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2. FUNDAMENTAL CONCEPTS

2.1. Affine plane algebraic curves. The following notation for the zeroes set of
a polynomial will be sometimes used. For f € C[z,y| the set

V(f) = {(z,y) € C*| f(z,y) = 0}.
is called the variety of f.
We now introduce the fundamental notion of an affine plane curve.

Definition 2.2. A subset C' C C? is called an affine plane algebraic curve if there
exists a polynomial f € Clz,y] of degree > 1 such that

C=V(f)={(z,y) €C*| f(z,y) = 0}.

It is clear that any polynomial c - f¥ with ¢ € C* and k € N* defines the same
curve as f. We will see that this is the only indeterminacy in the definition of C'.

Note that if f is a divisor of g then V(f) C V(g). Using the following lemma we
can go the other way.

Lemma 2.3. Let f,g € Clz,y|. If f is irreducible of degree > 1 and V(f) C V(g)
then f is a divisor of g.

We will give a proof of this lemma to illustrate both a basic technique and the
important notion of resultant of two polynomials. The strategy is to reduce the
assertion to the fundamental theorem of algebra.

Definition 2.4. If A is a commutative ring with unity and if P = agX™4+a; X™ 1+
<ot ay and Q = bp X" + b X"t + -+ 4 b, are polynomials in A[X] the resultant
Rpg of P and @ is defined as the determinant of the square (m + n)-matrix

ao . o e am

ao . o oe e am

bo b,

bo b,

where the coefficients of P are arranged on the first n rows and of ) on the last m
rows. Note that Rpg € A.

The usefulness of the resultant is highlighted by the following fact.

Theorem 2.5. Suppose A is a unique factorization domain and ag,by # 0. Then
the following are equivalent:

(i) P and Q have a commnon factor of degree > 1 in A[X].
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(ii) Rpg =0 in A.
We now return to the proof of Lemma 2.3.
Proof. Write f and g as polynomials in C[z|[y]:
f=ay™ +ay™ 4+ am, g=boy" + by by,

where a;,b; € Clz] and ag, by # 0. We may assume m > 1.

Now intersect the sets V(f) and V(g) with the vertical lines = = ¢ for all ¢t € C.
Note that n > 1 as well: otherwise choose to such that ag(t), bo(to) # 0, and then
x = to would intersect V'(f) but not V(g).

Consider the resultant R = Ry, in A = C[z]. Since f is irreducible, if we show
that R = 0 then by Theorem 2.5 we are done. But R is itself a polynomial in C|x]
so it is enough to show that R(z) = 0 for infinitely many = € C. It is clear that
ao(t), bo(t) # 0 for almost all ¢. For such a ¢ the line x = ¢ will intersect both V(f)
and V' (g). In other words, the polynomials P = f(¢,y) and @ = ¢g(¢,y) in C[y| have
a nonconstant common factor y — A for some A € C. We conclude by Theorem 2.5
that R(t) = Rpg = 0. 0

Remark 2.6. By using this method of projecting a curve on a line we can easily
see that an algebraic curve C' C C? contains infinitely many points.

We discuss now the decomposition of algebraic curves into components. This is
based on the the fact that polynomial ring C[z,y| is a UFD.

Definition 2.7. An algebraic curve C' C C? is called reducible if C = C, U C, for
some curves C and Cy such that C # Cy. Otherwise we say that C' is irreducible.

The following is an immediate consequence of Lemma 2.3.

Lemma 2.8. A curve C = V(f) C C? is irreducible if and only if there exists
k € N* and an irreducible g € Clx,y] such that f = g".

This lemma and the prime factorization of a defining polynomial implies the
following.

Theorem 2.9. Any algebraic curve C C C? is the union C = CyU---U C,. of
wrreducible curves. The C;,1 <1 < r are called the components of C, and they are
unique up to a permutation.

An important property of irreducible curves is the following.

Theorem 2.10. An irreducible algebraic curve C C C? is connected as a topological
space.

This theorem will be proved later.
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Remark 2.11. Notice that some of the previous statements are false if C is replaced

by R.
If C =V(f)and f = ff* - ... f¥ is a prime factorization then any any other
polynomial g such that C' = V/(g) will be of the form cfft ... fir where ¢ € C*

and [; € N*. We may call f; -... f, the minimal defining polynomial of C. A curve

V(f) € C? with f minimal is called reduced. For a curve C = V(f) given by

f=fl... fkr we may regard k; as the multiplicity of the component C; = V(f;).
We introduce next an important invariant of an algebraic curve, its degree.

Definition 2.12. If C' = V(f) C C? with f minimal then the degree of the curve
C, denoted by deg C, is the degree of f.

The geometric meaning of the degree can be seen by intersecting the curve with
lines. Let L be a line in C? given by a parametrization ¢t — («(t), 3(t)) where
a(t), B(t) are linear. If C' = V/(f) we obtain a single variable polynomial h(t) =
f(a(t), B(t)), whose zeroes correspond to the points in C' N L. Since h = 0 is
equivalent to L C C, the inequality deg h < deg f implies that #C N L < degC.

This bound is almost always attained. If 0 < k < d =deg f, then f = fo+ f1 +
“oo+ fa, where fr =3, 4 ny 1, T y*2 is the homogeneous part of degree k of f.
If a(t) = a1t + ag, B(t) = byt + b, then the coefficient of ¢ in h is given by fy(a, by).
Because f; # 0, f; can vanish for at most d distinct slopes a; : by of L. For all the
remaining slopes, deg h = deg f = d. Thus there are two obstructions to attaining
the bound #C N L = deg C":

(a) The line L may have an exceptional slope.
(b) The polynomial A may have multiple zeroes.
The second problem can be resolved by counting points of intersection with their
multiplicities, and the first by also considering points of intersection at infinity.

2.13. Projective plane algebraic curves. The complex projective plane P? is
the set of all lines through the origin in C3. If z = (zg,z1,72) € C*\ {0} then
[zo : 1 1 23] = C - (x9,x1,22) denotes the line through z. In these homogeneous
coordinates, we have that [z : x1 : x2] = [yo : Y1 : yo] if and only if (zg, 21, 22) =
A (Yo, Y1, y2) for some X € C*.

An embedding of the affine plane is given by C? — P? (2, x5) — (1,7, 75). The
line at infinity of C? is then P?\ C? = {zy = 0}. Instead of this line, any other line
L C P? can play the role of the line at infinity of the affine plane P2\ L.

We can now give the definition of a projective plane curve.

Definition 2.14. A subset C' C P? is called a projective plane algebraic curve if
there exists a homogeneous polynomial F' € C[z, x1, 25| of degree > 1 such that

C = V(F) = {[1‘0 X 11’2] € P? | F($0,l’1,l’2) = O}
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We extend now an affine curve C to a projective curve C. If f € Clx,y] the
homogenization of f is F' € Clzg,z1, 2] given by F(xg,z1,29) = 8 - fOEE 2,
where d = deg f. Note that f(x,y) = F(1,z,y). Clearly, if f = fo+ fi+ -+ fa
then F(zo,71,20) = a8 - fo+ -+ 20 fao1 + fa-

If C = V(f) is an affine curve and F is the homogenization of f, then C' =
V(F) C P? is called the projective closure of C. Clearly C = C N C2.

Example 2.15. The cubic C with f = 2% — y? has projective closure C' given by
F = 23 — 22x5. Then C has an inflection at [1: 0: 0] and a cusp at [0: 0 : 1]. This
last point lies in the affine part x5 = 1 with coordinates (zg, x1).

Remark 2.16. The projective closure C' of C' coincides with the topological closure
of C in P2,

The notions introduced above for affine curves have analogues for projective
curves: irreducibility, decomposition into components, degree, etc.

First, note that f € C[z,y]| is irreducible if and only if its homogenization I’ €
Clxg, 21, x2] is irreducible. Then, the degree of the projective plane algebraic curve
C'is the degree of a minimal defining polynomial F' in C[z, 1, 22]. The irreducible
components of C' are then defined by the irreducible factors of a minimal F'.

Remark 2.17. The group PGL;(C) of projective transformations acts on P2. Since
the homogeneous coordinates are transformed linearly, we can easily see that the de-
gree and the irreducibility property are independent of projective transformations.
Such numbers or properties are called (projective) invariants.

2.18. Intersection numbers and Bézout’s theorem. The most important re-
sult of the elementary curve theory is Bézout’s theorem, which gives the number of
points of intersection of two algebraic curves.

We begin by treating the special case of the intersection of a curve and a line.
Let C = V(F) C P? be a curve of degree d > 1. For simplicity choose coordinates
so that the line is given by x5 = 0. The points in C'N L correspond to the zeroes
of G(to, tl) = F(to,tl, 0) Write F(Io, .171,1'2) = F(]l'g + legl—l + -+ Fd, where
Fy, # 0 are homogeneous of degree k in zy, x;. Then G = F}.

If F; =0, then F'is divisible by xs, that is L C C'. Otherwise deg G = d, and by
the fundamental theorem of algebra we have a factorization

G = (blto — (Iltl)kl . (bmto — amtl)kr,

where [a; : b;] € P! are uniquely determined, distinct points, and k; € N* are
independent on the choice of coordinates.
Thus we can define the intersection multiplicity of C' and L to be

Int,(C, L) == k,
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where k = k; for point p = [a; : b; : 0] and k = 0 for all other p in P2. Since
ki+---+ k,, = d, we obtain:

Proposition 2.19. If C C P? is a curve of degree d > 1 and L a line not contained
in C', then the total number of points of intersection of C' and L, counted with
multiplicities, is d. For almost all lines #C N L = d.

Example 2.20. Let C = V(zox3 — 23) be a cuspidal cubic and L be the line
through p = [1 : 0 : 0] with slope in the affine plane determined by [A\g : \;] € PL. A
parametrization of L is given by (to,t1) — (to, Aot1, A1t1) = a(t). Then F(a(t)) =
G(t) = t3(N%ty — A3t1). The factor ¢? describes the intersection point p, and the
second a point ¢ = (A} : A\gA? : A?). If the line is horizontal then [Ag : A;] = [1 : 0],
so p = ¢ and Int,(C, L) = 3. Otherwise p # ¢ and Int,(C, L) = 2,Int,(C, L) = 1.
For [A\g : \y] = [0:1], ¢ =1[0:0: 1] is an inflection point at infinity, but L is
not the inflectional tangent. The latter is the line at infinity Lo, = V(x¢), and
Int,(C, L) = 3.

Now we determine the number of intersection points of two algebraic curves
C, =V (F)) and Cy = V(Fy) in P2

Theorem 2.21. If C;,Cy C P? are algebraic curves with no common component,
then the number of intersection points satisfies the inequality

#Cl N Cg < deg Cl . deg Cg.

Proof. We may assume that C7,Cy do not pass through ¢ =[0: 0 : 1]. For a point
x = [xg: 21 :0], let L, denote the line through x and ¢. Expand in terms of z5:

—1
Flzaoatgn+a1x§” +"“|—(Im,

F2 = b(]LU;L + blxg_l + -+ bn;

where a;,b; € Clxg,z;] and dega; = i,degb; = j if a;,b; # 0. Since ¢ ¢ C and
q ¢ Cy, we have ag, by # 0. We take the resultant R = Rp, p,. Then R € Clxg, 2]
is a homogeneous polynomial of degree mn. In the special case when Cy = V(x3)
is a line R = +a,,.

If C'y and C5 are algebraic curves with have no common component, then R % 0 by
Theorem 2.5. Moreover, R(xg,z;) = 0 if and only if C; and C5 have an intersection
point on L,. For a fixed x there are only finitely many intersection points because
otherwise L, would be a common component of C; and C5. Hence C'; N5 is finite.

Now we count the intersection points. There are only finitely many lines con-
necting them. If coordinates are chosen so that ¢ lies on none of these lines, then
there is at most one point of intersection on each L,. In other words, altogether
there are at most as many as the zeroes of the resultant R. U
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To turn the inequality above into an equality, we need to count the intersec-
tion points with their multiplicities. The hard part is to define the intersection
multiplicity.

Definition 2.22. Let C; = V(F}) and Cy = V(F;) be algebraic curves in P? that
have no common component. Moreover, suppose that they do not pass through
the point ¢ = [0 : 0 : 1], and on each line through ¢ there is at most one point
of intersection of C; and Cy. Let R € C[xzg,x;] be the resultant of F} and F,. If
p=[po:p1:ps) € CiNCyand r = [pg: p1] then
Int,(Cy, Cy) == mult, (R),

that is, the intersection multiplicity of C; and Cs is the multiplicity of the zero of
R at r.

Combining this definition with the arguments in the proof of Theorem 2.21 im-
mediately gives the following theorem, which was discovered in 1765.

Theorem 2.23. For C,,Cy C P? algebraic curves with no common component,
Z Int,(Cy, Cy) = deg Cy - deg Cs.
peC1NCs
We give a very simple example.
Example 2.24. If C} = V(zg2? — 23) and Cy = V(xgz? + 23), then R = 8z315.

The two cubics intersect at ¢ = [0 : 1 : 0] with multiplicity 3 and at p = [1 : 0 : 0]
with multiplicity 6.

In fact the intersection multiplicity is a local invariant: it is determined by the
behaviour of the two curves in an arbitrarly small neighborhood of the point of
intersection.

2.25. Tangents and singularities. The local properties of a curve can be studied
in an affine part of the projective plane.

Definition 2.26. Let C = V(f) C C? be an algebraic curve with f € Clx, ]
minimal. We say that C' is smooth at a point p if

(Zw.5w) # 00,

If p is not smooth, we say it is singular.
If C' is smooth at p, the line

10~ {wn ect Lot L y=cf

is called the tangent line to C' at p. Here c is chosen so that p € T,,C.
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The set Sing C' of the singular points of C' is called the singular locus of C.
Proposition 2.27. For an algebraic curve C C C? the set Sing C is finite.

Proof. 1f C = V(f) set C, = V(§) and C, = V(8L). Then SingC = CNnC,NC,,.
We may assume that deg C' = deg f > 2 since a line is smooth everywhere. This
implies that deg % > 1 say. Then C} is an algebraic curve, and SingC C C'NC,.
Thus it suffices to show that C'N C,, is finite. This follows from Bézout’s theorem
(for divisors) once we show C' and C, have no component in common.
Suppose that f and % do have a common prime factor g. Then f = ¢ -h and
of dg oh
B —g'gl—ha—x+ga—x~
Hence g is also a divisor of h-0g/0x. If dg/0x # 0 then g is a divisor of h, so g*
is a divisor of f. But this contradicts the minimality of f.
If 0g/0x = 0 then g = y — a. But the coordinates can be chosen from the outset
so that C' contains no lines parallel to the axes. O

If deg C' = d, it follows that C' has at most d(d—1) singular points. This estimate
will be improved later.

To get the first measure of how bad a singularity is, we consider higher derivates
of the defining polynomial.

Definition 2.28. Let C' = V(f) C C? with f € C[z,y] minimal. The multiplicity
of C' at p is the order of the polynomial f at p:

mult,(C') := ord,(f),

where by definition ord,(f) := min{k | fx # 0} with f; the homogeneous part of
degree k of the Taylor expansion of f about p.

It is clear from the definition that:
(a) 0 < mult,(C) < deg C;
(b) p € C iff mult,(C) > 0;
(c) C is smooth at p iff mult,(C) = 1;
(d) C is singular at p iff mult,(C) > 1.
The extreme case mult,(C') = degC' = d occurs iff f = f,;. This means that C
consists of d lines through p.

Example 2.29. The origin has multiplicity 3 in the case of the quartic V((2? +
y?)? + 32y — y3) and multiplicity 4 in the case of the sextic V ((x? + y?)? — 422y?).
In these examples, the multiplicity counts just the local branches, but the next is
very different. The quartic V((z? + y*)? — 23) has multiplicity 3 at the origin, but
a single branch there.
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It is clear that possible intersections of two curves at a point depend on the
multiplicities of the curves.

Proposition 2.30. If C C C? is an algebraic curve and L is a line through p € C,
then
mult,(C) < Int,(C, L),

and the inequality is strict for at most mult,(C) lines through p.

Proof. Let f be a minimal polynomial of C' =V (f) and let f = f.+- -+ f4, where
r = ordp(f) and d = deg f, be its Taylor expansion at the origin O. If the line L
is parametrized by a(t) = (\it, Agt), then g(t) = f(a(t)) = So0_, fu(A1, Ao)t*. By
definition Int,(C, L) = ord,(g). This is greater than r iff f.(A, A3) = 0. O

For convenience, set Int,(C, L) = oo if L C C. This allows us to define tangents
to singular points as well.

Definition 2.31. As above, let p € C'N L. The line L is called a tangent to C' at
p if
mult,(C) < Int,(C, L).
We call p an ordinary r-fold singular point if r = mult,(C) and there are r
distinct tangents at p, i.e. the homogeneous polynomial f, has r distinct zeroes.

Example 2.32. The origin is not an ordinary point for quartic V ((z% + y?)? — 23)
and for the cuspidal cubic V(23 — ¢?). In these examples there is only one tangent
which must be counted three times, respectively twice.

Definition 2.33. If p € C is a smooth point and T is the tangent at p, then
k := Int,(C,T) is called the order of contact. We have that 2 < k < oco. If k = 2
then T is called a simple tangent, otherwise is called an inflectional tangent. In the
latter case p is called an inflection point.

Calculations become much more complicated when we intersect two general
curves. Nevertheless one can prove the following result.

Theorem 2.34. Let C;,Cy C C? be algebraic curves with no common component.
Then
Intp(C'l, 02) Z multp(C’l) . multp(Cg)

for p e Cy N Cy. Equality holds iff Cy and Cy do not have a common tangent at p.
Example 2.35. If C = V(23 +2¢2?) and C,, = V(25 +2§ '21), then Int,(C, Cy) =

3 independent of n. The common tangent to C' and C, at p = [1 : 0 : 0] is

In order to apply the global statement of Bézout’s theorem we have to projec-
tivize.
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Proposition 2.36. Let C' = V(F) C P2, where F is minimal, and let p € C. Then
(a) C is smooth at p iff
oF oF oF
) R

(b) If C is smooth at p, the projective line

T,C - {%p)-xo TS S o}

&To 8351 851?2
is called the tangent line to C' at p.

Proof. 1t follows from Euler’s formula for F', where C' = V(F).

of af of _
LL’Oa—xO —|—SL’18—‘T1 +J}28—x2 = (degF) - F.

Corollary 2.37. For an algebraic curve C C P? the set Sing C' is finite.

Example 2.38. The Fermat curve C' = V(2 + 2 — ) is irreducible and smooth
for every d > 1.

2.39. Polars and Hessian curves. It is natural to ask the following questions for
an algebraic curve C' C P% 1) How can we find tangents T’ to C passing through
a prescribed point ¢? 2) How can we find the inflection points of C?7 In order to
answer these questions is useful to introduce polar and Hessian curves.

Definition 2.40. Let C' = V(F') with F' minimal of degree d > 2. Let ¢ = [q0 : ¢1 :
2] be an arbitrary point in P? and set D, F' = qu_:i) —I—qlg—f1 +ng—£. Ifdeg D, F" > 1
then the curve P,C := V(D,F) is called the polar of C' with respect to the pole g.

Example 2.41. a) F' = z125. Then D, F = q129+¢x1 and P,C is a line: undefined
for ¢ =[1:0:0], included in C for ¢ = [gp : 1 : 0]. b) C smooth quadric. Then
P,Cis aline. ¢) C = {3+ zox? = 0}. Then D, F = qoa? + 2q1 2071 + 3gax3. C has
a cuspidal tangent 7' = V(xy) at p=[1:0:0]. If ¢ € T then P,C consists of two
lines through p and Int,(C N P,) =4. If ¢ # 0,¢2 = 0 then P,C =T U L, where L
is a line through [0 : 0 : 1], and Int,(C N BP,) = 3. If ¢4 # 0,¢2 # 0 then P,C is a
smooth quadric with tangent 7" at p, and Int,(C' N P,) = 3.

The polar curves enjoy a lot of useful propreties.

Proposition 2.42. Let C = V(F') and d = deg F'. We then have:
(a) P,C is independent on the choice of coordinates in P?.
(b) D,F =0 if and only if C is the union of d lines through q.
(c) If D,F # 0 then deg D, =d — 1.
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(d) C and P,C have a common component if and only if C' contains a line
through q.

(e) If p € SingC then p € P,C.

(f) Intersection CNP,C consists of the tangency points of tangents to C' passing
through q, together with Sing C'.

(g) Suppose C' has a simple tangent T at p (i.e. Int,(T,C) = 2). If q €
T is distinct from p, then C' and P,C intersect transversely at p, that is
Int,(C, P,C) = 1.

Definition 2.43. For F' € Clxg, x1, x2] homogeneous of degree d > 2, the 3 x 3

matrix Hp = (62550) is called the Hessian of F. If C' = V(F) with F' minimal,

and deg(det Hp) > 1 then H(C') = V(det HF) is called the Hessian curve of C.

Example 2.44. a) F' = 23 + 2? + 3. Then det H = 8 and H(C) = 0. b)
F = myx9(x1 — x9). Then det H = 0 and H(C) = P2 ¢) F = xory22. Then
det H = 2F and H(C) = C. d) F = xo(x3 + 22 + 23). Then C = L U (C},
det H = 8z¢(323 — 23 —23), and H(C) = LUCs, where C;, Cy are distinct quadrics
and C and H(C) have the line L = V(z() in common.

It is useful to have alternate formulae for det Hp:

Lemma 2.45. With notations F; = g—fi, F;; = agjal[;j we have
d—1 Fy | F d—1 dF F, K
det HF = det F01 F11 F21 = 3 det (d - 1)F1 F11 F21
T T
’ Foo Fia F 0 (d—1)F Fop Fyn

Proof. It follows from Euler’s formula applied to F;, where 0" row is multiplied
by xo, while for j = 1,2 the j* row is multiplied by z; and added to it. Similar
procedure on columns gives the second equality. O

It is readily seen the following

Proposition 2.46. (a) H(C) is independent on coordinates.
(b) deg(det Hr) = 3(d — 2) if det Hp # 0.
(c) SingC C H(C).

The crucial property of Hessian curves is their relationship with inflection points.

Theorem 2.47. Let C = V(F) € P? containing no line. Then:
(a) det Hr # 0.
(b) p € C\ Sing C is an inflection point if and only if p € H(C).
(¢) C and H(C) have no common component.
(d) If p € C is a simple inflection point then Int,(C, H(C)) = 1.
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In order to prove Theorem 2.47 we need the following lemma, which is an easy
consequence of Taylor’s expansion.

Lemma 2.48. Let C' = V(f) € C? smooth at p = (0,0) with T = V(x3). If k =
Int,(C,T) < 0o then f(x1,x2) = x¥g(x1) + x2h(1, T2), where g(0) # 0, h(0,0) # 0.
Proof. Theorem 2.47. Let p=[1:0:0] € C smooth point with tangent 7" = V' (x4).
By Lemma 2.48 we can write F(1, 2y, z2) in the form f = 2¥g + x2h, where kg =
apx? + azxd 4+ ..., h =b+byxy +bywy+.... Here 2 < k < 00,b # 0 and ay = 0 if
and only if k£ > 3, i.e. p is inflection point. Using Lemma 2.45 we find

0 0 b
det Hr(p) = (d—1)*det [0 2ay by | = —2(d — 1)*?as.
b by 2by

This gives (b). To prove (a) is enough to show that there exists a smooth point
which is not an inflection point. That follows from the implicit function theorem.
To prove (c) we have to track down lowest order terms in the Taylor expansion
of det Hr about p. We obtain: det Hr = xlf_2é(x0,x1) + xglf](m,xl,xg), where
G(1,0) # 0. This implies (c) because it follows from the inequality common com-
ponent at a smooth point.
For k = 3, H(C) is smooth at p, with tangent distinct from 7". This gives (d). O

The situation when C' and H(C') have a component in common is also clear:

Proposition 2.49. A curve C C P? is included in its Hessian H(C) if and only if
C is a union of lines. More precisely: (a) If C' contains a line L, then L C H(C).
(b) If D is a common irreducible component of C and H(C'), then D is a line.

2.50. Applications of Bézout’s theorem. It is natural to ask the following ques-
tions for a curve C' C P? of degree d: How many singular points C' can have? How
many tangents to C' pass through a given point ¢? How many inflection points C'
can have?

In order to estimate the number of singularities we use a construction of algebraic
curves through prescribed points. Foe example, exactly one line passes through two
points, exactly one quadric through five non-collinear points.

Algebraic plane curves of degree d are parametrized by the projective space PV,
where N = (d‘gz) —1= d(d; 3, Every point in P? through which the curve C' is to
pass determines a hyperplane in P¥. The intersection of N hyperplanes contains
at least one point in PV. Points py, ..., py are said to be in general position (with
respect to curves of degree d) if the hyperplanes they determine in PV intersect in
exactly one point. We thus have the following lemma.

Lemma 2.51. Through d(d+3) points in P? there passes at least one algebraic curve

2
of degree < d.
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In the plane d lines can intersect in d(d — 1)/2 points, thus a degree d curve can
have d(d —1)/2 singularities. There is in fact a better bound for irreducible curves.

Theorem 2.52. An irreducible algebraic curve C C P? of degree d has at most
(d—1)(d —2)/2 singular points.

Proof. We may assume d > 3. Suppose there were s;1 singularities on C, where
s = (d—1)(d —2)/2. We adjoin d — 3 more points to Sing C', so altogether there
are s +1+d—3 = (d+1)(d — 2)/2 points. Now there is a curve D of degree
m < d — 2 that passes through all these points. For each singular point p of C' we
have Int,(C, D) > 2 and for each of the additional d — 3 points Int,(C, D) > 1, so

> Int,(C,D) >2(s+1)+d—3=d(d—2)+1.

peCND

Now (' is irreducible and deg D < d, so C' cannot be a component of D. Bézout’s
theorem gives
> Int,(C,D)=d-m < d(d—2),
peCND
contradicting the previous inequality. O

For a more accurate count, we can assign weights to the singularities and show
that
> mult,(C)(mult,,(C) — 1) =< (d — 1)(d — 2)
pESing C
By induction on the number of components we have the following.

Corollary 2.53. An arbitrary algebraic curve C C P? of degree d has at most
d(d —1)/2 singular points.

Remark 2.54. It is very natural to ask now whether, for each n there exist irre-
ducible curves of degree d that have the maximal number of singularities. Severi
showed that there even exist irreducible curves in P? with exactly n ordinary points
for 0 <n < (d—1)(d —2)/2 and no other singularities.

Remark 2.55. If we apply Bézout’s theorem to a curve containing no lines C' and
to its polar P,C, we can easily conclude from Proposition 2.42 that there are at
most d(d — 1) tangents to C' through ¢q. We shall see later that this number is
reduced by bitangents, inflection points and singularities of C.

Remark 2.56. If we apply Bézout’s theorem to a curve containing no lines C' and
to its Hessian H(C'), we can easily conclude from Theorem 2.47 that there are at
most 3d(d — 2) inflection points on C. The maximum number of points is attained
only if C' is smooth and all its inflection points are simple.
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Example 2.57. F = x3+23+x3. Then the Fermat cubic C' = V(F) is smooth and
all its 9 inflection points are simple. We have det Hp = 63zgx,25 so H(C) splits into
3 lines. On zy = 0 there are 3 inflection points: [0:1: —1],[0: ¢ : —1],[0: ¢*: —1],
where ( is a primitive cube root of unity. There are also 3 inflection points on each
of the lines ;1 = 0 ([1 : 0 : —1], etc.) and 25 = 0 ([1 : —1 : 0], etc.). The 3 real
inflection points lie on the line zy + 27 + x9 = 0. In general, every smooth cubic
has exactly 3 real inflection points which always lie on a line.
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3. PUISEUX SERIES

In this section we will show how to solve the polynomial equation f(z,y) = 0, for
y as a series in fractional powers of z, in the neigborhood of the origin O = (0, 0).
It makes no difference if we allow f to be a formal power series. The proof goes
back to Newton.

Let f(z,y) = . a,sx"y*. Consider a real plane R? with coordinates (r,s) and
mark those points for which the coefficient a, ; is non-zero. The Newton diagram of
f is the convex hull of the regions above and to the right of the marked points. Its
boundary is made up of straight line segments. The union of those segments which
do not lie on the coordinate axes is the Newton polygon Ny of f.

We say that f € C[[z,y]] is general of order m in y if f(0,y) = y™ - h(y) such
that h(0) # 0.

Theorem 3.1. Any equation f(z,y) =0, where f is a polynomial with f(O) =0,
or more generally f € C[[z,y]] with zero constant term, and general in y of order
m > 1, admits at least one solution in formal power series of the form:

r=1t", y=o¢(t) =at +ayt’* +...,
for some n € N.

Proof. We try writing y = cox®+ terms of higher order, for some a € @, and then
substitute for y in f(z,y). Each term a,.x"y* contributes a, ;cjz"**. When we
add these, the terms of least order r 4+ s« in x will have to cancel.

In order for that to happen we need to choose a line r + sa = e lying along an
edge of Ny. Write the endpoints of this edge as (rg, so) and (ro + ka, so — kb), where
a,b and k are positive and a and b are coprime, so that the integral points on the
edge are the (rg + la, sg — (b) with 0 < [ < k. When the substitution is made, no
powers of x lower than x¢ appear, and the coefficient of x¢ is

k
2 : so—Ib
aro—l—la,so—lbco .
=0

If we set ¢(T') = Zf:o Urgtiaso—wT ™!, then the coefficient of 2¢ may be written
as ¢’ (ch).

We start now the constructive part of the proof. First we check whether f is
divisible by «: if so, then one solution is parametrised by (z,y) = (0,t). From now
on we will assume that f is not divisible by x. It follows that N intersects the
s-axis in a point determined by the order of f(0,y), which we denote by my.

Now choose an edge of Ny, and a solution Tj of the equation ¢(7") = 0, and set

co =T, 01 * " Since ¢ has a non-zero constant term, Ty and ¢y cannot be zero. We
take y = coz®® as a first approximation to a solution of f(x,y) = 0.
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Set x = 28,y = 2%(co + y1), and substitute in f(z,y) = 0. By the above choices,
F(a, 2%(co 4 1)) is divisible by 257 Divide by this to get fi(x1,%1), say. Now
repeat the above procedure, replacing f,z,y by fi,z1,y;. Write m; for the order
of f1(0,41). Note that f1(0,;) is in fact given by (co + y1)*° "¢ ((co + y1)?). Since
¢ has degree k, we deduce that m; < kb < my.

Iterating this procedure yields after r steps an expression of the form

Y, 1= 28 (co + 2Pobi (¢ + 2500 (cp + ... . (¢r + 2B L)),
which multiplies out to an expression in incresing fractional powers of z.
Observe that Y, differs from Y,_; only in coefficients of zPb o and higher terms.
Also, if the lowest non-vanishing coefficient in f(z,Y,_1) is the coefficient of x'r-1,
then since the procedure amounts to killing this coefficient, we have [, > [,_;.
It remains to prove the following claim: The denominators byb; . .. b, are bounded,
or equivalently, that b, = 1 for all large enough r. To that end we will show that

Lemma 3.2. If b, > 1 then m, > m,;.

The claim will follow now from the previous lemma, since m, is a monotone
decreasing sequence of positive integers.

Then all the y, are power series in 24 = x'/? for some fixed d and since they
agree up to increasingly high powers of x4 they converge to a power series y.,. The
numbers dl, are also integers, but strictly increasing and so they got to co. Thus
f(x,ys) = 0 and we have an exact solution. O

Example 3.3. Equation f = y* —2y%2® —4ya® + 25— 27 = 0 leads to N, consisting
of the segment connecting (0,4) to (6,0). Substituting z = 22,y = 23(1 + y;) we
obtain fi = yi + 493 + 4y? — 4yyxy — 4xp — 22 = 0. Then Ny, is the segment
(0,2),(1,0). The substitution z; = 23,4, = xo(1 + yo) gives fo = yo = 0. Thus
Yo = 0 and y; = x5 and a solution writes z = zo,y = 2§ + 7.

Theorem 3.1 only gives us a formal solution to f(z,y) = 0. In fact if f is a
convergent power series in C{x, y} then ¢ is also a convergent power series in C{t}.
The proof of this fact uses the properties of the ring C{x,y}. Most importantly
that C{x,y} is an UFD.

First of all note that C{x,y} is a subring of the ring of formal power series
Cl[z,y]]. If f # 0 in C[[z, y]] then the order of f is ord f = min{d | fq #Z 0}, where
fa is the degree d homogeneous part of f; if f = 0 then ord f = co. Now f is a unit
in Cl[[z, y]] if and only if ord f = 0. Furthermore, if f is a unit in C{z, y}, then f is
also a unit in C[[z, y]]. In particular, f is a unit in C{x, y} if and only if f(O) # 0.

Definition 3.4. An element f € C{z}[y] of the form f = y*+a;(z)y* 1+ - -+ax ()
such that a,(0) = -+ = ax(0) = 0 is called Weierstrass polynomiall.
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Theorem 3.5 (Weierstrass preparation theorem). Let g € C{z,y} be general in
y of order k. Then there is exactly one representation g = uw - P with u a unit in
C{z,y} and P is a Weierstrass polynomial in C{x}[y] of degree k.

Thus, in some neighborhood of the origin, the zeroes of g are the same as those
of P. Note that ordg < k.

An important special case of the preparation theorem occurs when f has order
k = 1iny. In fact this is nothing but the implicit function theorem in the context of
convergent power series. Thus the Weierstrass preparation theorem can be viewed
as a generalization of the implicit function theorem.

Theorem 3.6 (Implicit function theorem). Let € C{x,y} such that f(0) =0 and
2—5(0) # 0. Then there is exactly one series ¢ € C{z} such that ¢(0) = 0 and

f(x,¢(x)) = 0.
To prove the preparation theorem, one uses the following important result.

Theorem 3.7 (Weierstrass division theorem). Let f,g € C{x,y} and let g be
general in y of order k. Then there exist ¢ € C{z,y} and r € C{x}[y] such that
the degree of R in y is less than k and f =q-g+r.

The preparation theorem is then used to prove that C{x,y} is a unique factor-
ization domain which is moreover Noetherian.

Definition 3.8. Let f € C{z,y} minimal and p € C' = V/(f). The local branches
of C' at p are the germs of the sets V(f1),...,V(f,), where, after a change of
coordinates that brings p to the origin, f factors out in C{x,y} into the prime
factors fi1,..., f-.

The Puiseux series of Theorem 3.1 gives a parametrization of the special form
t — (t", ¢(t)). We will show that any parametrization can be brought to this form
after a transformation of the parameter .

Corollary 3.9. Let (11,1) be a formal parametrization of f with ord(¢y)) = k
finite. Then there exists a series 3 € C|[t]] such that ord(8) = 1 and ¢ (B(t)) = t*
Thus a new formal parametrization of f is given by (t*, ¢(t)), where ¢(t) = 11 (5(t)).

We now state the geometric form of Puiseux’s theorem.
Theorem 3.10. Let f(z,y) = v* + ay(2)y* 1 + - + ap(z) € C{z}[y] be an irre-
ducible Weierstrass polynomial, where k > 1. Let p be chosen so that:
(a) ai,...,a, converge in U = {x € C | |z| < p},
(b) the discriminant Dy(x) # 0 in U* = U \ {0}.
Furthermore let V.= {t € C | |t| < p*/*} and C = (z,y) € U x C | f(z,y) = 0.
Then there ezists ¢ € C{t} convergent in V such that:
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(i) f(t*, () =0 forallt € V;
(i) ®:V — Ot — (tk,4(t)) is a bijection.

The theorem is a consequence of the following lemmas. Denote by 7 the projec-

tion U x C — U on the second factor, and let p : V' — U be the composition of
wd.

Lemma 3.11. Let C* = C\ {(0,0)} C U* x C. Then the restriction ©* : C* — U*
of ™ is a covering map.

Lemma 3.12. C* is connected.

Lemma 3.13. Let V* = V\{0}. Then there exists a homeomorphism ®* : V* — C*
such that the restriction p* is the composition 7 ®*.

Lemma 3.14. The continuos map ®* : V* — C* is holomorphic and setting ®(0) =
(0,0) gives a holomorphic extension ® : V — C of the form t — (t*, ¢(t)).

The mappings p* and 7* are both k-fold coverings of U*. If we extend to U then
the origin becomes a branching point of order k.

Proposition 3.15. Let ®(t) = (t*, ¢(t)) be a convergent solution and let ( =
exp(2mi/k) € C be a primitive root of unity of order k. For 1 < v <k let &, =
B(C"t) and ®,(t) = (t*,¢,(t). Then @y, ..., @, are distinct parametrizations of C.

Geometrically the maps @, differ from each other by permutations of the sheets
of the covering V* — C*, where the roots of unity act as covering transformations.

The parametrizations ¢, can be used to extend the factorization f(z,y) = (y —
cp) e (y — cx) with ¢; € C, which exist for every x € U*, to all of U.

Corollary 3.16. Let f € C{z}[y| be an irreducible Weierstrass polynomial of de-
gree k > 1 and t — (t*,¢(t)) a parametrization as in Theorem 3.10. Then in

C{t}|y] we have
FtEy) = (= an(®) - (y = &(1))-

We can now prove the convergency of the formal Puiseux parametrization in the
case when f is convergent.

Proof. Let f € C{x,y} be the given series general in y and ¢ € C[[s]] be obtained by
the formal construction. By the Weierstrass Preparation Theorem f = uP;--- P,
for some unit u and irreducible Weierstrass polynomial Pi,..., P.. Then since
u(s™, ¢(s)) # 0 we get P;(s”, ¢(s)) = 0 for some j. Hence we may assume that f is
an irreducible Weierstrass polynomial of degree m > 1 and ¢ a formal solution.
To compare ¢ with the factorization of f from Corollary 3.16 we have to match
the two parameters: z = t™ = s". In the formal construction there is no problem
to achieve that by increasing the denominator n. We then may assume that n = ml
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and hence t = s'. Thus f(s",y) = (y — ¢1(s")) -+ - - (y — dm(s')) in C{s}[y]. Since
¢ is also a zero of f(s",y) we must then have in the integral domain C[[s]| that
é(s) = ¢,(s') for some v. Hence ¢ itself is convergent. O

The previous proof implies the following result which relates the order m with
the integer n from the statement of Theorem 3.1.

Corollary 3.17. If f € C{x,y} is an irreducible series general in y of order m
then there exists ¢ € C{t} such that f(t", ¢(t)) =0 in C{t}.

To be able to compute with Puiseux series that have arbitrary denominators in
the exponent, we need an extension of the ring C[[z]]: For every n > 1, regard the
monomorphism C[[z]] — C[[t]], # — ¢" as a ring extension C|[[z]] € C[[t]] = C[[z=]].
Now form C[[z*]] := W2, C|[[xx]]. This is an integral domain containing all formal

Puiseux series. For a fixed ¢ € C[[z*]], there is an n € N such that ¢ € C[[z7]].
Hence

o
m
o= g a,xn, where a,, € C,
m=0

and we can define the rational number
ord ¢ := min{% | ay, # O} >0

to be the order of ¢.
The importance of the ring C[[z*]] can be seen in the following lemma.

Lemma 3.18. Every normalized polynomial in C{x}[y] splits into linear factors in

Cll=1]-

This fact is the key step in proving that the quotient field of C[[x*]] is algebraically
closed.
From Lemma 3.18 and Corollary 3.16 it follows that

Corollary 3.19. If f € C{x}[y] is a Weierstrass polynomial of degree k, there is
a factorization [ = (y — ¢1) - -+ - (y — ¢r), where ¢; € Cl[z*]] and ord ¢; > 0 for
1 <i<k. If f is irreducible then all ¢ have the same order.

3.20. Equation from a parametrisation. We have seen above that a parametri-
sation determines a unique branch; conversely each branch has an essentially unique
good parametrisation.

Lemma 3.21. Given a good parametrisation for a branch B, we can write down
an irreducible equation such that a point (near enough to O) satisfies the equation
if and only if it is given by the parametrisation.
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Proof. Let the parametrisation be y = >~ a,t", where x = t™. Collect all terms in
the expansion where r lies in a single congruence class modulo m, setting r = mq+s:

m—1 00
E s m

= t amq+8t a s
s=0 q=0

and define \y(z) = > 2 amgrs2?. These are convergent power series.
We may now regard the equations:

m—a—1 m—1
tay _ Z ta—l—S)\ ‘l‘ Z pats—m . )’
s=0 s=m—a

for 0 < a < m, as a system of linear equations in unkowns t* with coefficients
in C{x,y}. Since the values t* provide non-zero solutions to thse equations the
determinant D(z,y) of the system vanishes, and we can take D = 0 as the equation
for the branch. O

3.22. The Newton polygon. We will explore here the connection between the
geometric properties of the Newton polygon N, and the algebraic properties of f.
In general Ny consists of finitely many segments with negative rational slopes.
But it can also degenerate to a single point, for instance when f is a unit.
The most basic result is the following connection between slope and order.

Proposition 3.23. Let f € C|[z,y]] and ¢ € C[[z*]], with p := ord¢ > 0 and
f(z,¢) =0. Then Ny contains a segment with slope —1/p.

Thus the orders of all possible Puiseux parametrizations of f can be read off from
Ny. For example, if the curve germ V(f) has a smooth branch then N; must have
a segment with slope —1/m or —n, where m,n € N. If the tangent to the branch
is not one of the coordinate axes, then the slope of the segment is —1.

For simplicity assume that f € C{z}[y] is a Weierstrass polynomial of degree
k > 0 that does not have y as a divisor. We factor f as in Lemma 3.18, and
arrange the roots of f in C[[z*]] according to their orders:

(3.1) f=f- fofi=W—0j1)- - (Y — ojx;), 1 <5 <1,

where p; = ord¢;; for 1 <i < k;, and p; > ps > --- > p > 0.

Then k = ky + --- + k;. If g is an irreducible factor of f then g divides exactly
one f; because all the roots of g have the same order by Corollary 3.19. Thus the
factorization in (3.1) is cruder in general than the factorization of f into irreducible
factors in C{z,y}. Nevertheless the numbers k; and p; can be read off from the
Newton polygon.
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Theorem 3.24. Let f € C{z}[y] be a Weierstrass polynomial that does not have
y as a divisor and factored as in (3.1). Then the Newton polygon Ny consists of
segments St, ..., S of slopes —1/p; and heights k;.

Corollary 3.25. The Newton polygon of an irreducible Weierstrass polynomial
consists of a single segment.

Hence reducibility can often be seen immediately, but not irreducibility.

Corollary 3.26. Let f € C{z}[y] be a Weierstrass polynomial and let —1/p be
a slope of a segment in Ny. Then there exists a convergent ¢ € Cl[z*]] such that

f(z,¢(x)) =0 and ord ¢ = p.
Thus the germ C' = V(f) has at least as many branches as Ny has segments.

Corollary 3.27. If Ny of a Weierstrass polynomial f has a segment of height 1,
then the germ V (f) has a smooth branch.

3.28. Intersection multiplicities of germs. We give here another definition of
intersection multiplicity through parametrizations.

Definition 3.29. Let C; and C5 be germs of curves, let C; = V(f) with minimal
f € C{z,y}, and let Cy be irreducible with good parametrization ® = (¢1, ¢2).
Then the intersection multiplicity is defined by

IIlt(Cl, Cg) = ord f(¢1(t>, Qﬁg(t))

The definition is independent of a linear change of coordinates, the equation of
f and the good parametrization of C\.

By extending linearly, we can define Int(Cy, Cy) for arbitrary germ curves.

It is natural to compare the intersection multiplicity of algebraic curves with the
intersection multiplicity of germs.

Let C = V(F) and D = V(G) two algebraic curves in P?, and let p € C' N D.
Consider the germs C, and D, at p. The expected result turns out to be true.

Theorem 3.30. With the notation above,
Int,(C, D) = Int(C,, D,).

Through this equality Bézout’s theorem becomes indeed a local-global principle.
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4. RESOLUTION OF SINGULARITIES

The main topic of this section is that a curve singularity may be resolved by
succesive blowings up. We develop some numerical invariants of a single branch,
and we introduce infinitely near points and the dual graph of the resolution.

4.1. Blowing up.

Definition 4.2. Let p be a point on a smooth algebraic surface S. The blowing up
of S with centre p is a new surface T' and a map o : T — S such that o7 '(p) = F
is a curve, the restriction o : T\ E — S\ {p} is an isomorphism, and the points
on F correspond to different directions in S at p.

We first carry on the construction for S = C? with coordinates (x,y) and p = O.

Let P! be the projective line with coordinates [ug : u;]. Define T' = T} to be the
subspace of points in C? x P! satisfying the equation zu; = yuy. The projection
to C? defines a map m : T — C?. Any point (z,y) # O determines a unique
[ug : u1] = [z : y|, hence a unique point 7~ !(z,y), while corresponding to O we
have the entire line P!, so that 771(0) is a curve F isomorphic to P!, and called
the exceptional curve of the blow up.

For a general surface S we introduce coordinates (z,%) in a neighbourhood of a
smooth point p. These define a biholomorphism between a neighbourhood U of p
in S and a neighbourhood V of O in C2. Now the blowing up 7T is obtained by
gluing 771(V) to S\ {p} using the equivalence of U\ {p} and 7= (V'\ O) via V'\ O.

We will need to blow up with centre a point on T"= T} to get a new surface 15,
then blow up with centre a point on 75, and so on. However, all calculations will be
performed by taking local coordinates in all these surfaces. The existence of these
coordinates shows that the blow up of P? is another nonsingular surface.

Recall that P! is the union of two affine charts U; = {u; # 0}, for i = 0,1, where
uy/ug and, respectively, ug/u; can be taken as coordinate. On the part of T" where
ug # 0 write Y for uy/ug, and so the equation zu; = yug simplifies to y = zY,
showing that this part of T can be identified with C? having coordinates (x,Y).
Similarly, we can identify the part of 7" where u; # 0 with C? having coordinates
(X,y), where X = ug/uy. For calculations purposes, we simply introduce Y = y/x,
or X =z/y, as a new coordinate.

Note in particular that the preimage E of O is isomorphic to P!, and in the first
chart is given by = = 0 (with coordinate Y') and in the second by y = 0 (with
coordinate X).

The blow up construction, although expressed in local coordinates, is independent
on them.

Lemma 4.3. The result of blowing up a surface S with centre a point p is intrin-
sically well-defined.
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Let 0 : T — S be the blowing up with centre p € S, and E = o71(p) the
exceptional curve. A curve C' in S not passing through p, corresponds to the
unique curve o~ 1(C) in T. If C'is a curve through p, then o=1(C) is called its total
transform. This contains the exceptional curve E. The closure of 071(C) \ E is
called the strict transform of C.

Suppose B is a branch of the germ at O of a holomorphic curve in C2. If x =0
is not tangent to B, we have a good parametrization z = t™,y = > >~ ¢". Then
a parametrization of the strict transform of B under the blowing up of C? with
centre O can be obtained by setting Y = »">° #"~™. This intersects E at the
point given by t = 0, where Y = a,,. Note that this intersection is a single point,
and it corresponds to the tangent to the branch B. A neighbourhood of this point

is contained in the chart with coordinates (x,Y").

4.4. Resolution of singularities. We first consider the case of a single branch.
Write C for a branch at Oy = O of a holomorphic plane curve in T, = C2. Blowing
up with centre Oy produces a smooth surface T}, an exceptional curve Ej on it,
and a strict transform C") meeting F, at a unique point O;. Now blow up 7} with
centre Oj.

Inductively, suppose we have constructed a surface 7; containing curves £} for
0 < j <iand a curve C® meeting F;_; at a unique point O;. Then blowing up 7}
with centre O; gives a new smooth surface 7;,, and a map m; : T, 1 — T;. We write
E; again for the strict transform of E; if j < 4, E; for the exceptional curve of 7,
CU*+Y for the strict transform of the curve (branch) C¥. As before, this meets E;
in a unique point O;, 1.

We now show that this process eventually yields a smooth curve. This process is
known as resolving the singularity by blowing up. If CV) is smooth, the projection
7w Ty — Ty is a resolution of C.

Theorem 4.5. There exist an integer N such that C™N) is smooth (and hence C™
is smooth for allm > N ).

For a proof of the existence of a resolution we will resort to Puiseux parametriza-
tions. Let B be a branch of a holomorphic germ at O such that x = 0 is not tangent
to B,and x =™,y =Y~ 1" a good parametrization. This means that the values
of r for which a, # 0, together with m, have highest common factor 1. Note that
a,, = 0 holds if y = 0 is tangent to B at O.

Definition 4.6. Define 3; to be the exponent of the first term in the power series
which is not a power of ", and e; to be the highest common factor of m and f;.
And, inductively,

Biv1 =min{k | ar # 0, e; [k}, eiy1 = ged(ei, Biva),
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continuing until we reach g with e, = 1, which exists since the parametrization was
chosen good. Thus f; is the least exponent appearing in the series which does not
belong to the additive group generated by m and the preceding j;.

We shall call the sequence of numbers

(m§ ﬁla"'a/@g)

the Puiseux characteristic of the branch B; the (; are called the Puiseux charac-
teristic exponents. We also define 5y = ¢g = m.

Example 4.7. The Puiseux characteristic of the parametrization (x,y) = (¢4, +
£7) is (4; 6,7).

We shall see that the characteristic is not only idependent of the choice of coor-
dinates, but also contains deep information about the branch.

Proof. Theorem 4.5. We induct on the multiplicity m. For the curve C' we have

the parametrization
r=t" y= Zartr.

More precisely, we may rewrite y = byt™ + bot®™ + - -+ + b t?™ + ctP' + ... where
we set q := [%}
Blowing up once, we get OV, parametrized by

T=1"Y = by + bot™ 4 - ot I ot

If ¢ > 2, we shift the origin y; := Y — by, again have multiplicity m, and continue.
After ¢ blowups we find (after shifting if necessary) that the expansion of y, starts
with ct?1=9" so C'9 has multiplicity £, — ¢gm < m.

Since, if m > 1, we can blow up to reduce the multiplicity m, the result follows
by induction on m. 0

Example 4.8. Let C be the curve y® = 2L
3

For the first blow up set (x,y) = (21, 71y1) and substitute in f to get 2§(y5—23) =
0, the equation of the total transform. The first factor represents Fy, counted 8
times (as C has multiplicity 8 at O); the second factor f; is the equation of the strict
transform. The singular point of C'") does not lie in the chart given by substitution
(z,y) = (2191, 91)-

For the second blow up we make the (x1,y1) = (2y2, y2). This produces a total
transform of C'M consisting of E; = {yo = 0}, counted 3 times, and the strict
transform C® = {y3 — 23 = 0}. The strict transform of Ej is given by x5 = 0.

For the third blow up we set (za,y2) = (73ys3,ys). In this chart, the strict
transform of Fj is given by x3 = 0; the one of E; does not meet the domain of this
chart; the exceptional curve E is given by y3 = 0; and C® = {y2 — 23 = 0}.
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For the fourth blow up we set (r3,y3) = (x4, x4y4); in this chart Ey, F; do not
appear; F, is given by y3 = 0 and Ej3 by x4 = 0; finally the strict transform C*) of
C is the smooth curve y3 — x4 = 0.

4.9. Geometry of the resolution. An exceptional curve is a smooth curve iso-
morphic to P! and that is unaltered by the replacement by the strict transform.
However information may be derived from the pattern of intersections of the curves
E; in the surfaces T; constructed before.

We start with a simple lemma.

Lemma 4.10. Let C' be a smooth curve on a smooth surface S, and p a point on
C. Blow up S with centre p to get surface T, an exceptional curve E, and the
strict transform C' of C'. Then C' is smooth, it meets E in a single point, and the
intersection is transverse. Moreover, C' is isomorphic to C'.

Proof. Suppose C is given by x = ¢,y = Y ., a,t" in suitable coordinates. Set
y = z2Y in the blow-up. In coordinates (z,Y) we have £ = {z = 0} and ¢’ =
{Y =3 ,5,a.t'}. Then C’ is smooth and intersects E transversely at Y = a.
Projection from C’ to C is bijective and since x is a good parameter for both the
projection is an isomorphism. O]

In paticular we may take S = T7 and C = Ey. The lemma then tells us that F
and F; are smooth and intersect transversely in a single point in 7.
The above lemma can be generalized to the following

Lemma 4.11. For any curve C, the intersection multiplicity of the strict transform
of C with the exceptional curve E of the blow up is equal to the multiplicity of C.

Proof. Tt is enough to consider the single branch case since both expressions are
addiive. Choosing suitable coordinates we may take a good parametrisation x =
tmy = > ... at". Blowing up as above we find CV given by x = ¢V =
Y rom a,t"~ 1. Substituting this parametrisation in th equation 2 = 0 of E gives t™,
so the intersection number is equal to the multiplicity m of C. O

We return to the sequence of blowings up.

Proposition 4.12. The exceptional curve E; in T; 1 intersects F;_1 and at most
one curve E; with j < 1 — 1. These intersections are transverse, and no three of
the curves E; pass through a common point.

Proof. Induction on i: result for ¢ = 1 is already established. Inductively, assume
it holds for E; C T;.1. Then T, is the blow-up of T;,; with centre a point O,
on Ej;.

If Oj11 lieson Ej,j <t —1oron F;,_;, as well as on F; then by Lemma 4.10
the curves meet transversely there, so have different tangents. These directions
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correspond to distinct points on F;;. By Lemma 4.10 again, E;,; meets each of
E; and E; transversely, at distinct points. Since E;;; meets £ in T;;, if and only
if O;41 € E; in T4, the result follows. O

Definition 4.13. A collection of curves in a smooth surface is said to have normal
crossings if each curve is smooth, no three meet in a point, and any intersection of
two of them is transverse.

We have seen above that the configuration of exceptional curves always has nor-
mal crossings.

Definition 4.14. Given a singular point p of a curve C' in a smooth surface S,
a good resolution is a map m : T — S such that, if £ = 771(p), then 7 gives
an isomorphism 7'\ E — S\ {p} and the collection 77!(C) of curves has normal
crossings.

Theorem 4.15. Any plane curve singularity has a good resolution.

Proof. Let curve C' have branches By, ..., Bi. By Theorem 4.5 we can find a se-
quence of blowings up such that the strict transform of By by 7y : Ty — T = C?
is smooth. Then the strict transform of B, by (1) meets the exceptional locus of
71) in a single point. We apply Theorem 4.5 again to obtain () : 75 — T} which
resolves the singularities of By; by Lemma 4.10 the strict transform by m)m) is
still non-singular. Repeating the argument it follows by induction on k that we
can find a composite 7’ of blowings up in which each B; has a non-singular strict
transform.

Suppose two components, say B, B’, of 7/71(0) have non-transverse intersection
(B - B'), = s at a point p. Now blow up at p. We may take local coordinates
(z,y) in which B" = {y = 0} and B = {y = f(x)} with f of order s. Blow
up (x,y) = (z1,r1y1) produces a similar situation with f replaced by f(x1)/x; of
order s — 1. Since no intersection numbers are increased by blow-up and the new
exceptional curve is transverse to all other components (by Lemma 4.10), we may
iterate to reduce all intersection numbers to 1.

Finally, if there is still a point where three or more curves meet then since any
two of them are transverse, blowing up the point will separate them all. They will
meet the new exceptional curve transversely in distinct points. Thus blowing up
each such point leads to a good resolution of C'. O

Example 4.16. We return to y® = 2!'. Recall that after the fourth blow up,
Ey, £y do not appear, Es is given by y3 = 0 and F3 by x4 = 0; finally the strict
transform C™ of C is the smooth curve y? — 2, = 0. This curve touches Es, so we
must continue blowing up.

After the fifth blow up (x4, y4) = (25ys, ys5), we have E3 and Ej given by x5 =0
and by y5 = 0 and C® by 25 = ys. Any two of these are transverse, but all
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three go through a single point, so we must blow up once more. This produces a
final exceptional curve Ej which meets each of E5, Ey and C© transversely, all at
different points, so that at last we have a good resolution.

The procedure we have described is very simple: whenever there is a singular
point or one where the normal crossing condition fails, choose one such point, and
blow it up. A resolution obtained in this way is called minimal. The order in which
we blow points up does not affect the result, since blowing up one of two points
does not change what happens in a neighbourhood of the other.

Remark 4.17. For any resolution, the strict transform of C' is a smooth curve C'
and we have a projection 7 : C' — C which is unique up to isomorphim. This is
called the normalisation of C'. This is not very interesting when studying germs: if
C is single branch then 7 can be regarded as a parametrisation; if C' has r branches
there are r smooth points on C' and we get a parametrisation for each branch.

4.18. Infinitely near points. We return to the case of a single branch B and
consider a good resolution of its singularity.

Definition 4.19. A point of the curve Fy € T} is said to be an infinitely near point
of the first order to O € C?; a point of E,_; € T, is an infinitely near point of r*®
order to O.

The above iterative process produces one infinitely near point O, on B of each
order r. However, not all infinitely near points have the same nature. The basic
geometry relation between infinitely near points is that of proximity.

Definition 4.20. Given infinitely near points O; and O; of orders ¢, respectively
7 with j < 4 so that O; determines a sequence of surfaces T, with s < i and maps
ms 1 Tsy1 — T for s < 4. Then O; is prozimate to O; if E; has a strict transform,
also denoted E;, in T; and O; lies on E; so that E; intersects E; in T;,. Note that
O; is always proximate to O;_;.

Along with proximity of infinitely near points we consider their multiplicities.

Definition 4.21. Denote by m;(B) the multiplicity of O; of the strict transform
B of B in the T;. The sequence {m;(B)}i>o is called the multiplicity sequence of
the resolution of B.

The following are the basic properties of the proximity relation.

Proposition 4.22. (i) For each i there is at most one value j < i — 1 such
that O; is proximate to O;.
(i) If O; is prozimate to O; and j < k < i then Oy prozimate to O;.
(i) The multiplicity m;(B) is equal to the sum of all m;(B) such that O; is
proximate to O;.
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Remark 4.23. One can show that any sequence of proximity relations satisfying
(i) and (ii) of Proposition 4.22 corresponds to some branch.

It follows from Proposition 4.22 that O;,5 is proximate to O; if and only if
m;(B) > m1(B). The deduction of proximity relations from the sequence of
multiplicities is now very simple.

Corollary 4.24. For two irreducible curve germs with sequences {O;},{O:} of in-
finitely near points the following are equivalent:

(i) we have the same proximity relations in the two sequences.
(i) the sequence of multiplicities is the same for both.

Proof. Suppose (i) holds. Note that all m;(B) = 1 for i sufficiently large. If the mul-
tiplicities coincide for ¢ > j, it follows from our hypothesis and Proposition 4.22 (iii)
that they also coincide for ¢ = j; by induction they coincide for all i.

Conversely if the multiplicities are the same, then for each j choose i such that
m;(B) =3 ;1 mu(B). Then Oy is proximate to O; if and only if j < k <4 and
correspondingly for the O]. O

A convenient way to present the data of proximity relations is as follows.

Definition 4.25. We define the prozimity matriz P(B) of the branch B to have
entries P, ; given by

1 ifi=y
P ;= ¢ —1 if O; is proximate to O;, so i < j
0 otherwise

Here 0 < 4,7 < N, where N is taken large enough to correspond to a good reso-
lution. Since this matrix is uppertriangular, it has determinant 1 and an inverse
Q(B), also unitriangular, with integer entries.

Proximity relations can be graphically represented by writing the points O; in
sequence, and connecting O; to O; by an arc whenever O; is proximate to O;.
Rather than write the symbols O; it is more informative to write the multiplicities
m;.

Example 4.26. Again the curve y® = x!'. We had the sequence of multiplicities
8,3,3,3,2,1,1,...; each of O,0,,03 is proximate to Opy; only Oy is proximate
to Oq; O3, 0y are proximate to Og; Oy, Os are proximate to Os; and only O;,q is
proximate to O; if i > 3.

Lemma 4.27. The multiplicity m.,.(B) defined above is the (r,N) entry in the
inverse proximity matriz Q(B).
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To relate the sequence of multiplicities m,.(B) to the Puiseux characteristic, we
need to know the effect of blowing up on the Puiseux characteristic. The invariance
of the Puiseux characteristic under coordinate change is assumed.

Theorem 4.28. Suppose given an irreducible curve whose Puiseux characteristic

is (m; By, ..., By). Then the Puiseux characteristic of the curve obtained by blowing
up is given by
(m; By —m, ..., By —m) if B1 > 2m
(B —mym, Ba — By +m, ..., 0B, — b +m) if Bi <2m, (B1—m) [m
(Br—m; B = Br+m,...,0,— B +m) if (B —m)|m

Theorem 4.29. The Puiseux characteristic of a branch B determines the sequence
of multiplicities m;(B), and conversely.

Proof. 1t follows at once from Theorem 4.28 that from the Puiseux characteristic
of B we can calculate those of the branches obtained by succesive blowings up, and
hence their multiplicities m;(B).

To see the converse, first observe that the three cases of the theorem are distin-
guished by the multiplicities mo(B) and m;(B): in the first case, my(B) = mq(B);
in the second case mi(B) does not divide mg(B), and in the third, m;(B) is a
proper divisor of mg(B).

We induct on the number of values of i for which m;(B) > 1. If there are none,
the curve is smooth. If there is just one, we must have 3; —m = 1, so the Puiseux
characteristic is (m;m + 1), with m = m(B). In general we may suppose that
the sequence of multiplicities determines the Puiseux characteristic of the blown up
curve, which is (m; f, ..., G,). It follows that:

If my(B) = mo(B), the Puiseux characteristic of the original curve is (mq; 51 +
mi, ..., By +mi);

If my(B) does not divide mgy(B), the Puiseux characteristic of B is (mq; 31 +
mi, ..., By +mi);

If mq(B) is a proper divisor of mg(B), the Puiseux characteristic of B is (mg; mo+
m1,61+m1,...,ﬂg+m1). [l

Given a curve C' with several branches, we may take a good resolution of it. If
the resolution is minimal, each exceptional curve arises in the resolution of at least
one component of C', and its relation to its predecessors is thus the same as before.
However, instead of all the points being arranged in a single sequence, the sequences
for the different components overlap, so the result takes the form of a tree. To each
point of the tree there is attached a multiplicity, which is the sum of those arising
from the different branches of C'. It thus follows that Proposition 4.22 (iii) extends
to the case of several branches.
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4.30. The dual graph. A geometric way to present resolution data of a curve C
is by the dual graph. For us a graph will consist of a set of vertices V), and a set of
edges &£, each one incident to a pair of vertices. Our graphs will have the additional
property that no edge joins a vertex to itself, and there is at most one edge joining
two vertices. A connected graph with no cycles is called a tree.

Let C have branches B;, and let 7 : Ty — Tj be a good resolution (nearly always
minimal). Consider the exceptional curves F;(0 < i < N) and the strict transforms

BN in Ty.

Definition 4.31. The dual graph I'(C') is defined to be the abstract graph with
vertices v; corresponding to the curves F;, and with an edge joining v; to v; if and
only if the curves F;, F; intersect.

We can build I'(C') one step at a time. Suppose we already have a graph for the
curves in T;_. If O; is proximate only to O;_; we adjoin a new vertex v; and a new
edge v;v;_;. If O; is proximate to both O;_; and O; with j <7 — 1, then F;,_; and
E; intersect in Tj, so there is already an edge v;_1v;. We replace it by two edges
v;—1v; and v;v; (one may think of this as subdividing v;_jv; at a new vertex v;).
We see inductively that I'(C) is a tree.

Definition 4.32. The augmented dual tree TT(C) is defined to be the abstract
graph with vertices corresponding to the curves E; (vertices v;) and Bj(»N) (vertices
w;), and with an edge joining two vertices if and only if the curves intersect.

Notice that each Bj(»N) has valence 1 in this graph: this holds at each stage of the
inductive process of building up the tree.

Example 4.33. We return to curve with parametrisation x = t,y = t® + ¢7, and
hence Puiseux characteristic (4;6,7). Blowing up to get a good resolution gives
multiplicities 4,2, 2,1, 1. Thus O, is proximate to Oy and O4 to O,, as well as O,
to O; for each 7. The dual graph has edges I't has edges vgvo, V109, Vov4, V304 and
vqw.

Example 4.34. Let C be the union of B; : 4> = 2® and B, : y> = 2*. The first
blow up y = x1y; gives y? = z; and y§ = xy; the second blow up z1 = zyys gives
Yo = To and y2 = x5, which both go through the origin but are no longer tangent
to each other; thus B; and B have no further infinitely near points in common.
The diagram of infinitely near points is thus: Oy (my = 2), Oy (mg = 2), and O§2)
(méz) = 1) are proximate to Oy (of multiplicity my = 5); O, is only proximate to
Oq; Oél) (mél) =1) and O§2) are both proximate to Os.

The dual graph has edges vgvs, v1V2, VoV3, W1 Vg, Wov3.
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For a single branch B we can analyse all our invariants in terms of the Puiseux
characteristic. 'We now investigate how T'"(B) is built up. We begin with the
Newton polygon.

By a previous result, the Newton polygon of a single branch consists of a single
edge, say from (ad,0) to (0,ad + bd) with a and b coprime. The first group of
blowings up corresponds to the steps in the Euclidean algorithm for finding the
greatest common divisor d of ad and bd.

Suppose the steps in this algorithm are as follows:

a=bgq +r (0<r; <b)
b:T1QQ+7’2 (0<T2<q1)

Tp—1 = TpQp+1;

so 1, = d; we will write s, = Zle qi-

Then Oy has multiplicity m = ad; the next ¢; points have multiplicity bd and are
proximate to Oy, as is the next, with multiplicity r1d. The next ¢ — 1 points also
have multiplicity md, and are proximate to O,,. In general, O, has multiplicity
rr_1d; the next ¢, points are proximate to it, each with multiplicity rd, as is
O, +1, with multiplicity ry1d; but the following point is proximate only to O, ;.

The coordinate transformations corresponding to these blowups are all of the
standard type (z,y) = (2/,2'y") or (2'y,y’), with the new centre at the origin in
each case except for O, 1. We have a sequence of transformations of one type,
followed by a sequence of those of the other type; the change-over corresponding to
a proximity relation.

It is easy now to follow what happens to the dual graph. As far as v, , the graph
may be considered as a sequence of points on a line, but these lie in the order:

{0,51+1,...,51—|—QQ:82,...,82—|—Q3:83,...,82+1,q1:Sl,...,2,1}

We emphasise that, starting from the left, we have the first group, then the third;
the odd groups preceding the even ones which conclude with the fourth group, then
the second. The point v, is somewhere in the middle; v,,1 is joined to it by a
segment leaving the above line; then we have a sequence of segments end-to-end
until we again start obtaining proximate points.

We can construct the whle of I't(B) inductively, using the effect of blowing up
on the Puiseux characteristic. The general shape of the result is as follows.

Lemma 4.35. If B is an irreducible curve with Puiseuz characteristic (m; (1, ..., By),
then T'T(B) consists of a single chain of edges from the initial vertex vy to the vertex
w, with g side branches, each of a single chain, attached at distinct vertices of the
original chain.
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Proof. We have described above the sequence of blowings up required to reduce
the length of the Puiseux characteristic. We also found that the dual graph up
to this point consists of a chain from vy to vy, a side chain attached at v, , and
that any later vertices of the graph will be attached at vy,. We can now repeat the
procedure; the result follows by induction on g. O

Remark 4.36. For a curve C' with several branches, I'*(C) is in some sense the
union of the trees I'*(B;) corresponding to the different branches, overlapping as
appropriate. Although the sequence of proximity relations (or of multiplicities)
determines ' (C'), the abstract structure of the graph does not suffice to allow us
to reconstruct his data, as is clear from the above discussion, where many differ-
ent sequences yield straight line graphs. The graph will thus always be used in
conjunction with additional data.

We can label each vertex v, by the integer r corresponding to its position in the
sequence of blowups of infinitely near points O,. This already suffices to determine
the proximity relations and hence, the sequence of multiplicities.

Lemma 4.37. For a single branch Bthe graph T (B), labelled by the order in which
vertices are generated, determines the prorimity relations.

Remark 4.38. Other conventions that encode the Puiseux characteristic are used
in the literature.

The characteristic Puiseuzx pairs (m;,n;),1 < i < g are defined by m; = f3;/e;,
n; = e;_1/e;, so that we can recover e; as m/(nins...n;) and 3; as e;m;.

The Zariski characteristic pairs (p;, q;), 1 < i < g are defined by ¢; = n;, p1 = my
and p; = m; — n;m;_, for 1 < i < g. These arise by direct application of the
algorithm of Section 3, and occur in the normal forms

y::z:;_ll <a1+x;—i2(a2+...)),
for a parametrisation and

(7 = Aty A= 0
for an equation.

4.39. The semigroup of a branch. The set of intersection numbers of B with
other curves in the plane forms a semigroup S(B). We begin by determining the
structure of this semigroup in terms of the Puiseux characteristic of the branch, and
establish an important duality property. We then establish he equivalence of several
invariants of the branch: the Puiseux characteristic, the semigroup and the sequence
of multiplicities. Two branches with the same invariants are called equisingular. A
corresponding result for curves with several branches is also discussed.
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In this section a semigroup S will be a subset of Z closed under addition and
containing 0. If S contains positive and negative elements, it is a subgroup of 7Z,
hence it is of the form dZ, for some d € N. From now on we suppose that S C N,
and that S # {0}. Write d(S) for the highest common factor of all elements of
S. S contains all but finitely many positive multiples of d(S). Write N(.S) for the
largest multiple of d(.S) not in S. We call S a dual semigroup if, for r divisible by
d(S), we have r € S if and only if N(S) —r ¢ S. For example S = dN is a dual
semigroup, with N(S5) = —d.

Definition 4.40. For any curve C', with defining equation f(z,y) = 0, the quotient
ring C{x,y}/(f) is defined to be the local ring O¢ of C. For a single branch B, we
may use a parametrisation 7 to identify Op with the image of v* : O = C{z,y} —
C{t}, a subring of C{t}.

We define the semigroup of the branch S(B) by

S(B) :={ord¢ | ¢ € Op}.

We also define the double point number 6(B) to be the cardinality of the set of gaps
o(B) =#{r>0|r ¢ S(B)}.

Clearly S(B) is a semigroup since ord(¢1¢2) = ord ¢ + ord ¢o. It is immediate
that S(B), and hence also §(B), is unaltered by a change of holomorphic coordinates
at O € C2. Tt is also unaffected by a change of good parametrisation for B.

We will investigate these invariants in terms of (m; 31, ..., f,), the Puiseux char-
acteristic of B. We introduce a sequence of numbers that will play an important
role in the sequel. Set:

Bi= [mb+e(pa— )+ ea(f—fia)]  (1<i<g)

Lemma 4.41. (i) The set S(B) consists of the intersection numbers (B - C)o
of B with germs C at O not having B as a component.
(ii) For each ¢ > 0,3, € S(B).
(iii) For any branch B, 0(B) is finite.
We can give a basic structural result for Op.
Proposition 4.42. (i) For N sufficiently larg, any element of C{t} of order
> N belongs to Op.

(ii) The powers t" with r ¢ S(B) form a basis of C{t}/Op. Hence we have
dimc C{t}/Op = §(B).

We will write N(S(B)) for the greatest integer not in S(B).

Theorem 4.43. (i) S(B) is generated by Po, ..., B,
(ii) This is a minimal set of generators: [, is the least element of S(B) not
divisible by eq_;.
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(iii) S(B) is a dual semigroup.

Write S, for the semigroup generated by Bo, ... ,Bq. The proof depends on the
following lemma, proved by induction on q.
Lemma 4.44. (i) d(S,) = e,.
(i) N(Sg) = —Po + Lot - Bogr1-
(i) N(S,) = N(S,1) + (2 — 1),.

(iv) Sy is a dual semigroup.

Corollary 4.45. We have 20(B) =1+ N(S(B)).

Example 4.46. For a curve with Puiseux characteristic (4;6,7), the semigroup is
generated by 4,6 and 13; the first elements are 0,4, 6,8,10,12,13, 14,16, 17, 18; and
reSifft1b—r¢gs.

Now consider the number of gaps in S(B). Using Lemma 4.44, since N(Sp) =
—m, we obtain

N(S(B)) = —m + éﬁq (ez—j - 1) .

We can rewrite this number in several ways:
B g9
N(S(B)) = —m+ fg-1— By = Z(eq—l —eg)(Bg—1) — 1.
q=1
We record a summary of the equivalence of several relations between branches.

Proposition 4.47. Any one of the following sets of data determines the others:

the Puiseuzr characteristic (m; B, ..., By),

the sequence {Bo, - .., B,},

the semigroup S(B),

the sequence of multiplicities {m;(B)},

the proximity relations between infinitely near points,
the proximity matrix.

In particular, all of the above are indepedent of any choices of coordinates or
parametrisation.

Definition 4.48. Two branches with the same Puiseux characteristic, and hence
sharing the other properties listed, are said to be equisingular. Be aware that this
does not imply that they are equivalent up to change of coordinates.

For the case of curves with several branches, there is a corresponding notion.

Proposition 4.49. For the plane curves C' and C’, the following are equivalent.
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(a) There is a bijection B; < Bl between branches of C' and C" such that, for
each i, B; and B, are equisingular and for all i, j the intersection numbers
coincide B; - B; = B; - B

(b) There is an isomorphism between the trees of infinitely near points in good
resolutions of C' and C" preserving proximity relations.

Definition 4.50. We say that two curves are equisingular if the equivalent condi-
tions of Proposition 4.49 hold.

Remark 4.51. Results stating that two curves are equisingular iff the dual trees
of minimal good resolutions are isomorphic, may also be formulated, but some care
is needed in the formulations to ensure that sufficient information is attached to
the tree. The tree of infinitely near points, with multiplicities attached does not
suffice.

4.52. Intersections and infinitely near points. The intersection numbers of
two branches can also be expressed in the terminology of infinitely near points.
The key to this is the following

Lemma 4.53. Let the branches B and B’ respectively have multiplicities m and
m’; suppose that blowing up the origin gives branches By and B{. Then if B and
B’ have distinct tangents at O, their intersection number is mm'. If they have a

common tangent, By and B} are both centered at the point P corresponding to it,
and (B - B')o = mm’ + (B; - B})p.

Given two branches B and B’, blowing up yields branches B; and B, say. If B
and B’ have the same tangent, B; and Bj have the same centre, and we can blow
up again, obtaining By and B). We obtain a sequence of branches B; and B!, with
multiplicities m; and m}, say. Apllying the above lemma inductively yields

q—1
(B-B)o =Y mmj+ (B, B)).
i=0
The next results follows at once.

Lemma 4.54. If B and B’ are distinct branches, then after finitely many blowings
up, they will have different centres. Their intersection number is given by the sum

(B-B')o = Zmimg.

of products of multiplicities over those infinitely near points that they have in com-
mon.
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5. TOPOLOGY OF THE SINGULARITY LINK

For each germ curve C' defined at O € C? we can define a link in the 3-sphere
S3. This consists of a disjoint union of embedded circles, one for each branch of C
at O. This link is defined uniquely up to isotopy.

Take coordinates (z,y) in C? and write D, for the disc |z|?+|y|? < € with center
O and radius ¢, and S, for its boundary sphere |x|? + |y|? = €2. We may suppose €
small enough so that C'is defined in the neighbourhood D, of O. We will describe
the intersection C'N D,: the first point is that it is essentially independent of €
provided that e is small enough.

Lemma 5.1. For e sufficiently small, K = CNS, is a 1-manifold smoothly embedded
in S, and there is a homeomorphism of the pair (D.,C N D) to the cone on
(Se,C'N'S,), which may be chosen compatible with the natural projection on [0, €.

Proof. For suitable € a vector field £ on D, \ {O} is constructed such that: (i) at
all points, ¢ has inner product with the radius vector equal to 1, and (ii) at points
of C, ¢ is tangent to C.

After constructing & we integrate the vector field —¢. Since the inner product of £
with the radius vector is 1, if r = \/|z|? + |y|?, then {(r) = 1 so that if we integrate
on the compact set €; < r < ¢, the integral G : S x R — D, will be defined for all
t <e—¢€ and at t = € — ¢ it will take values on the sphere S.,. As t — € these
converge uniformly to the origin, so G gives a continuos map S x [0,¢] — D.. Each
integral curve meets each concentric sphere S, in just one point, and there is just
one integral curve through ech point on each such sphere, so our map is bijective
except that S, x € is mapped to the origin. Hence it induces a homeomorphism of
the cone on S, onto D.. Finally, since ¢ is tangent to C, each integral curve that

meets C' stays within C' so that our homeomorphism does indeed take the cone on
S.NC onto D.NC. O

The final clause of the lemma means that the points with |z|? + |y|> = §? are
mapped to the points on the cone of height 0, so that the pairs (S.,C' N S,) and
(Ss,C' N Ss) are homeomorphic: this is what we mean by ‘essentially independent
of €.

To analyse C'NS,, consider a branch B of C'. We may suppose B tangent to y = 0
and take a parametrisation x = t™,y = > _ a,t". The vector field, restricted to
B, defines a vector field in the ¢ plane. Since for ¢ small the radius vector is nearly
in the plane y = 0, we see that || increases along integral curves of the vector field.
Thus BN.S, corresponds to a curve in the ¢ plane encircling 0, and is homeomorphic
to a circle.
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Using diffeomorphims S' — BN S, and the central projection S, — S? we obtain
a knot; using all the components of C'N .S, we have a link. We have shown that up
to diffeomorphism these depend only on C'.

In order to obtain explicit parametrisations for the knots K, we introduce a small
modification to our construction of K. Consider the case when C' consists of a single
branch, or more generally of several branches all with the same tangent at O, say
y = 0. Any such branch has a Puiseux parametrization z = t™,y = Y _  a,t".
Since t~™y tends to 0 with ¢, we can choose € > 0 such that |z| < e implies |y| < c|z|
for some small constant ¢ > 0. We may replace S, by a nearby manifold 3. which
coincides with |z| = € in the region where |y| < c¢|x|. This has the advantage that
taking [t| = €'/™ or setting t = €'/"e?™ gives an explicit parametrization for the
knot C' N X.. Moreover the change does not affect the end result.

Lemma 5.2. For ¢ small enough, the knots (S.,C N Sc) and (X.,C N %) are
homeomorphic.

We can use the the method of proof of Lemma 5.1: the only difference is that we
replace the radius vector (z,y) by the vector field (z,0).

Definition 5.3. For any two embeddings of S! in §* with disjoint images K; and
Ky, the linking number is defined as follows. Span K, by an oriented surface F'
meeting K transversely and count the number of intersection points of K; with
F', with appropriate signs. The result is an integer, denoted by Lk(K7, K5). This
does not depend on the choice of F, since if F’ is another such surface, the union
F U —F"is a closed surface in S?, which necessarily has zero intersection number
with the closed curve Kj.

We may also span both K; and K, by transverse surfaces in the disc D*, and
we can again count their signed intersections. This definition implies that the
Lk(K7, K3) = Lk(K>, K1), since the intersection number is symmetric.

This understood, we then have

Lemma 5.4. Given two branches B, B’ at O, their intersection number at O is
equal to the linking number Lk(K, K') of the corresponding knots K and K'.

5.5. The geometry of the link. In this section, we give an explicit geometrical
model for the links we have just defined, and show that the isotopy class of the link
depends only on the equisingularity class of C'. The model resembles one of a solar
system in that it consists of circles with their centers on other circles, all revolving
together.

We begin with an example: y = 232 + 27/%. First look at the simpler curve
y = 232, For the corresponding knot in ¥, we have a parametrisation (z,y) =
(ee?? €3/2¢%9) Each value of z determines 2 values of y, which lie on the circle
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with center 0 and (small) radius ¢%/2; as 2 moves around the circle |z| = € once, the
values of y move around this circle 3/2 times, getting interchanged in the process.

For the given curve, the obvious parametrisation leads to the knot (z,y) =
(e €3/2e50 4 €7/1eT9)  For each value of x we have 4 values of y. Since /4
is small compared to €2, it is natural to think of these as being near the previous
points: indeed, we may draw circles of radius €”/* centered at the points corre-
sponding to the previous curve; then we have two points on each of these circles,
and as x moves around the circle once, as well as our ‘first order points’ moving
around the circle |y| = €3/2, these points move around these auxilliary circles 7/4
times.

The picture of a hierarchy of circles, each with center on a circle at the preced-
ing level, and with radii each small compared to earlier ones, and all rotating at
appropriate rates may be appropriately called a carousel. It is in fact qualitatively
correct for any branch B, as we discuss next.

Take a Puiseux parametrisation x = t™,y = >~ a,t" of branch B with Puiseux
characteristic (m; f1,...,0,). We define a sequence of branches B,,n > k by the
parametrisations (not necessarily good) = t™,y = > "_, a,t" and consider what
happens to the knot K,, = B,, N X, as we increase n.

If n < 1, y, is a polynomial in x, so we have a unique value of y,, for each value
of z. Thus K,, is unknotted.

If n = 31, we describe a circle of radius |a,|¢*/™ with center y,_;. The values of
Y, give m/e; points equally spaced around this circle, and as x moves around the
circle |x| = €, they rotate uniformly; this rotation is superimposed on the motion
of the center y,,_1 of the circle. Each of these points correspond to e; values of x.

For (3, < n < (3, we have a similar situation to the case n < f3;: the further terms
form a polynomial in ¢ = 2°/™, so we still have m/e; points and the effect, since
the later terms are much smaller than the radius of the above circle (for ¢ small
enough) is to move these points by distances which are small compared to their
distances apart.

More precisely, these knots K, are all isotopic to the knot Kps,. Indeed, multi-
plying the other coefficients by s provides an isotopy.

B1 n
T = 662619’ y = § arezrﬂ/mer/m + 2 SareznG/mer/m.
r=k r=01+1

The general pattern is now clear: as n increases by 1, in general K, is changed by
an isotopy, but when n attains a value b, each point splits into e,_; /e, points lying
on a small circle surrounding it. We proceed to a more formal treatement.

Proposition 5.6. Two branches with the same Puiseux characteristic determine
isotopic knots in X, for € small enough.
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Proof. Consider a branch B and notations as above. The knot K is given by the
parametrisation z = ee™™?, y = >"°° a,.€"/me?,

The following deformation, for 0 < s < 1, defines an isotopy of K, provided ¢ is
small enough:

0o
T = €€Zm6, y = E STGTET/m€W6,
r=k

where s, = 1 if r = 3, for some ¢ and s, = s otherwise.

This shows that K is isotopic to the knot corresponding to the branch B’ with
parametrisation x = t",y = 3:1 aﬁqtﬁq. We will reduce the coefficients to 1 by
a further isotopy. This will complete the proof. Write ag, = ele, and consider for
0 < s <1 the deformation

g
r=t"y= Z eslagha,
q=1

O
Using the same methods we can obtain an important extension of this result.

Proposition 5.7. Let C and C' be two equisingular curve germs. Then the asso-
ciated links K and K' are isotopic in S3.

The proofs of the previous two propositions lead to the following

Corollary 5.8. Any curve C' is equisingular to a curve C' whose branches have
parametrisations with real coefficients; thus the singularity links of C' and C' are
1sotopic.

Remark 5.9. The carousel description fits into one of the standard approaches
to knot theory: the theory of braids. A braid is given by a set of m points in a
disc D, which may be taken as {y € C | |y| < ¢}, varying continuously as strictly
monotonic functions of # with 0 < 6 < 27, and having the same points at both
ends # = 0 and 6 = 27 (though perhaps in a different order). This is converted
to a link by identifying the two ends, thereby giving one or more closed curves in
D x S, and embedding this in turn into S? in a standard way.

Our next aim is to prove the converse of Proposition 5.7, but for this new tools
are needed.

5.10. Cable knots. The carousel presented above gave a picture of the possible
values of y for a given x; we must integrate this to give an effective description
of the knot. That can be achieved by means of the knot construction known as
cabling. In order to apply the properties of this construction we need to evaluate
the relevant parameters in terms of the Puiseux characteristic of the branch.
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Definition 5.11. For any knot K given by an embedding f : S! — S3, we can find
neighbourhoods given embeddings F : S x D? — §? such that F(z,0) = f(x) for
each z € S'. Such an embedding, which is called tubular neighbourhood of the knot
K, is almost unique up to isotopy. Any simple closed curve traced on S x S! is
mapped by F' to the boundary of the neighbourhood, and so defines by composition
a further knot. Such a knot is said to be a cabled knot about K.

Since by Proposition 5.6 we may choose any branch with the given Puiseux
characteristic to get an equivalent knot, we may take our knot to be parametrised
by = ™ y = 5:1 e, where €y = 1 and each ¢, is very small compared to
its predecessor (suffice to take e, = 107%). With this choice the unit circle |z| =1
is sufficiently small in the sense of the proposition.

Recall that the first term leads to a small circle |y| = €. In the 3-sphere ¥,
this sweeps out a torus |z| = 1, |y| = €;, which is the boundary of the solid torus
lz| = 1,|y| < e which is a neighbourhood of the circle y = 0. Similarly the
next term leads us to consider the solid torus which is the union of the discs = =
ey — €161 < ¢y, ete.

Let B,+1 be the branch defined by x = t",y = Zl§r<,8q+1 a,t", so meets X in
the knot parametrised by z = €™ y = "7 e,e/?. We now denote this knot K,
(it is the K, of the preceding section). It is immediate that for each ¢, K7 is a
cable knot about K97!; thus in particular K is a cable knot about the trivial knot
Ky =0).

We need some standard facts about the topology of the torus 7' = S x S, which
may be considered as the boundary of the solid torus M = S! x D?; write i : T — M
for inclusion. Consider on S! the orientation given by positive sense of rotation,
that is by the parametrisation z = €, 0 < # < 27. This defines a fundamental
homology class in H'(S'). Parametrise M by (%, pe), where 0 < p < 1.

The group H,(T') is free abelian with generators u, v the classes determined by
the embeddings of S' in T as S! x 1, respectively 1 x S'. The group H,(M) is
infinite cyclic. The natural map i, : H1(T) — Hi(M) sends u to a generator and
v to zero. The class v is called a meridian of T: up to sign, is characterised as
generating ker .. Intersection numbers on 7' are easily determined:

u-u=v-v=0u-v=1v-u=—1,

and for arbitrary classes (au + bv) - (a'u + b'v) = ab/ — a'b.
If @ and b are coprime, (e?, pei?), 0 < § < 27 parametrises a simple closed curve
on T with homology class au + bv.

Lemma 5.12. If the torus T is embedded in S® with image disjoint from the knot
K, taking linking numbers with K defines a homomorphism ¢ : H\(T) — Z. If



TOPOLOGY OF PLANE ALGEBRAIC CURVES 41

j: M — S?is an embedding of the solid torus, K is the knot j(S* x 0), and v is a
meridian, then ¢(v) = 1.

With the notation of the lemma, if ¢(u) = s then ¢(u—sv) = 0. The class u—sv,
or a representative curve on j(T), is called a longitude of the torus in S®. This is
characterised by having linking number zero with the knot K.

Definition 5.13. Fix u to be a longitude. A knot K’ which is cabled bout K is
the image by j of a simple closed curve on T'. If this curve has class mu + nv, then
m is called the winding number of K" about K. The pair (m,n) will be called the
cabling data. The class mu + nv determines the curve up to isotopy on 7.

Theorem 5.14. For each ¢, the knot K9 is the cable about K%' with cabling
data (eqe—;l, f—;) Thus the singularity knot K of a branch with Puiseux character-

istic (m; B, ..., B,) is the iterated torus knot about the unknot with cabling data
[(2,2),.. (=2, By,

5.15. The Alexander polynomial. In order to recover numerical information
from topology, we require some topological invariant for knots. It turns out that
the Alexander polynomial is convenient for our purposes. The key result we need
is the behaviour of the Alexander polynomial under the cabling construction. This
leads easily to the calculation of the polynomial for our knots, and the conclusion
that the equisingularity class of the branch is determined by this polynomial, and
hence by the isotopy type of the knot.

Let K be a link in S? of r components and G = (X, *) the fundamental group
of its complement X = S3\ K, where * is the base point. If G is made into an
abelian group G®" by factoring out its commutator subgroup G’ = [G, G] we obtain
the homology group G* = G/G' = H,(X) =7Z".

We next consider the abelianization of G’, namely G = G'/G", viewed as
a module over the group ring ZG®*, where G /G’ acts on G'/G” by conjugation.
We may identify G’ with the fundamental group of the universal abelian cover
p: X — X of the link complement. Then B = G'/G" = H,(X?") is known as the
Alexander invariant. It is more convenient to consider a closely related module, A =
Hy(X* p~1(x)), known as the Alexander module. If we choose a basis ti, ..., for
7", we may identify ZG® with the ring of Laurent polynomials A = Z[t{™, ... tX!].
This ring is equipped with an augmentation homomorphism € : A — Z defined by
€(t;) = 1, whose kernel is the augmentation ideal I = (t; — 1,...,¢. — 1). Then the
A-modules above fit into an exact sequence: 0 - A — B — I — 0.

A finite presentation for the Alexander module A as A-module can be obtained
via free calculus from the group G. Let G = (z1,...,2, | 11,...,7r,) be a finite
presentation of the link group. As usual, rq,...,r, are words in the free group F
generated by zy,...,x,. For every 1 <1 < n a derivation a%i of the group ring ZIF
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is defined as follows:
O(uv)  Ou ov  Oz;
8@- aSL’ZE(u> + u&l’i’ 8:61 "
Let o : G — G? be the abelianization and ¢ : F — G the presentation homo-

morphism of G. Then the Alexander matrix M = (m; ;) of G is the abelianized
Jacobian matrix of the relators:

Ori
mij = o <8x) :
J

The matrix M is a presentation matrix for the A-module A. More precisely, we

have the exact sequence of A-modules: A" MoAm = A 0.

The matrix M is a square matrix of determinant zero. Let F be the Fitting ideal
in A generated by the (n — 1) x (n — 1) minors of M. Then if r > 1 we have E =
I - (Ak) the product of the augmentation ideal I and a principal ideal, and if r = 1
we have E¥ = (Ak) a principal ideal. The Laurent polynomial Ax = Ag(ty,..., 1)
is called the Alezander polynomial of the link K. The element Ak is unique up to
a multiplication by a unit of A, i.e. an element of the form +¢{*---¢%".

An example which is crucial for us is the case of torus knots.

Example 5.16. Consider the standard torus T' = {(z,w) € C? | |z| = |w| = 1}.

Then for any mutually coprime integers m, n we have a knot K, ,, parametrized by
z =™ w = e known as the torus knot of type (m,n). The fundamental group

may be presented as (x,y | ™ = y™). The projection to Z = (t) takes x to t" and
y to t™. A free calculus computation yields the Alexander polynomial

-1t -1)
Ak, (t) = (tm —1)(tr = 1)

This example is a key ingredient in the following.
Theorem 5.17. Suppose the knot K’ is a (m,n) cable about K. Then
Agi(t) = Ag(t™) Ak, (1)
We return to our singularity knot K. We recall that we have a sequence K°

(unknot), K',..., K9 = K and for each ¢, K7 is the (e‘;—;l, f—:) cable about K971
We may thus use the above theorem to calculate Ak inductively.

Proposition 5.18.

_ <t€2r25q - 1)
Arealt) = ( t —11> 1;[1 (teq _ 1) |
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The degree of Ag(t) is easily to be (e,18;, — 8, — m + ¢,)/e,. In particular,
since e, = 1 we have

Corollary 5.19.

Ag(t) = (f&fn__li) 11 ( - 1>_

t
(=)

and its degree is (e,_13, — B, —m + 1) = N(S(B)) + 1.

g=1

We are now ready to apply these calculations to obtain our main conclusions.

Theorem 5.20. The Alexander polynomial Ak (t) and hence the fundamental group
G =7 (S*\ K) determines the Puiseur characteristic of the branch.

Proof. We first observe that there are no non-trivial relations between the binomials
t* — 1, so a product of such polynomials is uniquely determined. Secondly note
observe that in the expression of Ag(t) there can be no further cancellation. For

if, for example, % = B,, it would follow that 3, was a divisor of 3,, which is a

contradiction. Thus the denominator terms are just the (tﬁ_q —1),0< ¢ <g. But
the set {f3,,0 < ¢ < g} determines the Puiseux characteristic. Il

Remark 5.21. Although our expression for A(t) involves denominators, these in
fact cancel out. Explicitely we do this using cyclotomic polynomials. For an integer
d, let ®; be the cyclotomic polynomial whose roots are the d ** primitive roots of
unity. Then we have ¢" —1 = [, ®a(t). If these factorisations are inserted in
Ag(t) then we will easily obtain it in polynomial form.

Example 5.22. If Puiseux characteristic is § = (4;6,7) and e = (4;2,1) then

B = (4;6,13). After cancelations we obtain Ag(t) = $og(t)P12(t) of degree 16.

We put together now the full circle of equivalences between the different notions
of equisingularity.

Theorem 5.23. The following conditions on a pair of branches B, B’ are equiva-
lent:

(i) B and B’ are equisingular.
(ii) The corresponding knots K and K’ have the same Alexander polynomial.
(iii) The fundamental groups mi(S* \ K) and 7(S*\ K') are isomorphic.
(iv) The knots K and K’ are isotopic.

(v) The pairs (D, D¥ N B) and (D!, D! N B') are topologically equivalent for
small enough €.
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The picture for curves with several branches is more complicated. Two types
of iteration occur in the geometry of a singularity link of several components. If
L =1LU---UL, is an oriented link of » components, we assume the iteration is
occuring on the last component L,.. Suppose K is a (m, n)-cable knot about L,. We
then have a new link L’ obtain as follows. Type (i) iteration L' = LyU---UL, UK,
where L, is replaced by K, and type (ii) iteration L' = Ly U---U L, U K, where K
is added to obtain a link of r 4+ 1 components.

Proposition 5.24. Links of plane curve singularities (also known as algebraic
links) are iterated torus links obtained from the unknot via a finite sequence of
cabling operations of types (i) and (ii).

The multivariable Alexander polynomial behaves nicely with respect to these
cabling operations.

Theorem 5.25. If L is a link of r > 2 components and L' is obtained from L by
a type (i) (m,n)-cabling then

AL/(tl, SN ,tr) — AL(tl, “ e 7t7"—17 t:,n)ALmn (tr, t),

where Ly, ,, is the 2-component link formed by torus knot K,,,, and the unknotted
l'rfl,'r

meridian curve on the boundary torus containing K,, ,, and t = tll”' ot
If L is a knot and L' is obtained from L by a type (ii) (m,n)-cabling then

Ap(t,ta) = Ap(tity') A, (t1, t2),

where Ly, ,, is the 2-component link formed by torus knot K,,,, and the unknotted
core of the torus containing I, .

If L is a link of r > 2 components and L' is obtained from L by a type (ii)
(m,n)-cabling then

Ap(ty, .. otegn) = Aty - b, 0 ) AL, (B b £),

where Ly, ,, is the 3-component link formed by torus knot K,,,, the unknotted
meridian curve and the unknotted core of the torus torus containing K,,,, and

t=t0r
To state the equisingularity result for curves with several branches, we need to
introduce the peripheral classes of a link L C S? as the collection of conjugacy

classes in 7 (S® \ L) consisting of the classes of meridians in tori bounding tubular
neighbourhoods of the components of L.

Theorem 5.26. Suppose C' and C' are plane curve singularities defining links L, L'.
Then the following are equivalent:

(i) C and C" are equisingular.
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(ii) The corresponding links L and L' have the same multivariable Alezander
polynomial.

(iii) There is an isomorphism m (S* \ K) — m(S* \ K') taking the peripheral
classes of L to those of L.

(iv) The links L and L' are isotopic.

(v) The pairs (D2, DX N C) and (D}, D! N C") are topologically equivalent for
small enough €.
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6. THE MILNOR FIBRATION

A fibration is a kind of twisted product. More precisely, a map 7 : £ — B is
the projection of a fibration with fiber F' if each point b € B has a neighbourhood
U such that there is a homeomorphism ¢ of 7=*(U) onto F x U whose second
component is the restriction of 7.

We will be interested in fibrations over the circle. If B = S!, we may take U to be
either the upper or lower semicircle: U', U~ say. We thus have homeomorphisms
¢* as above. Each gives a homeomorphism h* of 77(—1) onto F. If we replace
¢~ by (hTo(h™)™') x 1) 0 ¢, the two homeomorphisms of 77(—1) onto F agree.
The final picture is thus as follows. We have the product of I by an interval [0, 27],
and will identify, for each = € F, the point (x,27) with (h(z),0) for a suitable
homeomorphism h. The resulting space is called the mapping torus of h; we map
it to S! by taking (,0) to €. The map h is called the monodromy of the fibration.
It is unique up to isotopy.

For each curve singularity there are two fibrations, equivalent to each other,
describing how the defining function f behaves in a neighbourhood.

Consider the germ at O of an equation f(z,y) = 0 such that f has no repeated
factor. Then O is an isolated point of {(z,y) | df/0x = 0f /0y = 0}.

Consider the discs B, = {(z,y) | |z|* + |y|* < €2} in C?, with boundary sphere
Se and D,, = {z | |#] < n} in the complex plane, with boundary S,,.

Following Milnor we define two closely related fibrations.

Theorem 6.1. If € is small enough, we can find ny such that for n < ngy, the map

fi: Ben f7H(Dy \ {0}) — Dy \ {0},
defined by the restriction of f, is the projection of a smooth fibration.

Write K = f71(0) N S, for the singularity link, with tubular neighbourhood
N(K) = f~(D,) NS, which has boundary ON(K) = f~'(S,)NS.. This boundary
divides the sphere S, into two parts: one is N(K), the closure of the other one we
denote by E(K), the closed complement of the link.

Theorem 6.2. The map fo defined by f/|f| from M(K) to S' is also a fibration,
equivalent to the restriction fi of f to B.N f~1(S,).

The fibration of Theorem 6.1 fits well into general constructions; the fibration f,
is crucial to a more detailed study of the link K. We refer to either fibrations as
the Milnor fibration of the curve f = 0, and to the fiber F' of these fibrations as
the Milnor fiber.

The function f/|f| is also defined on S, \ K. We may identify N(K) with a
product K x D, in such a way that the projection on the second factor is given by
f; hence the closure of the preimage of a point 6 by f/|f] is a smooth surface Fj
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whose closure is a compact smooth surface Fy with boundary K. Thus Fjy consists
of a fiber of the Milnor fibration, extended by attaching a copy of OF x [0, 27] to
the boundary, so that the new boundary is singularity link K. The construction
of the monodromy extends to these surfaces, and by continuity it follows that the
monodromy reduces to identity on the boundary K.

We now give the basic facts about the Milnor fiber F'.

Proposition 6.3. The Milnor fiber F is a compact, connected, oriented surface
with r boundary components, where the curve C has r branches.

This result gives a complete description of the topology of the fiber F' up to
saying what the genus is.

Definition 6.4. The rank of the first Betti numbers of F' is known as the Milnor
number of the singularity, and denoted pu.

This is a very important invariant, a key measure of the complexity of the singu-
larity. Observe that p determines the genus g of F' by the formula g = (u—r+1)/2.

In the case when C' consists of a single branch, we can identify p with an invariant
we have already encountered.

First observe that the complement S* \ K of the knot has the same homotopy
type of the complement M of an open tube surrounding K. Now M is fibered over
St with fiber F. The homotopy sequence of the fibration yields an exact sequence
of fundamental groups:

1 —m(F) - m (M) — m(Sh) — 1.

We can identify (M) with knot group G = 7;(S®* \ K). The group m(S' is
infinite cyclic, and can be identified with G* = H(S* \ K). It follows from the
exact sequence that the kernel G’ of the projection G — G2 is isomorphic with
m1(F). Making this kernel abelian gives an isomorphism with H;(F’), which is a
free abelian group of rank p. On the other hand, the Alexander polynomial can
be understood as the characteristic polynomial of the map from G'/G” to itself
induced by the monodromy. But the degree of this polynomial coincides with the
rank of the abelian group.

Proposition 6.5. If C' has just one branch, then
p=deg Ag(t) =e, 18, — By —m + 1.
Thus u(C) = N(S(C)) +1 =26(C).

The simplest case of several branches is the following: the singularity at a trans-
verse intersection of two smooth curves has Milnor number ;1 = 1. More generally,
we have
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Theorem 6.6. The Milnor of a union of two curves is given by u(C U C') =
w(C)+ p(C"y+2C - C"—1. Hence if C has irreducible components By, ..., B,, we

have
p(C) = u(B)+2) (Bi-Bj) —r+1.
i i<j
Using this, we can prove that a curve singularity has p = 1 if and only if it is the
union of two smooth branches meeting transversely.
We give next a few more formulae for the Milnor number.

Theorem 6.7. The value of p is equal to the local intersection number of the polar

curves Cyp, = {0f/0x =0} and Cy, = {0f/0y = 0}.

Example 6.8. We apply the theorem to compute the Milnor number of f = z%+°.
Then C, consists of the y-axis with multiplicity a — 1, and C, of the z-axis with
multiplicity b — 1, hence u(f) = (a —1)(b—1).

Using Theorem 6.7, we may analyse the effect on p of blowing-up, and hence

obtain a formula for p in terms of the tree of infinitely near points.

Theorem 6.9. Suppose C' has a simple tangent and multiplicity m. Then the
Milnor number of the strict transform is equal to

w(C) —m(m—1).

Theorem 6.10. The Milnor number of a curve-germ C' s given by
p=2 mp(mp—1)=r+1,
3

where r is the number of branches of C' and the sum runs over infinitely near points
P of multiplicity mp of C.

Remark 6.11. The double point number §(C') of a curve singularity is sometimes
used in place of u. We have pu(B) = 2§(B) for a single branch. In general we can
define ¢ := (pn+ 17 —1)/2, so by Theorem 6.6, 6(C U C") = 6(C) +6(C") +2C - C".
Then Theorem 6.10 may be written as § = >, ("), where runs over infinitely
near points.

Remark 6.12. The importance of the Milnor number as an invariant is illustrated
by the fact that if {fi(z,y) | 0 < ¢ < 1} is a family of functions, continuous in ¢,
with u(f;) constant, then fy and f; are equisingular.

Finally, we have a purely algebraic expression for the Milnor number.

Theorem 6.13. For a function f(x,y) having an isolated singularity at the origin
(0,0) we can define p(f) = dime S2Y where J(f) denotes the Jacobian ideal

J(f)
(£4)
ox?’ dy )°
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7. FUNDAMENTAL GROUP AND BRAID MONODROMY

In this section we will outline a method for producing presentations for the fun-
damental group of the complement to an algebraic curve C C P? of degree d. For
simplicity, we assume the line at infinity L., to be transverse to C. We choose
a point ¢ on L, but not on C, and coordinates such that ¢ = [0 : 1 : 0] and
Lo = {2y = 0}. We set affine coordinates x = /g,y = x9/xo in C* = P?\ L.
We denote the affine part C N C? = {f(x,y) = 0} of C again by C'.

Consider the projection p : C2 — C on the first coordinate. Let A = {x € C |
D,(f) = 0} be the set of critical values {z1,..., x4} of pjc and B = p~*(A) its
preimage. If L, denotes the line p~*(z) and Y, the set of points L, N C, then B
consists of the lines L,,,1 <¢ < k. With these notations we have the following

Lemma 7.1. The restriction p : C*\ (CUB) — C\ A is a locally trivial fibration.

Choose discs D and E such that AC D Cc Cand CN(D xC) C D x E. Fix
a base point * = (zg, o) for C?\ (C' U B) such that xy € 9D and gy, € OF. Then
xo will be the base point on C\ A and yy on the generic fiber L,, \ Y,,. The long
exact sequence in homotopy of the fibration p gives:

1 m1(Lyy \ Yay) = m(C?\ (CUB)) —» m(C\ A) — L.

Choose generators vy, . .., vq such that m (L, \ Ys,) is the free group F(v, ..., v4),

and OF = 71 ...74. Similarly for m (C\ A) = F(ay, ..., o) we have 0D = oy . .. as.

The closed paths 7; and a; can be chosen to form good systems of generators.
With these notations we have the following presentation

71-1(((:2 \ (CU B)) = <,71> cee a’ydadla .. ‘7d8 | di_lfyjdi = ﬁz(’yj)%

where @; are lifts of a; and (3;(y;) are some words in F(~v,...,74).

Since pj is a locally trivial fibration its monodromy associates to each a;; a home-
omorphism h; of the fiber L, \ Y,, = C\ {d points}. We can choose h; to be
identity outside E. Moreover, we choose the lift a; to lie on the line y = yo. In
that case h; determines a braid ; on d strings, and [3;(7;) is the action of 3; on v,
as an automorphism of F(vyy,...,7a4).

We need to make precise the notion of meridian in this context.

Definition 7.2. Let be C an algebraic curve on a complex manifold X, * a base
point and p € C a smooth point of X. Consider an analytic disc D intersecting
C transversally at {p} = DN C. Let a be a path joining * to a point on 9D. A
closed path 7 (X \ D, ) of the form adDa™! (with dD positively oriented) will be
called meridian of C' in X.

Note that @; as chosen above is a meridian of L,, in C*\ C.
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Proposition 7.3. Let C be an irreducible algebraic curve in a complex manifold
X. Then any two meridians of C' in X are conjugate in m (X \ D). If m is a
meridian of C in X then m(X) =m (X \ D)/(m).

This implies 7, (C*\ (CUB))/{ay, . .., d,) = m(C*\C), and we have the following

result:

Proposition 7.4. The fundamental group of the complement to C in C? is a finitely
presented group with presentation

m(C*\ C) = (1,74 | v = Bi(n))-

We obtain next a description of 7;(P? \ C). Note that m(P?\ (C U Ly) =
7 (C?\ C). But a meridian of L, is given by (71 ...74)~!. As a consequence we
have

Theorem 7.5. The fundamental group of the complement to C' in P? is a finitely
presented group with presentation

7Tl(IP)Z\C) = (71,57 | i :51'(%')7 Y-.v3=1).
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8. THE DUAL CURVE AND PLUCKER FORMULAS
We start with the classical construction of projective duality.

Definition 8.1. The dual projective space P?* is the space of lines in P2. To a point
Y= [yo : y1 : ya] € P* there corresponds the line V(yozo + y171 + yow2) C P2

Definition 8.2. Let C' C P? be an algebraic curve. The set C* = {L € P?* |
L tangent to C' at some point p € C'} is the dual curve to C.

Note that by definition, the condition on L means that mult,(C) < Int,(C, L).
For each p € C' there exist only finitely many such lines. If C'is a line then C* is a
single point.

Theorem 8.3. Let C C P? be an algebraic curve containing no line. Then:

(a) C* is an algebraic curve.
(b) If C 1is irreducible then C* is also irreducible and deg C* > 2.
(c) C*™* =C.

Proof. Let C = V(F), d = deg F' and L = V (yoxo + Y171 + y2x2). If yo # 0 we
eliminate x5 from F. Set G(wo,7s) = y$F (o, 21, — (Yoo + y171)/y2)) = boxd +
bixdtzg + - + bgad, where b; € Clyo, y1,2] are homogeneous of degree d. The
zeroes of GG correspond to the intersection C'N L.

Let D € Clyo, y1, y2] be the discriminant of g(z1) = G(1,z1). Then D is homo-
geneous of degree 2d? — d and D # 0. Then C’ = V(D) is an algebraic curve.

Now, if line L determined by y is tangent to C', it has at least a double intersection
point wit it, so G has a multiple zero. If it is [0 : 1] then by(y) = 0, otherwise g has
a multiple zero. In either case, D(y) =0, so y € C’. This shows that C* C C".

We find an equation for C* from the factors of D: There exist lines Lj,..., Ly
such that C" = C*ULjU---ULj. Thus taking out the linear factors in D we get an
equation for C*. There are two types of lineat factors: those coming from points in
C'NV(x) and those coming from points in Sing C'. To prove the claim, it remains
to show that C* is the closure in P?* of C"\ (L; U---U L}). But this follows from
the next result, and part (a) of the theorem is proved.

Theorem 8.4. Letp € C C P?, and L C P? a line. Then L is tangent to C at p if
and only if there exist a sequence of smooth points {p,} C C' convergent to p such
that L = lim,_., T, C.

For part (b) we need the desingularisation theorem:

Theorem 8.5. For any irreducible algebraic curve C' C P? there exist a compact
Riemann surface S and a holomorphic map ¢ : S — C biholomorphic away from
Sing C' and such that for every p € C we have a bijection ¢ (p) < {Branches of
C at p}.
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We use ¢ : S — C to construct a holomorphic parametrisation ¢* : S — C*.
First we do it locally.

Let O € S and t a coordinate centered at O in a small neighbourhood U C S.
The restriction ¢y lifts to a holomorphic map ¢ : U — C? \ {0}. The map ¢

is an immersion at t if and only if the vectors ¢ and ¢ = Cfl—f are linearly inde-
pendent. In this case, they span the tangent T, C' C P2 The equation of this
tangent is given by ag(t)xo + a1(t)z1 + as(t)xs = 0, where a; = (—=1)" (09K — ©rp;)

Thus ¢*(t) = [ao(t) : ai(t) : a2(t)] € P** if ¢ is an immersion at ¢. Map
U — C3,t — (ao(t),a1(t),as(t)) is holomorphic. Extend it to the points where ¢ is
not an immersion to get a holomorphic map ¢* : U — P?*. This local parametri-
sation is independent on coordinate and choice of lift. Thus we obtain a global
parametrisation ¢* : S — C*, which by Theorem 8.5 must satisfy ¢*(S5) = C*.

It is immediate that C* is irreducible. If C* were a line, then infinitely many
tangents to C' would pass through a fixed point which is impossible. This proves
part (b).

For part (c) we are going to use Puiseux parametrisations to explicitely describe
the passage from C to C*.

Let U be an open neighbourhood of the origin and ¢ : U — P? a holomorphic
map such that ¢(U) is not contained in a line. Then there exist natural numbers
a, 3 such that, after a linear transformation of P2, ¢ can be written as ¢(t) = [¢o(t) :
B1(t) : da(t)], where go(t) = 1, ¢y(t) = t17* + ..., and ¢y(t) = 27+ + ... The
numbers «, 3 are known as the local numerical invariants of the parametrisation ¢
at 0. Then C' = ¢(U) is a piece of a curve which is defined and holomorphic aroun
O = ¢(0). We have that 1 + a = mult,(C) and 2 + o + § = Int,(C,7,C). In
particular, p € Sing C'iff o # 0, and p flex of C'iff 5 # 0 (and a = 0).

Now we can use these special Puiseux coordinates to calculate ag = (143)t>T290+

cay = —2+a+ B)tHHetF 4 and az = (1 + a)t® +.... This gives the local
parametrisation ¢f, = ((1+ 8)t*7* 0 + ... —(2+a+ ﬁ)t”ﬁ +..,04+a)+...).
Letting o*, 6* be the local invariants of ¢*, we see that o* = § and * = «a.

To obtain ¢** and thus C** we have to repete the computations for ¢*. We have
in particular ¢**(0) = [1 : 0 : 0] = ¢(0) so C** = C because O € C was arbitrary.

This concludes part (c). O
Example 8.6. C' = V(x1 — xoxg) Consider the rational parametrisation ¢ :
P! — C C P [ty : ta] — [t} t0t2 t3]. For t # [1 : 0] the tangent to C at
é(t) is spanned by the C?* vectors W = (3t2,#2,0) and g—g = (0,2tot1, 3t?). An

equation for the tangent is obtained by taking the cross-product of the two vectors:
(31, —9t2t2,6t3t1). Thus y = [t3 : —3t2t; : 2t3] € P?* are the coordinates of the
tangent for all ¢, including [1 : 0] as V(x) is the cuspidal tangent. This gives a
rational parametrisation ¢* : P! — C* C P2 The inflection point [0 : 0 : 1] =
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¢*([1 : 0]) of C* corresponds to the cusp [1:0:0] = ¢([1:0]) of C. Also the cusp
[1:0: 0] of C* to the inflection point [0 : 0 : 1] of C. Eliminating z¢ in F' = 23 —z¢z3
gives G(z1, 19) = Y2 (yors + y12123 + yo13) and D = y2(4y3 + 2Tyoy3) = yi2F*, and
so C* = V(F™*).

Example 8.7. C = V(F) the nodal cubic with F' = z% + ¢z} — x9z3. Then
C* = V(F*) with F* = 4(y? — y3)? — 4yoy1 (y3 — 9y3) — 2Tydy3 is the quartic known
as cardioid, having one cusp corresponding to the flex of C' and one bitangent
corresponding to the node.

Example 8.8. Let C'= V(F') with /' minimal. Assume the point p =[1:0: 0] is
singular of mult,(C') = 2. Let f(z1,22) = F(1,21,22). If fo = co2? + c12129 + o7
is the degree 2 part of f, we have two cases: (a) p is a double point if ¢ # 4cgey
(b) pis a cusp if ¢ = 4coey. A point as in case (a) is called a simple double point
(or just a node) if mult,(C') = 2 and Int,(C,T) = 3. A point as in case (b) is
called a simple cusp (or just a cusp) if mult,(C) = 2 and Int,(C,T") = 3. The local
invariants of a simple cusp are « = 1,3 = 0 and o* = 0, * = 1. Thus simple cusps
correspond to simple inflection points under duality.

We can now investigate the invariants of the dual curve C* and their realtionship
with the invariants of C'.

Definition 8.9. Let C C P? be an algebraic curve of degree d. Then the number
d* of tangents from a point ¢ € P? to smooth points of C is called the class of C.

Remark 8.10. If C' is irreducible and d > 2 then d* = deg(C*. The maximum
number of tangents is attained for almost all ¢ € P2.

Definition 8.11. An algebraic curve C' C P? is called a Plicker curve if deg C' > 2
and Sing C' and Sing C* consists of at most nodes and cusps.

The following number are invariants: § = #{nodes of C}, k = #{cusps of C},
0% = #{nodes of C*}, k* = #{cusps of C*}.

Remark 8.12. It is easy to show that for a Pliicker curve C' we have that:
(a) 0* = #{bitangents of C'}, k* = #{flexes of C'}
(b) 6 = #{bitangents of C*}, kK = #{flexes of C*}

Now we establish how the invariants 9, s, d, k are related.

Theorem 8.13 (Pliicker formulae). For a Plicker curve C we have:
(1) d* =d(d—1) — 26 — 3k (the class formula).
(2) k* =3d(d —2) — 65 — 8k (the inflection formula) .
(3) d =d*(d* — 1) — 26" — 3K".
(4) kK = 3d*(d* —2) — 65" — 8k*.
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Proof. (1) Intersect C' with polar P,C for ¢ generic. First, there must be exactly
d* tangents through ¢ at smooth points py, ..., pg- of C. We have Int,(C, P,C) =1
for p = p;. Hence by Bézout we have:

dd—1)=d"+ Y Int,(C, PC).

pESing C

For smooth curves d* = d(d — 1). It remains to show that, assuming ¢ generic,
Int,(C, P,C) = 2 if p node, and Int,(C, P,C) = 3 if p cusp.
(2) Intersect C' with Hessian H(C'). By Bézout we have:

3d(d—2)=r"+ Y Int,(C,H(C)).
peSing C
Thus it remains to show that Int,(C, P,C) = 6 if p node, and Int,(C, P,C) =8 if p
cusp. L]

Remark 8.14. Every irreducible quadric or cubic is a Pliicker curve. But there
exist irreducible quartics which are not. On the other hand, for every d > 2 there
exists a Pliicker curve of degree d.

Example 8.15. (a) C irreducible cubic. Then C' has at most one singular point.
Pliicker’s formulae give:

o d*=6,k"=9,0"=0for d =k =0 and C is smooth cubic;

o dI*=4,k"=3,0"=0for 0 =1,k =0 and C is nodal cubic;

e I*=3,k"=1,0"=0for d =0,k =1 and C is cuspidal cubic.

(b) C smooth Pliicker quartic with d* = 12, k* = 24,0* = 28. If f; = 2} + 123 —1

and fo = ;21 4+ 23 — 1 then C) = V(f1fo — A) is Klein’s quartic. If X > 0, then C)
has 28 real bitangents.

9. THE GENUS FORMULA
In this section a Riemann surface is associated to an algebraic curve.

Definition 9.1. A Riemann surface S is a connected Hausdorff space, together with
a complex atlas: a collection of homeomorphisms ¢; : U; — V;,i € I, on open sets
Vi C C,U; C S such that, for all 4,j the transition functions t;; : ¥; (U; N U;) —
;' (U; N U;) are biholomorphisms.

A map ¢ : S — T between Riemann surfaces is holomorphic if when viewed on
charts is holomorphic.

Remark 9.2. A Riemann surface S is a 1-dimensional complex manifold, thus also
a 2-dimensional real orientable manifold. Any compact orientable 2-dimensional
real manifold S is homeomorphic to S? with ¢ handles attached, where g is the
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genus of S. It is a classical result that any such surface can be made into a Rie-
mann surface. The complex structure is unique for ¢ = 0, but for ¢ = 1 the
complex structures are parametrised by one complex parameter, respectively 3g — 3
parameters if g > 1.

Remark 9.3. A map ¢ : S — C from a Riemann surface to an algebraic curve in
IP? is holomorhic if viewed as map from ¢ : S — P2

9.4. The desingularisation theorem.

Theorem 9.5. For any irreducible algebraic curve C' C P? there exist a compact
Riemann surface S and a holomorphic map ¢ : S — C such that:
(i) The map ¢ : ¢~ *(C \ Sing C') — C'\ Sing C' is biholomorphic,
(i) For every p € C we have a bijection ¢$~*(p) < {Branches of C' at p}. In
particular ¢=*(p) is finite for every p.

Definition 9.6. Let C' C P2 be an irreducible algebraic curve. We define the genus
g(C) of C as the genus of the Riemann surface S from Theorem 9.5. If g(C) =0
we say C'is rational.

Remark 9.7. Every compact Riemann surface can be realized as a smooth alge-
braic curve S C P3. If we choose a suitable point z € P*\ S as center, we obtain a
projection 7 : P\ {z} — P? such that ¢|s : S — C = m(S) is biholomorphic almost
everywhere. THe projection can even be chosen such that C' is a Pliicker curve and
has at most nodes as singularities.

Proof. Theorem 9.5. We construct S by patching together open sets of C.

If p e C\ Sing C then there exist open set V,, C C, neighbourhood W, C P? of
p, and biholomorphism v, : V, = CNW, C C'\ Sing C.

For each q € Sing C, choose neighbourhood ¢ € W, C P? such that {W,}, are
pairwise disjoint and CNW, = C,; U---UCy,, is the branch decomposition of C'
at ¢. In particular let C; N C,; = {q} if i # j. Further, let W, be chosen so small
that for all ¢, there exist Puiseux parametrisations vq; : V,; — Cy,.

Take M = (UpeC’\SingC Vp) U (quSingC Vg U---U quq)- The maps {¢,} and
{1y} vield a holomorphic map ¢ : M — C.

Now things are glued together in M as follows. For p,p’ € C'\ SingC and ¢ €
Sing C' we have: v € V,, and v" € V] are equivalent iff ¢,(v) = ¥y (v') € C'\ Sing C,
and v € V, and v € V; are equivalent iff 1, (v) = ¢,;(v") € C'\ Sing C. There is
no gluing between sets V,; and V, ;.

Let S = M/- the quotient space of M under the equivalence relation decribed
above, with quotient topology and ¢ : S — C the map induced by .

To verify that S is a Riemann surface is routine work. First, note that ¢ :
¢ Y(C \ SingC) — C'\ SingC is bijective by construction. Secondly, it can be
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shown that S is Hausdorff by a standard argument for quotient spaces. To show
that S is compact one uses the compactness of S and the finiteness of ¢~!(Sing C).
The connectedness of S follows from the irreduibility of C'. Finally, the uniqueness
of S results from the Riemann extension theorem for holomorphic functions. [

Remark 9.8. Obvserve that it follows from the normalisation theorem that C' and
C'\ Sing C' are connected sets.

9.9. The Riemann-Hurwitz formula and applications. Let f : S — T be
a nonconstant holomorphic map between compact Riemann surfaces. For every
p € S there exist £ > 1 natural number and local coordinates s around p and ¢
around f(p) such that f is described by s — t = s*.

Definition 9.10. We call ord,(f) := k the order of f at p and v,(z) := ord,(f) —1
the branching indez of f at p. We call p a branch point of f if v,(f) > 1.

Note that f is a biholomorphism in a neighbourhood of p iff v,(f) = 0. Thus, the
image B C T of all the branch points of f in S is finite and fig\-1(p) : S\ f~H(B) —

T\ B is a covering map. The degree of this cover is denoted n(f).
The Riemann-Hurwitz formula relates the genera of S and 7" with unbranching
data n(f) and branching data v(f) of f.

Theorem 9.11 (Riemann-Hurwitz). Let f : S — T be a nonconstant holomorphic
map between compact Riemann surfaces. We then have:

29(S) =2 =n(f) - (29(T) — 2) — v(/),
where v(f) =3 s Vp(f) is the branching index of f. In particular if T' = P! then
g9(S) = v f) —n(f) + 1.

We can apply the Riemann-Hurwitz formula to compute the genus of an irre-

ducible curve C' C P? as follows. We use maps S LNy RLN P!, where ¢ is a desin-
gularisation and 7 is a projection with center z off C. Then f =71o0¢: S — Pl is
a branched covering with degree d = deg C'. It remains to compute n(f). This is
especially easy when C'is smooth.

Lemma 9.12. If C' C P? is smooth of degree d then n = d(d — 1) for generic z.

Proof. As S is smooth we may assume S = C. Let 2z =[0:0:1] € C. Then 7 is
given by C' — P p = [py : p1 : p2] — q = [po : p1]. Now p is a branch point of 7
iff the line zq is a tangent at p. If z does not lie on any bitangent or inflectional
tangent, then there are exactly d* = d(d — 1) simple tangents from z to C'. Being
a simple tangent means v,(m) = 1 and we are done. 0

Corollary 9.13. A smooth curve C C P? of degree d has genus g = (d—1)(d—2).
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Proof. Set T = P! in the Riemann-Hurwitz formula. 0J
Similarly we can prove Clebsch’s formula:

Proposition 9.14. A Plicker curve C C P? of degree d with 6 nodes and x cusps
has genus g = £(d —1)(d —2) — 6 — k.

Proof. Choose coordinates such that z = [0 : 0 : 1] does not lie on any of the
tangents to nodes or cusps and the tangents to smooth points pq,...,pg pass
through z. We compute v, (f) for x € S:

(a) ¢(x) & Sing C' U {p1,...,pa}. Then v, (f) =0.

(b) ¢(z) € {p1,...,pa-}. Then v,(f) =1.

(c) Let ¢(z) be a cusp. Since line L = z¢(z) is not the cuspidal tangent we get
Inty)(C, L) = 2 s0 v,(f) = 1.

(d) Let ¢(x) be a node. Since the branch of C' at ¢(z) corresponding to x cuts
the ray of projection transversely, v,(f) = 0.

We obtain v(f) = d*+ k =d(d — 1) — 2(6 + k). Substitute this into the

Riemann-Hurwitz formula to obtain the genus.

O

Remark 9.15. Since a desingularisation ¢ : S — C' of C' determines a desingular-
isation ¢* : S — C* of C* we have that C' and C* share the genus. Thus we obtain
the dual genus formula: g = (d* — 1)(d* — 2) — 6" — &™.

One can generalise the previous genus formulae by introducing an analytic in-
variant ¢, € 2N associated to a point p € C such that ¢, = 0 iff p smooth and
¢, = 2 iff p node or cusp. Once this is done, we have the following genus formula:

Theorem 9.16 (Max Noether). The genus of an irreducible algebraic curve C' C P2
s given by

1
g=5 [@-D-2- Y o
p€eSing C

We now introduce the Gorenstein-Rosenlicht invariant c,. We start with a geo-
metric definition and then provide the algebraic one.

Let C = V(f) be a germ of a curve at O € C? with f € C{z,y} minimal, and
C = C1U- - -UC, the branch decomposition. Let L be a line through O parametrised
by t — (at,bt),[a : b] € PL. Its point at infinity in P> is ¢ = [0 : a : b] € L. For
germ C' at ¢ we can define the polar curve germ P,C as V(a% + bg—;). The polar
P,C has no branch in common with C' if L is not a branch of C.

Lemma 9.17. Suppose C; is not a line and q is the point at infinity of the line L.
THen the integer Int(C;, P,C') — Int(C;, L) is independent of the choice of L. In
particular, Int(C;, P,C) is independent of q if q is not on the tangent to C;.
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Definition 9.18. For 1 < ¢ < r let ¢; = Int(C;, P,C) — Int(C;, L) + 1. Then put
c:=c+: - +c.
Theorem 9.19. The number ¢ has the following properties:

(1) ¢ is invariant under linear changes of coordinates.

(2) if L is not tangent to any branch of C, then ¢ = Int(C, P,C") — mult(C) +r.

(3) ¢ > m(m — 1), where m = mult(C), in particular ¢ > 0 with equality iff C
smooth at 0.

The number ¢ admits an alternate definition:

Theorem 9.20. If R = C{x,y}/(f) and R is its integral closure then ¢ = 2dim¢(R/R).
In particular ¢ € 2N and c is an analytic invariant.

The invariant § = ¢/2 is usually used instead of c.

Remark 9.21. If py,...,ps is the sequence of infinitely near points of the germ
(C,0) and my, ..., mg are their multiplicities, then ¢ =7 m;(m; — 1).

Now using ¢ we can provide a generalization of the class formula.

Theorem 9.22 (General class formula). The class of an irreducible algebraic curve
C C P? of degree d > 2 is given by
d*=dd-1)— Z (cp +my — 1),
peSing C
where m, = mult,(C) and r, is the number of branches of C' at p.

Proof. Choose coordinates in P? such that through ¢ = [0 : 0 : 1] there pass exactly
d* tangents through smooth points of C', and no tangents to a singular point passes
through ¢. By Bézout’s theorem: d(d — 1) = d* + > g0 Int,(C, P,C). But
Int,(C, P,C) = ¢, + my — 1. O
Remark 9.23. Note that ¢, +m, —r, is 2 if p node and 3 if p cusp, thus we recover
the class formula for Pliicker curves.

We can now prove the genus formula in Theorem 9.16.

Proof. Theorem 9.16. We use the maps S 2, ¢ % P! and their composite f: S —
P!, where ¢ is the desingularisation and 7 the projection with center [0: 0 : 1]. We
only have to show that the branching index of f satisfies:

(9.1) v(f) =d* + Z (my —1,).

For then, we get v(f) = d(d —1) — > g, ¢ using the class formula in Theo-
rem 9.22.
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To prove (9.1) we compute the contribution of a singular point to the branching
index. If p € Sing C' then ¢~*(p) = {z1,...,,,} and to every z; there corresponds
a branch C; of the germ (C, p). We can change coordinates such that p=[1:0:0].
Since ¢ is constructed by means of Puiseux parametrisations, we can choose a
coordinate ¢ around z; such that the parametrisation of C; is described by t —
(tm,, i(t)), m; = mult,(C;). Thus f is described around x; by t — ¢™ hence v,, =
m;—1. The total contribution of p to the branching index is Y ;% (m; —1) = m,—r,

and (9.1) follows. O
Example 9.24. C =V (y™ —2"),1 <m < n, (m,n) = 1. Then mult(C) = m and
the parametrisation t — (¢, t") gives c = (m—1)(n— ) Thus by a suitable choice
of m and n we can spread the apriori inequality 0 < m(m — 1) < ¢ arbitrarly far
apart.
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