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On the Lojasiewicz exponent of the gradient
of a polynomial function

by ANDRZEJ LENARCIK (Kielce)

Let nothing be done through selfish ambition or conceit (Flp 2,3)

Abstract. Let h = ZhaﬁXO‘YB be a polynomial with complex coefficients. The
Lojasiewicz exponent of the gradient of A at infinity is the least upper bound of the set
of all real A such that |grad h(z,y)| > ¢|(x,y)]* in a neighbourhood of infinity in C?,
for ¢ > 0. We estimate this quantity in terms of the Newton diagram of h. Equality is
obtained in the nondegenerate case.

1. Introduction. The Lojasiewicz exponent I (H) of the polynomial
mapping H = (f,g) : C?> — C? at infinity is the least upper bound of the
set of all real A\ such that

(1) [H ()] > el

for sufficiently large |z| and for ¢ > 0. If the set of all the exponents is empty
we put lo(H) = —oco. We use the norm |z| = max{|z|,|y|} for z = (z,y)
€ C2. The quantity o (H) is also called the exponent of growth of H.
Chadzyniski and Krasiriski [ChK1] showed that the number of solutions
of the equation f = g = 0 is finite if, and only if, [ (f,g) > —oo, and then
the exponent is realized on at least one of the curves {f = 0} or {g = 0}.
They also proved that I (H) is a rational number or —oco. In [ChK2] they
described I (H) using the resultant. In [PH] Ploski gave an estimate of
loo (H) for a polynomial mapping C™ — C" in terms of its geometrical degree
and the degrees of the mapping components. The properness of H can be
characterized by using I (H) (H is proper iff [o(H) > 0). The Lojasiewicz
exponent is also applicable in the theory of polynomial automorphisms,
especially the exponent of a gradient. Chadzynski and Krasinski showed in
[ChK2] that a polynomial h : C* — C is the component of a polynomial
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automorphism if, and only if, the system of equations 0h/0X = 0h/JY =0
has no solutions and I (grad h) > —1. The connection of /. (grad h) with
the Newton diagram for nondegenerate h was observed by P. Cassou-Nogues
and H4 Huy Vui [CN-H]. Some inaccuracies seem to exist in the formulation
of their Proposition 10 (page 42). For h(X,Y) = YP? + X? (page 24),
loo(grad h) = p — 1, but by the proposition this exponent equals p.

The aim of our paper is to give an estimate of [ (grad h) in terms of the
Newton diagram of h, without the nondegeneracy assumption. For nonde-
generate polynomials, equality is obtained. Our methods are different from
those in [CN-H]. The results we present in our paper are the counterparts
of the results obtained by the author in the local case [L].

In the sequel we use the conventions: inf ) = +o0o and sup () = —o0.

2. The main result. To present the main result we need some defi-
nitions. Let h(X,Y) = 3 hapX?Y " be a polynomial with complex coeffi-
cients. We define the support of h to be supph = {(a, ) : hap # 0}. The
degrees deg h, degy h and degy h are defined to be the maxima of o + 3, «
and [3, respectively, where («, 3) runs over supp h. For h = 0 we put —oo for
each of the above degrees. Analogously, we define the orders ord h, ordx h
and ordy h as the minima of the respective expressions. For h = 0 we put
+oo for each order.

The Newton diagram Ay of h is the convex hull of supph. The set of
boundary segments is the set of all one-dimensional faces which form the
boundary of Ay. For any boundary segment S we define in(h, S) as the sum
of monomials h,sz%y? over all (o, ) € S.

We say that h is nondegenerate on S if the system of equations

aiXin(h, s) = a%in(h, S)=0

has no solutions in (C\ {0}) x (C\ {0}). The right Newton polygon ./\/;(Lr)
consists of all the boundary segments which lie on the right side of 4A; and
join the lines § = ordy h and B = degy h. Analogously, the top Newton

polygon /\/,Et) consists of all the segments which lie on the top of A, and
join the lines o = ordx h and a = degy h. The set of segments of both
polygons is called the Newton polygon of h at infinity. If h is nondegenerate
on each segment of this polygon, then we say that h is nondegenerate at
infinity.

Usually, the Newton polygon at infinity of a polynomial & is defined to be
the set of all the boundary segments, not included in the axes, for h+ generic
const. This definition coincides with the one above if h(X,0)h(0,Y) # 0,
but differs in general (e.g. for h = X + X?Y).
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We say that a segment of N, }Sr) is exceptional if it joins the horizontal axis

to a point of the form (p,1). Analogously, a segment of N, }gt) is exceptional
if it joins the vertical axis to a point of the form (1, ¢q). Notice that the right
polygon has no more than one exceptional segment, and similarly for the
top polygon.

It is convenient to order the segments of ./\f,Er) in such a way that the
first segment is the nearest to the horizontal axis. Analogously in N, }Et) the
first segment is the nearest to the vertical axis. Notice that if there exists an
exceptional segment of the right or top polygon, then it is the first segment
of the polygon.

exceptional

(1 ) exceptional
’ segment

EXAMPLE. Let h = X2+ X* + XV3 4+ XY6 + XY + X4V® + X9Y* +
X976+ X7Y®. The Newton polygon A has nine boundary segments A, B,
C, D, E, F,G, H, I which join the vertices (2,0), (4,0), (7,1), (9,4), (9,6),
(7,8), (4,8), (1,6), (1,3), (2,0). We have N = {B,C,D,E} and N") =
{G, F, E}. The polygon of h at infinity is composed of all the boundary seg-
ments except A, H and I. Notice that B is the first segment of the right poly-

gon, G is the first segment of the top polygon, and B is exceptional in N, ,Er).

A

For a segment S not parallel to the horizontal axis, we denote by a(S) the
abscissa of the point where the line determined by S intersects the horizontal
axis. Analogously, for S not parallel to the vertical axis, we denote by 3(.5)
the ordinate of the point where the line intersects the vertical axis. The
following theorem is the main result of the paper.

THEOREM 2.1. Let h € C[X,Y] be a polynomial without constant term,
with nonzero gradient components, not divisible by X2 or Y2. If, addition-
ally, at least one of the polygons /\/,Er), ./\/;(Lt) has a segment which is not
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exceptional, then
loo(grad h) < min{ig/foz(S'), ga”f B(S")} -1,

where S’ runs over all the segments of the right polygon without the excep-
tional one, and S” runs over all the segments of the top polygon without the
exceptional one. Moreover, if h is nondegenerate at infinity, then equality
holds.

The proof of the theorem is given in Section 9. Each of the infima in the
statement is a minimum if the corresponding set of segments is nonempty,
and 400 otherwise. Notice that the assumption h(0,0) = 0 is not restrictive.
We can always consider h — h(0,0) with the same gradient. If one of the
gradient components vanishes then [, (grad h) = 0 or —oo. If h is divisible
by X2 or Y2, then, obviously, I (grad h) = —oo. The case when both the
sets of segments considered are empty is described in

PROPOSITION 2.2. Let h € C[X,Y] be a polynomial without constant
term, with nonzero gradient components, not divisible by X2 or Y2. If each
of the polygons N, ;(Lr) and N, }Et) 1s empty or has an exceptional segment only,
then

h(X,Y) =aX +bY 4 cXY,
where ab # 0 or ¢ # 0.

For the proof, see Propositions 9.1 and 9.2.

Under the assumptions of the proposition we have [ (gradh) = 1 if
c¢# 0 and l(gradh) =0 if ¢ =0, ab # 0.

The nondegeneracy of a polynomial A on a boundary segment S can
be easily examined. If the line determined by S avoids the origin, then the
nondegeneracy of h on S is equivalent to in(h, S) having no multiple factors
different from X and Y. If the line determined by S passes through the
origin, and (0, 0) is not the end of the segment, then h is degenerate on S.

Let us return to the polynomial h in the example before Theorem 2.1.
It is easy to verify that all the assumptions of the theorem are satisfied.
Moreover, h is nondegenerate. The infima from the statement of the the-
orem are attained for the earliest segments, in the sense of the order in
the polygons. The first segment of the right polygon, which is not excep-
tional, is C'. Similarly, for the top polygon, it is G. Hence, I (grad h) =
min{a(C), 3(G)} — 1 = min{6%,54} — 1 = 4. The necessity of omitting
the exceptional segments is overlooked in [CN-H].

As in the local case [L], the proof of Theorem 2.1 is based on the formula
which describes the Lojasiewicz exponent of a pair of polynomials by using
information from the Newton diagrams of both components. This is the
subject of the next section.
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3. Auxiliary results. Let H = (f,g) be a pair of polynomials. Our
aim in this section is to describe connections between [, (H ) and the Newton
diagrams Ay and A, (Theorems 3.1 and 3.2). These results are used in the
proof of Theorem 2.1 in Section 9.

First, we give some definitions. We denote the projections of a segment
S on the horizontal and vertical axes by S; and Ss, respectively, and their
lengths by |S;| and |S3|. We now define a number o(S) € {—1,0,1}. If S is
parallel to one of the axes we put o(S) = 0. In other cases ¢(S) is minus the
sign of the slope of S. In the example before Theorem 2.1 we have o = 0 for
A D, F,H o=1for E, I, and 0 = —1 for B, C, G.

Consider a polynomial and its global Newton polygon. The declivity of a
segment S of the right Newton polygon is defined to be the number %0’(5 ).
Obviously, it is well defined and increasing with respect to the order of the
segments in the polygon. Analogously, the declivity of a segment S of the
top Newton polygon is %0(5 ). It is also well defined and increasing in the
same sense. In the sequel, we write simply “the declivity of S” if it is clear
which polygon (right or top) the segment belongs to. For any nonzero h and
for any segment S such that |Ss| # 0 we define

154

(2) a(S, Ap) :max{ow—ﬁ@cr

(S): (@) € supph},

and for S such that |S| # 0,

Y
151

These numbers have a simple geometrical meaning. The first is the maximal
possible abscissa of the point where a line supporting Aj, parallel to S,
intersects the horizontal axis. The second is the maximal possible ordinate
of the point where a line of the same type intersects the vertical axis.

(3) B(S, Ap) = max{ a(S)+ 8 : («a,B) € supp h}.

ﬂ(sa Ah)

X

Ot(S, Ah)

The above-introduced numbers allow us to give an upper estimate of
lo(H) by using the Newton diagrams Ay and A,. We have the following
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THEOREM 3.1. For a pair H = (f, g) of nonzero polynomials the exponent
loo (H) is bounded from above by the minimum of the following siz quantities:

deg H(X,0), inf «a(S,4,), inf o(T,Ay),
SeN” TeN

degH(()’Y)a inf 6(57 A9)7 inf ﬁ(Tv Af)a
Sent TeN®

where by the degree of a pair we understand the maximum of the degrees of
1ts components.

As earlier, we use infima to keep the quantities meaningful when the
corresponding polygons are empty. The proof of the theorem is given in
Section 7. As in Theorem 2.1 we obtain equality in the nondegenerate case.
First, we must give a suitable

DEFINITION. We say that a pair H = (f, g) of nonzero polynomials is
nondegenerate at infinity if for any segment S of the polygon of f at infinity
and for any segment T of the polygon of ¢ at infinity one of the following
conditions holds:

(a) S and T are not parallel.

(b) S and T are parallel, S € N ;r), T e N, g(r) and the system of equations
in(f,S) =in(g,T) = 0 has no solutions in (C\ {0}) x (C\ {0}).

(c) S and T are parallel, S € N }t), T e N, g(t) and the system of equations
in(f,S) =1in(g,T) = 0 has no solutions in (C\ {0}) x (C\ {0}).

We have the following

THEOREM 3.2. If H = (f,g) is a pair of nonzero polynomials, nondegen-
erate at infinity, then lo(H) is equal to the minimum of the six quantities
given in Theorem 3.1.

The proof is given in Section 7. Theorems 3.1 and 3.2 have a local coun-
terpart ([L], Theorem 4.2).

EXAMPLE. Let H = (f,g), where f = Y? 4+ X*Y* + X°Y7 + X3Y® and
g=X2+ X34+ X"Y + XOY*. The polygon of f at infinity consists of four
segments A, B, C', D which join the vertices (0,2), (4,4), (5,7), (3,8), (0,2).
We have N}r) ={A4,B,C} and /\/Jgt) = {D,C}. The polygon of g at infinity
consists of three segments E, F', G which join (3,0), (7,1), (6,4), (2,0). We
have N\ = {E, F} and N\¥ = {G, F}.

All the polygons considered are nonempty. In this case, the first two in-
fima in Theorem 3.1 are attained for the segments nearest to the horizontal

axis. The next two are attained for the segments nearest to the vertical axis.
So, the six quantities are: deg H(X,0) =3, a(A4,4,) =5, a(E,Ay) = =8,
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ﬂ(Gv Af)

EEERE=Cu B(D, 4,)

7y
a(EaAf)

deg H(0,Y) =2, B(D,Ay) = —4, o(G, Ay) = 5. Obviously, the pair is non-
degenerate. From Theorem 3.2 we have I (H)=min{3,5, —8,2, —4,5} =—8.

4. Relative exponents. In this section we define a few versions of the
Lojasiewicz exponent relative to a variable or to a subset. They simplify the
process of calculating the Lojasiewicz exponent of a polynomial mapping at
infinity.

Let H = (f, g) be a pair of polynomials. As in the local case ([L], [P12]),
we can consider the relative exponent I, (H, X) which is defined to be the
least upper bound of the set of all real A such that

(4) |H (2, y)| > clz]*

for sufficiently large |z| and some ¢ > 0. The exponent /o (H,Y) is defined
analogously. In the local situation, it is easy to verify that the Lojasiewicz
exponent of a pair of series is equal to the maximum of the relative expo-
nents. For the exponent at infinity we only have

(5) loo(H) > min{leo (H, X), loo (H,Y)}.

The easy proof of equality for the local case does not carry over to the present
situation if [, (H) < 0. However, one can verify that equality holds in (5) if
loo(H) > 0 or if H is a nondegenerate pair (Corollary 7.4). An example to
show that the inequality can be strict is H = (1 + X* - Y2, X? —Y). By
Theorem 5.4 we have I (H) = —1 and by Theorems 5.5 and 5.7, I (H, X ) =
—2and [ (H,Y) = —1.

A more convenient version of the relative exponent can be obtained by
restriction to a subset of C2. Let ACC? be an arbitrary subset. We define
loo(H, A) as the upper bound of the set of all real A such that the inequality
(1) holds for z € A and for sufficiently large |z| (with some ¢ > 0). Obviously,
wo(H,0) = 400 and I (H,C?) = l,o(H). One can easily verify that

!
(6) loo(H, AU B) = min{loc (H, A), loo(H, B)}.

It is also convenient to consider an exponent relative to a variable and
to a subset simultaneously. For A C C? we define I, (H, A, X) as the least
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upper bound of the set of all real A such that (4) holds for (z,y) € A and
|x| sufficiently large (with some ¢ > 0). Analogously, we define I (H, A,Y).
A starting point for calculating [ (H) is

LEMMA 4.1. Fix arbitrary constants ¢; > 1, co > 1 and consider the
subsets A = {|y| < c1]x|} and B = {|z| < ca|y|} of C2. Then

loo(H) = min{loo (H, A, X), lo(H, B,Y)}.

Proof. It is easy to verify that [ (H, A) =l (H, A, X) and [ (H, B) =
lo(H, B,Y). Then we apply (6) to AU B = C2.

5. Laurent—Puiseux series. A convenient tool for computing the Lo-
jasiewicz exponent at infinity (in two dimensions) is the classical technique
of Laurent—Puiseux series. These are a counterpart of Newton—Puiseux se-
ries which are very useful in the local case. In this section we show how
Laurent—Puiseux series can be used to calculate the exponents defined in
the previous section.

Denote by C((1/X)) the field of formal Laurent series of the variable X
with the degrees of terms bounded from above. The degree of a series is the
maximal power in the expansion, or —oo for the zero series. We say that
p(X) =poXdeer 1 .. € C((1/X)) (po # 0) is convergent if it is convergent
in a neighbourhood of infinity in C. For every such series we have

(7) clz|*EP < |p(2)| < ¢|z|iEP

for sufficiently large |z|, where 0 < ¢ < |pg| < ¢’. Moreover, the differences
¢ —|po| and |pg| — ¢ can be arbitrarily small. For a pair p = (py, p2) of series
we define deg p = max{deg p;,degp2}. An inequality of the type (7) is also
valid for pairs.

The field of formal Laurent—Puiseux series (with quotient powers) is
C((1/X))* = U, C((X~*)). For any nonzero Laurent-—Puiseux series
a(X) = agX% + a1 X% + ... (6 > 6, > ...) we put dega(X) = 6y and
at(X) = apX?% (ag will be called the leading coefficient, and a*(X) the
leading term). Moreover, deg0) = —oo and 07 = 0. By the definition, for
any a(X) € C((1/X))* there exists a positive integer d such that a(T?) €
C((1/T)). We say that a(X) is convergent if the corresponding a(T?) is
convergent.

Let h € C[X,Y]. We say that a(X) € C((1/X))* is a solution of the
equation h(X,Y) = 0 (with respect to Y) if h(X,a(X)) = 0in C((1/X))*.
The minimal positive integer m such that g;f,i (X,a(X)) #0in C((1/X))* is
called the multiplicity of a(X) and will be denoted by k(a). The polynomial
h can be treated as a polynomial of Y with coefficients in C[X]. If h is
nonzero, then the equation A(X,Y) = 0 can be written in the form

wo(X)Y9 4+ w (X)YT !+ 4+ w,(X)=0, w; €C[X], wy#0,
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where ¢ = degy- f. In particular, the coefficients w; are elements of the field
C((1/X))*. This field is algebraically closed. This follows simply from the
algebraic closedness of the analogously defined field C((X))* (J[W], Chapter
IV, Section 3). Hence

(8) B, Y) = wo(X) TV — a(x)+@,
acH

where H is the set of all solutions of the above equation (we use the con-
vention [, = 1). By passing to the local case and by using for example
Artin’s theorem [A], it can be derived that all the solutions are convergent.
Analogously, we can solve the equation h(X,Y) = 0 with respect to X in
the field C((1/Y))*.

Further, using factorizations of the form (8), we describe the relative
exponents from Lemma 4.1 by using Laurent—Puiseux series (Theorem 5.2
and 5.3). First, we prove a simple

PROPOSITION 5.1. Let p(T),q1(T),...,qx(T) be convergent series from
C((1/T)) such that degp < d and degq; > d (j = 1,...,k) for a fized
positive integer d. Then for any ¢ > 0 there exists a neighbourhood U of
infinity in C such that for everyt € U and |y| < c|t|?,

k k
) TTlv— w0l > 5 [T Ip0) — as(t)].
=1 i=1

Proof. From the properties of the degree, for fixed ¢; there exist r; > 0
such that [g; (t)| —c|t|* > 1|q:(t) —p(t)| for |t| > r;. If additionally |y| < c[¢|%,
then [y — ()| > lg:(t)| — [y > la(t)| — clt|? > 5la:(t) — p(t)]. Multiplying
the last inequalities for ¢ = 1,...,k, we obtain (9) with U = {t € C: [¢| >
maxr; }.

Now we are in a position to prove

THEOREM 5.2. Let H = (f,g) be a pair of nonzero polynomials. De-
note by F1 and Gy, respectively, the sets of all solutions of the equations
f(X,Y)=0and g(X,Y) =0 in C((1/X))* with degrees not greater than 1.
Then there exists a constant ¢ > 1 such that

oo (H, {ly] < c1le]}, X)
= min{deg H(X,0), inf degg(X,a(X)), inf deg f(X,b(X))}.

Proof. We use an idea from Ploski’s lemma on the norm of a polynomial
mapping ([P12], Lemma 3.1).

Denote by F and G the sets of all solutions of f(X,Y) =0and g(X,Y) =
0 in C((1/X))*, respectively. Let d be a positive integer such that all the
solutions have integer powers after substitution X = 79 (we put d = 1 if
FUG=10). Let ¢; > 1 be a number greater than the moduli of the leading



220 A. Lenarcik

coefficients of all the solutions of degree 1 from FUG. Put A = {|y| < ¢1]z|}.
Let p € C((1/T)) be a convergent series such that degp < d. If degp = d
then we assume that the modulus of the leading coefficient of p is less than
c1. We claim that

(10) loo(H, A, X) < é deg H(T?,p(T)).

From the properties of the degree it follows that (t¢,p(t)) € A for |t|
sufficiently large. If H(T? p(T)) = 0 then (10) holds (both sides are —oo).
Assume that H(T?, p(T)) # 0. Taking \ as in the definition of I (H, 4, X),
we have |H(z,y)| > c|z|* for (z,y) € A and |z| sufficiently large (¢ > 0).
Then, for sufficiently large |¢|,

¢t]de8 HTPT) > | F (14 p(t))] > et

This means that deg H(T<,p(T)) > Ad, which gives (10). Now, the inequal-
ity < in the theorem can be obtained by taking as p(T") the zero series or
any solution from F; U G after substitution X = 7.

Before we prove the opposite inequality, let us make the following obser-
vation. Let {p(T")} be a finite family, where p(T") € C((1/T)) is a convergent
nonzero series, or p(T) € C((1/T)) x C((1/T)) is a nonzero pair of conver-
gent series. Notice that there exists a neighbourhood V' of infinity in C and
a constant ¢ > 0 such that for every ¢t € V' and for every p from this family,

p(t)] = cft|*eEP.

Now, consider the family formed by the pair H (7%, 0) and all the series
f(T4b(T)) for b € Gy, and g(T?, a(T)) for a € Fy. If some element of the
family is zero, then both sides of the equality in the statement of the theorem
are —oo. Therefore, we can assume that all the elements of the family are
nonzero. Let V be a neighbourhood of infinity in C and let ¢ > 0 be a
constant constructed for this family as above. Let uo(X) be the coefficient
of Y&y f if we treat f as a polynomial of Y with coefficients in C[X]. By
(8), we can write f = f)fo, where f; is the product of (Y — a(X))*@ for
a € Fy (dega < 1), and fo is the product of such factors for a € F \ F
(dega > 1) and ug(X). Analogously g = g1g2, where g; is the product of
(Y —b(X))*@) for b € G; (degb < 1), and g5 is the product of such factors for
b€ G\G: (degb > 1) and vy € C[X]. Proposition 5.1 yields a neighbourhood
U of infinity in C such that for t € U and |y| < ¢1[t|%,

(11) | fo(td,y)| = 27 48 72| fa (2, b(17) )|
for every b € G; U {0}, and
(12) |92(t%, y)| > 2798 9219y (¢, a(t!))]

for every a € F; U{0}. Now, take (¢,y) such that t € UNV and |y| < ¢ [t|%.
Let m denote the minimum in the statement of the theorem. If F; = G; = 0,
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then f = fo, g = go and degy f = degy fo, degy g = degy g2. Applying (11)
with b = 0 and (12) with a = 0 we have

[H(t%,y)| = max{|f(t%, y)],|9(t*, y)]}
> 2 mexddesy Judeey 9 max{| £(¢7,0)], |9 (7, 0)}
> 2—degy Hc’td’deg H(X,0) > 2~ degy HC‘td‘m.

If 71 =0 and G; # 0, then f = f5 and degy f = degy f2. Let b € G;. Using
(11), we have

[Hy)| = [t y)] = 27 4o T (24, 0(2%))]
> 92~ degy fc‘t‘deg F(T6(T?)) >92- degy HC’td’m.
The case F; # () and G; = () is analogous. If both F; and G, are nonempty,
then we consider the finite sets 7} = {a(t?) : a € Fi} and G = {b(t9) :
b € G1} of complex numbers. Suppose that dist(F},y) > dist(Gl,y). Let
b(t%) € G realize the distance dist(y, G!). For every a € F; we have

ly — a(th)| = dist(y, F1) > dist(y, G}) = |y — b(t*)],
hence |y —a(t?)| > %|y—a(td)|—|—%|y—g(td)| > %|Z(td)—a(td)|, and therefore

it y) = 27 s A f (b)),
which together with (11) gives |f(t,y)| > 2~ 9°8v f| £ (¢4, b(t?))|. Hence

[H(t4,y)| > | F(t%y)| > 27 de8x [ [g|des /(THNTD) > g—deg H yjyd|m.

The case dist(y, F}) < dist(y, G¢) can be verified analogously. This ends the
proof of the theorem.

By symmetry we obtain

THEOREM 5.3. Let H = (f,g) be a pair of nonzero polynomials. De-
note by F1 and Gy, respectively, the sets of all solutions of the equations
f(X,Y)=0and g(X,Y) =0in C((1/Y))* with degrees not greater than 1.
Then there exists a constant cog > 1 such that

loo(Ha {"T‘ < cﬂy‘},Y)
= min{deg H(0,Y), inf degg(a(Y),Y), inf deg f(b(Y),Y)}.
acF, beg,

Combining Theorems 5.2 and 5.3 with Lemma 4.1 we obtain a general
formula for [ (H):

THEOREM 5.4. Let H = (f,g) be a pair of nonzero polynomials. De-
note by F; and Gy, respectively, the sets of all solutions of the equations
f(X,Y)=0and g(X,Y) =0 in C((1/X))* with degrees not greater than 1,
and by Fi' and G the sets of all solutions of the same equations in C((1/Y"))*
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with degrees also not greater than 1. Then the exponent lo(H) is equal to
the minimum of the following siz quantities:

deg H(X,0), inf degg(X,a(X)), inf degf(X,b(X)),
a€EF! beg]

1

deg H(0,Y), inf degg(a(Y),Y), inf degf(b(Y),Y).
aEFy beGy

A result of this type was obtained by Chadzynski and Krasinski in
[ChK1].
The following theorem enables us to calculate I, (H, X).

THEOREM 5.5. For a pair H = (f,g) of nonzero polynomials,
loo(H, X) = min{deg H (X, 0), inf degg(X, a(X)), inf deg f(X,b(X))},

where F and G are the sets of all solutions of the equations f(X,Y) =0
and g(X,Y) =0 in C((1/X))*, respectively.

Proof. Let d be a positive integer such that all solutions have integer
powers after substitution X = T¢ (d = 1 if FUG = 0). The inequality < in
the theorem can be obtained as in the proof of Theorem 5.2, by using the
estimate loo (H, X) < 2 deg H(T®,p(T)) for p(T') € C((1/T)). The opposite
inequality is obtained by using an idea of Ploski [P12]. We employ the so-
called “lemma on the norm of a polynomial mapping”.

LEMMA 5.6 ([P12], Lemma 3.1; [L], Lemma 4.7). If w = (u,v) is a pair
of nonzero polynomials uw(Y'),v(Y') € C[Y], then for everyy € C,

max{|u(y)], [v(y)|} = 27" min{[w(0)[, inf [u(n)], inf |u(n)|},
neu—1(0) n€v—1(0)

where n = max{deg u, degv}.

Now, consider the family of series H(T%,0), f(T¢, b(T%)) for b € G, and
g(T?, a(T?) for a € F. As in the proof of Theorem 5.2 we can choose ¢ > 0
and a neighbourhood V of infinity in C? such that |p(t)| > c|t|48? for every
t € V and for every member p of the family. Now, fix ¢t € V and y € C. Let

m be the minimum from the statement of the theorem. Using factorizations
for f and g of the form (8), and Lemma 5.6, we obtain

max{|f(t*,y)],19(t%, y)[}
> 2~ ey Hmin{|H (¢, 0)], inf l9(t?,a (), Inf £ bt )]}
a €
>c- 2—degY H|td|m'
This ends the proof of the theorem.

By symmetry we obtain
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THEOREM 5.7. For a pair H = (f,g) of nonzero polynomials,

loo(H,Y) = min{deg H(0,Y), inf degg(a(Y),Y), inf deg f(b(Y), Y)},
ac €

where F and G are the sets of all solutions of the equations f(X,Y) =0
and g(X,Y) =0 in C((1/Y))*, respectively.

6. Connections with the Newton diagram. In this section we de-
scribe connections between the degrees of the Laurent—Puiseux solutions of
the equation h(X,Y) = 0 and the Newton diagram Aj, for a nonzero poly-
nomial h. The results are classical. The local case is well described (see, for
example, W], [BK], [P12]). We focus our attention on solving the equation
with respect to Y in C((1/X))*. The facts concerning solutions with respect
to X in C((1/Y))* can be obtained by symmetry. We start from

PROPOSITION 6.1. Let h € C[X,Y] be a nonzero polynomial and let
S e N& . Then:

(a) There exists a factorization

|S2|
in(h, S) = eX°Y"? H(Y — aiX(|Sl‘/|S2D‘7(S))
i=1
in C((1/X)*[Y], where ( = o(S)min{ac(S) : (o, ) € S}, ¥ = min{f :
(o, 3) € S} and ¢, aq, ... ,a|5,| are nonzero complex numbers.

(b) If 6 is a rational number and c is a nonzero complex number such
that in(h, S)(X,cX?%) = 0, then § = %U(S) and ¢ is one of the numbers
at,...,ag, in (a).

Proof. Notice that (b) follows immediately from (a). To prove (a) con-
sider a factorization of in(h, S) of the form

d
in(h, §) = XV [[(w; X7 +0,¥7),
i=1
where d = GCD{|S,],|52|}, £ = |S1|/d, n = |S2|/d and w;, v; are nonzero
complex numbers. Consider a factor of the form uX%7(5) 4+0Y" and a new
variable X/ = X (&/ma(S) — x (S:1/1521)0(S)  Then uX7(5) £ oY = X' +
YT =0 —gX') ... (Y —¢,X’), where €1,...,¢, are the complex roots
of —u/v of degree n. This ends the proof.

Now, fix an arbitrary rational 6 and consider the linear form («, ) +—
a+603. Since supp h is nonempty, the subset of supp h where the form attains
its maximum is also nonempty. Let m = max{a + 00 : («,3) € supph}.
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Consider a polynomial
(13) > hapXY?.
a+608=m
The equation « + 68 = m describes a line supporting Aj. The polynomial

(13) is a monomial if the line meets the diagram in one point, or a quasi
homogeneous form in(h,S) if the line meets the diagram along a segment
S eN, }Er). The second possibility occurs exactly when the maximum of the
linear form considered is attained at more than one point of supph. One

can verify that this happens if and only if § is one of the numbers %0’(5 ),

S eN, ,Er). One can treat the maximum m as the maximal possible degree
of the substitution h(X,a(X)), where a € C((1/X))* and dega = 6. If we
put Hayg = hagX®a(X)P for any hap # 0, then h(X,a(X)) = 3 Hap(X),
Hiﬁ = hap X% (X)? and deg H,p = a+ 03. Using standard properties of
the degree we obtain
(14) deg h(X,a(X)) < max{deg Hopg} = m.
This observation motivates calling a substitution h(X,a(X)) generic if
equality holds in (14), and nongeneric if strict inequality holds.
ProproSITION 6.2. If h € C[X,Y] is a nonzero polynomial and a(X)
is a nonzero Laurent—Puiseuzr series, then the substitution h(X,a(X)) is
nongeneric if and only if there exists a segment S € /\/}sr) such that
in(h, S)(X,a™ (X)) = 0.
Proof. We use the earlier notation. Notice that
(15) hMX,a(X)) = Z H;rﬁ + {terms of lower degree}.
a+6068=m
If the substitution is nongeneric, then the first term of the right hand side

vanishes. This means that the number of Hiﬁ with maximal degree m is
greater than one (to obtain a reduction). In that case the sum (13) is equal

to in(h, S) for a segment S € /\/',(r) and then

1 Y
0= > Hiz= > hapX"a"(X)? = in(h,§)(X,a" (X)),
a+06=m a+6068=m
which ends the proof of the “if” part.

To prove the opposite implication assume that there exists S € /\/’,Er) such
that in(h, S)(X,a* (X)) = 0. By Proposition 6.1(b), dega(X) = %0(5)
=: 0. Let again m be the maximum of o + 0 over («, ) € supph. The
sum (13) is equal to in(h,S) in this case. The equality in(X,a™ (X)) = 0
means that the first term on the right side of (15) vanishes, and therefore
the substitution h(X,a(X)) is nongeneric.
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The following theorem is a counterpart of the classical local result (for
example see [P12], [BK]).

THEOREM 6.3. Let h € C[X,Y] be a nonzero polynomial. Then:

(a) If a(X) is a nonzero solution of the equation h(X,Y)=0in C((1/X))*

then there exists a segment S € ./\/}Er) such that dega = MJ(S) and

in(h, §)(X, a* (X)) = 0. =

(b) For every segment S € /\/’,Er) there exist exactly |Sa| nonzero solu-
tions in C((1/X))* of the equation h(X,Y) = 0 of degree § = %O‘(S),
counted with multiplicities. Moreover, if (Y —cX%)* is a factor of in(h, S)
in C((1/X))*[Y], then there exist exactly k solutions, counted with multi-
plicities, with leading term c¢X?.

Proof. Part (a) follows immediately from Proposition 6.2. To prove (b)

fix a segment S € /\/’,Er). For any nonzero f € C((1/X))*[Y] we can define
its weighted degree
|51

deg” f = max {a +5@0(5) (ay,B) € suppf}.

This number is well defined, because it is the maximum of a set of rationals
bounded from above with bounded denominators. Define f* to be the sum
of monomials of f with maximal weighted degree. We put deg”0 = —co
and 0* = 0. The above-defined weighted degree has standard properties:
deg(fg) = deg” f + deg” g and (fg)* = f*¢g*. Notice that h* = in(h,S).
Now, denote by H the set of all solutions of A(X,Y) =0 in C((1/X))* and
consider a factorization (8) for h. By the properties of the weighted degree
we have
e =in(h, §) = wo(X)* [T UY — a(X))"]*,
a€H
where wo(X)* = wo(X)" and
Y if dega(X) < 6,
(Y —a(X)" =< Y —at(X) ifdega(X) =20,
—a™(X) if dega(X) > 6.
Now (b) follows immediately from the unique factorization of C((1/X))*[Y]
and from Proposition 6.1(a).

By symmetry we can obtain results concerning solutions of h(X,Y) =0
in C((1/Y))*. From Proposition 6.2 we have

PROPOSITION 6.4. If h € C[X,Y] is a nonzero polynomial and a(Y)
is a nonzero Laurent—Puiseuz series, then the substitution h(a(Y),Y) is

nongeneric if and only if there exists a segment S € /\/,Et) such that
in(h, S)(a™(Y),Y) = 0.



226 A. Lenarcik

From Theorem 6.3 we obtain
THEOREM 6.5. Let h € C[X,Y] be a nonzero polynomial. Then:

(a) If a(Y') is a nonzero solution of the equation h(X,Y)=01in C((1/Y))*

then there exists a segment S € N}(Lt) such that dega = %0(5) and

in(h, S)(a™(Y),Y) = 0.
(b) For every segment S € ./\/,Et) there exist exactly |S1| nonzero solu-

tions in C((1/Y))* of the equation h(X,Y) = 0 of degree 6 = %U(S),
counted with multiplicities. Moreover, if (X —cY?)¥ is a factor of in(h,S)
in C((1/Y))*[Y], then there exist exactly k solutions, counted with multi-

plicities, with leading term cY?.

7. Proofs of auxiliary results. In this section we prove Theorems 3.1
and 3.2 by using Theorem 5.4 and the facts from the previous section. Let
heC[X,Y] be a nonzero polynomial. Notice that Theorem 6.3 determines a
correspondence between nonzero solutions of A(X,Y) = 0in C((1/X))* and

segments of N, }(Lr). To each solution a(X) we can assign a segment S € N, }(Lr
such that deg a(X) = %0(5 ). Analogously, Theorem 6.5 determines a sim-

ilar correspondence between nonzero solutions of the equation in C((1/Y))*
and segments of N, ,Et).
To prove Theorem 3.1 consider a pair H = (f, g) of nonzero polynomi-

als. Let a(X) € C((1/X))* be a nonzero solution of f(X,Y) = 0 and let

S e /\/'JE‘“) correspond to this solution (dega(X) = %0—(5))‘ Since the num-

ber (S, 4,), defined by (2), is exactly the maximal possible degree of the
substitution g(X,a(X)), we have

(16) deg g(X, a(X)) < a(S, 4,).

Now, we show that equality holds if the pair is nondegenerate. Suppose
that the inequality is strict. Then the substitution is nongeneric and by
Proposition 6.2 there exists T € Ng(r) such that in(g,T)(X,a™ (X)) = 0.

Moreover, by Proposition 6.1(b), %O‘(T) = dega(X), so T and S are par-
allel. By Theorem 6.5(a) we also have in(f, S)(X,a"(X)) = 0. Hence, the
system in(f, S) =in(g,7") = 0 has a solution in (C\ {0}) x (C\ {0}), which
means that (f, g) is degenerate.

Now, consider the set Fi of all solutions of f(X,Y) =0 in C((1/X))*
of degree less than or equal to 1. Let J/c be the set of S € N Jgr) such that

%O‘(S ) < 1. For every nonzero solution in J7 there exists a segment of N}

with declivity equal to the degree of the solution. From (16) we obtain

inf degg(X,a(X)) < inf degg(X,a(X)) < inf oS, A4,).
a€F; acFi\{0} SeN;
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Let F{' be the set of all solutions of f(X,Y) =01in C((1/Y))* of degree less
than or equal to 1. There is a correspondence between nonzero solutions
of 71" and a polygon N} which consists of S € ./\/'Jgt) with %O‘(S) <1
We define, analogously, the sets G and G of solutions of g(X,Y) = 0 and
the polygons Ng’ and N g” . By repeating the earlier considerations for the
remaining infima from the statement of Theorem 5.4, we show that [ (H)
does not exceed the minimum m of the six quantities

(17) deg H(X,0), Slen/f/} a(S,4y), Tlél/f/é a(T,Ay),
(18) deg H(07 Y)v Slénj\f}}/ ﬁ(57 Ag)7 TIEI.I/\f/é/ ﬁ(T7 Af)

Now, we prove equality in the case of nondegeneracy. It is sufficient
to show that each of the six numbers from the statement of Theorem 5.4 is
greater than or equal to m. For deg H(X,0) and deg H(0,Y") this is obvious.
Using equality in (16), which is already proved for nondegenerate pairs, we
obtain

inf A if 4
inf deg g(X, a(X s, 2% 49) HOEA
alen]:{ cgg(X,a(X)) = min{sin/\f/ a(S,4y), degg(X,0)} if 0 e Fj.

ENG

In the above formula we use the fact that for each segment from N ;c there
exists a corresponding solution from Fj (Theorem 6.3(b)). If 0 € F7, then
deg g(X,0) = deg H(X,0). Hence, in both cases the left infimum in the
formula is at least m. Applying the above considerations to the remaining
infima from the statement of Theorem 5.4, we end the proof of the desired
equality.

To complete the proof of Theorems 3.1 and 3.2 it is enough to prove

PROPOSITION 7.1. Let H = (f,g) be a pair of nonzero polynomials.
Denote by my the minimum of the six quantities from the statement of The-
orem 3.1, and by m the minimum of the six quantities in (17) and (18).
Then m1 = m.

Proof. Considering inclusions of the type N7 ¢ N ™) and N7/ ¢ N®
we have m; < m. To prove the opposite inequality write

inf a(S,4,) =min{ inf «(S,4,), inf «afS,Ay)}.
Sen( SeN; SEN\N}

Assume that S € N}r) \N}. Then @0(5) > 1, and in particular o(S) = 1.

[Sa2]
Hence

151 _|S]

o+ ﬁ@U(S) = @O‘(S)<

S5

a——0(S) + ﬁ) > Q@U(S) + 5.
|51

151



228 A. Lenarcik

From (2) and (3) we obtain a(S,A4,) > B(S, 4,). By the obvious inclusion
N}r) \ N} C N{ we have
inf  «(S,4,) > inf  B(S,4,) > inf [(S,A4,).
SEN\N SeENT\N} SeNY
Finally,

Seirji/%r) OZ(S, Ag) 2 min{sien/\f/} Oé(S, Ag)v Sg}\f,}, 6(57 Ag)}

Applying analogous considerations to the other three infima from the state-
ment of Theorem 3.1 we obtain the desired inequality m; > m. This ends
the proof of the proposition and the proofs of Theorems 3.1 and 3.2.

From Theorem 5.5 and (16) we obtain
THEOREM 7.2. For a pair H = (f,g) of nonzero polynomials,

loo(H,X) < min{deg H(X,0), inf «(S,A4,), inf «T,Af)},
Sent TeN"

with equality for a nondegenerate pair.

By symmetry, we have

THEOREM 7.3. For a pair H = (f,g) of nonzero polynomials,

Lo (H,Y) < min{deg H(0,Y), inf @(S.4,). inf B(T.Ap),
SeNV TeN®

with equality for a nondegenerate pair.

A simple consequence of Theorem 3.2 and the above two theorems is

COROLLARY 7.4. If a pair H = (f,g) of nonzero polynomials is nonde-
generate then

loo(H) = min{leo (H, X), loo (H,Y)}.

8. Newton diagrams of derivatives. The theorems presented in the
previous section give an estimate of [, (grad h) for a polynomial h(X,Y),
based on information from the Newton diagrams of the components of the
gradient. Our aim is to give an estimate of [ (grad h) by using information
from the Newton diagram of h only. We do this by describing the structure
of the right and top Newton polygons of the derivatives 9h/0X and Oh/0Y .
This is the main goal of this section. We focus on the right polygons. The
analogous description for the top polygons can be obtained by symmetry,
but will not be given explicitly.

We start with the description of the right Newton polygon of 0h/JY . It
is easy to observe that supp Oh/JY is the image of supph \ {# = 0} under

the translation (a, 3) — (a, 3 —1). We say that a segment T' of Nfg?/ay is
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standard if it is the image of a segment S of N, }Sr) under this translation. We

then write T'= S — (0,1). We have

(19) in<g—;,T> = aiyin(h, S)

in this case. Obviously nonstandard segments can also exist. Now, we are
going to describe the structure of standard and nonstandard segments of
the polygon considered. We order the right vertices of A, according to their
ordinates. The first one is the nearest to the horizontal axis.

Note the following simple facts. The right Newton polygon of a polyno-
mial is nonempty if and only if its support contains at least two points with
different ordinates. Hence if the right polygon of 0h/JY is nonempty then
the right polygon of h is also nonempty. So, a necessary condition for N, 6(,2)/ 5Y
to be nonempty is N, ,Er) # (). The image of any right vertex of A; with pos-
itive ordinate under the translation («,3) — (o, — 1) is a right vertex
of Agp sy . Similarly, if a segment S € N, }Er) does not touch the horizontal
axis, then T'= S — (0,1) is a standard segment of Négz)/aY' In particular, if
the first right vertex of Ay does not lie on the horizontal axis, then all the
segments of N, (gz)/ sy are standard. So, a necessary condition for N, g;l)/ gy O
have nonstandard segments is: the first right vertex of 4A; has to lie on the
horizontal axis.

Consider a right vertex (u, ) of A, with minimal positive ordinate. From
the above considerations it follows that each segment of N ég]i?/ay over the
vertex (u,v — 1) is standard, and each segment below it is nonstandard.
So, a nonstandard segment of N, g,?/ 5y can only exist in the strip {0 < 8 <

v —1}. Now, we give a sufficient condition for N, 6(?2)/ sy to have nonstandard
segments.

PROPOSITION 8.1. Suppose that the polygon ./\/}sr) 18 monempty and the
first right vertex of Ay lies on the horizontal axis. Then this vertex is the
lower end of the first segment F of the polygon, and the upper end (u,v)
of F is the right vertex of A, with minimal positive ordinate. Under the
above assumptions, the polygon N, 8(2)/81/ has at least one nonstandard seg-
ment if and only if there exists (a,3) € supph such that 0 < f < v.
Moreover:

(a) For every nonstandard segment T € N, g,?/ oy

Ty | | F1|
—o(T) < —0o(F).
TARASRRTAISE
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(b) If T € N(g?/ay s a nonstandard segment parallel to F' then
. [ Oh 0 .
1n<a—y, T> = a—YlIl(h, F)
Before the proof let us consider the following
EXAMPLE. Let h = X?Y24+ X7+ XY+ X8Y3 4+ X3Y9 4+ X9Y 64+ X6Y9.

G —(0,1)
(B, v)
(/J,, v—= 1)

The right polygon of h consists of two segments F, G which join the
vertices (7,0), (9,6) and (6,9). The first right vertex of A, with minimal
positive ordinate is (u,v) = (9,6). There are two points of supp h which
satisfy the condition {0 < 3 < v}. We have 0h/0Y = 2X2%Y + 6XY?° +
3X8Y?24+9X3Y8+6X7Y°+9XCY8. The right polygon of Oh/0Y consists of
two nonstandard segments S, T" and one standard G — (0, 1). The standard
and nonstandard segments are separated by the vertex (u,v — 1) = (9,5).
The declivities of the nonstandard segments do not exceed the declivity of F'.
The segment T is parallel to F' and obviously satisfies the condition (b).

Now, let us modify the polynomial h by omitting the points (2,2) and
(8,3) from the support. We obtain h = X7+ XY+ X3y + X9Y6 4 X0y,

Aansay \ G — (0,1)
(/J'7 V)

(/~"7V_ 1)

The right polygon of h is the same as before, but the right polygon of
Oh/OY = 6XY®+9X3Y8+6X9Y5+9X6Y?® has only one standard segment
G — (0,1). The reason for the lack of nonstandard segments is the lack of
points of supp h which satisfy {0 < g < v}.
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Proof of Proposition 8.1. Let T be a nonstandard segment of N, g;l)/ gy~ 1t
lies in the strip {0 < 3 < v —1}, hence the lower end of T'+ (0, 1) belongs to
supp h and satisfies 0 < G < v. To prove the opposite implication, assume
that supp hN{0 < < v} is nonempty. Then so is supp Oh/IY N{B < v—1}.
This means that the ordinate of the right vertex (u,v — 1) of Agp gy is

not minimal in supp dh/0Y. Hence, there exists T € N, ég]i?/ay with upper

end (u,v — 1), and clearly it is nonstandard. This ends the proof of the
implication.
To prove (a) consider a nonstandard segment T of N, égli:)/aY' We can

assume that 7" has maximal declivity. This means that (u, v —1) is its upper

end. Notice that the lower end of F' maximizes the function («, 3) — ,Oj‘%g
in supph N {8 < v}, and the maximum is equal to the declivity of F. Let

(g, Bo) be the lower end of T'. Since («ag, 3y + 1) € supp h, we have

@0( jo -k o-p §|F1|

T3] (v=1)=B v—(6o+1) ~ |F2]

The segment T has maximal declivity in the set of all nonstandard segments
of ./\f,Er). So, (a) is proved.

To prove (b) notice that if T € N

oh/OY
to F, then it has maximal declivity and then (u,v — 1) is its upper end. In

this case T'+ (0,1) C F and

in(h, F) = > hapX°Y? + hyoX?,
(a,8)€T+(0,1)

o(F).

is a nonstandard segment parallel

where (p,0) is the lower end of F'. We end the proof by differentiating the
formula with respect to Y.

A straightforward consequence of Proposition 8.1 is

COROLLARY 8.2. Let h(X,Y) € C[X,Y] and let T € N3} ... Then:

(a) If T is parallel to a segment S € /\/',Er), then
oh 0
(2 P 9 ‘
m<8Y’ > (‘)Ym(h’ S)
(b) If T is not parallel to any segment from N,Er), then the declivity of T
18 less than all the declivities of segments S € /\/’,Er); such a T can only exist
if the first right vertex of Ay lies on the horizontal axis.
Now, we describe the structure of the right polygon of dh/0X. Notice
that supp 0h/0X is the (—1,0)-translate of supph\ {o = 0}. We say that a
segment R € N, 52)/8 « is standard if it is the (—1,0)-translate of a segment
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S e N,Er). We write R = S — (1,0). Obviously

. ([ Oh 0 .
1n<a—X,R> = a—Xln(h, S)

in this case. As earlier, a necessary condition for N, 6(,2)/ sx to be nonempty

is ./\f,Er) # (). The (—1,0)-translate of any right vertex of A, with positive
abscissa is a right vertex of Ay, /sx. Similarly, if S € N, }Er) does not touch the

vertical axis, then R = S — (1,0) is a standard segment of N, g;l)/ ax- Assume
that Oh/0X # 0. Let (u1,v1) be the first right vertex of A; with positive
abscissa and let (2, ) be the last one with this property. We have vy < vs.
Clearly, every segment R € N, (gli?/ax in the strip {1 < < vy} is standard
and every segment in one of the two strips {0 < 3 <1}, {va < 8 < degy h}
is nonstandard. So, we can introduce, in a natural way, lower and upper
nonstandard segments of the polygon considered. A necessary condition
for the existence of lower nonstandard segments of N g;l)/ ax is that the first
right vertex of Ay has to lie on the vertical axis. The analogous necessary
condition for upper nonstandard segments is that the last right vertex of
A}, has to lie on the vertical axis.

In the following two propositions we give sufficient conditions for the
existence of nonstandard segments of both types. The proofs are analogous
to the proof of Proposition 8.1.

PROPOSITION 8.3. Suppose that ./\f,Er) is monempty and the first right
vertex of Ay lies on the vertical axis. Let F' be the first segment of N,Er).

Then the polygon Né()z)/ax has at least one lower nonstandard segment if and

only if there exists a point of supp h with positive abscissa in the interior of
the strip R x Fy (1). Moreover:

(a) For every lower nonstandard segment R € Néz)/ax we have

R F
%J(R) < %U(F).

(b) If R€ Néz)/ax is a lower nonstandard segment parallel to F, then

in(%,R) = iin(h,F).

PROPOSITION 8.4. Suppose that N,Er) 1s nonempty and the last right
vertex of Ay lies on the vertical axis. Let L be the last segment of N,Er).

(}) Fy is the projection of F' on the vertical axis.
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Then the polygon Nég;;)/aX has at least one upper nonstandard segment if and
only if there exists a point of supp h with positive abscissa in the interior of
the strip R x Lo. Moreover:

(a) For every upper nonstandard segment R € /\/'6(,2)/8)( we have

L R
%O’(L) < %U(R).

(b) If R € /\/'6(,2)/8)( s an upper nonstandard segment parallel to L, then
. { Oh 0 .
ln<8—X,R> = 8—Xln(h, L)

EXAMPLE. Let h =Y + XY?2 + X4Y3 + Y9 + X3Y7 4+ X8Y® + X8Y7.

L
L2 , (aovs) 12
-1
A, G G —(1,0)
(/"17’/1)
F2 F2

The right polygon of N}, consists of three segments F, G and L which
join (0,1), (8,5) and (0,9). The right polygon of Oh/0X = Y? + 4X3Y3 +
3X2Y"+8X7Y5 +8X7Y7 consists of two lower nonstandard segments S, T
and one standard segment G' — (1,0). The reason for the lack of upper non-
standard segments is the lack of points from supp h with positive ordinates
in the interior of R x L.

A straightforward consequence of Propositions 8.3 and 8.4 is

COROLLARY 8.5. Let h € C[X,Y] and let R € Négz)/ax (notice that /\/}(Lr)
is nonempty). Then:

(a) If R is parallel to a segment S € /\/}Er), then
. ( Oh 0 .
1n<8—X,R> = 8—Xln(h, S)

(b) If R is not parallel to any segment of N,Er), then exactly one of the
following possibilities holds:
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(i) The declivity of R is less than all the declivities of the segments
from N, }(Lr); such an R can only exist if the first right vertex of
Ay, lies on the vertical axis.

(ii) The declivity of R is greater than all the declivities of the seg-

ments from ./\/}(Lr); such an R can only exist if the last right vertex
of Ay lies on the vertical axis.

A consequence of the above considerations is the following theorem on
nondegeneracy inheritance.

THEOREM 8.6. Let h € C[X,Y] be a polynomial without constant term,
which is nondegenerate on each segment of its Newton polygon at infinity.
Then the pair of its derivatives is also nondegenerate at infinity.

Proof. Let R be an arbitrary segment of the polygon of dh/0X at infin-
ity, and let T" be an arbitrary segment of the polygon of 9h/0Y at infinity.
We have to show that at least one of the conditions from the definition of
pair-nondegeneracy is satisfied (Section 3).

Without loss of generality, we can assume that R and 1" are parallel, and
both belong to the right polygons. The existence of these segments implies
that /\/’,Er) is nonempty. We claim that there exists S € /\/ parallel to R and
T. If not, then by Corollary 8.2 the declivity of T is less than the declivities
of all segments from N, ,Er). Moreover, the first right vertex of Ay, lies on the
horizontal axis. Since h is without a constant term, this vertex does not lie
on the vertical axis. This means, by Corollary 8.5, that the declivity of R is
greater than the declivities of all segments from N, }sr), contrary to R and T'
being parallel. So, such a segment S has to exist. From Corollaries 8.2 and
8.5 it follows that

. [ Oh 0 oh 0
m<8—X’R> a—Xm(h S) and m<8Y T> 8—Ym(h S).

That means that the system in(0h/0X,R) = in(ah/aY T) = 0 has no
solution in (C\{0}) x (C\ {0}) since the system -2 axin(h, S) = ai n(h,S) =0
has none. This ends the proof of the theorem.

9. Proof of the main result. In this section we end the proof of the
main result (Theorem 2.1). Considering Theorems 3.1, 3.2 and 8.6, all we
have to do is to show that the minimum of the six quantities

(20) deggrad h(X,0), inf (R, Asn /oy ), inf  a(T, Asnjox),
RGNé;)/aX TGNE(?II:L)/GY

(21) deggrad h(0,Y), inf  B(R, Asnjay), inf  B(T, Aonjax),
ReN'® TeN®

oh/8X oh/OY
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is equal to the minimum from the statement of Theorem 2.1. Let us start
with a simple

PROPOSITION 9.1. Let h € C[X,Y] be a nonzero polynomial not divisible
by Y2. Then the right polygon of h has a segment which is not exceptional
if and only if degy h > 2.

Proof. Let S be a segment of the right polygon of h which is not excep-
tional. The ordinate of the upper end of S is greater than 1. So, degy h > 2.
To prove the opposite implication, consider the right vertex of A, with max-
imal ordinate. Since degy h > 2, this ordinate is also > 2. The vertex is the
upper end of a segment, because from the assumption that A is not divisible
by Y2 it follows that there exists a point in supph with ordinate 0 or 1.
Obviously, this segment is not exceptional.

By symmetry we obtain

PROPOSITION 9.2. Let h € C[X,Y] be a nonzero polynomial not divisible
by X2. Then the top polygon of h has a segment which is not exceptional if
and only if degx h > 2.

The desired equality of minima can be derived from the following two
lemmas:

LEMMA 9.3. Let h € C[X,Y] be a polynomial without constant term such
that Oh/OX is nonzero and h is not divisible by Y2. Suppose that the right
polygon of h contains at least one segment which is not exceptional, and
denote by F the first such segment. Let m®) be the minimum of the three
numbers from (20). Then

F
a(F) —1>m® > min {a(F) —1, a(F) - %J(F)}.
2
LEMMA 9.4. Let h € C[X,Y] be a polynomial without constant term
such that Oh/OY is nonzero and h is not divisible by X?. Suppose that the

polygon ./\f,Et) contains at least one segment which is not exceptional, and
denote by G the first such segment. Let m® be the minimum of the three
numbers from (21). Then
G
BG) 12 m > min {5(6) - 1,5(6) - | Z1a(6) |.
1
Obviously, Lemma 9.4 can be obtained from the previous one by sym-
metry. Before the proof of Lemma 9.3 let us see how the lemmas imply the
desired equality.
Suppose that h € C[X,Y] satisfies the assumptions of Theorem 2.1. In

particular, at least one of the polygons N, }(Lr), N, }(Lt), say /\/,(r) has a segment

)
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which is not exceptional. Denote by F' the first such segment. We consider
two possibilities: degy h <1 or degy h > 2.

If degy h < 1, then, by Proposition 9.2, the top polygon of h is empty
or has only the exceptional segment. So, it is sufficient to show that the
minimum of the six quantities from (20) and (21) is a(F) — 1. We have
|S2| > 1 for any segment S in the right polygon. So, |F| > 1. From the
assumption degy h < 1 it follows that |Fy| < 1. Hence, by Lemma 9.3,
the minimum of the three quantities in (20) is a(F') — 1. Notice that h =
a(Y)X +b(Y), and since O0h/0X # 0, we have a # 0. One can easily verify
that deggrad h(X,0) < 1, which gives a(F) — 1 < 1.

To end the proof in this case, it is enough to show that each of the
three quantities in (21) is > 1. By Proposition 9.1 we have degy h =
max{dega,degb} > 2, hence deggrad h(0,Y) > 1. Since the top polygon
of Oh/0X is empty, the second quantity is +o0o. The third quantity is also
+o0 if the top polygon of 9h/9dY is empty. If it is nonempty, then obviously
dega > 1. Since deg %(O,Y) = dega, we have (0,dega) € suppdh/0X.
By definition (3) we obtain 5(T, App/ox) > dega > 1 for any T such that
|T7| # 0. This ends the proof in the case considered.

Now, assume that degy h > 2. By Proposition 9.2 there exists a segment

of N, }Et) which is not exceptional. Let G be the first such segment. Denote
by m; the minimum of

o(F) -1, B(G) -1,
and by ms the minimum of

I3 (€]
a(F) — —o(F), B(G)——==0(G).
(F) = [pio(E). G~ e(@)
By Lemmas 9.1 and 9.2 the minimum of the six quantities in (20) and (21)
is at most m; and at least min{m;j, mo}. To end the proof it suffices to show

that m; < mg. All is clear if @U(F) <1 and ‘Gzla(G) < 1. So, suppose

[F2| IG1]
that %O’(F) > 1. In particular, o(F) =1 and |Fy| > |F3|. It is enough to
show that 3(G) — 1 < mso. Notice that the segment F' belongs to the top

polygon N, }gt) and its declivity in this polygon, %U(F ), is less than 1. Since
|Fi| > |F2| > 1, F cannot be exceptional in N, }(Lt). Hence the declivity of G
in the top polygon is no more than that of F. So,

|Ga| ||

—0(G) < —=0o(F) <1,

and therefore

B(G) 1< B(C) - %a@.
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Moreover, 3(G) < B(F') and 3(F') —1 > 0. Hence

F; F;
B(G) ~ 1 < [B(F) ~ 1] Mo (F) = a(F) ~ To(r),
| F| | F|
Above we use the simple equality 5(.5) ‘lgl‘a(S) = «(S5) (with S = F'), which
holds for every S such that |Sa| # 0. This ends the proof of m; < ms in the

situation considered. The case }gﬂ 0(G) > 1 can be verified analogously.

Now we give the proof of the lemma.

Proof of Lemma 9.3. First, we show that for any segment S of /\/,Er),

(22) (S, Aonjax) =a(S) —1 and a(S, Agpay) = aS) — }gl; (S).

To prove the first equality, consider the linear form

|51
o(a, B) = 5|S| a(9).

By the definition (2) and by the inclusion supp 0h/9X C supph — (1,0) we
have

. oh
a(S, Apnjax) = inf ¢<Supp X

= a(S, Ah) — 1.

Using the elementary fact a(S) = «a(S,4y) for S € N(r), we obtain the
inequality >. To prove the opposite inequality, notice that from dh/9X # 0
it follows that at least one of the ends of S has a positive abscissa. Denote
it by (a, ). Since (o — 1,3) € supp9h/0X, we have

(S, Agnjax) < (0= 1)+ B3 0(5),

This ends the proof since a(S) = o + ﬂgl} (S) for any (o, ) € S. The
second equality in (22) can be proved analogously.

Now, we prove the inequalities of Lemma 9.3. Let (u, ) be the first right
vertex of the diagram A; with positive ordinate. We consider two cases:
v =1and v > 2. In both, we show that each quantity from (20) is no more

than a(F) — 1, or a(F) — %U(F). Moreover, we show that at least one of

the quantities does not exceed a(F') — 1.

Assume that v = 1. Since F is the first segment of N }(Lr) which is not
exceptional, the vertex (u,v) = (u, 1) is the lower end of F. Since (u,1) € F,
we have a(F) = p+ }?i (F). Notice that (u,0) is the vertex of Agy sy,
therefore deg 53 oh +(X,0) = p. Hence

> > inf ¢(supp h) + ¢(—1,0)

|F1]

@U(F).

(23) deggrad h(X,0) > deg g—}]j,(X,O) =u=aF)—
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Note the general fact that for any nonzero f € C[X,Y] and any S such
that |S2| # 0 we have a(S,Ay) > deg f(X,0). For f(X,0) = 0 this is
obvious. If f(X,0) # 0, then it follows from (2) and from the fact that
(deg f(X,0),0) € supp f. Applying this fact to Oh/JY we obtain

F;
(24) inf  a(R, Aorjor) > p = a(F) — o (F).
RE./\/(r> |F2|

Oh/BX

To estimate the third quantity in (20), notice that F' — (0,1) is the first
segment of the right polygon of 9h/JY . That means that it has the minimal
declivity in this polygon. The value a(-, Asp/0x) does not change if we
replace F' — (0,1) by the parallel F. Hence, by the second equality in (22)
we obtain

inf (T, Agpjox) = a(F, Agpjox) = (F) — 1.
TeN, g}?/ay
Combining the above equality with estimates (23) and (24) we end the proof
of the lemma in this case.

Now, assume that v > 2. We claim that the first right vertex of Ay lies
on the horizontal axis. If not, then this vertex coincides with (u,v), and by
v > 2, h is divisible by Y2, a contradiction. So, let (p,0) be the first vertex
of Ap. Obviously, p = «(F). Since h has no constant term, we have p > 1.
Hence, (p — 1,0) is a right vertex of Ay px and deg g—)};(X,O) =p—1=
a(F) — 1. As before we have

deggrad h(X,0) > deg g—)h((X, 0)=a(F)—1
and

oh
inf (T, Apnjox) > deg -+ (X,0) = a(F) — 1.
TENG o oxX

To estimate the third quantity, notice that the declivities of all segments

from the right polygon of Oh/0X are greater than or equal to the declivity

of the first segment F' of N, }(Lr). This follows from Corollary 8.5, because the
first right vertex (p,0) of A, does not lie on the vertical axis. Hence

. F;
inf (R, Asnjoy) > a(F, Aonjoy) = (') — MO'(F)-
ReN (™) | F2|

Oh/0X
To end the proof of the lemma it is sufficient to show that in any case,
at least one of the quantities in (20) is less than or equal to a(F) — 1.
We consider two cases. If there exists a nonstandard segment of the right
polygon of 9h/9Y , then by Proposition 8.1, its declivity does not exceed the
declivity of F. Hence

inf (T, Aonjax) < aF, Aonjax) = a(F) — 1.

(r)
TGNah/ay
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In the opposite case, by the same proposition, supph N {0 < g < v} is
empty, which, as v > 2, means that g—{}(X, 0) = 0. Hence,

deggrad h(X,0) = max { deg g—;(X, 0), —oo} =a(F) -1

This ends the proof of the lemma and the proof of the main result.
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