holds.

Section [I] being devoted to preparatory lemmas, in Section [2] we study such
semigroups (we call them Abhyankar—Moh semigroups). Then, in Section [3| we
give a simplified proof of the Abhyankar—-Moh Embedding Line Theorem.

In what follows we need some basic properties of semigroups of the naturals.
A subset G of N is a semigroup if it contains 0 and it is closed under addition.
Let G be a nonzero semigroup and let n € G, n > 0. Then there exists a unique
sequence (vp,...,vy) such that vg = n, vy = min(G\vogN + - - - + v;_1N) for
1<k <hand G =N +--- 4+ vN. We call the sequence (vy,...,vp) the
n-minimal system of generators of G. If n = min(G\{0}) then we say that
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(vo, - . . ,vp) is the minimal system of generators of G (see |6, Proposition 6.1]).
Each minimal system of generators is an increasing sequence.

1. Characteristic sequences and strongly increasing semigroups.
A sequence of positive integers (b, ...,by) will be called a characteristic se-
quence if it satisfies the following two axioms

1. Set e = ged(bg, ..., b) for 0 < k < h. Then e, < ep_1 for 1 <k < h
and e, = 1.
2. ep_1b < ekka for1<k<h-1.

In what follows we put n; = e’“: for 1 < k < h. Therefore, n > 1 for

e
1 <k < handnp=ep_1. If h =0 there is exactly one characteristic sequence

(bo) = (1). If h = 1 then the sequence (bo, by1) is a characteristic sequence if
and only if ged(bg, b1) = 1.

The second axiom is essential if and only if A > 2.

LEMMA 1.1. Let (bo,...,by), h > 2 be a characteristic sequence. Then

(i) 51 <7' .- <7Bh andigo < 62. 3 e B
(i1) Let by < bo. If by # 0 (mod by) then (bl,bg,bg,...,gh) is a charac-

teristic sequence. If by = 0 (mod by) then (b1,bo,...,by) is a charac-
teristic sequence.

PrOOF. The lemma follows directly from the definition of characteristic
sequence. O

PROPOSITION 1.2. Let G = bgN + - - - + by N, where (b, . ..,by) is a char-
acteristic sequence. Then

1. the sequence (bg,...,by) is the bo-minimal system of generators of the
semigroup G.

2. min(G\{0}) = min(bg, by ).

3. The minimal system of generators of G is (bg,...,bn) if by < b1,
(61,50,52, R ,Bh) if BO > 51 and BO 7_é 0 (mod 51) and (51,52, e ,Bh>
l'fg() =0 (mod Bl)

4. Let ¢ = Zzzl(nk — 1)by, — bo + 1. Then c is the conductor of G, that is
the smallest element of G such that all integers larger than or equal to
it are in G.



PROOF. 1. Fix k, 1 <k < h and let b = min(G\bgN + - - - + b _1IN). Then
b = qobo + -+ + qnbp, where qq,...,q, are nonnegative integers and ¢ # 0
for an I > k. Thus b > b; > by, since the sequence (by,...,by) is increasing
by Lemma ( ). On the other hand, by #Z 0 (mod e;_1) and consequently
by, & bgN + - - - 4+ b;,_1 N, which implies by, > b. Therefore we get b = by, and we
are done.

2. From G = bgIN+- - -+b, N it follows that min(G\{0}) = min(by, ..., b) =
min(bg, b1) by Lemma (1)
3. Follows from Lemma [1.1[ii) and Property 1.

4. If by < by then the formula for the conductor is proved in [6, Proposition
7.7, Proposition 7.9]. If by > b1, by Property 3. we have two cases. Denote by
(Bo, - - - ,Bg) the minimal system of G. Put ¢, = ged(By,...,0;) for 0 <k <g
andykze’z—;lforlgkgg.

Case 1: by # 0 (mod b1) . Then (3, ..,ﬁg) (bl,bo,bg,...,bh),(eo,...,eg):

(b1, €1,...,€65) and (1, ..., (5—1
Case 2: BO =0 (mod 51) . Then (B B ) (bl,bg,... ,bh), (60,.. . ,Gg) =
(b1, €1,...,€q) and (vy,. .., (E—l )
In both cases we get
h g
Z ng — 1 bk—bo—l—l—Z(Vk—l)ﬁk—ﬁo—#—l:c.
k=1 k=1

O]

COROLLARY 1.3. Let G C N be a nonzero semigroup. Then the following
two conditions are equivalent

(a) the minimal system of generators of G is a characteristic sequence.
(b) G is generated by a characteristic sequence.

A semigroup G C N is a strongly increasing (s.i.) semigroup if G # (0) and
satisfies one of the equivalent conditions (a), (b). In |2] and [6] the authors
define s.i. semigroups by condition (a).

In what follows we denote (3, ... ,Bg) the minimal system of generators of
an s.i. semigroup G and (ep,...,€y) the associated sequence of divisors € =
ng(/BO7 . 7/8k') for 0 < k < g.
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COROLLARY 1.4. Let G C N be an s.i. semigroup with minimal system of
generators (S, . . .,Bg). Then the characteristic sequences of generators dis-

tinct from the minimal system are (B, By, Ba; - - - ,Eg) and (18y, Bos B, - - - ,Bg),
where 1 is an integer such that 1 <1 < B,/B,-

Corollaries [T.3] and [T.4] follow directly from Proposition [T.2

2. Abhyankar—Moh semigroups. A semigroup G C N will be called an
Abhyankar—Moh semigroup of degree n > 1 if it is generated by a characteristic
sequence (bg, b1, ...,bp), bp = n, satisfying the Abhyankar—Moh inequality

(AM) eh—lgh < n2.
By Corollary every Abhyankar—Moh semigroup is an s.i. semigroup.

PROPOSITION 2.1. Let G C N be an s.i. semigroup with the minimal system
of generators (B, ..., B,). Then G is an Abhyankar—Moh semigroup of degree

n > 1 if and only if eg_lﬁg <n? andn = B, orn =153y, where l is an integer
such that 1 <1 < B1/B,.

PRrROOF. Let G = byIN + - - - + b, N, where (bg, b1, ..., by) is a characteristic
sequence such that e;_1b, < n% n = by. The sequence (egbs, ... ,e,_1by) being
increasing, we have epb; < n?. Since eg = by = n we get by < n = by. By
Corollary (bo, b1, .., bn) = (B1, By, - - - ,Bg) and n = B, or (bg, by,...,bp) =
1By, Bo, - - - ,Eg) and n = (B, where 1 < 1 < 3,/8,. O

Our main result is the following

THEOREM 2.2. Let G be an Abhyankar—Moh semigroup of degree n > 1
and let ¢ be the conductor of G. Then ¢ < (n —1)(n —2). If G is generated
by a characteristic sequence (bo,b1,...,by), bo = n, satisfying then ¢ =
(n—1)(n — 2) if and only if by = 6:—: —e for 1 <k <h.

n?

PROOF. Let 09 = n and & = — by for 1 < k < h. We have 6, =

€k—1

> 0 and ged(dp, . ..,0k) = e for 0 < k < h. Let

2 7 2 7
n® —ep_1by L n —ep—1bp,

€k—1 - €k—1
v = Zzzl(nk—l)ék—éo—i—l. Since 0 > ey, we get v > Zzzl(nk—l)ek—eo—i—l =
0 with equality if and only if d; = ex for 0 < k < h.
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On the other hand

h TL2 _
’y:;(nk—l) <6k_1 —bk> —-n+1
h nQ h
:Z(nk—l)ek ; —n+1_2(nk_1)5k
k=1 - k=1
h
=(n-17=> (g —Dhp=(n-1)(n—-2) —c
k=1

since ¢ = ZZ:1(”k — 1)bg — bp + 1 by Proposition 4.
Therefore ¢ < (n — 1)(n — 2) since v > 0 and ¢ = (n — 1)(n — 2) if and only if
2

~ = 0 which is equivalent to d; = eg, that is — b, = ey.

€L—1
O

Let n > 1 be an integer. A sequence of integers (eg,...,ep) will be called a
sequence of divisors of n if e divides ex_1 for 1 <k < handn=-¢y > e >
e >ep1 >ep =1,

Now, we can give a simple description of the Abhyankar—Moh semigroups of

degree n > 1 with ¢ = (n—1)(n—2). Observe that if (eq, ..., ep) is a sequence
of divisors of n > 1 then the sequence
2 2 2
(1) (n,n—el,n—eg,...,n—ek,..., n —1)
€1 €k—1 €h—1

is a characteristic sequence satisfying the Abhyankar—Moh inequality. Let
G(eo, ..., ep) be the semigroup generated by the sequence ({1)).

PROPOSITION 2.3. A semigroup G C N is an Abhyankar—Moh semigroup
of degree n > 1 with ¢ = (n — 1)(n — 2) if and only if G = G(eo, ..., ep) where
(eo,€1,...,6en) is a sequence of divisors of m.

PrOOF. Letggzn,gk:%—ek for 1 <k <h.
Then G(eq, 1, ..,ex) = bgN+---+b,N and the conductor of G(eq, e1, - .., ex)
is equal to Zzzl(nk — Dby —bp+1 = ZZ:1 (np — 1) ( n?

€k—1
(n —1)(n — 2). Therefore G(eg,e1,...,ep) is an Abhyankar-Moh semigroup
of degree n with ¢ = (n — 1)(n — 2). The converse follows directly from the

second part of Theorem O

—ek)—n—l—lz

COROLLARY 2.4. Let G be an Abhyankar—Moh semigroup of degree n > 1
with ¢ = (n — 1)(n — 2) and let n’ = min(G\{0}). Then n —n’ divides n.
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PRrOOF. Let G = G(ep,...,ep). Then n’ = n — ey by Proposition and
the corollary follows. a

COROLLARY 2.5. Let G' be an Abhyankar—Moh semigroup of degree n > 1
with ¢ = (n — 1)(n — 2) and let (By, By, ..,B,) be the minimal system of
generators of the semigroup G. Then n = 3, or n = 20.

If n =By then G = G(n,eq,...,¢€).
If n = 2P, then G = G(n, g, ..., €g).
Proor. By Proposition n = B, or n = I3,. Suppose that n # f3.

Then n = [y and by Corollary n — By divides n, that is n = k(n — Bg) for
an integer k > 0. Thus we get | = (I — 1)k which implies [ = 2. The equalities

for G follow from Corollary O

REMARK 2.6. Suppose that (bg,b1,...,bp), bp = n, is a characteristic se-

quence which satisfies the Abhyankar—-Moh inequality. Then the sequence of
2

positive integers 6y = by = n, 0, = no_ by, for 1 < k < h, has the following
€k—1

properties

(i) the sequence of divisors ged(do,...,d0x) = ex, 1 < k < h, is strictly
decreasing, ep, = 1.
(il) 61 < dp and O < ng_10—1 for 2 < k < h, where ny = e’;—;l for1 <k <h.

Note that (do,...,0,) defined above is not a J-sequence in the sense of [7],
that is in general, the property nidr € oIN + - - - + dx—1IN fails. For example
(bo,b1,b2) = (6,2,7) is a characteristic sequence with the Abhyankar-Moh
property but ngde =2 & 69N + 5 1IN = 6N + 4N (see [3]).

3. Plane curves with one branch at infinity. In this section we use
freely the properties of plane projective curves (see [8]).

Let K be an algebraically closed field of arbitrary characteristic. A projective
plane curve C' defined over K has one branch at infinity if there is a line (line
at infinity) intersecting C' in only one point O, and C has only one branch
centered at this point. In what follows we denote by n the degree of C, by n’
the multiplicity of C' at O and we put d := ged(n, n').

We call C' permissible if d Z 0 (mod char K). Let v be a projective plane
branch with a center O. The semigroup of 7 is the set of the intersection
numbers (7,7')o, where 4’ runs over all local analytic curves centered at O.

The following theorem is basic for studying the plane curves with one branch
at infinity.
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THEOREM 3.1 (Abhyankar-Moh inequality [1]). Assume that C is a per-
missible curve of degree n > 1.Then the semigroup Go of the unique branch at
infinity of C' is an Abhyankar—Moh semigroup of degree n.

A simple proof of the above theorem is given in [5] for the fields of charac-
teristic 0. The proof is easily adopted to the positive characteristic case by
using the Abhyankar—-Moh theorem on approximate roots in the form given
in [4, Theorem 3.5].

An important application of Theorem is

THEOREM 3.2 (Abhyankar—Moh Embedding Line Theorem, [1], Main the-
orem). Assume that C is a rational projective irreducible curve of degree n > 1
with one branch at infinity and such that the center of the branch at infinity O
is the unique singular point of C. Suppose that C is permissible and let n' be
the multiplicity of C' at O. Then n —n’ divides n.

Proor. By Theorem the semigroup Gp of the branch at infinity is
an Abhyankar-Moh semigroup of degree n. Let ¢ be the conductor of the
semigroup Go. Using the Noether formula for the genus of projective plane
curve we get ¢ = (n — 1)(n — 2). Then the theorem follows from Corollary

24 O
REMARK 3.3. Keep the assumptions and notations from the beginning of
this section. Let Sy = n/, 51, -+ be the minimal system of generators of

the semigroup Go. From Proposition [2.1] if follows that the line at infinity
L has maximal contact with C, that is intersects C' with multiplicity 3, if
and only if n # 0 (mod n'). Using the main result on the approximate roots
(see |4, Theorem 3.5]) one proves that if n = 0 (mod n’)) then there is an
irreducible curve C’ of degree n/n’ intersecting C' with multiplicity 8;. In
particular, if C' is rational then by Corollary we get n/n’ =2 (if n =0
(mod n')) and C’ is a nonsingular curve of degree 2.

Remark [3.3] gives the answer to a question raised by Bernard Teissier.

References

1. Abhyankar S.S., Moh T. T., Embeddings of the line in the plane, J. Reine Angew. Math.,
276 (1975), 148-166.

2. Angermiiller G., Die Wertehalbgruppe einer ebener irreduziblen algebroiden Kurve, Math.
Z., 153(3) (1977), 267-282.

3. Barrolleta R., Semigrupos en teoria de singularidades: aplicaciones a los codigos, Memoria
fin de Méster, Universidad de La Laguna, Tenerife (2013).

4. Garcia Barroso E.R., Ploski A., An approach to plane algebroid branches, Revista
Matematica Complutense (2014). doi: 10.1007/s13163-014-0155-5. First published online:
July 29, 2014.



14

5. Gwozdziewicz J., Ploski A., On the approximate roots of polynomials, Ann. Polon. Math.,
60(3) (1995), 199-210.

6. Hefez A., Irreducible plane curve singularities, Real and complex singularities, 1-120,
Lecture Notes in Pure and Appl. Math., 232, Dekker, New York, 2003.

7. Sathaye A., Stenerson, J., Plane polynomial curves, Algebraic geometry and its applica-
tions (West Lafayette, IN, 1990), 121-142, Springer, New York, 1994.

8. Seidenberg A., Elements of the theory of algebraic curves, Addison-Wesley Publishing Co.,
Reading, Mass.-London-Don Mills, Ont. 1968, viii+216 pp.

Received February 18, 2015
Departament d’Enginyeria de la Informacié
i de les Comunicacions
Universitat Autonoma de Barcelona
08193-Bellaterra—Cerdanyola, Barcelona
Spain
e-mail: rolanddavid.barrolleta@deic.uab.cat

Departamento de Matematicas
Estadistica e 1.O.

Seccién de Matemaéticas
Universidad de La Laguna
38200 La Laguna, Tenerife
Espana

e-mail: lergarcia@ull.es

Department of Mathematics
Kielce University of Technology
Al 1000 L. PP7

25-314 Kielce

Poland

e-mail: matap@tu.kielce.pl


mailto:rolanddavid.barrolleta@deic.uab.cat
mailto:ergarcia@ull.es
mailto:matap@tu.kielce.pl

	Introduction
	1. Characteristic sequences and strongly increasing semigroups
	2. Abhyankar–Moh semigroups
	3. Plane curves with one branch at infinity
	References

