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Introduction

In the same way a hyperplane or a quadric is no more than the zero locus of a homo-
geneous polynomial of degree one or two, respectively, a cubic hypersurface is the set of
zeros of a homogeneous polynomial of degree three. The aim of this dissertation is to
state and prove the main properties of smooth cubic surfaces in the classical frame: the
complex three-dimensional projective space.

The study of cubic surfaces is a classical theme in Algebraic Geometry. The interest
in them grew remarkably over the second half of 19th century, when in 1849 Arthur
Cayley and George Salmon proved that every smooth complex cubic surface contains
exactly twenty-seven lines. Later in 1858, Ludwig Schléfli described the configuration of
these lines, which turned to be very symmetric. Together with Luigi Cremona, he also
studied the lines contained in real cubic surfaces, topic that will not be covered in this
dissertation. In 1871, Alfred Clebsch proved that smooth cubic surfaces could be seen
as the blow-up of the complex projective plane at six points in general position. This
has important consequences, such as the fact that every smooth complex cubic surface
admits a parametrization.

This dissertation is divided into three chapters. In the first one, the necessary ba-
sic notions that will be used later are developed. We focus especially on smoothness,
quadrics and linear systems.

The target in Chapter 2 is to prove the Cayley-Salmon Theorem about the twenty-
seven lines upon a smooth cubic surface. The proof is divided into two parts. In the
first one, we show that a smooth cubic surface contains a line indeed. The classical
proof of this fact uses advanced results about dimension of fibres and the completeness
of projective varieties. Therefore, in order to show it in a self-contained way, the path
described in [4] is followed. In the second part of the proof of Cayley-Salmon Theorem,
are deduce from the previous part that there are exactly twenty-seven. At the end of
the chapter we describe the configuration of the lines using Schléfli’s double six. Hence,
it will be clear that the behaviour of the lines upon a smooth cubic surface is very
symmetric.

In the last chapter, we introduce the notion of blowing-up algebraic varieties, which
will allow us to state Clebsch’s Theorem rigorously. However, we will not give a proof
of it, because advanced techniques in schemes and divisors are essential in it. Instead,
we are going to show important consequences that could be deduced from Clebsch’s
Theorem. For instance, we will prove that every smooth cubic surface is parametrizable



vi

by cubic polynomials.

Throughout the dissertation, we will deal with two classical cubic surfaces: the
Fermat and the Clebsch diagonal cubic. We will show that they are smooth, find their
twenty-seven lines explicitly and parametrize them. It will obvious that their lines behave
very differently, in the sense that the ones in the latter can be defined over R, while the
ones in the former, cannot.

At the end of the dissertation, an appendix has been added with the very basic
notions and results of Algebraic Geometry, especially thought for the readers who are
not familiarised with the language of this field. All these will be assumed to be known
from the very beginning of the dissertation.

The images that appear in the dissertation have been obtained using Mathematica
11.



Chapter 1

Preliminaries

In this chapter, we introduce tools that we will appear several times throughout the
dissertation. They are about hypersurfaces, smoothness, quadrics and linear systems of
curves.

1.1 Smooth projective hypersurfaces

Definition 1.1.1. Let K be a field and n € N. We say that H C P% is a projective hy-
persurface (or simply hypersurface) of P} if there exists some nonconstant homogeneous
polynomial F(xg,z1,...,2y) € K[z, 21,...,x,] such that

H=Z(F) = {pe P} | F(p) =0},
Furthermore,

(i) If the polynomial F' can be taken so that

VF(p):= (i(p),...,i(p)) #(0,...,0),Vp € H, (1.1)

H is said to be smooth.

(ii) If the polynomial F' can be taken of degree one, two or three, H is called hyperplane,
quadric or cubic hypersurface, respectively.

(iii) If the polynomial F' can be taken satisfying (1.1) and of degree two or three, H is
said to be a smooth quadric or a smooth cubic hypersurface, respectively.

Hypersurfaces in IP’%{ are called curves and in IP’%, surfaces.

As the following result proves, this definition does not depend on the chosen coordi-
nates.

Proposition 1.1.1. Let ¢ : P — P’ be a projective transformation. If H C P% is a
hypersurface, then p(H) is also a hypersurface. In fact, both can be written as the zero
locus of polynomials of same degree. Moreover, if H is smooth, so is ¢(H).

1



2 1.1. Smooth projective hypersurfaces

Proof. Let F(xo,...,zy,) € K|xo,...,zy,] be as in the definition. Then:

@(H) = {p € P} / g € H such that p(q) =p} ={pePk [ ¢ ' (p) e H} =
={pePk /F(p~'(p) =0} =Z(Fop™),

where F o o1 is the polynomial given by
(Fo go_l)(xo, ceyTp) = Fapoxo + - ..+ QonTny -« o, GroZo + -« - -+ Apn®y),
if
o (zg:...: Zn) = (@000 + - - . + AonTn t .. T AT F -+ . F AppTy).

Now, applying the chain rule we get that

I(Fop™t) OF oF .
Y ) gyt ani——, Y =0,...,n.
am] a()] 8x0 + +a 7 8$n J n

This means that
V(Fop™)=VF- A,

where A := (a;j)i j=0,.n. Thus, if H is smooth for F and p € H,

V(Fop™)(e(p) =VF(p)- A#(0,...,0),
because A is nonsingular. O

We show two propositions that we use later in the dissertation:

Proposition 1.1.2. If K is an algebraically closed field and n > 1, then every two
hypersurfaces in P have nonempty intersection.

Proof. We show it by induction on n. If n = 2, the result is an immediate consequence
of Bézout’s Theorem.

Let n > 2, and suppose the result is true for n — 1. Let Hy, Hy C P’ be two hyper-
surfaces. Without loss of generality, we can suppose that they are projective varieties,
because if not, we would just have to prove the assertion for their irreducible compo-
nents, which are also hypersurfaces in P’.. Take a hyperplane II C P’%.. For each ¢ = 1, 2,
since H; is irreducible, we have that II is not contained in H;. Besides, H; NIl # &.
Thus, H; N1I and Hs N1I are hypersurfaces in ]P’?(_l. Since II is projectively equivalent
to ]P’?{l, by the induction hypothesis we get that H; N1l and Hs NIl do not have empty
intersection. Hence, the result follows. ]

Proposition 1.1.3. Let K be an algebraically closed field and H C P%, n > 1, be a
hypersurface associated to a polynomial of degree d. If I C P" is a line and p1,...,pg+1 €
l are d + 1 distinct points, then [ is contained in H if and only if p1,...,p4+1 € H.
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Proof. The first implication is trivial. To prove the converse, we proceed again by
induction on n.

If n = 2, the result follows from Bézout’s Theorem.

If n > 2, we suppose the result is true for n — 1. Take a hyperplane II C P"
containing [ but not contained in H. As before, H N1II is a hypersurface in II. Besides,
P1,---,par1 € HNIL By the induction hypothesis, it follows that I CIINH C H. O

In order to introduce the notion of tangent space, we first need the following results:

Lemma 1.1.4. Let K be an algebraically closed field and H C P% be a smooth hyper-
surface. If F' is a homogeneous polynomial such that H = Z(F') and satisfies (1.1), then
F has no multiple irreducible factors.

Proof. Let F' = F{"...F® be in its irreducible factors. Arguing by contradiction,
suppose that a; > 1 for some ¢ = 1,...,r. Since K is algebraically closed, we can take
p € P} such that Fj(p) = 0. In particular we have that p € H. However, for every

j=1,....n,
aF aF/L . 1 a i a(Flal . Fiil Faz_lF(:?{l . F’,‘?fr)
R A ) o ’
SO oF
—(p)=0.
oz, (p)
Therefore,
VF(p)=(0,...,0),
against (1.1). O

Corollary 1.1.5. Let K be an algebraically closed field and H C P}% be a smooth
hypersurface. Then, the homogeneous polynomial F' such that H = Z(F') and satisfying
(1.1) is unique up to multiplication by nonzero scalars.

Proof. Let F and G be two homogeneous polynomials fulfilling both properties. By the
previous lemma, the ideals (F') and (G) are radical. Since K is algebraically closed, we
can apply Hilbert’s Nullstellensatz twice and get that

Therefore, F' = ¢ - G for some ¢ € K*. O

Definition 1.1.2. Let K be an algebraically closed field and H C P} a smooth hyper-
surface. Let F' be an homogeneous polynomial such that H = Z(F') and satisfying (1.1).
We call the tangent hyperplane of H at p € H to

OF OF
T,H := {(xoz...:a:n)ep?(/xgaxo(p)—i—...—i—xnax(p):O}.
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Remark 1.1.1. Note that due to Corollary 1.1.5, the definition is correct in the sense
that it does not depend on the choice of F'.

Proposition 1.1.6. Let K be an algebraically closed field and H C P} a smooth
hypersurface. If [ is a line contained in H, then [ C T,,H for every p € [.

Proof. Let F' be a homogeneous polynomial such that H = Z(F) and satisfying (1.1),
and p € [. Thanks to Lemma 1.1.1, we can suppose that | = Z(xg,x1). The fact that
[ C H forces F to be of the form

F(.CE(], - ,mn) = :L'()Go(xo, L. ,xn) + $1G1(5L‘0, e -Tn)

for some homogeneous polynomials Gg and G;. Hence,

oF 0Gy 0G1 .
T = r— —\ vV 0,1.
9z, = 0%, + 21 oz, # 0,

Therefore,
VE(p)=(a:b:0:...:0)
for some a,b € K, so it clearly follows that | C T,,H. ]

Finally, we observe that smoothness implies irreducibility for quadrics and cubics.

Theorem 1.1.7. Let K be an algebraically closed field and H C P% be a smooth
quadric or cubic, with n > 1. Then, H is a projective variety.

Proof. 1t only remains to prove that H is irreducible. Let H = Z(F'), with F' a ho-
mogeneous polynomial of degree two or three and fulfilling (1.1). We claim that the
polynomial F' is irreducible.

By contradiction, we suppose that F' = LH for some homogeneous polynomials and
L linear. Applying a projective transformation if necessary, by Proposition 1.1.1 we can
assume that L(zo,...,x,) = x¢. Hence,

oH oF OH
VF = <H+xoax0,$oaxl,---a$()axn>

Since K is algebraically closed, there exists some a € K such that
H(0,...,0,1,a) = 0.
We reach to a contradiction because
F(0,...,0,1,a) =0-0=0,

s0(0:...:0:1:a) € H. Nevertheless, VF(0:...:0:1:«a)=(0,...,0), against (1.1).
Therefore, F' is irreducible and

is a prime ideal. O
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1.2 Examples

We now introduce two classical examples of smooth cubic surfaces that will appear
several times throughout the dissertation: the Fermat cubic and the Clebsch diagonal
cubic.

1.2.1 The Fermat cubic
This is the surface S C P? given by the equation
Byt + B+ =0
Its defining polynomial is
F(z,y,z,t) = a3 +y3 + 25 + 3,

with gradient
VF = (3z,3y,3z,3t).

Clearly, there is no point in S in which VF vanishes, so the Fermat cubic is a smooth
cubic surface.

Figure 1.1: Real points of the Fermat cubic

1.2.2 Clebsch diagonal cubic

This second surface S C P? is defined by

Byl =@ty +z+t)
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Again, if F(z,y,z,t) =23+ 3>+ 22 +t3 — (v +y + 2 + 1), then
VF = (3$2—3(x+y+z—|—t)2,3y2—3(x+y—i—z—|—t)2,
322 -3 +y+z+t)4 3 =3z +y+z+1)?).

If (@:b:c:d) €S isa point in which VF vanishes, in particular a? = b? = ¢ = d?,
and hence, b = ta, ¢ = +a and d = +a, not all signs necessarily the same. Therefore,
the only possibilities for (a:b: c: d) are

(1:1:1:1), (I:1:1:-1),
(1:1:-1:1), (I1:=1:1:1),
(=1:1:1:1), (I:1:-1:-1),
(I:=1:1:-1), (I:=1:-1:1).

Figure 1.2: Real points of the Clebsch diagonal cubic

1.3 Quadrics

Before going into the study of smooth cubic surfaces, we need some results about
quadrics. From now onwards, we will always work in the complex projective space,
so we will simply write P" instead of P¢.

The following result shows that the defining polynomial of a quadric is more deter-
mined than in general hypersurfaces.

Proposition 1.3.1. Let F(zo,...,x,),G(zo,...,2,) € Clzg,...,x,] be two homoge-
neous polynomials of degree two. If Z(F') = Z(G), then F' = ¢ - G for some ¢ € C*.

Proof. Since C is algebraically closed, we can apply Hilbert’s Nullstellensatz twice and
get that



Chapter 1. Preliminaries 7

so I and G have the same number of irreducible factors. Since both polynomials have
degree two, we have that necessarily (F') = (G). Hence, the result follows. O

Remark 1.3.1. As we have said in the previous section, a quadric is an algebraic set Q) C
P such that Q = Z(F') for some homogeneous polynomial F'(zo,...,z,) € Clzo, ..., Ty]
of degree two. This polynomial can be written as

n
F(:L‘o, ey xn) = Z Qi TiTj.
4,j=0
Without loss of generality, we can always suppose that a;; = aj; for every 14, j, because
F(zo,...,zpn) = Z Ty

= 2
4,j=0

Definition 1.3.1. Let Q = Z(F) C P” be a quadric and F as in the remark above. We
define the rank of @ by the rank of the matrix A := (a;j); ;. If the rank of Q is n+1, it
is said to be nonsingular.

Remark 1.3.2. Observe that this definition is correct due to Proposition 1.3.1.

Theorem 1.3.2 (Classification of quadrics). Let @ C P™ be a quadric of rank r + 1.
Then, @ is projectively equivalent to

Z(x(z)+"'+$z) = {(ZL‘O L. :xn) EP”/Z’(Q)+"'+$3:O},
Proof. Let F' be a homogeneous quadratic polynomial of the form
n
F(l‘o, ey xn) = Z QijTiTj,
1,j=0

with a;; = aj; for every 4, j, and such that Q = Z(F'). Since the matrix A := (a;;); ; is
symmetric, there exists P € GL(n + 1,C) such that

1

PIAP =

0

with » +1 1’s in the diagonal. Taking the projective transformation ¢ : P* — P"
determined by P~!, we get that
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Corollary 1.3.3. Let Q C P" be a quadric. Then, @ is smooth if and only if it is
nonsingular.

Proof. Let r + 1 be the rank of (). By the last theorem, @) is projectively equivalent to
Z(x3 4 ...+ x2), so it suffices to study the smoothness of the latter. We have that

V(x4 ...+ 22 = (2x0,...,22,,0,...,0).
From this equality the result is immediate. O

We now focus on quadrics in P? and P3. Quadrics in the projective plane P? are
known as conics. Applying the theorem about the classification of quadrics to these, we
obtain the following:

Theorem 1.3.4. Let ¢ C P? be a conic fo rank » + 1. Then:
(i) If r = 2, c is projectively equivalent to the nonsingular conic Z(x3 + 23 + x3).
(ii) If r = 1, c is projectively equivalent to the union of a pair of different lines.
(iii) If r = 0, ¢ is projectively equivalent to a (double) line.

The configuration of the lines contained in a nonsingular quadric of P3 is completely
determined:

Theorem 1.3.5. The lines contained in a nonsingular quadric Q of P? are divided into
two disjoint families, R1 and Re, with the following properties:

(1) Lines of the same families do not intersect each other. However, lines of different
families always intersect.

(2) URi=Q, fori=1,2.
Each of the families R; and Rs is called a ruling of Q.
Proof. Since all nonsingular quadrics are projectively equivalent, it suffices to prove the

statement for just one. We claim that @ := Z(xt — zy) is a nonsingular quadric indeed.
Certainly,

t 0 0 01 x
B 0ol 00 o0o0f([y]_
xt—yz-(x,y,z,t) —y —(az,y,z,t) 0 =1 0 0 2
0 0 0 00 t
0 0 0 1 x
1lo 0o -1 0]y
- (33;y,2’7t)§ 0 —1 0 0 -1
1 0 0 0 t
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Figure 1.3: The nonsingular quadric in P? and two lines of different rulings

The symmetric matrix has rank four, so () is a nonsingular quadric.
We consider the Segre embedding s : P! x P! — @, defined by

s((uo suq), (Vg - vl)) = (uovp : upvy : UV : UYL ),

and take the families R; and Ro, where
Ry = {3({p} X IPl) /p € IP’l},
Ry = {S(]P’l X {q}) / q € IP’l}.

The elements of Ry and Rs are lines contained in ). For instance, if we fix p := (a :
b) € P! we have that

s({p} x IP‘I) = {(avo : av1 : bvg : bvy) € P3 / (vo:vy) € ]P’l}

is the line that goes through (a: 0:b6:0) and (0: a: 0 :b). Similarly, the elements of
Ro are also lines in Q.

We claim that every line contained in ) belongs to one of these families. Let [ be such
a line, and pick any x := s(p,q) € l. By Proposition 1.1.6, we have that [, s({p} X Pl)
and s(IP’l X {q}) are all contained in 7,,Q) N Q. Since @ is nonsingular, it is smooth and
thus irreducible by Corollary 1.3.3 and Theorem 1.1.7 respectively, so T,,QQ ¢ @ and
T,.Q NQ is a plane conic in T,.(). In particular, there are at most two lines contained in
T,.Q N Q, which forces [ to coincide with either s({p} X IP’I) or s(IF’l X {q})

Properties (1) and (2) are immediate because s is a bijection. O

We now prove a result concerning quadrics in P2 that will be useful in the next
chapter.

Lemma 1.3.6. Every line contained in the cone () = Z (a:g + 22 + 22) C P3 passes
through the vertex v:= (0:0:0:1).



10 1.3. Quadrics

Proof. Consider the projection to the plane II := Z(z3), 7 : Q --» @ N1II, given by
m(xo: a1 x2:x3) = (X0 : 21 2 : 0).

This rational map is defined in every point but in the vertex. We take a line [ in @), that
goes through the distinct points (ag : a; : as : ag), (b : by : bg : b3) € Q. It is of the form

I ={(Xag + pbo : Aar + pb1 : Aag + by : Aag + pbs) € P* / X,y € C,not both zero}.
Arguing by contradiction, we suppose that v € [, so the image of [ under 7 is
m(l) = {(Aag + pbo : Aay + pby : Aa2 + pbs : 0) € P3 / A, € C,not both zero}.

Thus, it is either a point or the line that goes through (ag : a1 : a2 : 0) and (by :
by : bg : 0). In order to prove that mw(l) is indeed a line, we just have to show that
(ap : a1 :az2:0)# (b : by : ba : 0). If they are equal, there exists some k € C* such that

(ao, a1,az2) = (kbo, kby, kbs).

Besides, since (ag : a1 : ag : ag) # (bo : b1 : by : bg), we have that az # kbs. Choosing the

parameters A = 1 and p = —%, we get that v € [, which contradicts the hypothesis.
Therefore, 7(l) is a line contained in @ N II. However, this is impossible because

@ N1I is a nonsingular conic in II. O

Lemma 1.3.7. Let Iy, 1o, 3,14 be four pairwise disjoint lines in P2. Then, one and only
one of these holds:

(i) 1y,12,13,14 lie on a nonsingular quadric. In this case, there are infinitely many lines
meeting the four of them.

(ii) Iy,l2,13,14 do not lie on any quadric. In this case, there are exactly one or two lines
intersecting the four of them.

Proof. We first claim that there is a nonsingular quadric containing [y, ls,l3. Certainly,
the set of all homogeneous polynomials of degree two together with the zero polynomial is
a complex vector space of dimension 10. Let p1, p2, p3 € l1, p4, s, P € lo and pr, ps, pg €
I3, all different. The subspace

V= {F($0,$1,$2) € Clxo, z1, 2] / F is homogeneous of degree 2 and
F(p;)=0,Vi=1,...,9} u{0}

is of dimension at least 10—9 = 1. In particular, V' # {0}, so there exists a homogeneous
polynomial F' of degree two such that F(p;) = 0 for every ¢ = 1,...,9. Hence, @ :=
Z(F) C P? is quadric containing p1, ..., pg. From Lemma 1.1.3 it follows that in fact Q
contains [y, lo, [3.

We compute the rank of () arguing by contradiction in every possible case:
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x If the rank is one, then @ is projectively equivalent to a plane, so l1,ls,l3 must
intersect, against being disjoint.

x If the rank is two, then @ is projectively equivalent to the union of two planes.
Thus, two of the lines so I, ls, 3 must intersect, against being disjoint.

x If the rank is three, then @ is projectively equivalent to the cone Z(a:% + :L‘% + x%)
By Lemma 1.3.6, we have that all the lines [1,l2, 3 pass through a certain point,
against being disjoint.

Therefore, the rank of @ is four, so @ is nonsingular. We distinguish two situations:

(i) If Iy C @, then the four lines are in the same ruling of @, say R;. Hence, every
line in Ry intersects the four Iy, o, I3, 4.

(ii) If iy ¢ @, then Iy N Q consists of one or two points. For each of the p € [4 N Q, let
l, be the line of () that goes through p but it is not in the same ruling as Iy, l2, 3.
Then, [, is a line that intersects the four lines l1, I, 3, 4.

In fact, there are no more lines meeting them. If [ is such a line, then from
Proposition 1.1.3 we have that [ C Q. Hence, if I N1y = {p}, we have that
p € 14 N Q. Since [ is not in the same ruling as Iy, l2, 3,14, it follows that | = [,,.

O]

1.4 Linear systems of curves

The results that will be shown in this section will be fundamental in Chapter 3.

First of all, we need some definitions and notation. For each d € N, we denote by Sy
the set of homogeneous polynomials in Clxg, z1, z2] of degree d together with the zero
polynomial. Clearly, it is a complex vector space, with dimension

2
dim Sy = <d; )

If A CP?, we write
Sd(A) = {F e Sy / F(p) =0,Vp e A}.
These sets are of course subspaces of Sy, and they are known as linear systems of curves.

Definition 1.4.1. Let A C P2. We say that the points of A are in general position if
no three are collinear and no six lie on a nonsingular conic.

The propositions that follow are all about the dimension of particular linear systems
of curves.

Proposition 1.4.1. The space of cubic homogeneous polynomials that vanish at six
points in general position has dimension 4.
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Proof. Let py,...,ps € P? six points in general position. Note that

S3(p1s---5p6) = S3(p1) N---N S3(ps)

and that S(p;) is a vector hyperplane of S3 for every i. Since

dim S5 = (Z) =10,

dim53(p1,... ,pﬁ) >10—-6= 4.

it follows that

Arguing by contradiction, we suppose that

dim53(p1, R ,pﬁ) > 4.

Take a line I C P? which does not pass through any of the points p1, ..., ps, and choose
four distinct points pr, ps, pe, p1o € I. We have that

dimS3(p17 s 7p10) > dim53(p1,. . apﬁ) —4>0,

so there exists some nonzero polynomial F' € S3(p1,...,p10). Z(F) and [ have at least
four common points and F' is of degree 3, so by Bézout’s Theorem it follows that [ C
Z(F). Taking the ideals of these algebraic sets and applying Hilbert’s Nullstellensatz
twice, we get that

(F) c V(F)=1(Z(F)) c I() = V(L) = (L),

where L € Sy such that | = Z(L). In other words, L divides F' in C[xg,x1,x2], so there
is some @ € Sy — {0} such that F' = LQ. Because of the choice of F' and L, in fact we
have that Q € Sa(p1,...,p6)-

Now, () cannot be irreducible, because if so, p1,...,ps would be lying on a nonsin-
gular conic, against the fact that they are in general position. However, () cannot be
reducible either, because in that case it would be the product of two linear homogeneous

polynomials, and thus three points of py, ..., pg would be lying on the same line, against
being in general position. O
Proposition 1.4.2. Let p1,...,p7 be seven distinct points not lying on a nonsingular

conic and such that no four are aligned. Then,
dim S3(p1,...,p7) = 3.
Proof. As before, we have that
dim S3(p1,...,p7) > 10 -7 =3.

We have to distinguish three different cases:
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(i) The seven points are in general position.
The proof is as in the previous proposition but the line [ is chosen so that p; € [,

p2,..., 07 & L.

(ii) There are three collinear points.
If three points, say p1, p2, ps3, lie on a line | := Z(L), then by hypothesis py, ..., p7 &
[. Let pg € [ different from pi,p2,p3. Using Bézout’s Theorem and Hilbert’s
Nullstellensatz as before, we deduce that

S3(p1,-..,p8) = {LQ | Q € Sa(pa,...,p7)}.
We claim that dim Sa(py,...,p7) = 2. Of course,
dim So(p4,...,p7) > 6 —4=2.
Let ¢ € P? so that no four points of py, ..., pr,q are collinear. Again,
dim So(p4, ... ,p7,q) > 6—5=1.

Besides, by Bézout’s Theorem and the classification of conics, there is at most a
conic containing py, ..., p7,q, SO

dim Sy(ps, - ... pr.q) = L.

Hence,
dlm 82(p4a e 7p7) S dlm 82(]74, e 7p77 Q) + 1 = 2

Then, dim S3(p1, ..., ps) = 2 and therefore,

dim53(p1,. .. ,p7) < dim53(p1,. . ,ps) +1=3.

(ili) There are six points lying on a nonsingular conic.
Suppose that p1,...,ps € ¢ := Z(Q) a nonsingular conic. Take pg € ¢ different
from those six points. Again by Bézout’s Theorem and Hilbert’s Nullstellensatz,
we have that

S3(p1,...,p8) = {LQ / L € Si(p7)}.
Furthermore, dim S;(p7) = 2, so dim S3(p1, . ..,ps) = 2. Hence,

dimS3(p17' .- ap7) < dimS3(p17' .- apg) +1=3.

O]

Proposition 1.4.3. Let p1,...,ps be eight distinct points such that no four are aligned
and no seven are lying on a nonsingular conic. Then,

dim S3(p1,...,ps) = 2.

Proof. The proof is almost the same as the previous one. ]






Chapter 2

The lines on a cubic surface

The remaining two chapters are devoted to the study of smooth complex cubic surfaces
in P3.
The target of the first two sections of this chapter is proving this fundamental result:

Theorem 2.0.1 (Cayley-Salmon, 1849). Every smooth complex cubic surface contains
exactly twenty-seven lines.

Actually, the hardest point in the proof of Theorem 2.0.1 is showing that S contains
a line. The aim of Section 2.3 is precisely to prove this very first step. In order to do so,
we will introduce some new tools of Algebraic Geometry. Later in Section 2.3, we will
describe how these lines intersect.

During the rest of the chapter, we will assume that S C P3 is a smooth cubic surface
and S = Z(F) for some homogeneous polynomial F(x,y,z,t) € Clz,y,z,t] of degree
three such that

V) = (SE 01 50, 5 0. 5 0)) £ 00,00, vp € s

If necessary, we may refer to the variables x,y, z,t by xg, x1, T2, T3, respectively.

2.1 Existence of a line

The first notion we have to deal with is the Hessian.

Definition 2.1.1. The Hessian of F' is the homogeneous polynomial given by

0*F
HF := det < > .
Ox;0x; 1,j=0,1,2,3

Remark 2.1.1. If we consider the change of coordinates given by the projective trans-
formation ¢ : P> — P3, and we denote F'* = F o ¢ and (Hp)* = Hp o ¢ then by the
chain rule we have that

Hp+ = (det A)*(Hp)*,
where A € GL(4,C) is the matrix that defines .

15
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Lemma 2.1.1. There is a point p € S such that the plane cubic curve v := SNT,S is
either reducible or projectively equivalent to the cuspidal curve Z(x?z — 4>, t).

S ’

\/

\ [

Figure 2.1: The cuspidal curve

Proof. Consider the surface H := Z(Hp). By Proposition 1.1.2 in Chapter 1, SNH # &,
so there exists a point p € S such that Hp(p) = 0. Note that since S is irreducible,
1,5 ¢ S and «y := SNT,S is indeed a plane cubic curve. If the curve is reducible, we
are done. Thus, we suppose that ~ is irreducible.

Making a change of coordinates we can assume that 7,S = Z(t) andp=(0:0:1:0),
and due to the remark above, still Hp(p) = 0. The definition of tangent plane and the
smoothness of S imply that

(z)i(p) = gj(p) = (g(p) =0 %]Z(p)

Dividing F' by a scalar if necessary, this forces the polynomial to be of the form
F(x,y,2,t) = 2°t + 2Q(x,y,1) + G(z,y,1),

where Q(z,y,t),G(x,y,t) € Clz,y, t] are quadratic and cubic homogeneous polynomials,
respectively.
In turn, @ is of the form

5 =
Q(z,y,t) Z ajjTiTj,

i,j=0,1,3
with a;; = aj; for every 1, j.
We have that
20,00 2a01 0 2&03
2a10 2a11 0 2a13 ago a1
0= Hp(p) =det | = 0 o0 9 6 det (aw au) ,
2a30 2a31 2 2ass

and thus,

det (400 @01} — g,
ai a11
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Hence, Q(z,y,0) is the square of a linear homogeneous polynomial or the zero poly-
nomial. Arguing by contradiction, if Q(z,y,0) = 0, then F(x,y, 2,0) = G(x,y,0) and ~
is the union of at most three lines, against such curve being irreducible.

Therefore, Q(x,y,0) = L(x,y)? for some linear homogeneous polynomial L(z,y) €
C[z,y], and we can still assume that L(z,y) = z. Then,

F(z,y,2,0) = 2?2 + G(z,y,0),

and we write
G(x,y,0) = az® + bx’y + cxy® + dy’.

From ~ being irreducible it follows that d # 0. After the change of coordinates

F results as
F(x,y,2,0) = 222 + d'z® + V2% + di?

for some a’,b’ € C. After the second change of coordinates
2= —dz—V7y—dz,

we finally get
F<$7 Y, 270) = _d(ng - 373)7

which is clearly projectively equivalent to the cuspidal curve. O
The second important notion is the polar.

Definition 2.1.2. The polar of F' is defined to be

OF
Fi(zo,...,z3190,-.-,Y3) = 237%
i=0 "

The polar turns to be a fundamental tool due to this result:
Lemma 2.1.2. Let p,q € P3. Then, the line pq is contained in S if and only if
F(p) = F(q) = Fi(p,q) = Fi(q,p) = 0.

Proof. An elemental computation shows that if p = (z¢:...:23)and ¢ = (yo : ... : y3),
then

F(A(xo, - 23) + p(Yo, - - y3)) = N F(p) + N pFi(p, q) + Mi* Fi(g, p) + p° F(q)
for every A, u € C. From this, the result follows. O

So we are interested in finding common roots of several polynomials. This problem
is solved by using the theory of resultants.
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Definition 2.1.3. For the homogeneous polynomials r, s € Clu, v] given by

r(u,v) = apu? + ajuv + agv?,
s(u,v) = bou® + biu?v + byuv? + bgv®,

the resultant of r and s is defined to be

ap a1 a2
ap aip asz
R(r,s) :=det ap a1 as
b b1 by b3
bp b1 by b3

Lemma 2.1.3. Let r and s as above. Then, they have a common root in P! if and only
if R(r,s) =0.
Proof. Consider the complex vector space V' of the homogeneous polynomials of C[u, v]
of degree 4. This space is of dimension 5 and canonical basis {u*, u3v, u?v?, uv?,v*}. In
this basis, the coordinates of the polynomials u?r, uvr, v2r, us, vs correspond respectively
to the rows of

ap a1 az
ap ai az
ag ap az
bop b1 by b3
bo b1 by b3

Therefore, there is a linear dependence among those polynomials if and only if R(r,s) =
0.

If r and s have a common root, so do u?r, uvr, v?r, us, vs. Thus, they cannot span V'
and they are linearly dependent.

Conversely, if u?r, uvr, v?r, us,vs are linearly dependent, there exist I,q € Clu,v]
homogeneous quadratic and linear polynomials respectively, not both zero, such that
gr = ls. In particular, ¢r and Is have the same roots in P!, so necessarily  and s have
a common root. O

We can now state and prove the main result of this section:
Theorem 2.1.4. S contains a line.

Proof. Let p and v be as in Lemma 2.1.1. If 7y is reducible, then it is the union of a conic
and a line and we are done.

If not, the same lemma allows us to take coordinates such that v = Z(x?z — 3, t)
and p=(0:0:1:0). Therefore, F' is of the form

F(z,y,z,t) = A(x2z: — y3) +tG(z,y, 2, 1),

where G(x,y, z,t) € C[z,y, 2,t] is a homogeneous polynomial of degree two and A € C*.
Besides, the smoothness of S forces ¢(0,0,1,0) # 0. Thus, we can suppose that A =
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9(0,0,1,0) = 1 after an appropriate change of variables that will not vary the equations
of v and p.

For each a € C, we consider the point p, := (1 : @ : @ : 0), which clearly lies on
~. Similarly, let ¢ := (0 : y : z : t) be an arbitrary point of the plane Z(z). By Lemma
2.1.2,

3

Paq C S <= Fi(pa,q) = Fi(q,pa) = F(q) = 0.

Therefore, if we denote

Ay = Fl( aaQ)v
Ba = Fl(qvpa)a
C = F(q),

which are all homogeneous polynomials in C[a][y, z,t], it suffices to show that there is
an a € C such that A,, B, and C have a common root in P?. These polynomials are
given by

Aoy, z,t) = =32y + 2 + tG(1,a, a3, 0),

Ba(y, 2 t) = —30[3/2 + tGl(lv «, Oé3, Oa Oa Y,z t)a

C(y, z,t) = —y° + tG(0,y, 2, 1).
Since G is quadratic and G(0,0,1,0) = 1, we have that

a:=G(1,0,03,0)=a®+ ...

(here and in the rest of the proof, ... represents terms of lower order).
Hence,
Ay =0 < 2z =30y —at.

We substitute z in B,, and since G1(1, a, a?,0;0,y, 2, 1) is linear in ¥, 2, t, we get that
Ea = B (y, 302y — at, t) = boy? + biyt + bat?,
where
byp = —3a,
b1 = Gi(1,a,0?,0;0,1,30%,0) = 6a° + ...,
by = G1(1, a3,0:0,0, —a, 1) = —20° + ...
Analogously for C":

Co = C(y, 30y — at, t) = coy® + cry*t + coyt® + c3t>,
where

co = —1,

c1 = G(0,1,30%,0) =9a* + ...,

co = G1(0,1,30%,0;0,0, —a,1) = —6a® + .. .,

c3 =G(0,0,—a,1) =a'? + ...
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Therefore, A,, Ba and C have a common root in P? if and only if B, and C, have a
common root in Pl.NThis can be solved by using theory of resultants.
Let R(«) := R(Bq,Cy) € Cla] be the resultant of B, and C,. It is given by

bo b1 b
bo b1 be
R(a) = det bo b1 be

C €1 C2 €3
Cob €1 C2 €3

We compute its leading term:

—3a 6a® —2a°

—3a 60 —2a°
det —3a  6a® —2a°| =
-1 9a* —6a® a'?
-1 9a* —6a® al?
-3 6 =2
-3 6 =2
= a*"det -3 6 —2[=a"
-1 9 -6 1
-1 9 -6 1

In particular, R(«) is nonconstant, and since C is algebraically closed, R(«) has a root.
From Lemma 2.1.3 the result follows. O

Remark 2.1.2. As it was mentioned in the introduction, this is not the classical proof
of the existence of a line upon a cubic surface. However, nonelementary results about
fibre dimension and completeness of projective varieties are essential in it. This is why I
have decided to give this self-contained proof, which based on Reid’s in [4] and developed
in [3]. If the reader is interested in the topic, in Section 6 of Chapter 1 of [7] the needed
theory is developed.

2.2 The 27 lines

Proposition 2.2.1. If II C P? is a plane, then one and only one of these holds:
(i) SNIIis an irreducible plane curve.
(ii) SNII =1Uc, where [ is a line and c¢ is a nonsingular conic in II.
(iii) SNII =1UmUn, where [,m,n are three different lines.

Proof. S is a projective variety by Theorem 1.1.7. In particular, IT ¢ S, so SNII is a
plane cubic curve in II.
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If the curve is irreducible, we are in (i). If not, taking coordinates so that II = Z(t),
we have that

F(z,y,2,0) = L(z,y,2)Q(,y, 2)

for some homogeneous polynomials L, Q) of degree one and two respectively. Since Il ¢ S,
we get that

Z(Q)NII and
Z(L) N1,

c:
l:

are a line and conic in II, respectively. Moreover, SNII =1U c.

If ¢ is nonsingular, we are in (2). If not, we show that it is the union of two dis-
tinct lines. Arguing by contradiction, suppose that Q = M? for some homogeneous
linear polynomial M (z,y, z) € Clz,y, z]. Without loss of generality, we can assume that
M(x,y,z) = z. Then,

F(z,y,2,t) = 22 L(x,y, 2) + tG(z,y, 2,1)

for some homogeneous polynomial G of degree two. Therefore,

oL 0G 0L 0G ,0L 0G ,0L  0G
VFEF= (2= t— 22— 4 t— 22 = 4 2L t—, 22— +t— + G ).
(z or Tor oy eyt s T s T e
Since C is algebraically closed, there exists a € C such that G(1,«,0,0) = 0. Hence,
(1::0:0) € S and
VF(1:a:0:0)=(0,0,0,0),

against S being smooth. Therefore, ¢ = m U n for some distinct lines m and n. In fact,
the same argument shows that [ is different from both m and n.

Observe that in (i) S NII is irreducible, in (ii) it has two irreducible components and

in (iii) it has three irreducible components. In particular, just one of the three situations
can happen. O

Lemma 2.2.2. Given any point p € S, there are at most three lines contained in S
passing through p. Besides, if there are more than one, they are coplanar.

Proof. Tt follows from applying the previous result and Proposition 1.1.6 of Chapter
1. O

Theorem 2.2.3. For every line [, there are exactly ten lines contained in .S that intersect
[. These lines can be gathered into five pairs (I1,1}), ..., (I5,15) such that

(1) For every i =1,...,5, 1, [; and I} are coplanar. In particular, {; and [; also intersect.
(2) (Lu)Nuly) =oifi#j.

(3) For every i =1,...,5, if m is another line contained in S different from [, I; and I,
then it intersects exactly one of the three.
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Proof. Choosing appropriate coordinates, assume that
l=Z(zt)={(z:y:2z:t) €P?® [ 2=t =0},
which forces F' to be of the form
F(z,y,2t) = a(z,t)z? + b(z, t)xy + c(z, )y* + d(z,t)x + e(z, )y + f(z,1), (2.1)

where a(z,t),b(z,t),..., f(2,t) € Clz,t] are homogeneous polynomials, with a,b, ¢ of
degree 1, d, e of degree 2 and f of degree 3.
A general plane containing [ is of the form

H()\ ) Z(,U,Z - )\t)

Note that if p, ¢ € P*, I, =11, if and only if p = q. Take p € P!. We have that
SNII, =1Uc,,

where ¢, is a a conic in II,. In order to give ¢, explicitly, we have to distinguish two
cases:

(i) If p= (1 : p), then in IT we have that ¢ = pz. Substituting it in F' and taking out
the factor z, we get that

o ={(z:y tyeP? / At =
a(1, wa? +b(1, p)ay + (1, wy? + d(1, p)zz + e(1, p)yz + f(1,1)2* = 0}.

(ii) If p=(0: 1), similarly we obtain that

p={(z:y:2:t)eP® [ 2=0,
a(0,1)x% + b(0, )ay + ¢(0, 1)y* + d(0, 1)at + (0, 1)xt* + f(0,1)t* = 0}.

In any of the two cases, the symmetric matrix associated to ¢p, where p := (A : p), is

ahi)  bO)/2 ch )2
My = [ w)/2 ) e(An)/2
A0 w/2 e(Ap)/2  F(Anp)

Its determinant is
1 2 2 2
det M, = 1(4acf + bde — cd® — b°f —ae®)(1, ).

By Lemma 2.2.1, SN1I, is the union of three different lines if and only if ¢, is singular;
ie., if A(A\, u) =0, where A(z,t) € C[z,t] is the homogeneous polynomial of degree five
defined by

A :=dacf + bde — cd* — V> f — ae.
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We claim that A has exactly five roots in P!; i.e., all its roots are simple. Let
(A : u) € P! be a root of A. Since change of coordinates between z and t do not change
anything, we can reduce to the case of (A : u) = (1:0). Therefore, we just have to show
that t2 1 A(z,t).

The point (1 : 0) corresponds to the plane II := Il(y.q) = Z(t). Thus, there exist m
and n lines in S, such that [, m,n are all different and

SNII=1lUmUn.

Now, the three lines may have a common point or not. If not, the coordinates can be
taken so that
m=Z(z,t) and n=Z(y,t)

(the other case is similar so that part will be omitted).
Since m,n C S, we get that

0= F(z,0,2,0) = a(z,0)z? + d(z,0)z + f(2,0) and
0=F(0,9,20) = c(z,0)y* + e(z,0)y + f(2,0).

Hence, a(z,0) = ¢(2,0) = d(z,0) = e(2,0) = f(2,0) = 0; i.e, t | a,c,d,e, f. Since S
is a projective variety, it follows from (2.1) that ¢ f b. Thus, we just have to show that
t2 4 f(z,t). Since f is a homogeneous polynomial of degree three divisible by ¢, it is of
the form f(z,t) = az?t + B2t? + 13, with o, 3,7 € C.

Now, observe that (0:0:1:0) € m C S, but

oF OF oF
—(0,0,1,0) = —(0,0,1,0) = —(0,0,1,0) = 0.
am<777) 8y(777) 82(777)
Hence, the smoothness of S forces that
of oF
= —(1,0) = —(0,0,1,0) # 0.
o= 201,00 = 50,0,1,0) £

Therefore, t2 t f(z,1).
Finally, if py, ..., ps € P! are the five roots of A, then for each i there exist I; and I;
lines in S such that ,1;,1; are all different and

SNIL, =1lUl; UL.

We claim that there are no more lines intersecting ! that these ten. In fact, if m is
such a line, then [ and m lie on a plane II. Hence, II = II,,, for some 7, so m must be
either I; or [.

We check that these ten lines fulfil the properties (1), (2) and (3) in the statement:

(1) Immediate by construction.
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(2) Arguing by contradiction, suppose that there exists p € I; N l; for some i # j. In
fact,
pEliNi; CHpiﬂHpj =1,

so by Lemma 2.2.2, the three lines [,[;,l; are coplanar. Therefore, II; = II; but
i 7.
(3) Leti=1,...,5 and m be a line contained in S not equal to [, l;, I;. If mNIL,, = {¢},

then
g €mnIl, c SNIIL, =lUl;Ul;.

Therefore, m meets at least one of [,1;,I,. If m met more than one, then m would
be contained in S N1I,, =1 Ul; Ul.. Hence, m would be one of [,1;, I}, against the
hypothesis.

O
Corollary 2.2.4. S contains a pair of disjoint lines.

Let [ and m be two disjoint lines contained in S, and let Iy, ...,15,1},...,lt be again
as in Theorem 2.2.3. Now, for each ¢ = 1,...,5, m intersects either /; or I/ but not
both. Without loss of generality, assume that it meets [; but not I.. Applying Theorem
2.2.3 to m, we get that there are five new different lines I{,... I contained in S such
that I1,...,05,17,...,l¢ are the ten lines contained in S that meet m and satisfying the
following properties:

(1) For every i =1,...,5, m,l;,l! are coplanar.

(2) (LUE)NUl)=aifi#j.

(3) I meets I if i # j.

Let A := {l,m,li,....1I5,l},...,I§,1{,..., 1!} and B be the set of lines contained in S
that are not in A.

Proposition 2.2.5. Every line of B meets exactly three of the lines [,...,l5. Con-
versely, given three different lines of Iy, ..., 1[5, say [;, 1}, [, there exists a unique line ;
in B that intersects them all.

Proof. We first show that any four pairwise disjoint lines my, ..., m4 contained in S do

not lie on a nonsingular quadric. Arguing by contradiction, suppose that such quadric
surface @ exists, and we claim that in @ C S. Since @) is nonsingular, Proposition 1.3.5
of Chapter 1 tells us that the lines contained in it are divided into two rulings, R and
Ro. Besides, the lines mq,...,m4 are disjoint, and therefore, they are all contained in
the same ruling, say Ri. Since @ = |JRa2, it suffices to show that S contains every line
of Ry. Indeed, let € Ro, and assume that » = Z(z,t). Now, r and my, ..., my4 are part
of different families, and hence, r meets each my,...,m4. Then, F(z,y,0,0) has four
different roots in P!. Since this polynomial is homogeneous of degree three or the zero
polynomial, necessarily the latter holds and r C S.
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Therefore, @ C S, contradicting the irreducibility of S. By Lemma 1.3.7, we con-
clude that for every four pairwise disjoint lines of S there are exactly one or two lines
intersecting them.

Thus, if n € B, it cannot meet more than three of the lines [y,...,[5, because [ and
m already cut them. On the other hand, if n meets less than three of the I1,...,[5, then
it cuts three or more lines },...,lt. Two cases may happen:

(i) nmeets I}, 1}, 1%, ), with h,1, 5,k € {1,2,3,4,5} different. However, this contradicts

the previous claim because | and [” already intersect those lines, where [” is the
only line If, ..., 7 different from 1}/, 17, l;’, ly.

(ii) n meets Iy, 1,1}, 1 with h,i,j,k € {1,2,3,4,5} different. This is also a contradic-

'R j7
tion because [ and [} already intersect lp, [}, l;, U
Hence, n meets exactly three lines of [1,...,l5. Conversely, given l;,1;,1;, we know

by Theorem 2.2.3 that [; meets with exactly ten lines contained in S. Four of them,

I,m,l;,17, are in A, and the rest of them, in B. Thus, any of the remaining six intersects

exactly two of {l1,...,ls} — {li}, so there are (3) = 6 possibilities. Each possibility can
happen once at most, because if not, we would have three lines intersecting a group of
four pairwise disjoint lines in S; contradiction. Hence, we conclude that all possibilities
must occur exactly once.

O]

Now, we know that AUB is the set of lines contained in S. On one hand, we have
that

[Al=1+1+3x5=17,

and on the other, thanks to the last proposition, that

0=

Combining these two, we conclude that there are
|Al +|B| =17+ 10 = 27

different lines contained in S, and therefore, Theorem 2.0.1 is finally proved.

2.3 The configuration of the lines. The double six.

In the previous section we have proved that S contains precisely 27 lines, and that each
of them meets exactly with other 10. In fact, we know explicitly their configuration.
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With the same notation as in the previous section, we have that:
I meets Iy,...,0500,... 1.
m  meets ly,..., 050, .. . 0L
li meets 1,m, 11,17, li23, li2a, lios, L4, Liss, Lias.
I meets 1,1y,15,05,14, 1% 1234, I235, 245, l345.
llll meets m, ll, 1/2, lg, lﬁl, lg, 1234, l235, l245, l345.
1123 meets ll,lg,l3,lg,lg,lg,lg,l145,l245,l345.
The intersections of the remaining lines are given by appropriate permutations of indices

In order to give a more symmetric representation of the 27 lines, Schlafli introduced
the following concept:

Definition 2.3.1. We say that the set {a;; / i =1,2, j=1,...,6} of 12 lines contained
in S is a double six if
a;; meets aps <= i #rand j # s

for every i,7r =1,2 and j,s =1,...,6.

A double six is usually represented in matrix form as

ayilr a2 a1z a4 ais Gaie
a1 @ a3 G4 G5 G26)

so that each line does not intersect the ones in the same row and column but the
remaining ones.

Theorem 2.3.1 (Schlédfli, 1858). The 27 lines in S can be given by 12 lines a;;, with
i1=1,2,7=1,...,6, and 15 lines b,s, with r,s = 1,...,6 and r < s, such that

(1) The lines a;; form a double six.
(2) For every r, s, the line b,s intersects ay,, a1s, agr, ags and by, for u,v & {r, s}.

Moreover, given any line, the choice of the a;; and b.; can be done so that such line
belongs to the double six or not.

Proof. With the same notations as in the previous section, it suffices to choose

neoqn g e
air a2 a3 a4 ais 4aie\ _ ! ll l2 l3 l4 l5
= T VR T
a21 Q22 Aa23 0G24 G25 Q26 m ll 12 l3 l4 l5

and
bz =11, b1z = lo, bia = I3, bis = l4, big = s,
bo3 = l345, bay = logs, bos = lags, bag = l234,
b3s = lyus, bss = l13s5, b3g = l134,
bys = l125, bss = l124,

bsg = l123.
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If we want a certain line to be in the double six, we just have to choose it to be [ and
take the lines as above.

If not, take two more lines such that the three are pairwise disjoint, and choose them
to be [ and m. Thus, if we maintain the choice of before the original line cannot be in
the double six. O

Observe that in S there are

27><16><5><4><3><2><1_

2! x 6! 36

double sixes.

2.4 Examples

We now proceed to find the 27 lines of the two examples given in Chapter 1, the Fermat
and the Clebsch diagonal cubics.

2.4.1 The Fermat cubic
Recall that this surface is given by
B2+ =0

In this example the 27 lines are easy to be found. If w € C is a primitive third root of
unity, then it can be checked that the 27 lines are:

r+wy=0
lij - )
z4+wlt=0

. rT+wz=0
1] y+w]t:O I

)

" T+ wit =0
Yyt wiz=0

with 4,7 = 0,1,2 in the three cases.

2.4.2 Clebsch diagonal cubic

This is the variety
S+ P+ 234+ =(@+y+2+1)>
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Examples

The first 15 lines of S are easy to be found:

r+y=0
ly:
z+t=0

x4+ z=
l2: )
{y+t—0

l32 l4:
y+2z2=0 y+2z=0
=0

l5 :
{y+t:0

l7:

r4+2z=0

l

Jt=0
o y+z2=0

In order to find the remaining 12, we first observe that if ( is a primitive fifth root of

unity, then p := (1:¢:¢?:¢3) is a point of S. In fact:

1+C+<2_’_C3+C4:O:>(1+<+C2+C~3)3:(_64)3:_412:_4-27

and since ¢3 is also a primitive fifth root of unity,

B+ (PP +(EP+ )=+ + 3P+ (3P + () =0=

= P+ C+(EP+ ()P =) ==

Besides, taking conjugates, the point
qi=(1:C: ) =(1:¢1 2= (¢

also lays in S.
We claim that the line pq is in fact contained in S. This set is given by

Pq = {(A+pC® : AC+p¢? A+ ¢t A+ p) € PP/ X\ p € C, not both zero}.

So, if A\, u € C, not both zero, we have that
A+ uC®) + A+ pC®)? + A+ 10 + (AC + p)® =
=(1+CHC+HN+3(C++ 1+ 0N+
F3CHLH T+ MNP+ (P CHC 1)’ =
=(1+C+C+ A+ =-C0+ ).

On the other hand,

(A 4+ 1C%) + A+ 1) + A+ Q) + (A + ) =

= ((1+¢+E+P)0+w)’ = (=t + )’ = -+ p)?
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Thus, pq is the sixteenth line of S, which will be denoted by l1g. It is given by the

equations
{:r— (C+¢y+2=0
l16 : 1
y—(C+¢Hz+t=0

Furthermore, if we fix ( = edi/5 then

- 4
C—i—(‘l:C+§:2cos§:—2005g:—¢,

145
2

where ¢ := is the golden ratio. Hence, [y¢ is given by

I r+oy+2z2=0
16 :
y+oz+t=0

Exchanging variables, we get % = 12 lines, so we are done.

Remark 2.4.1. Note a fundamental difference between the lines in the Fermat and the
ones in the Clebsch diagonal. While in the latter the 27 lines are given by equations with
coefficients in R, (in fact in Q(\/g)), in the former just three of them have such property.
A consequence of this is that when we consider these surfaces in ]P’%, the Clebsch diagonal

preserves its 27 lines, whereas the Fermat, does not.






Chapter 3

Cubic surfaces and blow-ups

Through this chapter we will study the close relation between cubic surfaces and blow-
ups of the projective plane. This fact is perfectly described by Clebsch’s Theorem in
Section 3.2. However, its proof requires advanced techniques in Algebraic Geometry,
especially in schemes and divisors. Therefore, we are just going to state and describe
the theorem.

In any case, in Sections 3.3 and 3.5 we are going to give direct proofs of some facts
that could be deduced from the theorem, such as the fact that every smooth cubic surface
admits a parametrization. Furthermore, we are going to develop a method to obtain it
explicitly. In particular, we are going to give the parametrization of the Fermat and the
Clebsch diagonal cubic.

3.1 Blow-up of a variety

Before stating Clebsch’s Theorem, we need to specify what we mean when we speak
about blowing up the projective plane.

Deﬁniti~0n 3.1.1. Let X be an algebraic variety and p1,...,pr € X. We say that the
variety X is a blow-up of X at the points p1, ..., p; if there exists a morphisme : X — X
such that, if we denote E; := e !(p;) for every i = 1,...,t, then

1) B; ~P! foreveryi=1,...,t

ot
2) G‘X X — ‘U1 E; — X — {p1,...,pt} is an isomorphism.
_ P

E;

>
LC

In this case, € is called the blow-up morphism and its rational inverse e ! : X --» X,
the blow-down rational map. The E; are called the exceptional divisors of the blow-up.
If Y is a subvariety of X, then Y :=Y — {p1,...,ps} is called the strict transform of Y.

Remark 3.1.1.

31
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(1) It can be shown that the blow-up variety and the blow-up morphism are unique up
to isomorphisms.

(2) Observe that under these conditions, X and X are birationally equivalent.

Remark 3.1.2. Despite being irrelevant in this context, it is worth commenting that
blow-ups turn to be a fundamental tool in resolution of singularities in Algebraic Geom-
etry. If the reader is interested in this topic, [1] is recommended.

We now proceed to construct the blow-up of P? at the points p,...,p;, which is
the example we are interested in. For the sake of simplifying notation, we will assume
that p; = (1 : a; : b;) for every @ = 1,...,¢. If not, one just has to exchange variables
appropriately.

Consider

]P)Q ::{((xo i :xz),(ylo : yn),.. . (yto : ytl)) € P2 X Pl x .tox ]P)l /

yil(l'l — (IZ'{E()) = yio(l'Q — bil'o),Vi =1,..., t}

and the natural projection 7 : P2 — P2,
For each i = 1,...,t, we define the map f; : P2 --» P! by

filxo : 1t @e) := (x1 — a;xzp : 2 — bixo).
Its domain is Domf; = P? — {p;}. It is immediate that if ¢ € P> — {p1,...,p:}, then

w @) = {(@. 1@ ila) .

Besides,

7 (pe) = {pi} x {f1(p)} x - x {fica(pi)} X P* x {fiza(pi)} x ... x {fe(pi)}-

Hence,
7 Hp) =P, Vi=1,...,1,
and 7 induces an isomorphism between P2 — 7= Ypy, ..., p;} and P2 — {py,...,pi}.
In particular, P2 — 7= 1{py,...,p;} is irreducible because so is P? — {p1,...,p;}. Be-
sides,

IA[S)Q _ﬂ—_l{plw"’pt} :@27

so we conclude that P2 is a projective variety. Therefore, P2 is the blow-up of P? at
bi,--.,Dt-
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3.2 Clebsch’s Theorem

We now state Clebsch’s fundamental result about smooth cubic surfaces:
Theorem 3.2.1 (Clebsch, 1871).

(1) The blow-up of P? at six points in general position is isomorphic to a smooth cubic
surface in P3.

(2) Conversely, every smooth cubic surface in P3 can be obtained in this way.

Proof. See [2], Chapter V: Corollary 4.7 and Remark 4.7.2. O

Cayley-Salmon Theorem, the double six concept and Clebsch’s Theorem are related
in this result:

Theorem 3.2.2. If S is the cubic surface obtained by blowing-up P? at the points in
general position p1,...,pg, then its 27 lines can be described in terms of the blowing-up:

(1) 6 lines are the exceptional divisors.
(2) (g) = 15 are the strict transforms of the lines p;p;, © # j.

(3) 6 are the strict transforms of the conics passing through {pi,...,ps} — {p;} for each
1.

Furthermore, the 12 lines of the first and third families form a double six.

Proof. See [2], Chapter V: Theorem 4.9. O

As we have said at the beginning of this chapter, these results need of advanced
methods in schemes and divisors. Nevertheless, in the next sections we will prove weaker
results that follow from Clebsch’s Theorem.

3.3 Blow-ups as cubic surfaces

Let p1,...,ps € P? be six points in general position. By Proposition 1.4.1 in Chapter 1,
S3(p1,...,pe), the space of cubic forms that vanish at pi,...,ps has dimension 4. Let
{Fo, F1, F», F3} be a basis of this space.

Proposition 3.3.1. With the same notation as above,

Proof. If there exists ¢ # p1, ..., pe such that Fy(q) = Fi(q) = Fa(q) = F3(q) = 0, since
{Fy, F1, F», F3} is a basis of S3(p1,...,ps), we get that

S3(p1,-..,p6) = S3(p1,- - -, D6, 9)-

The points p1, ..., pg, ¢ do not lie on a nonsingular quadric and no four are aligned, so by
the Proposition 1.4.2 in Chapter 1, S3(p1, ..., ps, q) has dimension 3; contradiction. [J
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Consider the rational map 7 : P2 --» P3 given by

v(p) = (Fo(p) : Fi(p) : Fa(p) : F3(p)).

From the previous proposition, its domain is

Dom/y = ]P)Q - {pla s 7p6}‘
Proposition 3.3.2. The map 7 is injective on a Zariski open set of P2.

Proof. We introduce some notation. For each 7,5 = 1,...,6, i # j, let l;; be the line
that goes through p; and p;. Besides, given 7 = 1,...,6, if there exists a conic through
D1y .-+ Pi—1,Pit+1,-- -, D6, this curve is unique and we denote it by ¢;. If not, we just set
c; = .

With all this, we define U C P? as the complement of

6
U v Us
1<i<j<6 i=1

Clearly, U is open, and we claim that - is injective on it. Arguing by contradiction,
suppose there are a,b € U such that vy(a) = 7(b) but a # b. Choosing appropriate
coordinates, we can suppose that a = (1:0:0).

Let {Go,G1,G2,G3} be a basis of S3(pi1,...,ps) such that Gi, G2, G3 do not have
term in x%. Therefore, they are of the form

Gi(zo, 1, x2) = 215i(x0, 1, x2) + 22T; (20, 21, 22), Vi=1,2,3.

It follows that
GZ(CL) ZO, Vi = 1,2,3.

Now, {Fy, F1, F», F3} is a basis of S3(p1, ..., ps), so there exists A € C* such that F(a) =
AF(b) for every F € S3(p1,...,ps). In particular, we also have that

G;(b)=0, Vi=1,23.

Therefore, {G1,G2,G3} is a set of linearly independent cubic forms that vanish at

P1,---,P6, a,b. However, by the choice of U, no four points are collinear and no seven
lie on a nonsingular conic, so we have reached to a contradiction with Proposition 1.4.3
in Chapter 1. O

Theorem 3.3.3. The Zariski closure of the image of the map + is an irreducible cubic
surface.

Proof. Let D := Dom~y = P? — {p1,...,pe} and

S :=Imy = y(D).
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We first show that S is a projective variety. We proceed as follows. D is an open set
of P2. Since P? is a projective variety, D is quasi-projective. Furthermore, irreducibility
is preserved under Zariski continuous maps, so Im+y is also irreducible. Finally, since
irreducibility is preserved by taking closures, we conclude that S = Im~ is a projective
variety.

Let U be as in the last proposition. We claim that S = ~v(U).

First, we have that U C D, so v(U) C v(D) and hence,

~({U) c v(D) = S.

To prove the other inclusion, recall that v : D — P3 is continuous with the Zariski

topology. Therefore,
D

7L (U) T AT (v (D).
In turn,

——F—— D — _
v 1(yU)) >T”=TUnD=PND=D.

Hence, v(D) C v(U) and thus, S = (D) C y(U).

Consider v := V‘U‘ This morphism is both injective and dominant, so dim .S = 2 and
therefore, there exists a nonconstant homogeneous polynomial F' such that S = Z(F).
Suppose that F' is of degree n.

Let | C P3 be a generic line; i.e., a line such that for some plane II C P3 containing
[, the line intersects the curve C' := S N1I transversally. Besides, we can suppose that
INC C Imy. By Bézout’s Theorem, we have that n = #I N C. Besides,

INC=INSNI=1NS=1NTm,

so n = #INImy.

Without loss of generality, we can suppose that | = Z(z,¢). Observe that F, and
F3 cannot have a common irreducible factor, because in that case I N Imiy would be
infinite due to the injectivity of ¢. Thus, we can apply again Bézout’s Theorem and
conclude that F, and F3 have exactly nine common roots in P?. We know that six of

them are pi,...,pg. From the injectivity of 1), we have that the remaining ones are in
U. Therefore,

#peU | Bap) = Fyp) = 0} =3
Since ) is injective, we conclude that
n=#NImy =3
and S is an irreducible cubic surface. O

Remark 3.3.1. Although it is not stated in the theorem, the cubic surface S obtained in
this way is also smooth and ~ a birational map. However, in order to prove it advanced
techniques in schemes are needed. The reader is referred to [2] for more details.
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3.4 Example

We apply the previous result to a particular example.
Consider in P? the points

pr=(1:0:0), pa=(-1:1:1),
p2=(0:1:0), ps=(1:-1:1),
p3=(0:0:1), pe=(1:1:-1).

Clearly, no three are aligned. On the other hand, they do not lie on a nonsingular conic.
To check this, let

Q(xg,x1,x2) 1= a;vg + bm% + C:L’% + dxor1 + exoxa + friTso

be a polynomial that vanishes at p;,...,ps. We have that:

—d+e—f

(
(
(
(-1,1,1)=—-d—e+ f
(
( =d-e—f

Since
-1 -1 1
det | -1 1 —1]=4#0,
1 -1 -1

we get d = e = f =0, so @ = 0. Therefore, the six points are in general position.

We know from the previous section that the space of cubic homogeneous polynomials
that vanish at p1, ..., pg is of dimension four. We proceed to find a basis of it. Consider
a general polynomial

F(xg,z1,22) = axp + ba} + cxly + drdzy + exdwo+

+ f:vozc% + gx%:m + h.’L'()JZ‘% + i:nl:c% + jaoxrixo

with the desired property. Then:

0= F(1,0,0) =
0= F(0,1,0) =
0= F(0,0,1) =
0=F(— 111)—d+e—f+g h+i—j
0=F1,-1,1)=—-d+e+f+g+h—i—7j
0=F1,1-1)=d—e+f—g+h+i—j
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We get that
h=e—f+g
i=—-d+e+g
Jj=etyg
Thus,

F(z0,21,T2) = d(ziz) — 2123) + f(zox? — 2023) + g(x3ze — 2i10)+

+ (e + g)(xgma + wow3 + 2123 + T0T1T2).
Therefore, if we choose

2 2

Fy = 227 — 2079,

2 2

P =z — 7179,
2 2

Fy = xjze — 2722,

Fy = xkxo + wox3 + x123 + mow1 202,
then {Fy, F1, F», F3} is a basis. It induces the rational map v : P2 --» P3 defined by

v(p) = (Fo(p) : Fi(p) : Fa(p) : F3(p)).

From the previous section, we know that S := Imvy C P? is a smooth cubic surface. To
find the cubic polynomial which has S as zero locus, we program the computations using
Magma:

Q := Rationals ();
Par<x0,x1,x2> := PolynomialRing (Q, 3);

P2 := ProjectiveSpace (Par);

R<x,y,z,t> := PolynomialRing (Q, 4);

parametrization := [x0%x1°2—x0%x2"2,x0"2xx1—x1%x2"2,
x0"2%xx2—x1"2%x2 ,x0 " 2% x2+4x0%x2"24+x1%x2"24+x0*x1%x2 | ;

f := hom<R —> Par | parametrization >;

10 := Implicitization (f);

P3 := ProjectiveSpace (R);
S := Scheme(P3,10);
S;

The output is the polynomial
F(z,y,2,t) = 22t + %2 — y?t — y2? — 22t + xt? — yt? + 21> + zyz + 2yzt,

SO
Imvy = Z(F).
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3.5 Parametrization of cubic surfaces

The aim of this last section is to show that every smooth cubic surface admits a
parametrization given by cubic polynomials.
First of all, we introduce the precise notion of parametrization of projective varieties:

Definition 3.5.1. Let X C P” be a projective variety. We say that a rational map
v :P™ --s X is a parametrization of X if it is dominant; i.e., if

Imvy = X.

Remark 3.5.1. With this concept, the statement of Theorem 3.3.3 in section 3.5 could
be rewritten as:
”The map - parametrizes some irreducible cubic surface.”

We now have this result:

Theorem 3.5.1. Smooth cubic surfaces are rational varieties; i.e., birationally equiva-
lent to P?.

Proof. Let S := Z(F) be a smooth cubic surface for some homogeneous polynomial
F(z,y,2,t) € Clx,y, z,t] of degree three. Preserving the notation used in Chapter 1,
take [ and m two skew lines contained in S, and let I1,...,l5 be the lines in S that cut
both [ and m. Recall that these five lines are disjoint. Without loss of generality, we
can suppose that

This forces I’ to be of the form
F(x,y,2,t) = az’t + By’z + zyf(2,1) + wtg(z,t) + yzh(z, 1),

where f, g, h are linear forms.

We construct the rational map 7 : S --» P? as follows.

Let IT := Z(z — z). Given p € S — (I; Uly), the exists a unique line I, that goes
through p and intersects both [ and m. Note that [, C II if and only if p € I;. Certainly,
if p € 1y, then [, = [y C II. Conversely, if [, C II and we suppose that p & l1, then [, and
[1 are coplanar and distinct, so they meet at a point q. By hypothesis, ¢ # p. Moreover,
q # l,NI, because if not, [,, [, l; would be coplanar, necessarily in II, but [ ¢ II. Similarly,
q # l, N m. Hence, [, contains four different points of S. By Proposition 1.1.3, we get
that [, C S. Thus, [, is a line in S that meets both I and m. However, it also meets /1,
which is impossible.

Hence, we define 19 : S — (lUm U ;) — II by

no(p) := I, N1I,
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with the obvious abuse of notation.
In order to give the explicit expression of g, we take p = (a : b: ¢ : d) € S—(lUmUly)
and observe that

b ={(Aa:Xb:pc:pud) €P® / A\ u€C, not both zero}.
If (A, 1) € C? —{(0,0)} and Aa = pc, then

(Aa: Ab = pie s pd) = (Nac : Abe = pc? : ped) = (Mac : Abe = Aac : Aad) =

= (ac: bc: ac: ad),

SO
no(p) = (ac: be : ac: bd).

In particular, ng : S --+ II is a rational map. Furthermore, it is defined on S — (IUmUl;)
as expected.

Now, II and P? are projectively equivalent via, for example, the projective transfor-
mation ¢ : IT — P2, defined by

olx:y:z:t)=(z:t:y).
Composing 19 and ¢, we get the rational map n = @ ong : S --» P2, given by
nx:y:z:t)=(zvz:at:yz).

To find the rational inverse of n, we recall its geometric definition and go backwards.
As above, for each p € II — (I3 U l2), the exists a unique line l,; that goes through p and
meets [ and m. Due to the configuration of the lines in S, we observe that l; C S if and
only if l; =11,...,l5, which is equivalent to p € [; U ... Uls.

In thatis case, the intersection of l;, and S consists of exactly three points counting
multiplicity: lzlv ni, l; Nm and a third, say ¢, (possibly equal to one of the first two). We
define yo : II — (L U...Ul5) — S by

Y0(p) = gp-

We give its expression explicitly. If p:=(a:b:a:d) € Il — (I3 U...Uls), observe
that
I,={(Aa:Xb:pa:pd) / X peC, not both zero}.

Thus, if A, u # 0, we have that
F(Aa, \b, pa, pud) =
= a(Aa)’ud + B(AD)*pa + Xadbf (ua, ud) + Aapdg(pa, ud) + Nbpah(pa, ud) =
= )\M((QCLQd + Bab® + abf(a,d)) A + (adg(a, d) + abh(a, d)),u).
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Hence,
Yo(a:b:a:d):=(a’dg(a,d) + a®bh(a,d) : abdg(a,d) + ab*h(a,d) :
: —aa’d — Ba’h? — a’bf(a,d) : —aa’d® — Bab*d — abdf (a,d)).

1

We take v = vp 0 ¢! : P2 -5 S, which is given by

Y(u v w) =(uvg(u,v) + uwh(u, v) : vwg(u, v) + wh(u,v) : (3.1)

: —ou?v — Buw? — uwf(u,v) : —auv? — fow? — vwf(u,v)).
By construction, n and v are mutual rational inverses in some Zariski open sets. O

Corollary 3.5.2. Every smooth cubic surface admits a parametrization by cubic ho-
mogeneous polynomials.

Proof. 1t suffices to take the map v in the proof of the previous theorem and recall that
birational maps are dominant. ]

Remark 3.5.2. It could be shown that the rational map 7 is in fact defined everywhere
in S and that it is the blow-up morphism of P? at six points in general position. Moreover,
the algebraic construction of Section 3.3 coincides with the geometric construction of this.

3.6 Examples

Based on the proof of the theorem above and on (3.1), we are going to give the explicit
parametrizations of the Fermat and the Clebsch diagonal cubics.

3.6.1 Fermat cubic

As in the previous chapters, this is the surface S defined by
F(z,y,z,t) =23 +y> + 25 + 3.

Let ¢ € C be a primitive third root of unity. With the same notation as in the proof of
Theorem 3.5.1, consider the lines

4+ Cy=0 - Jz+Cy=0
l: , m=1: ,
24+ Ct=0 24+ C*t=0
r+Cz=0 - Jz+2=0
l1: , lo =1 : 5
y+Ct=0 y+ =0

The intersection points of these lines are

lﬂl1:{(C:—1:—1:C2)}, lﬂlgz{(—l:(zzgz—l)},
mﬂh:{(—l:C:—QQ:—l)}, mﬂlgz{(CQ:—lz—lzg')}.
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We therefore choose the change of coordinates

T ¢z -1 -1 ¢ X
y| [-1 ¢ ¢ -1 Y
2 -1 ¢ ¢ -1 Z (3.2)
t ¢ -1 -1 ¢? T
After this transformation, the lines [, m, [y, > become
[: X =Y =0, m:Z=T=0,
L:X=2Z=0, l:Y=T=0,

as desired. In turn, S becomes S := Z(F), where

F(X,Y,Z,T) = (C*X —Y = Z+ (T} + (=X +¢Y +*Z - T)*+
H (=X + Y +CZ-TP + (X -Y - Z+(T)° =
= —9(X’T+Y?*Z+XY((2Z +2T)+ XT(2Z +T) +YZ(Z +2T)).

By formula (3.1), we get 4 : P2 --» S, a parametrization of S:

Alu: v w) =2uv + vw + uv? + 2uvw : v?w + uw? + 20w? + 2uvw

s =t — 20w — ww? — 2uvw : —w? — 20%w — vw? — 2uvw)

In order to find the parametrization of S in the original coordinates, we just have to
multiply 4 by the matrix in (3.2). In this way, we get v : P2 --» S, with

2

Y(u v w) =(—u?v + Cutw — u® — v w + Cvw? — 2uvw :

s =P 4+ wPw — 0w 4 ww? 4+ vw? + 2uvw ¢

s Cuo — wdw + Co*w — uw? — vw? — 2uow

culv — CuPw + wo? + vPw — Cow® + 2uvw).

3.6.2 Clebsch diagonal cubic

We proceed as before. Consider the lines
z=0 r+z=0
[: , m:
y+z2=0 y+t=0

l1: , I :
y+z=0 y+t=20

The intersection points are

INL={0:1:-1:0)}, INl={0:-1:1:1)},
mNlp={1:1:-1-1)}, mNlp={(0:1:0:—-1)}.
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We do the change of variables

x 0 1 0 0\ /X
y| |1 1 -1 1]||v
270 -1 1 —1)|2z (3:3)
t -1 -1 1 0)\T

S

o
|
).<
|

S
N
|
~
|

as desired. In turn, S becomes S := Z(F), where

FX,)Y,Z,T)=Y3+(X+Y ~Z+TP +(-Y+Z-TP3+(-X-Y +2)} - 7%=
=3(X*T+Y?Z+2XYT + XT(-2Z+T)-YZ?).

Applying formula (3.1) to this case, we get a parametrization of S, 5 : P2 -5 S:

2

Fu: v w) =200 4+ v?w — uv? 1 —v*w 4 uw? + 2uvw

cu?v + uw? + 2uvw : w? + 202w + vw?)

As before, in order to find the parametrization of S in the original coordinates, we just
have to apply the matrix in (3.3) to 4. In this way, we get v : P? -+ S, with
Y(u v w) =(—vw + vw? + 2uvw : vv + v + viw 4+ vw?

cuto — wv? — 02w —vw? 1 —u?v — vPw + w? + vw).



Chapter 4

Appendix - Basic notions and
results of Algebraic Geometry

This appendix is directed for readers who are not familiarised with Algebraic Geometry.
All the results and definitions here are taken for granted in the three chapters.

Thus, we briefly recall the very basic definitions and classical results of projective
Algebraic Geometry.

4.1 Homogeneous polynomials and ideals

Definition 4.1.1. Let K be a field. A nonzero polynomial

_ 10 7
F(zo,x1,...,25) = E Qig..inTQ) - Ty
01 5eeeyin >0

in K[xg,x1,...,2,] is said to be homogeneous of degree d if fulfils for every i, ..., iy
that
Aig..iy 0= l0+ ... +ig=d

Of course, d coincides with the degree of F' as a polynomial.

When working with a homogeneous polynomial F' in Klzg,...,x,]|, we can speak
about the zeros of F' in P% unambiguously. In fact, if F' is of degree d, and

pi=1(ap:...:an)=(by:...:b,) € Pk,
then there exists A € K* such that a; = A\b; for every ¢ = 0,...,n. Thus,
F(ag,...,an) = MF(by,...,by).

Hence, F(ay,...,a,) = 0if and only if F(by,...,b,) = 0; i.e., the fact that p is a zero of
F does not depend on the representative of the point. In that case, we will simply say
that p is a root of F' or that F' vanishes at p, and we will write F(p) = 0.

43
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Since every polynomial can be written uniquely as sum of homogeneous polynomials
of different degrees (its homgeneous components), we can extend this notion to any
arbitrary polynomial F' by saying that F vanishes at a point p if every component
vanishes at it. If the field K is infinite, this is equivalent to saying that F' vanishes at
every representative of the point p. As above, we will simply write F'(p) = 0 in that
case.

Definition 4.1.2. An ideal a of KJzo,...,x,] is said to be homogeneous if the homo-
geneous components of every polynomial of a are also in a.

Homogeneous ideals have the following properties:
Proposition 4.1.1.

(1) An ideal a of K[xo,...,xy,] is homogeneous if and only if it can be generated by
homogeneous polynomials.

2) The sum, product, intersection and radical of homogeneous ideals are also homoge-
g g
neous.

4.2 Algebraic sets. Hilbert’s Nullstellensatz
Definition 4.2.1. Let S C K|z, ..., zy,]. We define
Z(S):={pePf |/ F(p)=0,VF € S},

which is said to be the zero locus of S. This kind of subsets of P are called algebraic
sets.

It is immediate that
(1) If SC T C Klxog,...,zy], then Z(S) D Z(T).
(2) Z(S) = Z((9)) for every S C Kl[zo,...,zn].

Observe that every algebraic can be written as Z(.S), where all polynomials of S are
homogeneous. Furthermore, by (2) we can also suppose that S is a homogeneous ideal.
On the other hand, since K[zo,...,x,] is a Noetherian ring, S can also be taken to be
a finite set of homogeneous polynomials.

Algebraic sets have this interesting property:

Theorem 4.2.1. There exists a unique topology over P% such that the algebraic sets
are its closed sets. This topology is known as the Zariski topology over P

Using Z, we can send homogeneous ideals of K|[zo,...,z,] to algebraic sets. Con-
versely, we have this map:
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Definition 4.2.2. Let A C P%.. We define
I(A) :={F € K[zo,...,z,] / F(p) =0,Vp € A}.

It can be checked that this set is a radical homogeneous ideal of K[z, ..., zy,].
The correspondences Z and [ are of course related:

Proposition 4.2.2.
(i) For every A C P}, Z(I(A)) = A (Zariski closure).
(ii) For every ideal a of K|zg,...,xy],

I(Z(a)) D Va.

Moreover, if the field K is algebraically closed, in (2) equality holds. This is a classical
result in Algebraic Geometry, known as Hilbert’s Nullstellensatz:

Theorem 4.2.3 (Hilbert’s Nullstellensatz). If a is a homogeneous ideal of K|z, ..., zy]
different from (zo,...,x,), then

1(Z(a)) = va.

4.3 Irreducibility and algebraic varieties

Definition 4.3.1. A topological space X is called irreducible if it is not the union of
two proper closed sets. A subset A C X is said to be irreducible if it is irreducible with
the induced topology of X.

Irreducibility has other two equivalent definitions:
Proposition 4.3.1. Let X a topological space. They are equivalent:
(1) X is irreducible.
(2) Every pair of nonempty open sets have nonempty intersection.
(3) Every nonempty open set in X is dense.
Besides, irreducibility has the following properties:
Proposition 4.3.2. Let X be a topological space. Then:
(1) If X is irreducible, then its open sets are also irreducible.
(2) If A C X is irreducible, so is A.

(3) Continuous maps send irreducible sets to irreducible sets.

Definition 4.3.2.
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(1) An algebraic set X C P} is a projective variety if it is an irreducible set of P with
the Zariski topology.

(2) More general, open sets of projective varieties are called quasi-projective varieties or
algebraic varieties.

Irreducibility of algebraic sets can be characterised by studying their ideals:

Proposition 4.3.3. Let X C P} be an algebraic set. Then, X is a projective variety if
and only if I(X) is a prime ideal.

Hence, it follows that P is a projective variety.
In many cases, we can reduce our study just to varieties due to this fundamental
result:

Theorem 4.3.4. Every algebraic set X C P can be expressed as
X=XjU...UX,,

where the X; are projective varieties and X; ¢ X; if 7 # j. Furthermore, this decomposi-
tion is unique up to rearrangements of indices. The varieties X; are called the irreducible
components of X.

4.4 Products

In order to give structure of projective variety to P x P%-, we identify it with some
projective variety via the Segre embedding.

Theorem 4.4.1. Let s : P x P — P with N := mn + m + n, be the map defined
s((xo St Zm)s (Yo yn)) = (ZoYo t -+ I TOYn P TIYO (- - TmYn)-

Then,

(1) s is injective.

2) If we take 2o, ..., Z0n, 210, - - - , Zmn as the variables in P, the image of s is a pro-
) ) ) K 9 g p
jective variety given by

Ims:Z({zijzkl—zilzkj /i,k‘zO,...,m, j,le,...,n}).

The map s is called the Segre embedding.

Therefore, we will consider P2 x P as a projective variety by identifying it with Ims.
Recall that the spaces P x P% with the product topology of their Zariski topologies
and Ims as a subspace of IP’% are not homeomorphic.
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4.5 Rational maps and morphisms

Let X C P’ be a projective variety. By Proposition 4.3.3, we have that /(X) is a prime
ideal of K|xy,...,z,|. Hence, K|zo,..., xn]/I(X) is an integral domain. Let L be its
field of fractions. We consider

K(X) = {F+I(X)

m el / F, G homogeneous polynomials in Klzg,...,z,] of

same degree, G ¢ I(X)}.

It can be checked that K(X) is a subfield of L, and it is called the function field of X.
Its elements are called rational functions.

Definition 4.5.1. A rational function f € K(X) is said to be reqular at p € X if there
are homogeneous polynomials of same degree F, G such that

F+I(X
(1) f = Grre) and
(2) G(p) #0.
If this is the case, we define
_ FW)

The domain of f is the set of points in which f is regular. It is denoted by Domf.

Therefore, rational functions can be regarded as partially defined functions. To be
reflect this fact, we will usually write

f:X--+ K.
As the following results shows, rational functions are regular in most of points in X:

Proposition 4.5.1. If f € K(X), then Domf is a nonempty open set of X. In partic-
ular, it is dense in X.

Definition 4.5.2. Let p € X. The local ring of X at p is
Op(X) :={f € K(X) / [ regular at p}.
Certainly, Op(X) is a local ring; i.e., it has a unique maximal ideal, namely
my(X) == {f € Op(X) / f(p) =0}

Definition 4.5.3. Let X C P be a projective variety. The elements f = (fo : ... :
fn) € IP’"K(X) are called rational maps from X to P%.

Definition 4.5.4. A rational map f of X is said to be defined or reqular at p € X if
there exist fo,..., fn € K(X), not all zero, such that
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(1) f:(f()fn)a
(2) (fO(p)v"' 7fn(p)) 7& (07"'>0)'

In that case, we define

F) = (fo) : ..+ fulp))-
The domain of f is the set of all regular points of f. Is is denoted by Domf.

It is very common to write rational maps by abuse of notation as

f=Fo:...: Fp),

where Fy, ..., F,, are homogeneous polynomials of same degree, not all elements of I(X).
If f is a rational map from X to P? and Y C P% is a projective variety such that

f(p) €Y, Vpe Domf,

then f can be seen as partially defined map between projective varieties. We will repre-
sent this fact by
f:X--»Y.

The map f: Domf — Y is of course continuous with the Zariski topology.
If AC X and B C Y, we define

f(A) = {f(p) cY / pE AﬁDomf},
f4B):= {p € Domf / f(p) € B}.
As usual, Imf = f(X) = f(Domf) is called the image of f. The map f is called

dominant if its image is dense in Y7 i.e., if

Imf =Y (Zariski closure).

Definition 4.5.5. Let U C P and V C P’% be two quasi-projective varieties, and
X :=U and Y := V. We say that the map f : U — V is a morphism if there exists
some rational map f : X --+ Y such that

(1) U c Domf and

(2) f(p) = f(p),¥peU.

A bijetive morphism whose inverse is also a morphism is called an isomorphism. Two
quasi-projective varieties U, V are said to be isomorphic if there is an isomorphism from
one to the other. We represent it by U ~ V.

Change of coordinates is a particular case of isomorphisms:

Definition 4.5.6.
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(1) Let A e GL(n+ 1, K), and we consider the map ¢ : P}, — P} given by
o(xg s ...t xp) = (agoxo + - - + AonTn ¢ - -+ AOTO + -« - - + AppTp)-
These maps are called projective transformations, and they are clearly isomorphisms.

(2) Two algebraic sets in X, Y C P’ are said to be projectively equivalent if there exists
a projective transformation ¢ : P — P% such that p(X) =Y.

Definition 4.5.7.

(1) Let X C P} and Y C P be two projective varieties and f : X --» Y a rational
map. We say that f is birational if there are quasi-projective varieties U and V
contained in X and Y respectively such that f induces an isomorphism between U
and V.

(2) Two projective varieties are said to be birationally equivalent if there is a birational
map from one to another. Varieties which are birationally equivalent to P% for some
n are called rational.

Certainly, this notion is less restrictive than that of being isomorphic. However,
many properties are just preserved under birational maps:

Theorem 4.5.2. If f: X --» Y a birational map between projective varieties, then:
(1) f is dominant.
(2) The map f*: K(Y) — K(X), given by

F'9)i=gof

is well-defined and it is an isomorphism of fields.

4.6 Dimension

There are several ways of defining the dimension of a variety. We use the topological
one:

Definition 4.6.1. Let X be a topological space.The dimension of X is defined to the
supremum of all integers n such that there exists a chain

0SS ... G 2,
of irreducible closed sets. It is denoted by dim X.

The dimension of a quasi-projective variety is its dimension as a topological space
with Zariski topology. It has the following properties:

Proposition 4.6.1.
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(1) dimP% = n is n.
(2) dim(P7 x P%) = m + n.
(3)
(4)

3) If U is a quasi-projective variety, then dimU = dim U.

4) Let X C P% be a projective variety. Then, dim X = n — 1 if and only if there
exists an irreducible homogeneous polynomial F(zo,...,x,) € KJzo,...,Z,] such
that X = Z(F).

(5) Dimension is preserved under birational maps.

4.7 Intersection multiplicity and Bézout’s Theorem

Definition 4.7.1. Let F(zg,x1,z2),G(x0,z1,22) € K|x0,z1,22] be two homogeneous
polynomials, C; := Z(F) and Cy := Z(G) two plane curves and p € P%.

(1) We say that C; and Cy intersect properly at p if p € C1 N Cy and F and G do not
have common irreducible factors that vanish at p.

(2) We say that C and Cy intersect transversally if p € C1 N Cy, C; and Cy are smooth
at])and_I;Ch #:TLCb.

Definition 4.7.2. Let F(zg,x1,z2),G(x0,z1,22) € K[x0,21,22] be two homogeneous
polynomials, and Cy := Z(F) and Cy := Z(G) two plane curves. The intersection
multiplicity at p € IP’%{ with respect ' and G is defined to be

I,(Cy, Co) = dimg Oy(P%)/(F, G).
The following properties are fulfilled:
Proposition 4.7.1. Let F,G,Cq,C5 and p be as in the definition. Then:
(1) pe C1NCy if and only if I,(Cy, C2) > 0.
(2) Cp and O intersect properly at p if and only if 0 < I,,(C1, C2) < oo.
(3) Cy and C intersect transversally at p if and only if I,(Cy,Cs) = 1.

We now can state a classical fundamental result about intersection of plane curves
in the projective plane:

Theorem 4.7.2 (Bézout’s Theorem). Let K be an algebraically closed field, F, G be two
homogeneous polynomials of degree m and n respectively in K{[zg, z1, z2] and Cy := Z(F)
and Cy := Z(G) be two plane curves in P%. Then,

Z I,(C1,Cs) = mn.

2
pEP
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An immediate corollary is this:

Corollary 4.7.3. If K is algebraically closed, then two plane curves in IP%{ always
intersect. Moreover, if they are the zero locus of two homogeneous polynomial of degree
m and n with no common irreducible factors, then they meet in at most mn points.
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