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Abstract. This project consists in a revision and extension of a classic result, Waring’s theorem, about the
barycenter of the intersection points of two plane algebraic curves. The theorem arises from the study of the
parts with highest degree of the equation of a curve, which are completely determined by the barycentric parallel

lines of the groups of asymptotes.

Among other consequences of Waring’s theorem we study a result, due to Chasles, about the barycenter of the

contact points of parallel tangent lines to a plane curve.
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Introduction

Historical review of Waring’s theorem

A classic result about the intersection of plane algebraic curves, due to Edward Waring, asserts:

Waring’s theorem. Let C and D be two plane algebraic curves, with no common points in the line at infinity.
Then, the barycenter of the points of C N\ D (counted according to intersection multiplicities) is the barycenter

of the intersection points when C is replaced by the union of its asymptotes.

For example, in the following figure, if the cubic curve C is replaced by the union of its three asymptotes, the

grey intersection points with the conic D have the same barycenter as the black intersection points of C and D:

Waring’s theorem appeared for the first time in the treatise Proprietates algebricarum curvarum, whose first

edition was published in 1762.

Liouville’s article [8], published in 1841, contains a proof of Waring’s theorem applying elimination to the

variables involved in the equations of the curves.

By means of these elimination methods, Liouville also gave a proof for a nice theorem about the parallel tangent
lines to a plane curve. This theorem, together with an analog version for algebraic surfaces and parallel tangent
planes to them, is due to Chasles and had been published in Apercu historique sur l’origine et le développement
des méthodes en géométrie (1837). The original proof of Chasles consisted in modifying Newton’s theorem on
the diameters of curves and surfaces. Some years later, Chasles gave a different proof in his Traité de géométrie

supérieure (1851).



During the rest of 19" century, several articles appeared with simplifications of Liouville’s arguments, such
as [5] and [10]. All these proofs were done under the (non-explicit) hypothesis of the curve C intersecting

transversely the line at infinity, that is, in the same number of distinct points as its degree.

In 1931, Coolidge published the book [4], a very complete recopilation of results on plane algebraic curves. The
chapter devoted to their metric properties contains a proof of Waring’s theorem following the ideas in [10], this
time with the explicit mention of the curve C intersecting transversely the line at infinity. In the same chapter,
we may also find Chasles theorem and lots of properties on distances, angles and foci of algebraic curves, most

of them forgotten nowadays.

Finally, the paper [7], published in 1995, gave a revision of Waring’s theorem that covers the case of curves C
with no parabolic branches', but restricts D to be a line. The goal of the article was proving a generalization of

Waring’s theorem for the intersection of algebraic curves with hyperplanes in affine spaces of higher dimension.

The project

The aim of this project is doing a revision, including a proof written according to modern standards and a
specification of the hypothesis, of Waring’s theorem for its different versions appearing in the literature. As an

application, it includes a proof of the classic Chasles theorem for curves.

Since the publication of Liouville’s article [8], the most common argument for proving Waring’s theorem is

divided into two parts:

e On the one hand, the barycenter of the intersection points of two affine curves only depends on the two
highest homogeneous parts of (the equations of) the curves. This result appears in the text as theorem

2.4, and it can be proved by using elimination theory.

e On the other hand, the two highest homogeneous parts of a curve are determined by its asymptotes.

In the study of this second part, we present a geometric equivalence (theorem 2.1) to the fact of two curves
having identical two highest homogeneous parts, which has not been found in the literature. As a consequence,
we deduce the coincidence of asymptotes of two curves as a sufficient condition for the coincidence of their two
highest homogeneous parts. Actually, this is also a necessary condition in the classic case of curves intersecting

transversely the line at infinity, but not for the more general case of curves with no parabolic branches.

This geometric equivalence, together with the first part of Liouville’s argument, allows us to find an extension
of Waring’s theorem, where the curves may be replaced by a more general type of curves than an union of
asymptotes (theorem 2.5).

The necessary background for this project has been summarized in the first chapter. There, we review basic
concepts and results on the theory of plane algebraic curves, which were worked in the Master’s course: singular
points, tangent cones, intersection multiplicities, Bézout theorem, polar curves, ... It also includes basics on

pencils of curves and groups of points, which are the basic tool in one of the proofs of theorem 2.1.

IThat is, having not the line at infinity as a tangent line.



Chapter 1

Preliminaries

In this chapter, we explain all the concepts on plane algebraic curves that are necessary for the project, in order

to fix ideas and notations.

Most of the contents (with the exception of groups of points and pencils) were part of the Master’s course
Algebraic curves, and because of this reason many proofs have not been included. The reader is referred

mainly to [2], even though other detailed expositions may be found in classic books as [6] and [9].

1.1 Basic considerations

Throught these pages, P” will denote the projective n-dimensional space over the field of the complex numbers,
with an already fixed system of homogeneous coordinates. The point of P" with homogeneous coordinates

X0, - - - , X, Will be denoted by (xp : ... : x,).

We will consider algebraic hypersurfaces in P”, defined by equations F = 0, with F' an homogeneous poly-
nomial in the homogeneous coordinates. Since any polynomial F € C [xp,x;] of degree d decomposes as the
product of d linear factors, hypersurfaces in P! are called groups of points. The multiplicity of a point in a

group is just the multiplicity of the associated linear polynomial, as a factor of F.

We will refer to the hypersurfaces in P? as algebraic curves. A curve C : F =0, with F = F; ... F, the product
of (possibly repeated) r polynomials, is called the union of the curves C; : F; =0 (i=1,...,r), and is denoted
byC=C+...+C,.

In case that the polynomials F; are irreducible, each of the curves C; is called an irreducible component of C,
with multiplicity the multiplicity of F; as a factor of F'. The curve C is said to be reduced if all its irreducible
components have multiplicity 1.

Recall that, since every point in P” has a non-zero homogeneous coordinate, the space P can be covered by the

subsets U; = {(x0 : ... 1 x,) € P": x; #0} (i =0,...,n). Identifying the point (xi,...,x,) (in affine coordinates)

with the point (x; @ ... :x;_p : 1) X :...:Xx,) embeds the (complex) affine n-dimensional space A" in P": the
1

subspace U; is called the i-th affine chart.

Our frame of work will be a complex affine plane A2, which we consider embedded in P> by means of the 0-th

affine chart. In other words, we identify the projective point (xo : x1 : x2) € Up with (x,y) = (3, 32). Recall that
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the complementary of A”, when regarded as a subset of P2, is the line at infinity l.. : xo = 0 (also called the

improper line).

We will deal with algebraic curves in A2, defined by equations f = 0, with f a polynomial (not necessarily
homogeneous) in the affine coordinates. Similar considerations relative to irreducible components hold for

these curves in AZ.

If f(x,y) = 0 is the equation of a curve C in A? with degree d, the homogeneous polynomial F (xg,x,x;) =

xd-f (%’ ;—3) of degree d defines an algebraic curve in P? (projective closure of C).

Conversely, If C : F(xg,x1,x2) = 0 is an algebraic curve in P? with some irreducible component different of L.,
the polynomial f(x,y) = F(1,x,y) is not constant and defines an algebraic curve in A2, called the 0-th affine
part of C. Similarly, one can define affine parts of C in the remaining affine charts. If no confusion arises, the

0-th affine part will be called simply the affine part of the curve.

When dealing with curves C in P? having not . as an irreducible component, the maps “affine part” and
“projective closure” are inverse to each other. Furthermore, the irreducible components of the affine part of C
are the affine parts of the irreducible components of C, with the multiplicity of each irreducible component of

C and that of its affine part coinciding.

Therefore, we usually make no distinction between a plane curve in A and its projective closure in P2.

1.2 Singular points of an algebraic curve

Let C: F(xo,x1,x2) = 0 be an algebraic curve of degree d, and / a line in P?. The line / may be parametrized

by means of a map ¢ : P! — P? defined as

o((to:11)) = (cSto+chtr : g+ clty = Sto+clty)

, 0 0 0
with the ¢! (i € {0,1,2}, j € {0,1}) denoting complex numbers such that the matrix (C(l) Ci c?> has rank 2.
€ €1 ©

If the polynomial F (fo,t1) = F(cdto + cit1, % + cit1, cSto + i) is identically zero, every point in the line /
satisfies the equation of C, and hence [ C C.

Otherwise, F € C|ty, 1] is homogeneous of degree d and may be regarded as the equation of a group of points
in [ (the intersection of C and [, denoted by C - 1).

Definition. The intersection multiplicity of C and [ at a point p € P2, denoted by [C -] »» is the multiplicity of
p in the group of points C - .

Example. The line L. : xo = 0 admits the parametrization @((tp : 1)) = (0: 19 : ;). If C: F(x0,x1,x2) =0
is a curve having not /. as an irreducible component (for example, if C is the projective closure of an affine
algebraic curve), the group of points C - I, determined by F(1y,t;) = F(0,19,1) is called the improper section
of C. Its points are called the improper points of C.

Definition. For any point p € P2, we define the multiplicity of p on C, denoted by e, (C), as the minimal value

of the intersection multiplicities of C and all the lines through p, at the point p.
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From this definition, it immediately follows that e,,(C) = 0 if, and only if, p ¢ C. Otherwise:
e Ife,(C) =1, pis called a simple (or smooth, or non-singular) point of C.
e Ife,(C) > 1, pis called a singular point (or a singularity) of C.

An important property is that, for any two algebraic curves C1,Cy C P2, ¢,(C1 +C2) = €,(C1) +¢,(C2). Hence,

the singularities of C; + C, consist of the singularities of Cy, the singularities of C; and the points of C; N C;.
The most common characterization of the multiplicity of points on curves is provided by:

Theorem 1.1. A point p has multiplicity e on a curve C : F(xg,x1,x2) = 0 if, and only if, all derivatives of F of
order e — 1 have value 0 at p, and at least one of the e-th derivatives has not. In particular, p is singular if and

only if all the first order derivatives of F vanish at p.
Definition. A line / C IP? is said to be tangent to C at a point p if [C -] » > ep(0).
Example. The tangent lines to a curve at some of its improper points are called asymptotes.

Another way of finding the multiplicity of a point p on C, as well as the tangent lines to C at p, is the next one:

if the polynomial F has degree d, express it as a sum

F(x0,x1,%2) = fa(x1,%2) + fa—1(x1,%2) X0 + .+ o1 (x1,%2) - X0 <1 fo(x1,22) - x07¢ (%)

of homogeneous polynomials f; € C[x;,x;] of degree i (e <i < d), with f, # 0. Then, if p=(1:0:0), we

have e, (C) = e and the algebraic curve
TC[,(C) : fe(xl,xz) =0

(tangent cone of C at p) is the union of the e (possibly repeated) tangent lines to C at p. These notions are

generalized to arbitrary points p € P> by means of changes of coordinates.

Remarks.

1. The multiplicity of a tangent line / to C at p is just the multiplicity of / as an irreducible component of
TC,(C).

2. In case that p is a smooth point of the curve C (that is, e,(C) = 1), the tangent cone of C at p consists of
the single line

9E (p) 30+ 9E(p) 31+ 9E (p) 32 =0,

which is called the tangent line to C at p.

Definition. The homogeneous polynomials fy, f;—1 € C[x;,x2] appearing in the expression (x), will be called

the two highest homogeneous parts (in the equation) of the curve C : F(xq,x;,x) = 0.

We finish this part reviewing some of the most elementary sort of singularities of a curve:



Definition. Let p be a singular point of a curve C, and e = ¢,(C) > 1. Then:
1. pis an ordinary singularity of C if the tangent cone T,(C) is the union of e distinct lines.
2. pisanode if it’s an ordinary singularity and e = 2.

3. pisanordinary cusp if e =2 and T,(C) consists of a line / counted twice, such that [C- 1], = 3.

1.3 Branches of a plane curve and intersection multiplicity

Let’s start by recalling two basic concepts about fractionary power series:

o IfscC [[x'/ ”]] is a fractionary power series, its polydromy order v(s) is the minimal common denominator

of all the exponents effectively appearing in s. That is, the least number m such that s € C [[x]/ ’”]] .

e If £ is an n-th root of unity, we have an automorphism of rings o : C ﬂxl/ ”ﬂ — C [[xl/ "]] (conjugation)

given by ¢ (Z aixi/”> = Y a;eix",

>0 >0

Now, let C : F(xg,x1,x2) = 0 be a curve in P? passing through O = (1:0:0). In order to study C “near” the
point O, we take the affine equation

C: f(x,y)=0

with f(x,y) = F(1,x,y). We also assume that the coordinates are chosen in such a way that the y-axis x =0 is
not tangent to C at O = (0,0).

Theorem 1.2 (Puiseux). There exist convergent fractionary power series s;(x) (1 < i < k) with polydromy order
V(si) = Vi, such that 5;(0,0) = 0 and f factorizes in C{x}[y] as

f=8s 8 f
with f € C{x}[y] such that £(0,0) # 0and g;, = 1 (y— 0e(si)) € C{x}[y].

gli=1
Definition. Every set {(x,y) € A?: g, (x,y) = 0} is called a branch of C at the point O.

The multiplicity of the branch g, (x,y) = 0 is the multiplicity of g, as a factor of f. Any of the conjugate series
O¢(s;) corresponding to that branch is called a Puiseux series of the branch. By a Puiseux series of the curve C

at the point O, we will simply mean a Puiseux series of a branch of C at O.

Note that the equation g, (x,y) = 0 defines an analytic curve (not necessarily algebraic) in a neigbourhood of

O, admitting the parametrization x =t"i, y = s;(¢"7). Moreover, it has a single tangent line at O, given by
y=a+bx
if the Puiseux series s; is s;(x) = a+bx+ ..., with ... denoting terms of degree strictly higher than 1 in x.

Tangent lines to branches of C at the point O are the irreducible components of the tangent cone of C at O.
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The same considerations hold for any projective point p € C, just by taking the appropiate affine part and an
appropiate affine change of reference. This allows us to decompose completely the polynomial f, as it may be

found in proposition 3.3.3 of [2]:

Proposition 1.3. Let C : F(xo,x1,x2) = 0 be an algebraic curve passing not through (0:0 : 1). Then, the
y-roots of the polynomial f(x,y) = F(1,x,y) are the Puiseux series of C at the points of C on the y-axis: that is,

fxy) =a-T1(y—si(x))
si
where a € C and the product is taken over all the Puiseux series s; of C at the points of C on the y-axis.

Definition. Let p € C N/, be an improper point of C. A branch of C at p is said to be parabolic if its tangent
line at p iS /.

Using this notion of branch, we are going to define the intersection multiplicity of two curves. LetC: f(x,y) =0
be an affine algebraic curve, p € A% and C’ another affine curve, with a branch y at p. Assume that ¥ is given

by a Puiseux series s, with polydromy order v = v (s).
Definition. The intersection multiplicity of the curve C and the branch yis [C- Y] = V-0, f(x,s(x)).

Definition. The intersection multiplicity of two curves C and C' at a point p is [C- C'] , = ¥ [C - 7], with the sum
14

over all the branches y of C’ at p, each of them counted as many times as its multiplicity.
Remarks.

e Naturally, this local notion extends to projective curves C,C’ and points p € P2, just by considering the

affine parts of C and C’ corresponding to an affine chart containing p.

e In case that C’ is a line, the definition of intersection multiplicity coincides with the one given in the

previous section.

The most important properties of the intersection multiplicity are summarized in the following proposition:

Proposition 1.4. Let C, C', C) and C; be plane affine curves, and p € A a point. Then:
L [(C1+Cy)-C),=[C1-C, +[C:-C, .
2. [C-C),=0 <= p¢Corp¢C.
3. [C-C'], =0 <= Cand C'" have a common irreducible component passing through p.
4. [c-C),=[C-q),.
5. [C-C'], > ey(C)-e,(C"), with equality if and only if C and C' have no common tangent line at p.

6. IfC1:f=0,Cr:g=0and C': af +g=0 for some a € Clx,y], then [C1-G;] , = [C1- ('] ,.
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Example. Two algebraic curves C and C’ are said to have a transverse intersection at a point p if [C-C'| =1
Equivalently, by properties 1 and 5 of the proposition above, if p is a smooth point of both C and C’ where the

curves have different tangent lines.

Bézout theorem is probably the most known result on the intersection of plane curves. We take the same

statement as in [2] (theorem 3.3.5):

Theorem 1.5 (Bézout). Let C,C' C IP? be two algebraic curves of respective degrees d and e, with no common
irreducible components. Then,

Y [C-Cl,=de

pEP?

Definition. The intersection group of two algebraic curves C,C’ C IP? with no common irreducible components
is the formal sum
L[ccl,p
pEP?

(which is finite according to Bézout theorem).

1.4 Polar curves and polar groups

In this section, we are going to review the basic concepts on polar curves, and introduce the polar groups.
Actually, the notion of polarity is general for hypersurfaces in any projective space P, but for our purposes we

may assume that n = 1,2:

Definition. Let V : F(xp,...,x,) =0and ¢ = (ao : ... : a,) be, respectively, an hypersurface of degree d > 1
and a point in P". We define the polar of V with respect to g as the hypersurface
) LIF _
Z,(V):ag ox +...+a, o, =0

when the polynomial on the left-hand side of the equation is not identically 0. Otherwise, we say that the polar

of V with respect to g is undetermined (or undefined).

Remark. The polar of V with respect to ¢ is undetermined if, and only if, g is a point with multiplicity d on V,
that is, V is a union of hyperplanes passing through q.

Z,(V) is an hypersurface of degree d — 1, whose definition does not depend on the choice of coordinates. Tak-
ing successive polars (if possible), we obtain hypersurfaces ﬂg(V), ey @j*Z(V), @571(‘/) with respective
degreesd —2,...,2,1.

Each hypersurface ,@;(V) is called the r-th polar of V with respect to g, has degree d — r (if determined) and

admits the equation

V) (ao-aix()+...+an-aixn> F(x0,...,x,) =0



This equation can also be written as

d—r
<X0-5§)0+...+xn'aayn> F(yoavyn)] =0,

(505++:Yn)=(a0;-,n)

PHV):

from which immediately follows the reciprocity of polars: for every p,q € P",

peEZYV) < q¢€ ,@g*r(V) .
Remarks.

e For the case n = 2, the curves ﬂg_z(V) and @g_l (V) with respective degrees 2 and 1, if determined,

are called the polar conic and the polar line of V with respect to g.

Looking at the equations above, one deduces that a point g € V determines a polar line if, and only if, g

is a smooth point of V. In such a case, the polar line of V with respect to g is the tangent line to V at g.

e For n =1, the group L@g*l (V) has degree 1 (consists of a single point) and is called the point polar of V

with respect to q.

Proposition 1.6. Let C C P? be an algebraic curve with degree d > 1, and q € P* a point such that Pq(C) is
determined. Then, C N P4(C) consists of the singularities of C, and the simple points of C whose tangent line
passes through q.

The intersection multiplicities of the curves C and Z,(C) at their intersection points, for curves C with very

particular types of singularities, can be deduced from the following lemmas, which appear in section 3.4 of [2]:

Lemma 1.7. Under the hypothesis of proposition 1.6, if p is a simple point of C, p # q and the linel = pV q is
not contained in C, then [C- 24(C)] ,=[C-1],— 1.

Lemma 1.8. Under the hypothesis of proposition 1.6, if p is an ordinary singularity with multiplicity e on C
and q is contained in no tangent line at p, then [C- Z4(C)] , = e(e—1).

Lemma 1.9. Under the hypothesis of proposition 1.6, if p is an ordinary cusp of C and the tangent line to C at
p does not pass through q, then [C - (@q(C)]p =3,

By applying Bézout theorem with the curves C and &,(C), and controlling their intersection multiplicities

using these results, we obtain:

Theorem 1.10 (Pliicker’s first formula). Let C C P? be an irreducible algebraic curve, whose only singular-
ities are § nodes and T ordinary cusps. If a point g € P* does not belong to C, and no tangent line to C at a

singular point cointains q, then the number of tangent lines to C passing through q is
dd—1)—20-37,

with each tangent line | counted Y, ([C A, - 1) times.
pecnl



We finish this section presenting two useful properties of polars of groups of points. The first one is an inter-
pretation of the barycenter of aligned points as a point polar, while the second one states that polarity commutes

with the section of a curve by a line.

Proposition 1.11. Let py, ..., py be (possibly repeated) d affine points in P'. Then, the barycenter of py, ..., pa
is the point polar of the group G = p| + ...+ pg with respect to the point at infinity p. = (0: 1).

Proof. If the points p; have homogeneous coordinates p; = (1 : ¢;) in P!, the group G = p; + ...+ py admits
the equation G : F(xo,x;) = 0, with

d
F(X(),xl) :'111 ( (Xle) —xl (061 +.. +Oéd) X()—I— ...
=

and the last ... denoting terms with degree in x| strictly smaller than d — 1. Since
0" 'F
=d!x
SdT
9x{

the point polar of G with respect to p.. is determined, and has equation

—(og+...+ay)(d—1)!xp,

PENG) tdoxy — (0 +...+ 0g) g =0.

W) which are the homogeneous coordin-

In other words, 274! (G) consists of the single point (1 :
ates of the barycenter of py,...,pg. O

Proposition 1.12. Let q,C and [ be, respectively, a point, a curve and a line in P2, such that q € 1\ C. Then,
P,(C)-1= 2,(C1)

where the left-hand side is the group of points corresponding to the intersection of Z,(C) with I, and the
right-hand side is the polar of the group of points C - | with respect to q.

Proof. We take coordinates in P? in such a way that g = (0: 0: 1), C: F(xg,x1,x2) and [ : x; = 0.

The intersection group C -1 is given by the equation F(xg,x2) = F(x0,0,x>), regarding xo,x, as homogeneous

coordinates in /, and hence

_ aF _ 9F(x0,0,x)
On the other hand, an equation for Z,(C) is Z,(C) : IF _ 0, which gives

oxy
Py(C)-1: %(xo,o,xz) —0

The result becomes a consequence of the equality W 3—F (x0,0,x2). O

X2

1.5 Pencils of curves and pencils of groups of points

We want to study when the equations of two affine curves share their two highest homogeneous parts. Our main
tool will be pencils, that is, the 1-dimensional linear varieties in the projective space of hypersurfaces of a fixed

degree.

In particular, we will make use of pencils of curves (hypersurfaces in P?) and pencils of groups of points

(hypersurfaces in P').
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Definition. Let C;,C> C P? be two different plane projective curves of the same degree n, given by equations
Ci : F(x0,x1,x2) =0and C; : G(xg,x1,x2) = 0. The pencil spanned (or generated) by C; and C; is the set

A={D: AF+uG=0|(A:pu)eP'}

of curves whose equation is a linear combination of F and G.

Remark. By means of the identification of the curve AF + uG = 0 with the point (A : u) € P!, the pencil A
has a natural structure of projective line. In the same way that a line is determined by two different points, any

two different curves of A span the same pencil.

As it is clear, a point p € C; N C, belongs to all curves of the pencil. Therefore, we define the locus of base

points of the pencil as the set
By={peP*|peD,VDeA} =CNC,

According to Bézout theorem, if C; and C, have no common irreducible components, there are at most n”
distinct base points. And it’s easy to see that, in the case of C| and C; sharing irreducible components, the locus

of base points consists in the curve with equation gcd(F,G) = 0, plus finitely many points.

Notice also that, for any non-base point p € P2\ By, the condition A - F(p) + - G(p) = 0 determines a unique
curve of the pencil A passing through p.

Lemma 1.13. Let A be the pencil generated by two algebraic curves Ci,Cy C P? of the same degree n, and
p € C1NGC, a base point of A. Then,

. /
[C1-C),=[D-D],
for any two different curves D,D’ € A.

Proof. This result can be easily checked using the property 6 in proposition 1.4. O
Moreover, under certain conditions, we can control the multiplicity of a base point on the curves of the pencil:

Lemma 1.14. Let A be a pencil of algebraic curves of degree n, and let p € P? be a base point for this pencil.

The following are equivalent:
1. There exist two different curves of A having the same tangent cone at p.
2. All curves of A but one have the same tangent cone at p.
3. There are two curves of A having different multiplicities at p.

Proof. During this proof, we take a projective reference such that p = (1:0:0).

1) = 3) : Assume that C;,C; € A are two different curves with the same tangent cone at p, defined by a
polynomial f € C|[x},x;] of degree e > 1. Then, these curves admit projective equations C; : F(xp,x1,x2) =0
and G, : G(xg,x1,x2) = 0, where

F(x0,X1,%2) = fu(x1,%2) + fam 1 (¥1,%2) - X0+« o+ fort (x1,22) X3¢+ f(x1,22) - X~

n—e—1

G(x0,x1,X2) = &n(x1,%2) + gn—1(X1,X2) - X0 + ...+ get1(X1,X2) - X + f(x1,x2) - x5 ¢
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and f;,g; € C[x,x;] are homogeneous polynomials of degree i (e + 1 <i < n).

Thinking of C; and C; as generators of the pencil, any curve D € A has equation D : H (xp,x;,x) = 0, with
H=AF +uG = (Afn(x1,x2) + pgn(x1,x2)) + (A fr—1(x1,%2) + tgn—1(x1,%2)) - x0+ ...+
(A fer1 (01,22) + Bgert (¥1,02)) -2+ (A ) f(x1,32) - xG°

for some (A : 1) € P!. From this equation, it clearly follows that e,(D) > e, and
ep(D)>e <= (A+u)fe(x1,x2) =0<=A+u=0< (A:pn)=(1:-1)

That is, the point p has exact multiplicity e for all the curves of A, with the exception of F — G = 0.

3) =2):Let C;,C; € A be curves with respective multiplicities e;, e, at p, such that e; # e,. We will assume,

without loss of generality, that e; > ¢,. Take equations C; : F(xo,x1,x2) = 0 and C; : G(xg,x1,x2) = 0, where
F(x0,x1,X2) = fu(X1,%2) 4 fu—1(x1,%2) - X0 + ... + fo, (X1,%2) - x5!

n—ep

G(x0,x1,X2) = gn(X1,X2) + &n—1(x1,X%2) - X0 + ... + &e, (X1,X2) - Xg

and the f;, g; € C[x1,x;] are homogeneous polynomials of degree i. Observe that the tangent cones of C; and

C, at p are given, respectively, by f, (x1,x2) =0 and g, (x1,x2) = 0.

Spanning A by means of C; and C,, each curve D € A has equation D : H(xg,x;,x) = 0, with
H=AF~+uG = (A fu(x1,%2) + Ugn(x1,%2)) + ...+ (Afe, (x1,%2) + Uge, (x1,X2)) - x5 "+
e, -1 (x1,32) X L page, (x1,32) X

for some (A : ) € P!. Therefore:

e If u #0, we have TC,(D) : uge,(x1,x2) = 0, which is the tangent cone 7C,(C>) of C; at p.
e If u =0, D =C; has tangent cone f,, (x1,x2) =0 at p.

In other words, all the curves of A, with the exception of C;, have the same tangent cone at p as the curve C,.

2) = 1) : Trivial. O

Remark. It follows from the proof of lemma 1.14 that the curve in the condition 2 with different tangent cone
has strictly higher multiplicity at p than the other curves of A. It will be referred to as the exceptional curve of

the pencil.
For the case of pencils of groups of points, the main notions are quite similar:

Definition. Let G;,G, C P! be two different groups of points of the same degree n, with respective equations

F(xp,x1) = 0 and G(xg,x;) = 0. The pencil spanned (or generated) by G| and G is the set
A={H:AF+uG=0|(A:p)ecP'}
of groups of points whose equation is a linear combination of F and G.

Again, we have an identification of A with P!, which allows us to generate the pencil by means of any two

different groups of points of A.
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And as before, a point p € G1 NG, is contained in all the groups of points of A. Therefore, we define the locus
of fixed points of the pencil as the set

B; = {péPHpGH,VHGX} =GiNG,
(notice that this set may be empty, in contradistinction to the case of pencils of curves).

Any non-fixed point p € P! \ B; will be contained in a unique group of the pencil A, determined by the
condition A - F(p)+u-G(p) =0.

By means of the two following results, we determine the points in P! which are double (in the sense that have

multiplicity > 2) for some group of the pencil A:

Proposition 1.15. A group of points G C P! has undetermined point polar with respect to a point p € P if. and
only if, p is a double point for G.
n . .
Proof. Take a reference of P! such that p = (1 : 0) and G has equation G : F =0, with F(xo,x1) =Y, axix} "
i=0

The point polar of G with respect to p is

n—1
Z11G): 0= 2 — gy (n—1)1-x, + agn! - xg
Ixg

and therefore
ﬁg—l(G) is not defined +<= aj(n—1)! =0=apn! <= o1 =0 =y <=

— F:x%-F’, for some F’ € C[xg,x;] of degree n —2 <= p is double for G. O

Lemma 1.16. Let A be a pencil of groups of points, and p € P not a fixed point for this pencil. Then, A has
a group containing p with multiplicity (at least) 2 if, and only if, p has undetermined point polar for a group of
A and constant point polar with regard to the other groups of A.

Proof. Take a group G of A, in such a way that p ¢ G (this is possible because p is not a fixed point), and
take G, another element of A different from G 1.

We fix a reference of P!, in such a way that p = (1 : 0) and the homogeneous polyonomials

n . ) n . .
F(xo,x1) =Y opxyxg ', G(xo,x1) :'Zo Bixixy
1=l

i=0
determine equations G : F =0, G, : G = 0 for the generators G, G, of A. Using the notation G ,, : AF +
uG = 0 for the elements of A, observe that

_ 9" (AF +uG)

gzg—l(cx?u) 0 o]

= Aoy +upi)(n—1)!-x1+ (Ao + uPo)n! - xo
First, suppose that p is double in a group Gy, ;. for some (Ao : to) € P!. We may assume that o = 1, since
p ¢ Gi1 = Gy . By proposition 1.15,
pisdoublein Gy ; = g@g_] (Gy,,1) is undetermined = Ap0 + B = 0= Agto + Po
Hence, for any (A : ) € P!, the point polar 227 !(Gj, ,,) is given by the polynomial
(Aar +puBr)(n—1)!x1 + (Ao + uPo)n! -xo = (Aay — pAgas ) (n—1)!-x1 4 (Ao — Ao 0p)n! - xo =
= (A —pulo)oy(n—1)x;+ (A —pio)aon! - xo
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If A — puAo # 0 (that is, if (A : 1) # (Ao : Wo)), we may cancel this factor and thus the point polar
yzfl(G;w) cog(n—1)x;+opn!-xg=0

coincides for all the groups G, ,, € A with (A :u)# (Ao : Uo). Notice that these polars are defined, since
p ¢ Gl,O'

Conversely, if Gy, is the group of A having undetermined point polar with respect to p, it follows from

proposition 1.15 that p is contained (at least) twice in G, ,, . This finishes the proof. O
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Chapter 2

Waring’s theorem and consequences

2.1 Characterization of the two highest homogeneous parts of a curve

Let!ly,...,l. be parallel lines in the affine plane A2. Regard them as lines in IP?, with all of them passing through

a certain improper point p € /.

As we already know from basics on projective geometry, the pencil A of lines passing through p has a natural
structure of P!. Furthermore, considering L. as a distinguished element of A, the set A’ of affine lines parallel
to the direction determined by p acquires a structure of affine line. Therefore, [} + ...+ [, is a group of points
inA’.

Definition. The barycentric parallel of 1y,...,l,, denoted by BP(l;,...,l,), is the barycenter of [;,... I, as

points of A’. That is,

BP(li,....L,) =2 (i +...+1,) €A
If the point p is given by the homogeneous coordinates p = (0 : a : b) in P2, each element of A’ admits an
equation of the form [ : —bx+ ay = ¢. The number ¢ may be seen as the affine coordinate of / in A’.

Hence, if [; : —bx+ay =c; (1 <i<r) are affine equations for /y,...,/,, their barycentric parallel line is

BP<117"-7lr) —bx+ay= L’ﬂ—i_cr

Remark. Any affine line [ C A2, non-parallel to /y,...,1,, intersects BP(ly,...,l,) at the barycenter of the

intersection points of [1,... [ with [.

Example. The affine lines /; : x+2y =2, L : x+2y = —2 and [3: x+ 2y = 3 have barycentric parallel
BP(ll,lz,lg) : x+2y =1

Consider a plane algebraic curve C of degree n, with projective equation C : F(xo,x1,x2) = 0. Recall that, in

section 1.2, we took a decomposition
F(x0,x1,%2) = f(x1,%2) 4 fae1 (x1,%2) - X0+ 4+ fi (x1,%2) - X0~ + fo - X
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with the f; € C[x},x;] homogeneous polynomials of degree i (0 < i < n). The two highest homogeneous parts
of C were defined as the polynomials f;, and f;,_;.

Equivalently, the affine part of C has equation F(1,x,y) = 0, with

F(l,x,y) :fﬂ(x’y)—i_fn*l(x’y)+"'+f1(xvy)+f0

and we may regard the two highest homogeneous parts of C as the polynomials of degree n and n — 1 appearing

in the decomposition of the affine equation into a sum of homogeneous polynomials.

In this section, we are going to explore the geometric information that underlies the two highest homogeneous
parts. Notice that, with the previous notations, the polynomial f, is completely determined by the improper

section: in fact, C - [ is the group of points in /. given by the equation
0=F(0,x1,%2) = fulx1,%2) ,

where we consider x1,x; also as homogeneous coordinates in /..

The notion of barycentric parallel line, when applied to groups of parallel asymptotes, provides a geometric
criterion for the simultaneous coincidence of the two highest homogeneous parts f, and f;,_, in case that C has

no parabolic branches.

This criterion, not found in the literature, may be formally stated as:

Theorem 2.1. Let C; : f(x,y) =0 and C; : g(x,y) = 0 be two affine algebraic curves of degree n, where

FO6y) = faley) + o1 (e y) +. o filny) +fo, g(xy) = gn(x,y) +gn1(x,y) ... +g1(x,y) +go

and f;,g; € Cx,y| are homogeneous polynomials of degree i (0 < i < n). Assume that neither C\ nor C, has

parabolic branches.

There exists k € C* such that g, = k- f, and g,_1 = k- f,_1 if, and only if, for any direction & the groups of
asymptotes of C1 and C, that are parallel to § have the same number of elements (counted with multiplicities)

and the same barycentric parallel.

We are going to prove this theorem in two different ways. In the first proof, probably the simplest one, the main

tool are pencils of curves and pencils of groups of points:

First proof of theorem 2.1.
We work with the projective equations C; : F(xg,x1,x2) = 0 and C; : G(xo,x1,x2) = 0, where

F(x0,x1,%0) = %G - f(32,2) = f(x1,%0) + o1 (¥1,52) - X0 + o+ f1 (x1,22) - x5+ fo -

G(x0,x1,7%2) = x4 - 8(3L,2) = gu(x1,22) + gn1 (¥1,72) - X0 + ...+ &1 (¥1,7%2) - x§ ' + g0 X
We will denote by A the pencil of curves spanned by C; and C;.

Assume that g, = k- f,, and g, = k- f,,_1, for some k € C*. Then, the curve D : kFF — G = 0 of A has [, as an
irreducible component of multiplicity (at least) 2.

Since g, and f;, are proportional, they determine the same group of points in /., so that C; and C, have the same

improper section: C; - lo = C; - l. If p € I, is any of the improper points of C; and C,, then
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ep(C1) = ep(C1) - ep(le) = [C1 - L] , = [C2 - l] , = €p(C2) - €p (L) = €,(C2)

with the second and the fourth equalities following from the curves having no parabolic branches. This proves
that the number of asymptotes of C| and C, in the direction determined by p, counted with multiplicites, is

exactly the same.

Write e = e,(C1) = e,(C>) and, changing coordinates if necessary, assume that p = (0: 0: 1). Then,
F(x0,1,%2) = fu(%051) + frm1 (%0,21) X2+ .+ fo (%0, x1) - ¥4~
G(x0,X1,X2) = &n(X0,X1) + &n—1(x0,x1) - X2 + ... + ge(x0,X1) - X5 ¢

with the f;,g; € C [x0,x1] homogeneous of degree i.

If the tangent cones 7C,,(C1) : fo(x0,x1) = 0 and TCp(C2) : ge(x0,x1) = 0 are equal, the groups of asymptotes
of C1 and C, passing through p are the same, and obviously will have the same barycentric parallel.

Otherwise, since every curve of the pencil A admits an equation
A Fat -8+ (A fumt + 1 gum1) 2o+ (A fot )57 =0

for some (A : p) € P!, it follows that the pencil A spanned by T'C »(C1) and TC,(C>) is the set of tangent cones
at p for all the curves of A. By the usual identification of the set of lines through p and P!, we may regard A

as a pencil of groups of points in P!.

This pencil A has a group where L. is counted (at least) twice: the group corresponding to the tangent cone at p
of the curve D. And obviously, /. is not fixed for A, since L, is not in the groups TC,(C1),TC,(C2) € A (recall
that C; and C;, have no parabolic branches).

According to lemma 1.16, all the elements of A have constant point polar with respect to /.. That is, all the

groups of lines forming a tangent cone TC,,(C), for C € A, have the same barycentric parallel.
In particular, the barycentric parallels of the respective groups of lines 7C,(Cy) and TC,(C») coincide. This
finishes the proof of the first implication.
Conversely: translate the hypothesis of the coincidence of number of asymptotes in the same direction, as
e,(C1) = e,(C) for every p € L. Since C; and C; have no parabolic branches, we deduce that
[Ci 'lw]p =¢p(C1)-¢p(l=) = €y(C1) = €p(C2) = €p(C2) - €p(ls) = [Co- l‘x’]p
and thus C; and C, have the same improper section: this gives g, = k- f;,, for some k € C*.
Observe that the curve D : kF — G = 0 of A has /. as an irreducible component, i.e., we can write
kF—G=x¢-H

for some homogeneous polynomial H € C [xg,x;,x;] of degree n — 1. In order to finish, it suffices to see that
the multiplicity of /. as an irreducible component of D is, at least, 2. Or equivalently, that D' : H = 0 has [ as

a component.

Denote by pi,...,ps (s < n) the distinct improper points of C; and C», and write e; = ¢, (C1) = e,,(C2) for

i €{1,...,s}. For each point p;, we distinguish two cases:

e Case 1: Suppose that the tangent cones T}, (C\), T,(C>) coincide. Note that I is a component of T}, (D)
(because it’s a component of D), but not of 7,,(Cy) or T,,(C>) (C; and C, have no parabolic branches).
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Hence, D must be the exceptional curve of A satisfying e,, (D) > ¢; (see lemma 1.14 and the remark

following it). Then,
ei+1< el’i(D) = epi(lw) +epi(D/) =1 +epi(D/) = ep,-(D/) >e
and we deduce that

[D,'l‘x’]p,- > e, (D) -ep,(ls) = €y, (D) = e;

e Case 2: If the tangent cones 7),,(Cy), Tp,,(C2) do not coincide, the pencil A that generate is the set of

tangent cones at p; for all the curves of A. As before, we see Aasa pencil of groups of points in P!,

By hypothesis, the groups of lines forming 7C,,(Cy) and TC),(C>) have the same barycentric parallel.
Hence, all groups in A have the same barycentric parallel, that is, the same point polar with respect to /..

Notice that L, is not fixed for A, and the unique group of A containing it must be 7C,, (D), since . is
a component of D. According to lemma 1.16, this group TC,, (D) contains l. twice: hence, D’ has a

branch tangent to /., at p;, which gives

[D/'l“’]pf > epi(D,) ) el’i(l°°> = epi(D/) = ePi<D) - epi(l‘”) =e¢— 1= [D/ ’ lw}Pi Z e

All together, we have [D'-l.],, > ¢; forevery i € {1,...,s}, and then
S A
y [D'-lw}p, >Y e;=n
i=1 b=l

But D’ is a curve of degree n— 1: by Bézout theorem, l.. must be an irreducible component of D', which

concludes the proof. O

In the second proof, we factorize the polynomial F by making use of Puiseux parametrizations of branches.

This provides a formula that also appears in [7]:

Second proof of theorem 2.1.
Ja1(x,y)

In this second proof, we will give an expression of WACR as a sum of partial fractions. Take the projective

equation Cj : F(xg,x;,x2) = 0, where

F(x0,x1,%0) = %G - f(32,2) = f(x1,%0) + o1 (¥1,52) X0 + -+ f1 (x1,22) - X' + fo - xf
Changing coordinates if necesssary, we will suppose that (0:1:0) ¢ C;. Consider coordinates (z,¢) in the
affine chart of P? with x, # 0: that is, (z,¢) denotes the point with homogeneous coordinates (z: ¢ : 1) in the

projective frame. The affine part of C; for this chart has equation
0="F(z,t,1) = fu(t, )+ fumr (t,1) - 2+ ...+ fi(t,1) -2+ fo- 2"

Assume that C} has s < n distinct points of intersection with /., : z= 0, denoted by p; = (0,a;), 1 <i<s. Let
V; be the number of Puiseux series of C; at the point p;.

Since the ¢-axis . is not tangent to C, the Puiseux parametrizations of the v; branches of C; at p; have the form
t:ai—l—b,-Jz—l—... (G=1,...,v),
where ... denotes terms with degree in z strictly higher than 1. The tangents to these branches will be /; ; : t =

a; + biJZ.
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By the hypothesis (0: 1:0) ¢ Cj, the polynomial F(z,¢,1) decomposes as
s Vi
F(Z,[,l) =I1T1I ([—ai—biJZ—...)
i=1j=1
according to proposition 1.3. Then, the intersection of C; with [, : z = 0 is given by

Fult. 1) = F(0.0,1) =TT T1 (t—as) =11 (t — )"

1

S
i=1j=1 i=
In order to find an expression for f,_;, we must compute all the terms of F(z,#, 1) having degree 1 in z. From
a simple observation at the factorization of F(z,t,1), we deduce that such terms are
—bijz-(t—a)" " TT (= ar)™
ki
forie {l,...,s} and j € {1,...,V;}. Therefore,

fn—l(t7 1) =

]

™=

{8

[—bi,ﬂ (e—a)" T (- ak)vk] :.)_S:

j kti

which gives

j= ki

Using these expressions for f,,_;(z,1) and f,(¢,1), we deduce that

fnfl(l‘, 1) :‘gl [( fl _bi7.j> . (l‘—ai)vi—l -T1 (l —ak)Vk]

=
=

M=

s X —bij s L hij
) =y =1 — fn-1(x,) =1 (x)

1 _
1) S t-a falx,y) S XAy

And if we come back to the original affine chart (xo # 0) with coordinates (x,y), the asymptotes through each
point (0:a; : 1) € Cy are given by

lijj:x=ay+bi; (G=1,...,v)

1 v
whose barycentric parallel is BP(; 1, ...,liy,) : x = a;y + v Y. b;j. Hence, in the expression (ss):
i =1

e The denominators and the improper points of C; (that is, the directions of the asymptotes) determine each
other.

e The numerators determine and are determined by the barycentric parallels of the groups of parallel

asymptotes.

By joining this with the uniqueness of a decomposition into a sum of partial fractions with coprime denomin-
ators, the result follows. [

The main advantage of theorem 2.1 is giving a complete geometric determination of the two highest homogen-
eous parts of curves with no parabolic branches. This provides a generalization of the criterions found in the

literature, which are based on the strict coincidence of asymptotes, rather than considering barycentric parallels.

For instance, in [4], as well as all the mathematicians of the 19th century, Coolidge restricts the problem to the

curves intersecting transversely /., at each of their improper points:

19



Corollary 2.2. Let C; : f(x,y) =0 and C; : g(x,y) = 0 be two affine algebraic curves of degree n, where

FO6y) = fal,y) + fa1(6y) +o o+ fily) +fo, 8(x,y) = ga(x,y) +gn-1(x,¥) +... +g1(x,¥) + 8o
and fi, g; € C|x,y] are homogeneous polynomials of degree i (0 < i < n). Assume that each of the curves meets
the line at infinity in exactly n distinct points. Then:

C1 and C; have the same asymptotes <= g, =k f,, and g, = k- f,—1, for some k € C*

Proof. By hypothesis, the improper section of C; and C; consists on 7 distinct (and thus non-singular) points.

Due to this, C; and C, have a single asymptote associated to each asymptotic direction, and the coincidence of
asymptotes becomes an equivalent condition to the coincidence of barycentric parallels of groups of asymptotes

with the same direction. Using theorem 2.1 concludes the proof. O

Remark. Coolidge proves this result giving the formula

fnfl(xvy) — L Ci
Jalx,y) 5 aix+biy

ifaix+biy+c;=0(=1,...,n) are the affine equations for the n different asymptotes of C;, which is nothing

but the formula (xx) applied to this particular case.

In [7], Kunz and Waldi prove the formula () for curves with no parabolic brances, in a different way. The cri-
terion presented there is again an immediate consequence of theorem 2.1, since considers the strict coincidence

of asymptotes as a sufficient condition for the coincidence of two highest homogeneous parts:

Corollary 2.3. Let C; : f(x,y) =0and C; : g(x,y) = 0 be two affine algebraic curves of degree n, where

FO6y) = faley) + o1 (6 y) +. o filny) + fo, g(xy) = gn(x,y) +gn1(x,y) + ... +g1(x,y) +go

and f;,g; € C|[x,y] are homogeneous polynomials of degree i (0 < i < n). Assume that neither C; nor C; has

parabolic branches.

Then, if Cy and C, have the same asymptotes (counted with multiplicity), there is k € C* such that g, = k- f,
and 8n—-1= k 'fn71~

Clearly, the converse of corollary 2.3 does not hold: two curves may have the same number of asymptotes in

any direction determining identical barycentric parallels, but different asymptotes.
For example, consider the cubics
Cr:xy? =28y +x3 —4x? +dxy—x—1=0, Cy:2xy> —4x’y+2x> —8x> +8xy+2x+3y—4=0

which satisfy 2 f3 = g3 and 2 f, = g,, with the previous notations. However, at the improper point p=(0:1: 1),

the tangent cones
TCy(C1): 0= —x3+x2 +x3 — dxox; +4xoxa — 2x1x2 = ((2—V/5)x0 —x1 +x2) (24 V/5)x0 — x1 +x2),
TCy(Cr): 0= %x% er% +x% —4dxpx1 +4xpxy — 2x1X0 = (—%xo +x1 —xz)(—%xo — X1 +x2)

give different asymptotes for each of the curves.

The following picture, made with Geogebra, is a representation of C; (red) and C, (blue) in the real affine plane,
together with their asymptotes (dashed lines) and the coincident barycentric parallels for the groups of parallel

asymptotes (black):
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Figure 1

To finish this section, we must point out that these results are far from being true for curves C; and C, with

parabolic branches. For example, for the affine curves
Cr:y +2xy+2y* +x+y=0, C: ¥y’ +2xy+x=0

the parts f> and g, are not proportional, in spite of C; and C, having the same asymptotes. In fact, both curves

have a unique improper point, p = (0: 1 : 0), where the tangent cones coincide:

TCp(Cl) = TCP(CZ) : x0(2x2 +x0) =0

2.2 An extension of Waring’s theorem

As we said in the introduction, the linking between asymptotes and barycenters of intersection groups comes

through the two highest homogeneous parts of curves.

The first part of this linking has been widely detailed in the previous section. For the second one, we find

explicitly the coordinates of the barycenter, by means of elimination arguments:

Theorem 2.4. Let C and D be two plane algebraic curves with disjoint improper sections. Then, the barycenter
of C - D coincides with the barycenter of the intersection group when any of the curves is replaced by another

with the same two highest homogeneous parts.

Proof. First of all, note that C and D do not share any irreducible component (the intersection of a common
component with /. would give common improper points). So, according to Bézout theorem, the intersection

CND must be a finite set of points, and the intersection group C - D makes sense.

We take a projective reference such that neither (0:0: 1) nor (0: 1:0) is an improper point of C or D. In this

reference, consider equations C : F(xp,x1,x2) =0 and D : G(xg,x1,x2) = 0, in such a way that
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F(x0,X1,%2) = fo(x1,%2) + fae1 (x1,5%2) - X0+« 4+ fi (x1,2%2) - X0+ fo - X8
G(x0,X1,%2) = gm(X1,%2) + gm—1(xX1,%2) - X0 + ... + g1 (x1,%2) - X0 + go - A

with f;,g; € C[x;,x2] homogeneous polynomials of degree i. Denote also by f(x,y) = F(1,x,y) and g(x,y) =
G(1,x,y) the equations of their affine parts.

We are going to study the abcissae of the points in the group C - D by eliminating the variable x,. We will
use that the roots of the polynomial A(x;) = Resy,(F,G) |x—=1 = Resy(f,g)|x=y, inx; are exactly the abcissae
of the points in CND. Furthermore, the multiplicity of each root ¢ of A is the sum of all the intersection

multiplicities [C- D] > Where p is a point of abcissa o (see [2], proposition 3.3.4).
Rewrite the polynomials F and G as
F (x0,x1,%2) = ﬁ(xo,xl) +f,:1 (x0,X1) X2+ ... —&—fl (x0,x1) -x”’1 —i—fo -x
G(x0,X1,X2) = & (X0, X1) + &m—1(X0,X1) - X2 + ... + &1 (x0,x1) - X5~ + g0 - &%
with the f;,g; € C|[xo,x;] homogeneous of degree .

Since the resultant Resy, (F, G) is isobaric of weight nm as a polynomial in ﬁ), e ,f,;,gz), ..., &m (see [2], pro-

position 3.1.5), it follows that Resy, (F, G) is homogeneous of degree nm (as a polynomial in xq,x1):
Res,, (F,G) = agx™ + a1X{™ 'xo + ...+ @um_1X133" ' + Gpx™  (with the @; € C)

Now, observe that:

1. The coefficient ag only depends on the polynomials f,, and g,,: in fact, take the expressions

f,-(xo,xl) = Z Oc,-’jxoxl - (for0<i<n), gi(xo,x1)= Z Bi. jxoxl = (for 0 <i<m)
Jj=0 Jj=0

with @; j, B, ; € C, and write z; j = o, jxéxi_j and z = Bi, jxoxl_] . The terms of F and G will have the

m i

form z; j- x5~ "and z , respectively.

Since Res,, (F,G) is a polynomial in f0s-- s fn:80,- - &m, in particular it must be a polynomial Q in the

variables z; j and ] ;:
_ /
Res,, (F’ G) = Q(Zt}jvzi,j)
(notice that Q has no independent term, because Res,, (F, G) is homogeneous in xo,x;). Now,
aoxy" = Resy, (F,G) |x0:0 = Q(ai,jx{)xlfj,ﬁi,jx(j)xl]_j) |X0:0’

with this evaluation at xo = 0 depending only on the variables z; o = Oc,',ox‘i and Z;.o = B,-,Ox’i (the remaining

variables are identically O for this evaluation).
Therefore, ag is univocally determined by the numbers «; o, ;o € C, which are precisely the coefficients
of the polynomials f, and g,,.

2. The number a@; only depends on the polynomials f,, f,—1, &n and g,—1:

With the previous notations, and using the chain rule, we deduce that

a]x)rm—lzaazesxz(EG))’xo_ozlzi aQ aZt/ gi Q ]|x0 =0 —

n
i=0j Zi,j i=0j= 1

Zl 20 Jazjxo xl Tt Z Z Q ﬁuxo 1xll j] | xo=0
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The evaluation at xo = 0 cancels all the summands, with the exception of those with j = 1.

And by the same argument as in 1., aaZ—Ql | =0 and ;Z—,Q | vy=0 only depend on the variables of the form
l7 [ 1

1,
20 = Ok ox) and g o = By o]
Due to this, a; only depends on the numbers &, Bio, 0 1,Bi1 € C, that is, the coefficients of the poly-

nomials f;, gm, fn—1 and g;,—1.

3. The polynomial A(x;) = Res,, (F,G)|,=1 has exact degree nm, that is, ap # 0. Indeed, as you can see in
[2] (proof of theorem 3.3.5), ag is the homogeneous resultant of the equations for the groups C - /., and

D - I, which share no point by hypothesis.

If X denotes the sum of all the roots of A (counted according to multiplicities), we deduce from 3. and Vieta’s
formulas that the abcissa of the barycenter of C- D is
Y —da]

nm — ag-nm-*

By 1. and 2., this abcissa only depends on the parts f,, f,—1 and g, gx—1 in the polynomials F and G, and thus
remains unaltered when any of the curves is replaced by another one with identical two highest homogeneous

parts.

A similar reasoning with Res,, (F,G) proves that the ordinate of the barycenter remains unaltered too. [

Remark. One could ask whether a similar argument still holds without the assumption of the curves having
disjoint improper sections. But notice that if C and D have a common improper point, the equations for C - /.

and D - [, have a common root and thus the leading coefficient ag of A vanishes.

Because of this reason, the sum of the roots of A is expressed as X = a_k—ilf, for some k > 2. And a; may depend

on the homogeneous parts f,,_ and g, of F and G.

From theorem 2.4 and our characterization of the two highest homogeneous parts of curves provided by theorem

2.1, we obtain the following result:

Theorem 2.5. Let C and C; be two plane algebraic curves with no parabolic branches and such that, for any
direction 8, the groups of asymptotes of Ci and C, that are parallel to & have the same number of elements

(counted with multiplicities) and the same barycentric parallel.

If D is an algebraic curve sharing no improper points with Cy, then the barycenter of C| - D coincides with the

barycenter of C; - D.

Proof. The curves C; and C; having (according to theorem 2.1) the same two highest homogeneous parts,

theorem 2.4 establishes that the intersection groups C; - D and C; - D have identical barycenters. O

Observe that theorem 2.5 is an extension of Waring’s theorem, which only considers the case of replacing a

curve by the union of its asymptotes:

Corollary 2.6 (Waring’s theorem). Let C and D be two plane algebraic curves, sharing no improper points
and such that C has no parabolic branches. Then, the barycenter of C - D coincides with the barycenter of the

intersection group when C is replaced by the union of its asymptotes.
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Example. Consider the conics C : 3x*> —32xy+9y* +3x+9y— 18 =0and D : x> +7xy+3y*> +x+3y—6=0.
One can easily see that their improper sections are disjoint, and consist of two different points, so neither C nor

D has parabolic branches.

The curves C and D intersect transversely at the four points (—3,0), (2,0), (0, 1) and (0, —2), whose barycenter
is (53 )-

On the other hand, by applying Waring’s theorem twice, we should obtain the same barycenter when replacing

each of the conics by the union of its asymptotes. A computation of the asymptotes of C gives the lines
Iy : 64/229x — (458 4+321/229)y = —75 —31/229 ,
I : —61/229x — (458 —321/229)y = —75 +3+/229
while the asymptotes of D are
I:2/37x+(71V/37-37)y=1—-+37,
Iy : —2/37x— (13T +37)y=1+/37.

The points of (] + 1) N (I3 +14) come from the intersection of four pairs of lines: (—0.456239,0.0838138),
(—0.869784,0.0439639), (0.0384386,—0.994811) and (0.287585,—0.132966). Direct computation shows

that the barycenter of these four points is also (3, 7).

The following figure, made with Geogebra, illustrates the situation in the real affine plane:

Figure 2
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Corollary 2.7. Let C be a plane algebraic curve, passing through no cyclic point of l... Then, the barycenter of

the intersections of C with a circle depends on the position of its centre, but not on its radius.

Proof. Consider the family of all the circles centered at a fixed point of the affine plane, which we assume

having homogeneous coordinates (1 :a: b).

That is, we are working with the family of curves C, : (x; —axo)* + (x2 — bxp)? = r? xO (where r is the radius of
the circle C,). Observe that:

e For any r, the improper section of C, consists of the cyclic points I = (0: 1:4),J = (0:1: —i).
e The asymptotes of C, are the lines /; : x| +ix, = (a+ bi)xo and I : x; —ixy = (a — bi)xy.

Since C; has obviously no parabolic branches, by Waring’s theorem we may replace C, by the union of its
asymptotes: the barycenter of the points of CNC, is the barycenter of the points of CN (/1 + I;), which will be

the same for every radius r. O

Remark. This result is a nice consequence of Waring’s theorem, often mentioned in the classic literature. For
instance, it may be found in [4], but restricted to curves C intersecting transversely the line at infinity. It is also

quoted in more modern books as [1] (section V.15).

2.3 Chasles theorem

In this section, we are going to prove Chasles theorem on the barycenter of the contact points of the parallel

tangent lines to a plane curve. A modern version of this theorem, in terms of polar curves, is:

Theorem 2.8. Let C be a plane algebraic curve of degree n, meeting the line at infinity in n distinct points.
Then, the barycenter of C- P,(C) is the same, for any q € I\ C.

Proof. Take a projective reference in such a way that g = (0:ag : a;) € l» \ C and C : F(xp,x1,x;) = 0, where
F(x0,x1,%2) = f(x1,%2) + fae1 (x1,%2) - X0+ 4+ fi (x1,%2) - X0+ fo - X0
and f; € C[x;,x;] is an homogeneous polynomial of degree i, for each i € {0,...,n}.

By the hypothesis of C intersecting /. in exactly » distinct points, it is clear that C has not singularities in /.

and /. is not tangent to C.

And recall that, by proposition 1.6, CN 22, (C) consists of the singularities of C and the contact points of tangent

lines to C passing through ¢: therefore, C and #7,(C) have no common improper points.

Now, we are going to apply the results of the previous section, in order to compute the barycenter of C- &, (C):

1. By corollary 2.6, we may replace C by the union of its asymptotes (in the sequel, denoted by A(C)).

2. By corollary 2.2, f, and f,_; are the two highest homogeneous parts of the equation of A(C). And
observe that the two highest homogeneous parts of the equation of &7,(C) only depend on f, and f,_i:

1 d
2,(C): r (a0l +ar ) xg 7 =0
J:
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It follows that &7, (C) and Z,(A(C)) share their two highest homogeneous parts: according to theorem
2.4, the curve Z,(C) may be replaced by &,(A(C)).

So we are studying the barycenter of the group A(C) - #,(A(C)), whose points are exactly:

e The points of contact of tangents to A(C) through ¢. But notice that A(C) has a finite number of tangent
lines (its own irreducible components, the asymptotes of C), none of which is passing through ¢, since
q€ls\C.

e The singularities of A(C), that is, the points where two (or more) asymptotes intersect.

These points are ordinary singularities of A(C) (since C has n distinct asymptotes), and hence by lemma
1.8 their multiplicity in the group A(C) - #,(A(C)) is independent of g.

Consequently, the barycenter of C- Z7,(C) is exactly the barycenter of the intersections of asymptotes of C,

which does not depend on the choice of ¢g. O

From theorem 2.8, the classic version of Chasles theorem (in terms of the contact points of tangent lines with
a given direction) can be deduced. We prove it for curves whose only singular points are either ordinary

singularities or ordinary cusps:

Corollary 2.9. Let C be a plane algebraic curve of degree n, meeting l. in n distinct points, whose only
singular points are either ordinary singularities or ordinary cusps. Then, the locus of the barycenters of the
contact points of a complete system of parallel tangents to C (with any direction being non-asymptotic and

non-parallel to the tangents of C at its singular points) is a fixed point.

Proof. Fix a direction, non-asymptotic and non-parallel to the tangents of C at its singular points, and assume
it’s determined by a point g € L, \ C. According to proposition 1.6, C N Z,(C) consists of:

1. The ordinary singularities p of C, where C and #,(C) intersect with multiplicity e, (C) - (¢,(C) — 1), by

lemma 1.8.
2. The cusps of C, where C and &, (C) intersect with multiplicity 3 (see lemma 1.9).

3. The points of contact of tangent lines to C passing through ¢. That is, the points of contact of tangent

lines which are parallel to that direction.

By Chasles theorem, the barycenter of these points (counted with the proper multiplicities) does not depend on
q. But notice that the singularities of C (and the times they are counted) are also independent of g: therefore,

the barycenter of the points of type 3 does not depend on ¢, as desired. O

Remarks.

1. If p is a contact point of a tangent / through ¢, lemma 1.7 says that the curves C and #,(C) intersect
at p with multiplicity [C-[] » — 1. So, in order to compute barycenters, p must be counted with weight
[C-1] »— L
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2. Corollary 2.9 is also true with no hypothesis on the singularities of C. A similar proof holds, if one uses
that for every point g (contained in no tangent of C at the singular points), the intersection multiplicity of
C and #,(C) at each singularity of C does not depend on g.

This result, which may be found (in a local form) as corollary 6.3.2 in [3], requires an advanced study of

singularities of curves.

Examples.

1. Let’s check Chasles theorem for the smooth cubic C : —8x> + 10y + 8x — 10y = 0, whose projective

closure intersects /. in three distinct points.
The polar of C with respect to an improper point ¢ = (0 : a : b) € L, \ C has affine equation
2,(C): a(—24x*+8) +b(30y* —10) =0

Notice that the equations of #2,(C) and C have, respectively, only even and odd exponents. It follows
that if a point (x,y) belongs to C- Z,(C), its opposite point (—x, —y) belongs with the same multiplicity

too.

Therefore, the barycenter of C- &Z,(C) (which consists of the contact points of tangents with the affine
direction given by g, by the smoothness of C) is the point (0,0).

In the following figure, you may find a representation of C in the real affine plane, together with the six

tangent lines parallel to x — 2y = 0 (in blue) and the six tangent lines parallel to x +4y = 0 (in green).

Figure 3

According to our computations, the barycenter of the six green contact points and the barycenter of the

six blue contact points is the same, (0,0).
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2. Corollary 2.9 is a generalization of a well-known property for non-degenerate conics. In fact: if we have
a smooth conic (not a parabola), and we consider the two tangent lines in any non-asymptotic direction,

the midpoint of the contact points coincides with the pole of ., (which is called the center of the conic).
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