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Chapter 1

Topological spaces

1.1 The definition of a topological space

One of the first definitions of any course in calculus is that of a continuous function:

Definition 1.1.1. A map f: R — R is continuous at the point zy € R if for every
€ > 0 there is a § > 0 such that if |x — x| < d then |f(z) — f(zo)| < €. It is simply
called continuous if it is continuous at every point.

This e-0-definition is tailored to functions between the real numbers; the aim of
this section is to find an abstract definition of continuity.

As a first reformulation of the definition of continuity, we can say that f is con-
tinuous at = € R if for every open interval V' containing f(z) there is an open
interval U containing z such that f(U) C V, or equivalently U C f~*(V). The
original definition would require z and f(z) to be at the centers of the respective
open intervals, but as we can always shrink V' and U, this does not change the
notion of continuity.

We can even do without explicitly mentioning intervals. Let us call a subset U € R
open if for every x € U there, U contains an open interval containing z. We now
see that a f is continuous everywhere if and only if f~!(V) is open whenever V is.
Thus by just referring to open subsets of R, we can define continuity. We are now
in a place to make this notion abstract.

Definition 1.1.2. Let X be a set. A topology on X is a collection U C P(X) of
subsets of X, called the open sets, such that:

(Topl) 0 €Y and X € U;
(Top2) If X, Y €U then X NY € U;



(Top3) If V C U is an arbitrary subset of open sets then (JV = [, V € U.

A space X together with a topology U is called a topological space; we will usually
abuse notation and say that X is a topological space without mentioning U.

A function f: X — Y between topological spaces is called continuous if preimages
of open sets under f are open.

Confusingly, a closed subset A C X is not one that is not open but rather one such
that the complement X — A is open. Thus there are many subsets that are neither
open nor closed (for instance, half-open intervals in R or the subset Q C R) and a
few that are both (for instance, the empty set).

Since the preimage of the complement of a set under a map is the complement of
the preimage, we might equally well define a continuous map to be one such that
preimages of closed sets are closed.

FExample 1.1.3. The standard topology on the space R™ has as open sets those sets
U C R"™ such that for every zy € U there is an € > 0 such that

Be(zg) ={x €eR" | |z —zo| <€} CU

Lemma 1.1.4. A set A C R" is closed if and only if for every convergent sequence
x; € A, T = llmli)oo x; € A.

Proof. We show the “if” direction first. Let A C R™ be a subset with the con-
vergent sequence property, and assume A is not closed, i. e., R®™ — A is not open.
Then there exists a point z € R™ — A such that for every ¢ = % there is a point
xn, € Be(zo) which belongs to A. But this sequence converges to x, which therefore
has to lie in A, contrary to our assumption.

Conversely, assume R" — A is open and (z;) is a convergent sequence in A with
limit x. If it was true that © # A then there would be some ¢ > 0 such that
B(z) C R™— A. Since z; converges to z, almost all z; would have to lie in R" — A,
contrary to our assumption. O

Example 1.1.5. Any set X can be given two extreme topologies: one where all
subsets are open (this is called the discrete topology) and one where no subsets
except () and X itself are open (this is called the indiscrete or trivial topology).

Definition 1.1.6. A homeomorphism between two topological spaces X and Y is
a bijective, continuous map f: X — Y whose inverse f~! is also continuous.



1.2 Subspaces, quotient spaces, and product spaces

Let X be a topological space and Y C X a subset. Then Y inherits a topology
by defining the open sets of Y to be the intersections U N'Y, where U is open in
X. This topology is called the subspace topology. Note that in the case where Y
is not itself open, open sets in Y are not necessarily open in X.

Ezxample 1.2.1. Let X =R and Y = [0, 1] C R be the closed unit interval. Then
the intervals Iy = (3, %) and I, = (3, 1] are both open in Y because

12 2 4
L=(z,-)NY d L=(z,-)NY.
1=(53) and 1o =(5,3)
However, only I is open in X because the point 1 € I5 is not contained in an open

interval which itself is contained in I5.

Now let X be a topological space and let ~ be an equivalence relation on X. There
is a natural surjective map p: X — X/ ~ to the set of equivalence classes under
the relation ~, sending a point z to its equivalence class [z]. Again, we can define
an induced topology on X/ ~ by decreeing that a subset V' C X/ ~ is open if and
only if its preimage p~'(V) is open in X.

It may be worthwhile to stop to verify that this indeed defines a topology. For
(Topl), not that p~' (@) = @ and p~'(X/ ~) = X, so those two extreme subsets are
open. Next, if V; and V5 C X/ ~ are open then p~ (Vi NV5) = p~1(V}) Np~1(V3),
which is open in X by (Top2), thus so is V; N V4 in X/ ~. Lastly, if V is a family
of open sets in X/ ~ then p™" (UV) = Uy, p (V) is open in X, proving (Top3).
A special case of the quotient space construction, which is of particular interest,
is the quotient space with respect to a group action. Let GG be a group acting on
a topological space X. We can define an equivalence relation ~g on X by z ~¢ y
if and only if there exists some g € G such that g.x = y. In this way, the quotient
space X/G of equivalence classes, or G-orbits, becomes a topological space.
Quotient spaces can be quite ill-behaved for random equivalence relations. In
practice, one wishes the projection map p: X — X/ ~ to not only be continuous
but also open, i. e. images of open subsets of X are open in X/ ~. Luckily, this is
always the case for group actions:

Lemma 1.2.2. Let G be a group acting continuously on a topological space X .
Then the projection map p: X — X/G is open.

Proof. Let U C X be open. We need to show that p(U) is open, i. e. by the defi-
nition of quotient topology, that p~!(p(U)) is open in X. Note that the translates
gU of U are all open because they are the inverse images of U under the continuous
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map X i) X. Thus

p' () = | aU,

geG

as a union of open sets, is open. ]

Given two topological spaces X and Y, the product X x Y becomes a topological
space with the product topology which is defined as follows: a subset U C X x Y
is open iff it is an arbitrary union of sets of the form U x V| where U is open in
X and V is open in Y.

1.3 Separation

The indiscrete topology {0, X}, defined on any space X, is not a very useful one
because geometrically, all points are clumped together — they cannot be separated
from each other. More precisely, there are no nonconstant continuous maps X — Y
for any “reasonable” space Y such as the real line.

Definition 1.3.1. A topological space X is Hausdorff if for any choice of two
distinct points z, y € X there are disjoint open sets U, V in X such that z € U
and y € V.

The indiscrete topology is manifestly not Hausdorff unless X is a singleton. The
standard topology on R" is Hausdorff: for x # y € R", let d be half the Euclidean
distance between x and y. Then U = By(z) and V' = By(y), the open balls of
radius d centered at x resp. y, fulfill the requirements.

A convenient alternative way to define Hausdorffness is as follows:

Lemma 1.3.2. Let X be a topological space and A C X x X the diagonal, i. e.
the set A = {(xz,x) € X x X}. Then X is Hausdorff if and only if A is closed in
X x X.

Proof. Let us first assume A is closed. Let z, y be two distinct points in X.
Then (x,y) lies in the open set X x X — A. By the definition of the product
topology, there are open sets U, V' containing x and y, respectively, such that
UxV CXxX—A. Thus U and V are disjoint open sets separating x and .

Conversely, assume X is Hausdorff. It suffices to produce an open set U x V
for every point (z,y) € X x X — A such that x € U, y € V, and such that
UxV CXxX—A. Any two separating open sets U and V of x and y will work
for this, and they exist because X is Hausdorff. m
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Hausdorffness is inherited by subspaces, but not necessarily by quotient spaces.
However, we have:

Lemma 1.3.3. Let X/ ~ be a quotient space of a Hausdorff space X by an equiv-
alence relation ~ such that the projection map p: X — X/ ~ is open. Define

D={(z.y) € X x X |2 ~y}
Then X/ ~ is Hausdorff if and only if D is closed in X x X.

Proof. Let us first show that D is closed if X/ ~ is Hausdorff. We have that

D= (pxp) ' (Q),

where A = {(z,z) € (X/ ~) x (X/ ~)} is the diagonal. Since p X p is continuous
and A is closed by the assumption that X/ ~ is Hausdorff, D is also closed. We
did not need p to be open for this direction. Conversely, if (X x X) — D is open
in X x X then (p x p)((X x X) — D) is open in (X/ ~ xX/ ~) because p is
assumed to be an open map. But that image is (X/ ~ XX/ ~) — A because p is
surjective. L]

1.4 Compactness

A collection U of open subsets of a space X is called an open cover if their union
is all of X. The following definition is of central importance in topology:

Definition 1.4.1. A space X is compact if any open cover of X contains a finite
subcover, i. e. we can choose a finite subset 1V C U which is still a cover.

To check compactness using the definition can be awkward. The following is a
useful criterion for compactness:

Theorem 1.4.2 (Heine-Borel). Any closed and bounded subset of R™ is compact.

We begin with proving a lemma:

Lemma 1.4.3. Closed subsets of compact sets are compact.

Proof. Let A be a closed subset of a compact set X, and let & be an open cover
of A. Then U’ =U U {X — A} is an open cover of X since X — A is open. By the
compactness of X, it must contain a finite subcover V' =V U {X — A}. (The set
X — A must be part of it unless X = A, in which case there is nothing to prove.)
Then V is a finite subcover of U of A. O



Proof of the Heine—Borel Theorem. By Lemma [I.4.3] it suffices to show that for
any a > 0, the cube Qo = [~%,5]" € R" is compact because by definition, a
bounded set must lie in such a cube.

We will prove this by contradiction. Let U be an open cover of )y that does not
have a finite subcover. Divide )y into 2" subcubes of half the side length; at least
one of these cubes, let’s say ()1, cannot be covered by finitely many elements from

U. Continue in this way, producing nested cubes (); with side lengths .

Now choose a point z; € @); for each 7. This sequence is Cauchy and thus, because
of the completeness of R", has a limit x. By Lemma x € Q; for all 7. Now
let U € U be a set containing x. Then B.(z) C U for some € > 0 because U is
open. But then for i large enough, Q; C B.(z) C U, showing that @; did not,
after all, need infinitely many members of U to be covered, but only one. m

Ezxample 1.4.4. The unit sphere S® C R™"! consisting of all vectors of length 1,
is compact. Indeed, it is defined as the preimage of the closed set {1} C R under
the continuous map

‘_ ‘: Rl _y R0

and hence is closed; that it is bounded is part of the definition.

Lemma 1.4.5. Let X be a compact topological space and ~ an equivalence relation
on X. Then X/ ~ is also compact.

Proof. As before, let p: X — X/ ~ denote the quotient map. Let V = {V;};c; be
an open cover of X/ ~. Then {p~(V;)}ics is an open cover of X by the definition
of the quotient topology. Hence it contains a finite subcover {p='V;,,--- ,p~'V; }.
But then {V;,,...,V; } is a cover of X/ ~ as well. O

Remark 1.4.6. In algebraic geometry, the term “compact” is often understood
to mean “compact and Hausdorff”; what we call compact here would be called
“quasicompact”.

1.5 Countability

This section is somewhat technical but required for the correct definition of man-
ifolds later on.

Definition 1.5.1. A space X with topology U is said to satisfy the second count-
ability axiom, or shorter, to be second-countable, if there exists a countable subset
V of U which is closed under finite intersections and such that U is the smallest
topology containing V.



Second-countability is thus a condition that restricts the size of the topology on a
space. For instance, an uncountable set with the discrete topology is not second-
countable. An equivalent way of phrasing the condition is that every open set
U € U can be written as the union of those open sets in V that lie in U:

v=\Jwv (1.1)

vey
VCU

Since there are at most 2/V! different ways of taking arbitrary unions of elements of
V), a second-countable topology can not have more open sets than the cardinality
of R.

The reader may be curious as to what the first countability axiom says. We will not
be needing it here, but for the sake of completeness, it is local second-countability:
a space is first-countable if every point x is contained in some open set U that is
second-countable.

Lemma 1.5.2. For any n, the standard topology on R™ is second-countable.

Proof. Let V = {By(x) | ¢ € Q,z € Q"}. Then V is countable, and (1.1)) holds
basically by the completeness of R"™. O]

Lemma 1.5.3. Any subspace of a second-countable space is second-countable. A
quotient space X/ ~ of a second-countable space X is second-countable if the pro-
jection p: X — X/ ~ is open.

Proof. Let X be second countable with a countable subset V satisfying (1.1]). If
A C X then V' ={VNA|V €V} is a countable subset of the topology of A
satisfying ((1.1)) for open subsets U of A.

For the statement about quotients, the open sets of X/ ~ are exactly the images

under the open projection map of opens in X, hence V' = {p(V) | V € V} fits the
bill. O






Chapter 2

The definition of projective space

The n-dimensional real projective space is defined to be the set of all lines through
the origin in R"*!; a similar definition works for the complex projective space or,
in fact, projective spaces over any ring k. It is denoted by RP" resp. CP™ by
topologists and P"(R) resp. P"(C) (or P"(R) or P} etc.) by algebraic geometers:

RP" = P"(R) = {L < R""' | L 1-dimensional linear subspace}.

Unfortunately, using this definition it is quite awkward to try to define a sensible
topology on RP"; we will do this in the next section.

2.1 Projective spaces as quotients

A line through the origin in R®*! is uniquely determined by any other point on
that line, that is, any point # € R™™' — {0}. That is, we have a surjective map

p: R™ — {0} - RP"

sending a point (xo,...,2,) to the subspace spanned by that vector. This map
is surjective, but clearly not injective since a line contains many points. More
precisely, we define an equivalence relation ~ on R"*! — {0} by decreeing that two
points x, y are equivalent if and only if they both lie on a line through the origin,
that is, (zo,...,2n) ~ (Yo, ..., Yyn) if there is a A € R — {0} such that z; = \y; for
all 0 <7 <n.

It is now clear that p factors through a bijective map
p: (R"* —{0})/ ~— RP".

We define the standard topology on RP™ to be the quotient topology under this
identification.



Another way of looking at this construction is to define a group action of the
multiplicative group R* on R"™ — {0} by scalar multiplication. Then RP" =
(R+1 — {0})/R*.

The equivalence class of a point (zo,...,x,) in RP" is customarily denoted by
[xg i+ rap] or (zg: - ay).

We will give another couple of constructions of RP™ and CP™ as quotients. These
alternative construction will be useful later.

Lemma 2.1.1. Let S*"*' = {z € C"™' | |z| = 1} C C"** — {0} denote the 2n+1-
dimensional standard sphere. The group S* of complex numbers of absolute value
1 acts on S*™*1 by scalar multiplication. Then

CPpP"™ =~ SQn—l—l/sl'
Similarly, RP™ = S™ /{£1}.

Proof. We will only prove the complex case. The inclusion S?" — C"™! — {0} is
equivariant with respect to the S'-action, thus we get an induced continuous map

SPHS! = (€ {0})/8! - (€ = {op) /T,

where the last map is the projection associated to the group inclusion S' c C*.
It is clear that this map is bijective. The inverse map can be described as

1
(C™ —{0})/C* — ST H/SY mg e ay] [ﬂ(xo, e T,
x
which is continuous, thus the desired homeomorphism is established. O]

If we write S™ as a union of its upper and its lower hemisphere, S* = D7} U D"
(both parts including the equator), we observe that for every point x € S™, either
x € DY or —x € D. Thus we have proved:

Lemma 2.1.2. There is a homeomorphism RP™ = D"/ ~ where D" = {x € R" |
|z| < 1} and the equivalence relation ~ identifies antipodal points on the boundary

s,

A similar construction works for CP™ and is left to the reader.

2.2 RP! and CP!

Lemma 2.2.1. There are homeomorphisms RP' = S! and CP' = S2.

10



Proof. Consider the map f: S' — S! given by f(z) = 2%, where we think of
z € S* C C as a unit complex number. Then f is surjective and f(z2) = f(—=z),
thus it factors through a bijection

fiSY{£1} 2 RP — S

Moreover, f is a homeomorphism because it is continuous and open, the latter
because f is open.

For the complex case, we have to employ some other methods. We think of the
2-sphere S? as the “one-point compactification” of C = R?. The stereographic
projection gives a homeomorphism o: S? — {N} — C, where N denotes the north

pole of S%2. Now we define
f:CP' = &2
by
“1(z).
Flzr: z)) = o <22>, if 29 #0
N; if 20 = 0.

This is well-defined and bijective; we have to check that it is continuous and open.
That it is that away from the point [1 : 0] resp. the north pole is obvious. O

2.3 RP?

The projective plane RP? is an example of a non-orientable surface; it can be
obtained by taking a Mobius strip and attaching a two-dimensional disk along its
single boundary circle. This cannot be embedded in R?, but it can be embedded
into R*:

Lemma 2.3.1. The map f: S? CR3 — R* given by
f($7 Y, Z) = (.Ty, Tz, y2 - 227 2y2)
induces an embedding of RP2.

Proof. First note that if we change signs on z, y, z simultaneously, the image of f
does not change, thus f is well-defined on RP?. We leave it to the reader to check
that this map is injective and closed. O]

2.4 RP?
Lemma 2.4.1. There is a homeomorphism SO(3) = RP3.

11



Proof. Recall from Lemma that we can describe RP? as a quotient of D3,
where antipodal points on the boundary are identified. Define a map

¢: D* — SO(3)

as follows: a point ax € D3, where 0 < a < 1 and = € R? is a unit vector, is
mapped to the rotation around z by am in the positive direction. This factors
through RP? because a rotation by 7 and the rotation by 7 in the other direction
are the same. One can write down a more explicit formula for this map and verify
that it is continuous; this is left to the reader. We will, however, show that the
map is bijective. Injectivity is obvious since all the rotations thus produced are
distinct. To see that every element in SO(3) is a rotation, and hence in the image
of ¢, let A1, Ao, A3 be the three complex eigenvalues of A € SO(3). Then one of
the A; has to be real (a degree-3 real polynomial has a real root), while the other
two are complex conjugated, and A\;A\xA3 = det A = 1. This can only happen if 1
is one of the eigenvalues. If x is an associated eigenvector, it spans a stable axis,
and A is some rotation around this axis. ]
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Chapter 3

Topological properties of
projective spaces

3.1 Point-set topological properties

Proposition 3.1.1. The projective spaces RP™ and CP™ are compact.

Proof. By Lemma [2.1.1) RP™ and CP™ are quotients of spheres. Spheres are
compact by Theorem [1.4.2] and quotients of compact spaces are compact by
Lemma [[.4.5] O

Proposition 3.1.2. The projective spaces RP™ and CP™ are Hausdorff.

Proof. We will give the proof for CP" only. Define a map
fo (€ —={0}) x (C*™ —{0}) = R
by
Flay) = f@n, Tyt yn) = Y |y — zjul
We observe that f(z,A\z) = 0 for all A € C. Cz:lversely, if f(z,y) = 0 then
x;y; = x;y; for all 4 # 7 and thus « and y are linearly dependent.

We thus conclude that f~1(0) = {(z,y) | © ~ y} under the equivalence relation
of linear dependence that defines CP™ as a quotient. Since {0} C R is closed and
[ is continuous, {(z,y) | * ~ y} is closed in (C"** —{0}) x (C**! —{0}). By
Lemma [[.3.3] CP" is Hausdorff. O

Proposition 3.1.3. The projective spaces RP™ and CP™ are second countable.

Proof. They are open quotients of subspaces of R” and hence second countable by

Lemmas [1.5.2} [1.5.3} and [1.2.2} 0

13



3.2 Charts and manifold structures

An important property of projective spaces is that they are smooth manifolds.

Definition 3.2.1. Let M be a second countable Hausdorff space. A chart on M
is a homeomorphism ¢: U — V', where U is an open subset of M and V' is an open
subset of R" for some n. An atlas on M is a collection of charts ¢, : U, — V,, such
that the U, together cover M.

The space M is called a topological manifold if it has an atlas.

This is a useful definition, but not quite what we’re after; we want to do analysis
on manifolds, so there should be a notion of “differentiable function” on it.

Definition 3.2.2. An atlas (¢, : U, — V), on a topological manifold M is called
smooth if whenever U, and Ug have nontrivial intersection U,g, the map

dat )
Ga(Uag) 2 Uap — ¢5(Uap)

is not only a homeomorphism but a diffeomorphism of open subsets of R™.

A function f: M — R is smooth with respect to a smooth atlas ¢, if fog ': V, —
R is smooth. A function f: M — N between manifolds with smooth atlases is
called smooth if for every smooth function g: N — R, the function go f: M — R
is also smooth.

We would now like to say that a “smooth manifold” is a topological manifold
together with a smooth atlas. Although one can read such a statement in the
literature, this is not correct. Two different smooth atlases can give rise to the
same class of smooth functions and in that case, we do not want to consider those
manifolds as different.

Definition 3.2.3. A smooth manifolds M is a topological manifold together with
an equivalence class of smooth atlases. Here an atlas ¢, is equivalent to an atlas
g if the identity map id: (M, ¢) — (M, 1p) is smooth.

We will sometimes omit the word “smooth” and just speak of a “manifold”, it
being understood that it is smooth.

Theorem 3.2.4. The projective spaces RP" and CP™ are smooth manifolds of
dimensions n and 2n, respectively.

Proof. We have already seen than projective spaces are second countable and
Hausdorff. Let £ =R or C. We define charts on £P" as follows:

U ={[zo: x| €EEP" |2; 0} (1 =0,...,n).

14



Then we have homeomorphisms

o;: Uy — k™ [xo:---:a:n]r—>(ﬂ,ﬂ &),

X ilfz" 7 Z;

where the ith entry (which would be £ = 1) is omitted. Clearly the U; cover kP"

T

as every point in £P™ has some nonzero coordinate. Moreover, the map
Vit k" = Uy, (21, @) =[x Lo ay),

where the entry 1 is in the 7th slot, is a continuous inverse for ¢;.

Now consider the change-of-coordinate functions ¢io¢j_1 (for ease of notation, let’s
assume i < j):

(xla"'7xn)'_>[x17"'717”'73371]
<9U1 Ti—1 Tit1 i 1 x4 -7Cn>
_’ ] ) 90 e 0y ’_7 9 o . — .

This is clearly a smooth functions, thus the ¢; exhibit a smooth atlas for kP". [

3.3 Cell structures

A manifold structure on a space of interest, like projective spaces, is crucial for
its geometric study, but for its topological properties, it is often more useful to
have a more combinatorial description. Topologists like to work with the category
of so-called CW compleres. To get an intuition for this, consider what a graph
is: it consists of vertices (0-dimensional “cells”) and edges (1-dimensional “cells”),
and the end points of the edges are identified (glued) to certain vertices. A CW-
complex is a higher-dimensional generalization of this.

Denote by D" the standard n-dimensional disk of vectors in R™ of norm < 1; its
boundary is the sphere S™~1.

Definition 3.3.1. Let ¢,: S™ ! — X be a collection of maps. Then we define a
new space

Y =Xu,, [[D"=xu][D"/ ~

where the equivalence relation is given by ¢, (z) ~ z,. Here z € S" ! and z,
denotes the point x in the ath summand of [[, D".

We call ¢, the attaching maps, the various D™ n-cells, and say that Y is obtained
from X by attaching (a number of) n-cells.

15



Definition 3.3.2. A CW-complex is a topological space X with a filtration
xXOcx®Wc...cx
such that:
o X is discrete,
e X™ ig obtained from X ™~V be attaching n-cells for all n > 0.

° Unzo XM = X and

The subspace X is called the n-skeleton. A CW-complex is said to be of di-
mension n if X = X0+ — ... = X A CW-complex is finite if it is of finite
dimension and X" is obtained from X! by attaching only finitely many cells.

Theorem 3.3.3. The projective space RP™ is obtained from RP™ ! by attaching
a single n-cell. Also CP" is obtained from CP™ ! by attaching a single 2n-cell.

In particular, RP™ and CP"™ are finite, n- resp. 2n-dimensional C'W-complexes
with exactly one cell in every resp. every even dimension.

Proof. By Lemma [2.1.2]
RP" = D"/ ~,

where the equivalence relation ~ identifies antipodal points on the boundary S™~!.
Define ¢: S"~1 — RP™! to be the standard quotient map. Then RP™ = RP" U,
D",

A similar construction works for CP™ and is left to the reader. OJ

3.4 Euler characteristic

A classical result from graph theory is that for every finite planar graph I' =
(V,E), i. e. a graph one can embed onto a 2-dimensional sphere, the number
X(I') = #V — #FE + #F, the difference between the number of vertices and the
number of edges plus the number of 2-dimensional faces, is always 2. This says
that this number 2, called the Euler number, is an invariant of the sphere itself
and independent of the graph. The number will be different if we allow ourselves
to embed the graph e.g. on a donut (what will it be then?). We can think of a
graph embedded in a surface as giving rise to a 2-dimensional CW-complex with
1-skeleton the graph itself and 2-cells the faces of the graph.

The following theorem requires some knowledge of algebraic topology and is be-
yond our scope in this course:

16



Theorem 3.4.1. Let X be a finite CW-complex, and let n; denote the number of
1-cells. Then the Euler characteristic

1s independent of the CW-structure.

Example 3.4.2. A point has Euler characteristic 1 because it consists of a single
0-cell. The n-dimensional sphere has Euler characteristic 2 for even n and 0 for
odd n because it can be given a CW-structure with one 0-cell and one n-cell.

Ezxample 3.4.3. The torus S' x S! has Euler characteristic 0 because it can be
given a CW structure with one 0-cell, two 1-cells (the longitudinal and latitudinal
great circles), and one 2-cell.

0; n odd

Proposition 3.4.4. We have that x(CP") =n+1 and x(RP") = {
1; n even

Proof. This follows directly from the CW structure of RP™ and CP"™ from Thm.[3.3.3]
]
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Chapter 4

Curves in the projective plane

We will in this chapter study different aspects of plane curves by which we mean
curves in the projective plane defined by polynomial equations. Here we will start
with the more classical setting and consider a plane curve as the set of solutions
of one homogeneous equation in three variables.

We will start by choosing a field, k, which in most cases can be thought of as either
R or C, but sometimes, it is interesting also to look at Q or finite fields.

The first definition we might try is the following.

Definition 4.0.5. A plane curve C' is the set of solutions in P2 of a non-zero
homogeneous equation

f(z,y,2) = 0.

Example 4.0.6. The equation 22 + y? + 22 = 0 defines a degree two curve over C
but over R it gives the empty set.

The equation z? = 0 has a solution set consisting of the line (0 : s : ¢) while the
degree of the equation is two.

The example above shows us that the definition does not give us a one-to-one
correspondence between curves and equations.

4.1 Lines

We will start by the easiest curves in the plane, namely lines. These are defined
by linear equations

ar +by+cz=0 (4.1)
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where (a, b, c) # (0,0,0). Observe that any non-zero scalar multiple of (a,b, ¢) has
the same set of solutions, which shows us that we can parametrize all the lines in
P2 by another projective plane with coordinates [a : b : ¢].

Theorem 4.1.1. Any two distinct lines in P? intersect at a single point.

Proof. The condition that the lines are distinct is the same thing as the equations
defining them being linearly independent, which gives a unique solution to the
system of equations. O

Theorem 4.1.2. Any line in P? is isomorphic to P'.

Proof. By a change of coordinates the equation of a line can be written as z = 0
and the solutions are given by [0 : s : t] where (s,t) # (0,0), which as a set equals
P

In fact, using this parametrization, we can define a map P! — P2, which has the
given line as the image.

We will come back to what we mean by isomorphism later on in order to make
this more precise. O

4.1.3 The dual projective plane (P?)*

As mentioned above, the coefficients a, b, ¢ of Equation [4.1], give us natural coor-
dinates on the space of lines in P? and we will call this the dual projective plane,
denoted by (P?)*.

Theorem 4.1.4. The set of lines through a given point in P? is parametrized by
a line in (P?)*.

Proof. Equation [4.1]is symmetric in the two sets of variables, {z,y, 2z} and {a, b, c}.
Thus, fixing [z : y : 2] gives a line in (P?)*. O
4.1.5 Automorphisms of P?

A linear change of coordinates on P? is given by a non-singular 3 x 3-matrix with

entries in k:
/

T aip @2 aiz| |T
/
Y| = (021 Q22 Q23| |Y
/
z 31 a3z asz| | <
Because of the identification [z : y : z] = [Az : Ay : Az], the scalar matrices corre-

spond to the identity. The resulting group of automorphisms is called PGL(3, k).
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4.2 Conic sections

We will now focus on quadratic plane curves, or conics. These are defined by a
homogeneous quadratic equation

az? + bry + cy® + dwvz +eyz + f22 = 0.

4.2.1 Conics as the intersection of a plane and a cone

The name conic is short for conic section and comes from the fact that each such
curve can be realized as the intersection of a plane and a circular cone

x2+y2222

in P3.

Figure 4.1: The circular cone

4.2.2 Parametrization of irreducible conics

The conic section is irreducible if the polynomial defining it is not a product of
two non-trivial polynomials.

Theorem 4.2.3. If C is a plane irreducible conic with at least two rational points,
then C' is isomorphic to P}.

Proof. Let P be a rational point of C' and let L denote the line in (P?)* parametriz-
ing lines through P. In the coordinates of each line, the polynomial equation re-
duces to a homogeneous quadratic polynomial in two variables with at least one
rational root. Without loss of generality, we may assume that P is [0: 0 : 1] and
the equation of C' has the form

azx® + bry + cy® + drz + eyz = 0.
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Figure 4.2: The hyperbola, parabola and ellipse as a plane sections of a cone

The lines through P are parametrized by a P! with coordinates [s : ] and we get
the residual intersection between the curve and the line sz + ty = 0 as

R = [est — dt* : dst — es® : cs* — bst + at?].

Since C' has another rational point, (), we cannot have d = e = 0 since C is
irreducible. Hence the residual point R is not equal to P except for one [s,t].
Moreover, by the next exercise, we get that the three coordinates are never zero
at the same time (the first two are zero when [s : t] = [d : ¢]). Hence we have a
non-trivial map from P! to P? whose image is in C. If the image was a line, C
would be reducible and we conclude that C'is the image of the map. O

Ezercise 4.2.4. Let C be a conic passing through the point [0 : 0 : 1], i.e., having
equation of the form

azx® + bry + cy? + dxz + eyz = 0.

Show that C is reducible if and only if cd? — bde + ae? = 0 under the assumption
that C' has at least two rational points.

Ezxample 4.2.5. The example 22 + 3% = 0 with k a field with no square root of —1
shows that we cannot drop the condition that C' has at least two rational points.
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4.2.6 The parameter space of conics

Exactly as for the lines, we have that the equation
ar® +bry + cy® +drvz +eyz + f22 =0

defines the same curve when multiplied with a non-zero constant. Hence all the
conics can be parametrized by a P® with coordinates [a:b:c:d:e: f].

In this parameter space we can look at loci where the conics have various properties.
For example, we can look at the locus of degenerate conics that are double lines.
These are parametrized by a P? and the locus of such curves is the image of the
Veronese embedding of P? in P> defined by

[s:t:u] > [s%: 28t : 7 : 25w : 2tu : u?].

If we want to look at all the curves that are degenerate as a union of two lines, we
look at the image of the map

o:P*xP? —P°
given by
([s1:t1 :uql, [s2: to = ug))
— [8182 D Sty + 1189 tite 1 S1Ug + USe : tiUus + Uty u1u2].

The image of ® is a hypersurface in P> which means that it is defined by one single
equation in the coordinates [a:b:c:d:e: f].

Exercise 4.2.7. Find the equation of the hypersurface defined by the image of the
map ®: P? x P? — P® defined above.

4.2.8 Classification of conics

When we want to classify the possible conics up to projective equivalence, we need
to see how the group of linear automorphisms acts. One way is to go back to
our knowledge of quadratic forms. If 2 is invertible in k, i.e., if £ does not have
characteristic 2, we may write the equation

ar® + bxy + cy? +dvz +eyz + f22 =0

as Q(z,y,z) =0, where @ is the quadratic form associated to the matrix

1 2 b d
A:§ b 2¢ e
d e 2f



Now, a matrix P from PGL(3, k) acts on A by
Q — PTAP.

Theorem 4.2.9. Up to projective equivalence, the equation of a conic can be
written in one of the three forms

=0, 224+ M°=0 and z*+ \y*+pz?=0.

Proof. The first thing that we observe is that the rank of the matrix is invariant.
If the rank is one, we can choose two of the columns of P to be in the kernel of
A and hence after a change of coordinates, the equation is Az? = 0, but this is
equivalent to 2% = 0.

If the rank is two, we choose one of the columns to be a generator of the kernel
and we get that we can assume that d = e = f = 0. By completing the square, we
can change it into xx?® + py?, which is equivalent to z* + \y?, where \ = u/x.

If the rank is three, proceed by completing the squares in order to write the form
as 2 + \y? + puz?. O

Remark 4.2.10. In order to further characterize the conics, we need to know about
the multiplicative group of our field. In particular, we need to know the quotient
of k* by the subgroup of squares.

Theorem 4.2.11. Let k = C. Then there are only three conics up to projective
equivalence:
2=0, 2°4+y*=0 and 2 +1y*+2°=0.

Proof. Since every complex number is a square, we can change coordinates so that
A= =11in Theorem [4.2.9, O

Theorem 4.2.12. Let k = R. Then there are four conics up to projective equiva-
lence:

=0, 22+y*=0, 22—y*=0 and 2>+y*—2>=0.

Proof. Here, only the positive real numbers are squares and we have to distinguish
between the various signs of A and p. If A = u = 1 we get the empty curve, so
there is only one non-degenerate curve z? + y? = 22 O

4.2.13 The real case vs the complex case

4.2.14 Pascal’s Theorem

We will look at a classical theorem by Pascal about conics.
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Theorem 4.2.15 (Pascal’s Theorem). Let C' be a plane conic and H be a hexagon
with its vertices on C. The three pairs of opposite sides of the hexagon meet in
three collinear points.

Figure 4.3: Pascal’s Theorem

There are several ways to understand this theorem and we will now look at one
way.

Proof. Start by dividing the lines into two groups of three lines so that no two
lines in the same group intersect on the conic C'.

Figure 4.4: The two groups of lines

Each group of three lines defines a cubic plane curve, given by the product of the
three linear equations defining the lines. Since each line in one group meets each
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of the lines from the other group, we have nine points of intersections of lines from
the two groups. Six of these are on the conic and it remains for us to prove that
the remaining three are collinear.

Choose two of the points and take the line L through them. Together with the
conic, the line defines a cubic curve, i.e., there is a cubic polynomial vanishing on
the line and the conic. In particular, this cubic curve passes through eight of our
nine points. We already have two cubic curves passing through all nine points.
If the last cubic didn’t pass through all nine points, we would have three linearly
independent cubic polynomials passing through our eight points.

Denote the three cubic polynomials by fi, fo and f;3. They can generate seven
or eight linearly independent polynomials of degree four. If they generate eight,
we get that it will generate a space of codimension 7 in all higher degree, by
multiplication by a linear form not passing through any of the points. If they
generate only seven linearly independent forms of degree four, we must have two
linearly independent syzygies, i.e., relations of the form

{f1f1 + lofs + Uls3fs = 0,
lfi + Lfs + Lefs = 0.

Since there is a unique solution to this system up to multiplication by a polynomial,
we get that

(f1, f2, f3) = Ulals — L3ls, L3ly — Lil, 105 — Laly)

showing that the three cubics share a common linear factor. However, this cannot
be the case, since the two original cubics did not have a common factor.

We conclude that the cubic passing through eight of the nine points also pass
through the ninth, which shows that the three that were not on the conic have to
be collinear. O]

The property that any cubic passing through eight of the nine points also has
to pass through the ninth point is known as the Cayley—Bacharach property and
similar consequences occur in much more general situations.
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Chapter 5

Cubic curves

When we move to cubic curves, we have ten coefficients of the equation
aoxg + a1x2y + angZ + agacy2 + aqaxryz + a5xz2 + a6y3 + a7y22 + agyz2 + agz3 =0.

Thus, as in the case of lines and conics, we can use a projective space to parametrize
all cubics and in this case we get P?. As the group of automorphisms of P? has
dimension 8, we expect that there should be at least a one-dimensional family of
non-isomorphic cubics.

As in the case of conics, we have a number of degenerate cases where the cubic is
reducible. We get several different ways the cubic polynomial could factor. If we
have linear factors, they could all be equal, two distinct or three distinct. In the
case when there are three distinct factors, they can share a common zero or not.
This can be summarized as

23 =0, 2y =0 ,xy(x +y) =0 or xyz = 0.

When the cubic polynomial has a linear and an irreducible quadratic factor, we
get different cases depending on whether the line is tangent to the conic or not
which gives the two possibilities

x(z? +y* — 2%) and (x — 2)(z* +y* — 27).

5.1 Normal forms for irreducible cubics

Definition 5.1.1. L is a tangent line to C' at P if the restriction of the equation
of C' to L has a root of multiplicity at least two at P.

Definition 5.1.2. A point P on a curve C' is non-singular if there is a unique
tangent line of C' at P.
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Definition 5.1.3. A non-singular point P of a curve C'is a flex point of C' if the
tangent of C' at P intersects C' with multiplicity at least three at P.

Theorem 5.1.4. The equation of an irreducible cubic with at flex point can be
written as
vz = 23 + ax?z + br? + 2B

after a change of coordinates.

Proof. Let C' be the curve defined by the equation

aoxS + a1x2y + ag,r?z + agasyQ + aqgxyz + a5a722 + a6y3 + a7y2z + agyz2 + a9z3 =0.
Assume that [0 : 1 : 0] is a flex point with tangent line z = 0. Then, when
restricting the equation to the line, we need to get 23 = 0, forcing a; = a3 = ag = 0.

If a; = 0 we get that the restriction of the equation of C' to the line x = 0 is
agyz? +agz® = 0. Thus x = 0 is a second tangent line to C' at P. Since P is a flex
point, it is non-singular and we deduce that a; # 0.

We can now change change variables with y = 3/ + ax + 5z so that there will be
no other terms involving 3’ than (y')%. Thus we get to the desired normal form.

The irreducibility gives that ag # 0 since otherwise z = 0 would be a component.
Thus we can get the leading term on the right hand side to be 3. O

Ezercise 5.1.5. Find the normal form for the Fermat cubic 23 + y* = 23.

5.2 Elliptic curves

Definition 5.2.1. A non-singular cubic curve is called en elliptic curve.
Theorem 5.2.2. The cubic curve defined by the equation
v’z = f(,2)
is non-singular if and only if f(x,z) has no multiple factors.
Proof. Without loss of generality, we can assume that the point is P = [0 : 3o : 1].

The lines though P are sz + t(y — yoz) = 0, for [s : ¢] in P!. When ¢ = 0 we get
the line x = 0 which is tangent to C' if and only if ¢ = yg = 0.

For t # 0 we substitute in y?z = 2% + ax?z + bxz? + 23 to get
(2 + (at® — s%)wz + (bt + 2sy0)t2?) =0

which has a double root at P if and only if (bt 4 2syy)t = 0. Thus we get a unique
tangent line, unless ¢ = yg = b = 0, where we get x = 0 and y = yy as tangent
lines. ]
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Figure 5.1: Different kinds of cubics in normal form

5.2.3 The group law on an elliptic curve

The elliptic curves are special in many ways. One of them is that there is a
commutative group law on the set of rational points of an elliptic curve.

The restriction to any line of the equation of a cubic curve gives a homogeneous
cubic equation in two variables. If this equation has two rational solutions, the
third has to be rational as well.

Definition 5.2.4. Choose a flex point O of the elliptic curve C. If P and @) are
points on C' we define the sum P + @) to be the third point on the line through O
and the third point on the line through P and (). Observe that if P = @), we take
the tangent line at P.

Theorem 5.2.5. The addition defines a commutative group law on the set of
points of C'.

Proof. The commutativity is clear from the definition. The identity element is
given by O since the line through O and P meets the curve in a point ) and
then the line through O and @ is the same as the line before, which shows that
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Figure 5.2: The addition on an elliptic curve

O + P = P. The inverse of P is given as the point () on the line through O and
P.

The associativity is more involved and we will refer to other sources for a proof of

5.2.6 A one-dimensional family of elliptic curves

The normal form y%z = 23+ ax?z + bxz? + ¢z does not specify an elliptic curve up
to isomorphism. As we have seen before, the right hand side has distinct factors.
We can translate one of them to x = 0 and scale one of them to x = z. This leaves
us with the normal form

v’z =a(x — 2)(z — 2w)

where w # 0 and w # 1.

5.2.7 Flex points on an elliptic curve

Theorem 5.2.8. The set of flex points on C' form an elementary 3-group.

Proof. The flex points can be shown to be zeroes of the Hessian form (cf. Exer-
cise , which shows that there are at most finitely many flex points. If P
is a flex point, we have that 3P = 0 since the tangent through P meets C only
at P. The sum of two flex points is again a flex point as 3P = 0 and 3Q) = 0
implies that 3(P + @) = 0. Thus the set of flex points on an elliptic curve form
a finite subgroup where all non-trivial elements have order 3, i.e, an elementary
3-group. O
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Ezercise 5.2.9. Show that an elliptic curve over R cannot have more than three
flex points.

5.2.10 Singularities and the discriminant

Among the irreducible cubics, there are two kinds of singular curves; nodal cubics
and cuspidal cubics. Both of these singular curves are rational curves and are
images of a degree three map P! — P2, In the normal form they can be written
as

v’z =2 and 9’z =2 —2%2

We can localize the singularities of C' by the Jacobian ideal since they correspond
to zeroes of the gradient of the polynomial defining C'.

Example 5.2.11. Let C be the nodal cubic defined by F(z,y,2) = y?z — 2 + x°2.
The gradient is given by

VF = (=32° + 212, 2yz, y* + %)

which is zero only at [0: 0 : 1].

Ezample 5.2.12. Let C be the cuspidal cubic defined by F(x,y,z) = y*2z — 5.
Then we get

VI = (—3[E2, 292’, y2)
which again is zero only at [0: 0 : 1].

FEzercise 5.2.13. Define the rational cubic curve C as the image of the map ®: P! —
P? given by
D([s: t]) = [s° : st? : 7], [s:t] € PL.

Find the singular point of C' and determine whether C' is nodal or cuspidal.

As we have seen, the general cubic curve is non-singular, but there is an eight-
dimensional family of singular curves given by the nodal cubics. One way to see
that the family of singular cubics is eight-dimensional is to look at the curves that
are singular at a given point [xg : 3o : 20]. We have a two-dimensional choice of the
point and for each point, we have three linear conditions on the coefficients of the

cubic giving us a P® of curves singular at the given point. We can describe this as
a PS-bundle over P2

The locus X C P? parametrizing singular cubics is defined by a single polynomial
called the discriminant. It is a difficult task to compute this polynomial which is
of degree 12.
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Ezercise 5.2.14. Let C be a cubic plane curve over C. Show that the Hessian, i.e.,

the determinant of
9°F  9*F  9*F
Oz2 Oxdy  Ox0z
9°F  9°F  9°F
Ooyoxr  Oy? Oydz
9°F  9°F  9°F
0z0x 020y 022

vanishes exactly at the singular points of C' and on the flex points of C.
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Chapter 6

Bézout’s Theorem

On P! we have that any polynomial of degree d has exactly d roots counted with
multiplicity, at least when we are working over C or any algebraically closed field.
We will now look at a generalization of this called Bézout’s Theorem, which states
that two plane curves of degree d and e with no common component intersect in
exactly d - e points counted with multiplicity.

There are a couple of difficulties that we have to overcome in order to prove this.
The first is to properly define what multiplicity means in the statement of the
theorem.

6.1 The degree of a projective curve

As we have seen before, when a homogeneous polynomial of degree d defining a
plane curve is restricted to a line with coordinates [s : t], we either get zero or a
homogeneous polynomial of degree d in s and ¢. In the first case, the line was a
component of C' and in the second case, we get a polynomial which factors into a
product of d linear factors if our field is algebraically closed. From now on, we will
assume that this is the case. Moreover, we will assume that the polynomial defining
our curve has the lowest possible degree, so that there are no multiple factors in
the factorization into irreducible polynomials. We call such a polynomial reduced.

With these conventions, the following definition makes sense.

Definition 6.1.1. A plane curve C has degree d if a general line in P? intersect
C in d distinct points.
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6.2 Intersection multiplicity

Let (7 and (5 be plane curves defined by reduced polynomials f; and fy with
no common factors. In order to define the intersection multiplicity of C; and Cs
at their points of intersection, we will first change coordinates in order to move
the common point P to [0 : 0 : 1]. When looking locally around this point, we
can dehomogenize the polynomials by substituting z = 1. Let F} = fi(z,y,1) and
Fy = fo(x,y,1) be the polynomials we obtain in this way. We have Fy, F, € k[z, ],
but we can also see them as formal power series in the ring k[[x, y]], which has the
advantage that any polynomial which is non-zero at the origin (0, 0) is invertible.
In this way, we can concentrate only at what happens at the origin. From F; and
Fy we get an ideal I = (Fy, F,) C k[[z,y]] and we can define the quotient ring

kllz, y]]/1.

Definition 6.2.1. The intersection multiplicity of C; and Cy at P =1[0:0: 1] is
given by
Ip(f1, fo) = dimy k[[z, y]]/(F1, F2)

We will need a couple of properties of the intersection multiplicity.

Theorem 6.2.2. If f, g and h are homogeneous polynomials in k[z,y, z] with no
common factors, we have

(1) Ip(f,gh) = Ip(f.g) + Ip(f, D)
(2) Ip(f,g+ fh) = Ip(f,g) if degg = deg f + deg h.

Proof. At the moment, we will refer to other sources for the proof of the first
statement, which requires more knowledge in power series rings.

The second statement follows from the definition since (f, g) = (f, g+ fh) as ideals
in klx,y, z] and hence also their images in k[[z,y]] under the map k[z,y,z] —
k[[z,y]] sending z to 1. O

Exercise 6.2.3. Show that if P is a non-singular point of C; and C5 such that the
tangents of C; and Cy at P are distinct, then Ip(f,g) = 1 where f and g are the
homogeneous polynomials defining C and Cb.

6.3 Proof of Bézout’s Theorem

Theorem 6.3.1 (Bézout’s Theorem). If Cy and Cy are plane curves defined by
homogeneous polynomials f and g of degree d and e, they intersect in d - e points,
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counted with multiplicity, i.e.,

Z[P(fag) =d-e.

P

Proof. If one of the polynomials splits into a product of linear factors, we can use

Theorem to conclude the theorem.

We will use Theorem to make reductions until we can assume that one of the
polynomial splits into a product of linear factors. By Theorem we can
assume that f and g are irreducible.

The basic step will be the following. Write the polynomials as

f(x,y,z) = Zd/h()(.l',y)—|—Zdl_1h1(l’,y)—{—'-'+hd/(l’,y)
g(l’,y,Z) = ZekO(x7y>+Zeilk1(l‘7y)+”'+k6'($7y)

With no loss of generality, we may assume that d’ > ¢’. Then we can define

fr=lkof —hoz" g
which will have lower degree in z than f. We have that

IP(flaQ) :IP(kOfag) :IP<k0,g)+Ip(f,g), VP.

Since kg is a polynomial in two variables, it splits into a product of linear forms.
Since g was assumed to be irreducible we know that kg is not a factor of g. Since
we know the theorem holds for ky and g we can deduce it for f and g if we know
it holds for f; and ¢g. For this we can use induction on the degree of z in the
polynomials. O

Exercise 6.3.2. Follow the proof of Bézout’s theorem above starting with the curves
2y? = 23 — x2% and 2% + y* = 22. What are all the intersection points and their
multiplicities at the end of the reduction?

6.4 The homogeneous coordinate ring of a pro-
jective plane curve

As we have seen, the polynomial ring k[z, y, z] plays an important role in the study
of P2, This is the homogeneous coordinate ring of P2.

If C is defined by the homogeneous polynomial f € k[z, vy, 2], we get the homoge-
neous coordinate ring of C' as R¢ = klz,y, z]/(f).

Theorem 6.4.1. (1) C' is irreducible if and only if Rc is a domain.
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(2) C is reduced if and only Rc has no nilpotent elements.

The homogeneous coordinate ring of C' is graded, i.e., we can write it as

Ro = EB[RC]i

>0
so that [RC]z[RC’]] Q [RC]H—]'-

Definition 6.4.2. The Hilbert function of C' is given by Heo (i) = dimg[R¢];, for
i=0,1,2,....

Theorem 6.4.3. If C has degree d, the Hilbert function of C' is given by

He(i) = <“;2) - (”Z_d) — gy B9

fori>d—1.

Proof. The Hilbert function of C'is given by the vector space dimension of k[z, y, z|/(f)
in degree i. We have the following short exact sequence

0—klx,y,z] = klr,y,2] > Re — 0

where the first map is multiplication by f. Thus the dimension of Ry in degree @
is the difference between the dimension of k[z,y, z] in degree ¢ and degree i — d.
If i > d — 1, these dimensions are given by the formula in the statement of the
theorem. O

Lemma 6.4.4. The homogeneous polynomial g defines an injective map Rc —>
Re if and only if g doesn’t vanish completely on any component of C.

Proof. Suppose that gh = 0 in Ro for some homogeneous polynomial A. This
means that gh = ¢f for some homogeneous polynomial ¢ and since k|x,y, 2] is a
unique factorization domain, we conclude that each irreducible factor of f must be
a factor of either g or h. If none of them divides g, we must have that h € (f) so

h = 0in Rc. Thus g defines an injective map if it doesn’t vanish on any component
of C.

If g does vanish on some component, we will be able to find h # 0 in Ro with
gh = 0 showing that the map is not injective. O
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Chapter 7

Affine Varieties

7.1 The polynomial ring
Let C denote the field of complex numbers, and let C[zy,...,x,] denote the

polynomial ring in n variables xi,...,z, with coefficients in C. Elements f in
Clx1, ..., z,) are polynomials in xq, ..., z,, that is finite expressions of the form

f= E CoXyt - ann

with ¢, in C. Polynomials are added and multiplied in the obvious way, and
Clxy, ..., z,) indeed forms a ring; a commutative unital ring.

7.2 Hypersurfaces
To any f € Clzy,...,x,] we let Z(f) denote the zero set of the element f, that is
Z(f)=A{(a1,...,a,) € C"| f(ar,...,a,) = 0}.

For non-constant polynomials f the zero set Z(f) is referred to as a hypersurface.
Clearly we have that the union satisfies

Z(f)VZ(g) = 2(f9).

In order to describe intersections of hypersurfaces it is convenient to use ideals, a
notion we recall next.
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7.3 Ideals

A non-empty subset I C Clxy,...,x,| that is closed under sum, and closed under
multiplication by elements of C|xy, ..., z,], is called an ideal. The zero element is
an ideal, and the whole ring is an ideal.

If {fa}acwr is a collection of elements in Clxy,...,z,| they generate the ideal
I(fo)acw that consists of all finite expressions of the form

](fa)ocetzf = {Z gafa | Ja € C[:L’l, <o 7xn]aga 7& 0 finite indices O./} :

aEd

The zero ideal is generated by the element 0, and this is the only element that
generates the zero ideal. We have that (1) = C[zy,...,x,], so the element 1
generates the whole ring.

Noetherian ring The polynomial ring Clzy, ..., z,] is an example of a Noethe-
rian ring which means that any ideal is in fact finitely generated. Thus, if [ is
an ideal generated by the collection {f,}acw, then there exists a finite subset
fi,- -, fm of the collection that generates the ideal I(fo)ace = I(f1,-- -, fm)-

7.4 Algebraic sets

Let I C Clxy,..., 2, be an ideal. We let Z(I) denote the intersection of the zero
sets of the elements in I, that is

2(1) = 2(f).

fel

A subset of C" of the form Z(I) for some ideal I C Clzy,...,z,] is called an
algebraic set. One verifies that if the ideal I is generated by fi,..., f,, then we
have that

Z(I)=Z(J))NZ(f2) N0 Z(fn)-

In particular we have that Z(f) = Z(I(f)), where I(f) is the ideal generated by f.

Union and intersection Let {I,}.cs be a collection of ideals in Clxy, ..., z,].
Their set theoretic intersection is an ideal we denote by Nuecwl,. Their union
I(Ual,) is the ideal generated by their set theoretic union. If the collection is
finite, we have the product I; - - - I,,,, which denotes the ideal where the elements
are finite sums of products f;--- f,,, with f; € I, fori=1,... ,m.
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7.5 Zariski topology

Lemma 7.5.1. We have that the algebraic sets in C™ satisfy the following prop-
erties.

(1) Finite unions U, Z(1;) = Z(Iy -+ I,) = Z(N2 1),
(2) Arbitrary intersections NoZ(1,) = Z(1(Ualy)).
We have furthermore that Z(1) = () and that Z(0) = C".
Proof. This is an excellent exercise. O]

The lemma above shows that the collection of algebraic sets satisfy the axioms for
the closed sets of a topology. This particular topology where the closed sets are
the algebraic sets is called the Zariski topology.

Open sets When defining the topology on a set, it is customary to define what
the open sets are. The open sets are the complements of the closed sets, so having
defined what the closed sets are we also know what the open sets are. But, we
could have started the other way around. A collection {U,}aer of subsets of a
set X that contains X and ), and which is closed under finite intersections, and
arbitrary unions, define the open sets of a topology on X.

7.6 Affine varieties

Definition 7.6.1. We let A" denote the vector space C" endowed with the Zariski
topology. The space A™ is called the affine n-space.

Example 7.6.2. The affine plane is our favorite example. For any element f €
Clz,y] the zero set Z(f) is by definition a closed set. The intersection of two
hypersurfaces - or curves - is

Z(H)nz(g) = 24(f,9),

the collection of points corresponding to their common intersections - which typi-

cally is a finite set of points. For instance, let f =2 —y + 1 and g = y* — 2°.

Example 7.6.3. Show that the open sets D(f) = A"\ Z(f), with f € C[zy,...,z,)
form a basis for the topology. That is, any open can be written as a union of the
basic opens D(f). In the usual, strong, topology, the open balls form a basis for
the topology.
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Ezxample 7.6.4. The open sets in A" are big: Show that any two non-empty opens
U and V in A" has a non-empty intersection. In particular we get that A™ is not
a Hausdorff space.

Ezxample 7.6.5. Show that A™ is compact; for any open cover {U,} of A" a finite
subcollection will be a covering.

Definition 7.6.6. A (non-empty) topological space X is called irreducible if X
can not be written as the union X = X; U X5 of two proper closed subsets X; and
X2 of X.

Ezample 7.6.7. The affine line A! is irreducible. Because any non-zero polynomial
f is such that Z(f) is a collection of finite points. It follows that closed, proper,
subsets of A! are collections of finite points. And in particular we can not write
A' as a union of two finite sets, hence A! is irreducible.

Example 7.6.8. If X is irreducible, then any non-empty open U C X is also irre-
ducible (Exercise[7.6.13). In particular if we let U = A'\ (0), then U is irreducible
even if the picture you draw indicates that the space U is not even connected. A
topological space X is not connected if it can be written as a union X = X; U X5
of two proper closed subsets where X; N X, = (). In particular a space that is not
connected is in particular not irreducible.

Definition 7.6.9. An irreducible algebraic set is an affine algebraic variety.

Ezxample 7.6.10. Let I = (zy) C C[z,y] denote the ideal generated by the element
f = xy. Then the algebraic set

Z(zy) = Z(x) U Z(y),

where the two sets Z(x) C Z(xy) and Z(y) C Z(xy) are proper subsets. Hence
Z(xy) is not an algebraic variety.

Ezample 7.6.11. Let I = (2*+3?) C C[z, y]. Theideal I is generated by f = x2+y3,
which is an irreducible element - which means that the element f can not be written
as a product f = fi - fo in a non-trivial way. It follows that Z(f) is an algebraic
variety.

Noetherian spaces A topological space X is called Noetherian space if any
descending chain of closed subsets

stabilizes, that is there exists an integer n such that X,, = X,,,;, for all integers
1> 0.
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Ezercise 7.6.12. Show that A" is a Noetherian space.

Exercise 7.6.13. Let U C X be a non-empty open set, with X irreducible. Show
that U is also irreducible.

FExercise 7.6.14. Show that any topological space X can be written as a union
of irreducible subsets, called irreducible components of the space X. If X is an
algebraic variety it has only a finite set of irreducible components.

7.7 Prime ideals

Definition 7.7.1. Let I C Clzy,...,x,] be a proper ideal. The ideal I is said to
be a prime ideal if
gf € I implies that f or g isin [I.

Ezample 7.7.2. Let I = (xy) C Cl[z,y| denote the ideal generated by the element
= xy. Then any element in I can be written as F - f, with F' € Cz,y]. In

particular we get that neither x nor y is in I, but clearly xy is. Thus I = (zy) is

not a prime ideal.

Example 7.7.3. Let I = (z*+3?) C C|x,y]. The ideal I is generated by f = z2+13,

which is an irreducible element. It follows that the ideal I = (2% + %?) is a prime

ideal.

Ezercise 7.7.4. A non-zero element f € Clzy,...,x,] is irreducible if f = f; - fo
implies that at least one of the factors f; or f, is a unit. Show that an ideal
I generated by an irreducible element f implies that the algebraic set Z([) is
irreducible. Give an example of an irreducible hypersurface Z(f) where f is not
an irreducible element.

FEzercise 7.7.5. Show that an ideal I C C[xzy,...,z,] is a prime ideal if and only
if the quotient ring C[xzq,...,z,]/I is an integral domain. Recall that a ring A is
called an integral domain if A is not the zero ring, and if f-g = 0 then either f =0
or ¢ = 0. Show furthermore that an ideal I C Cl[zy,...,x,] is a maximal ideal
if and only if the quotient ring C[z1,...,,z,]|/I is a field. Recall that an integral
domain A is called a field if every non-zero element is invertible, and that a prime
ideal not properly contained in any other prime ideal is maximal ideal.

Ezample 7.7.6. Ideals of the form I = (zq —ay,..., 2, —a,) C Clzy, ..., z,], with
(ay,...,a,) € C" are prime ideals. For instance, the quotient ring Clxy, ..., z,|/I =
C, is a field (see Exercise[7.7.5)). Note that

Z((xy — a1, ..., xn —an)) =N Z(x; — a;) = (ag, ..., a,).

Exercise 7.7.7. The ideal I = (zy) C C[z,y] is not prime, but the ideals (z) and (y)
are prime ideals. Show that I = (x) N (y), and use this to describe the irreducible
components of Z([).
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7.8 Radical ideals

Definition 7.8.1. The radical of an ideal I C C|xy,...,z,] is the set

\/fZ{fG(C[xl,...,xn]]fmelforsomesz}.

One shows that the radical v/T is also an ideal. Clearly we have an inclusion
ICVI. We say that the ideal I is radical if [ = V.

Ezample 7.8.2. That any prime ideal I C Clxy,...,z,] is a radical ideal, follows
almost directly from the definitions. The converse is not the case. Consider for
instance the ideal I = (zy) C C[z,y| discussed in Example [7.7.2 The ideal
I = (xy) is not prime, but radical.

Example 7.8.3. The ideal I = (2?) C C|[z, y] is not prime, nor radical. The element
x is not in I, but 2% is in I. Note that the set Z(x?) is an irreducible hypersurface
(see Exercise [7.7.4)).

Theorem 7.8.4 (Hilberts Nullstellenzats). Algebraic sets in A™ are in one to one
correspondence with the set of radical ideal in Clxq,. .., x,]. Furthermore, we have
that an algebraic set is irreducible if and only if its corresponding radical ideal is
a prime ideal.

Corollary 7.8.5. Let I C Clzy,...,x,] be any proper ideal. Then we have that
its radical ideal

I = m (x1—ay, ..., T, — ay)

where the intersection is taken over the set of maximal ideals containing I.

Proof. The radical of an ideal I is the intersection of all prime ideals containing
I, which is a standard fact. The polynomial ring Clzy, ..., z,] is an example of a
Jacobson ring, which means that any intersection of prime ideals is in fact given
by the corresponding intersection of maximal ideals. Thus, the radical of I is the
intersection of all maximal ideals containing I. By the Nullstellensatz, or the weak
version of it, the maximal ideals are all of the form (z; — ay,..., 2z, — a,), with
a;€Ci=1,...,n. O

FEzercise 7.8.6. Let I C Clxy,...,z,] be an ideal. Show that for any integer n we
have that
Z(I)=Z(I").

Ezercise 7.8.7. Show that for any ideal I we have Z(I) = Z(V/T).
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Ezercise 7.8.8. Let I C Clxy,...,x,] be a proper, radical ideal. Assume that I is
not prime. Show that there exists elements f and g such that

ZIH=Z{I+ YU Z(I +g)

is a union of proper subsets. Here I + f means the ideal generated by f and
elements of I. Thus if fi,..., f,, generate I, then f, fi,..., f,, generate I + f.

Ezercise 7.8.9. Let Z C A3 be the algebraic set defined by the ideal
I = (2" —yz,2z — 1) C Clz,y, 2].

Show that Z has three components, and describe their corresponding prime ideals.

Exercise 7.8.10. We identify C? with C x C. Show that the Zariski topology on
C? is not given by the product topology of A! with Al

7.9 Polynomial maps

Lemma 7.9.1. Let F; = Fi(xy,...,x,) be an ordered sequence of n polynomials
in m wvariables (i = 1,...,n). The induced map F: A" — A" sending a =
(a1,...,am) to (Fi(a),..., Fy,(a)) is a continuous map.

Proof. We show that the map is continuous by showing that the inverse image of

closed sets are closed. Let f(y1,...,y,) be a polynomial in n variables. Let foF =
f(Fi(x),..., F,(z)), which is a polynomial in the m variables z = x4, ..., x,,. Note
that

FYZ(f)) ={a €A™ | (Fi(a),...,F.(a)) € Z(f)},
which means that
FUZ(f) = {a € A™ | f(Fi(a), .., Fula) = 0} = Z(f o F).

It follows that if I C Cly,...,ys] is an ideal generated by fi,..., fy, then
F~Y(Z(I)) is the algebraic set given by the ideal J C k[zy,...,x,] generated
by fioF,...,fyoF. O]

A map F: A™ — A" given by polynomials as in the Lemma, is a polynomial
map.

7.10 Maps of affine algebraic sets
If F: A™ — A" is a polynomial map that would factorize through an algebraic
set Y C A" then we have a map F': A" — Y. Restricting such a map to an

algebraic set X C A™ gives a map F': X — Y, which is how we will define a map
of algebraic sets.
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Remark Note that our definition of a map between affine algebraic sets, requires
an embedding into affine spaces.

Example 7.10.1. The two polynomials Fi(t) = ¢* and Fy(t) = ¢> determine the
polynomial map F: A’ — A% The map F then sends a point a + (a? a®).
Let Y C A? be the curve given by the polynomial f(z,y) = y? — z* in Clz,y],
that is Y = Z(f). For any scalar a we have that the pair (a? a®) is such that
f(a?,a®) = 0. In order words we get an induced map

F: A" —Y.

Definition 7.10.2. Two affine algebraic sets X and Y are isomorphic, or simply
equal, if there exists polynomial maps F': X — Y and G: Y — X such that
FoG=id and Go F =id.

Example 7.10.3. The map F: A' — Y = Z(y? — 23) C A? discussed in Example
is a homeomorphism (see Exercise [7.10.5). However, even if the map F
gives a homeomorphism between A! and the curve Y C A2, these two varieties are
not considered as equal. The inverse G: Y — A! to F' is not a polynomial map.

Ezample 7.10.4. Let p: A2 — A! be the projection on the first factor, thus
p(a,b) = a. Which is a polynomial map. The fiber over a point a € A! is the
“vertical” line Z(z — a), where the hypersurface = —a € C[z,y]. Consider now the
polynomial

G(z,y) =y + g1(2)y* + ga(2)y + g3(x).
We get an induced projection map p;: Z(G) — Al. The fiber over a point a € A!
is Z(x — a,G), which is given by

9(y) = v* + g1(a)y® + g2(a)y + g3(a) € Cly].

The three roots of g(y) are the three points lying above a.

Ezercise 7.10.5. Verify that the map F: A! — Y in Example is a home-
omorphism, and that the inverse map is not a polynomial map: You first check
that the map is bijective, and from Lemma you have that it is continuous.
Then to be able to conclude that the map is a homeomorphism it suffices to verify
that the map F gives a bijection between the closed sets of A! and Y. The closed
sets on Y are the intersection of closed sets on A? with Y. The non-trivial closed
sets are given by a finite collection of points, and then you have verified that F is
a homeomorphism. Then you need to convince yourself that the inverse map G is
not a polynomial map.

Ezercise 7.10.6. Show that the variety Z(xy — 1) C A? is isomorphic to Al \ 0.

Ezercise 7.10.7. Show that a basic open A™ \ Z(f) is an algebraic variety by
identifying it with Z(tf — 1) C A"+,
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Chapter 8

Projective varieties

We will define the projective space as a certain quotient space where we identify
lines in affine space.

8.1 Projective n-space

Definition 8.1.1. We let P" denote the topological space we obtain by taking the
quotient space of A"\ (0,...,0) modulo the equivalence relation

(ag,---,a,) ~ (Aag, ..., Aay),

with non-zero scalars A\ € C. The space P" is called projective n-space. The
equivalence class of a vector (aq, ..., a,) we denote by

lag 1 ay =+ 1 ay).

Quotient topology Recall the notions of quotient topology discussed in Sec-
tion [L.2

FExercise 8.1.2. Show that P is a Noetherian space.

8.2 Homogeneous polynomials

Let S = C[Xq, ..., X,] denote the polynomial ring in the variables Xy, ..., X,,. Let
Sa(Xo, ..., X,) = Sy denote the vector space of degree d > 0 forms in X, ..., X,.
The monomials {X{° - -- X%} where d = dy + - - - + d,,, form a basis for the vector
space Sy.
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We have the decomposition of vector spaces

S =C[Xo,..., X, =P S

d>0

into homogeneous parts. An element F' € S is homogeneous, and of degree d, if
F € S;. As the zero polynomial is in Sy for any d > 0, it has no well-defined
degree.

Ezercise 8.2.1. Compute the dimension of Sy(Xo,...,X,), that is, the Hilbert
function Hpn(d) (cf. Definition [6.4.2]).

FExercise 8.2.2. The Hilbert series of the graded polynomial ring is the formal
expression H(t) = 37 ,-dim S¢(Xo, ..., X,)t?. Show that

n

=0

8.3 Hypersurfaces in projective space

Any homogeneous polynomial F'(Xy,...,X,) will satisfy
F(Xag, ..., \a,) = M Fl(ay, ..., a,)

where d is the degree of F(Xy,...,X,), and ay, ..., a, is any vector in C"*1. Thus,
if @ = (ag,...,a,) is an element of Z(F) C A" then the whole line spanned
by a is in Z(F). Tt follows that the set Z(F)\ (0,...,0) in A"\ (0,...,0) is
invariant with respect to the equivalence relation. In particular we get, by taking
the quotient, a closed subset Z(F) in P*. Any homogeneous element F of degree
d > 1 will vanish on (0,...,0) in A"™! that is (0,...,0) € Z(F). If Z(F) contains
other points as well, then we get a non-empty subset Z(F) in P", and these we
refer to as hypersurfaces in projective n-space.

Lectures 4-6 The projective curves discussed in lectures 4-6 are examples of
hypersurfaces in the projective plane.

8.4 Homogeneous ideals

An ideal I in the polynomial ring S = C[ X, ..., X,,] is a homogeneous ideal if there

exist homogeneous elements F1, . .., F,, that generates the ideal, I = (F}, ..., F),).
A homogeneous ideal I can be decomposed as I = P, -
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Any homogeneous ideal I C S defines a closed set
2(1) = e Z(F) C P,

where F1,..., F,, is a collection of homogeneous elements that generate I. Note
that any closed subset Z C P" is of the form Z = Z(I), for some homogeneous
ideal I C C[Xy,...,X,]. We refer to the closed sets in P" as algebraic sets.

Ezercise 8.4.1. Let F' be a homogeneous polynomial in C[Xy,...,X,], and let I
be the homogeneous ideal generated by XoF, X1 F, ..., X, F. Show that

Z(F)=Z(I)
as subsets of P,

Proposition 8.4.2. The projective n-space P has a open cover by affine n-spaces.
In particular we have identification of varieties

P*\ Z(X;) = A",
for every i =0,...,n, and these open sets cover P".

Proof. Let Z(xg — 1) be the affine variety in A"™! where the first coordinate is 1.
We will prove that Z(zo—1) can be identified with Uy = P™\ Z(Xp). The remaining
cases are proved similarly. Restricting the projection map 7: A"\ 0 — P, gives
a map

™ Z(.To — 1) — UO =P \7(X0)

that sends (1, aq,...,a,) = [L 1 ay :---:ay,]. Wedefineamap s: Uy — Z(xg—1)
by sending
S([XO . X1 R Xn]) = (1,X1/X0,...,Xn/X0).

It is clear that m is a bijection, with s being its inverse. To conclude that
is a homeomorphism, we need to show that s is continuous. As closed sets in
A" are intersections of hypersurfaces, it suffices to show that the inverse image
s HZ([)) is closed, for hypersurfaces. We have that s~ (Z(f)) = m(Z(f)). The
identification of A" with Z(zg — 1) C A""!  of varieties, is clear. Thus, the
polynomial f can be considered as a polynomial in n variables x,...,x,. The
polynomial

Xn
Yo)

is homogeneous, and by definition Z(F) is closed in P". We have furthermore that

X
F(Xo,...,X,) = Xg‘egff(y;, o

m(Z(f)) = Z(F) N Uy,

hence closed in Uj. O



Ezxample 8.4.3. Note that setting the first coordinate to 1, and not to say 2, is a
choice that corresponds, locally, to a section of the projection map A"\ 0 — P™.

Example 8.4.4. Note that the construction in the proof is a bit ad hoc. We have
a homeomorphism identifying A" with P* \ Z(X;), for each i. And we use this
identification to give the variety structure on P”, locally. One could ask why
this particular chosen structure was right. It is, and that can be proved using a
completely different approach and a different definition of what projective space
means.

Gluing Another way of construction the projective n-space is by gluing, which is
related to the manifold structure of Theorem[3.2.4, We recall some of it here. Quite
generally, if we have a collection of topological spaces {U;}icy we can glue these
together along specified intersections: Assume that we have an inclusion of open
subsets U; ; C U;, for all indices 7, j € &7, and homeomorphisms ; ;: U; ; — U,
that satisfies the co-cycle condition

Pik = Pik © Pij

when restricted to U; ; N U, for all 4, 7,k € &/. Then one can check that the data
equals the data of an equivalence relation on the disjoint union UU;. We can then
form the quotient space X by identifying, or gluing, the spaces U; and U; together
along U, ; = U,,; (identified with ¢; ;).

Ezercise 8.4.5. Let U; = A", where i = 0,...,n is fixed. For any 7 =0,...,n we
let U;; = A"\ Z(x;), and we let

pij: Uiy — Ui

be the map given by the following composition. For the fixed ¢, we have the map
(a1,...,a,) = (a1,...,a;_1,1,a;,...,a,) putting the 1 on the i'th coordinate, for
i=0,...,n. As subsets of A" we have a natural identifications of U; ; with Uj;.
If 5 < then the j'th coordinate in U; ; will be invertible, and we consider the map

-1
(ar, i, Las, .o a,) = ay (ag, . a0, 1,04, ay)

identifying U; ; with U,,. Write up the situation with j > 7, and show that the
identifications satisfy the co-cycle condition. Show furthermore that the gluing of
L U; along the identifications U; ; with U;; gives P". In fact the images of U; in
the quotient space are precisely the open sets A" = P"\ Z(X;) given in Proposition
842

Definition 8.4.6. An irreducible algebraic set in P is a projective variety.
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Proposition 8.4.7. Any projective variety Z C P" is given by a homogeneous
ideal I that is a prime ideal in C[Xy,..., X,].

Proof. Let w: A"\ 0 — P" be the quotient map, where 0 = (0,...,0). A
set X C A" is irreducible if and only if Xy = X \ 0 is irreducible or empty in
A"\ 0. TIf X is irreducible, then 7(X)) is also irreducible since the quotient map
7 is continuous. Thus we see that for any prime ideal I C C[Xy,...,X,] which
is also homogeneous, we have that Z(I) is irreducible (or empty). Conversely, let
Z C P" be an irreducible set. Then Z = Z(I) for some homogeneous radical ideal
I C C[Xy,...,X,]. If I is not prime, then there exists elements F' and G not in I
but where F'G' € I. One checks that we can assume the elements F' and G to be
homogeneous elements. But, then we have, as in Exercise [7.8.8]

Z(I+FYUZ(I+G) = Z(I),

with proper subsets Z(I + F) C Z(I), and Z(I + G) C Z(I). It follows that
Z(I) = Z(I + F) U Z(I + G) is the union of two proper closed subsets. Hence

Z(I) was not irreducible after all. We can therefore conclude that the ideal I was
prime. ]

Exercise 8.4.8. The projective set C' in P? given by the homogeneous ideal gener-
ated by
XW-YZ, XZ-Y? and YW — Z?

in C[X,Y, Z, W] is called the twisted cubic. If we let [t : u] be projective coordi-
nates for the projective line, then the twisted cubic is the set of points in P? of the
form [£3 : t2u : tu? : 3.

Exercise 8.4.9. The intersection of varieties is not always a variety. Consider the
two surfaces Q; and @, in P3, given by the ideals generated by the quadratic
polynomials

F=7?~YW and G=XY —-ZW

in C[X,Y,Z,W]. Show that both @; = Z(F) and @y = Z(G) are varieties.
Identify furthermore their intersection )1 N @2 as the union of a twisted cubic,
and a line. In fact, we have that the intersection is given as the union of the line

Z(X,W) and the twisted cubic C'= Z(F,G,Y? — XZ) (see Exercise [8.4.8)).

Ezercise 8.4.10. The ideal generated by the union does not always describe the
intersection. Let C' be the curve given by the ideal I(C) = (X? — Y Z), and let
L be the line I(L) = (V). Show that the intersection C'N L is a point P € P2
Compute the homogeneous prime ideal I(P) corresponding to the point P, and
deduce that I(C) 4+ I(L) # I(P). Draw a picture to explain the situation.
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Exercise 84.11. Let P =1[1:0:0:0] and Q@ = [0 : 1 : 0 : 0] be points in P?.
There is a unique line L passing through P and (). A parametric description of
the line is the set tP + uQ, with projective parameters [t : u| € P'. Describe the
homogeneous prime ideal I C Cl[z,y, z, w] defining L.

Ezercise 8.4.12. Consider the quadratic surface ) C P given by the polynomial
XY — ZW in C[X,Y, Z, W]. Show that @ contains two families of lines Lp and
Np parametrized by points P = [t : u] € P!, with the following property.

LpNLp=NpNNp =0 if P£P,

and
Lp N Np = a point for all P, P'.

Hint, use that XY — ZW is the determinant of the matrix

v i
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Chapter 9

Maps of projective varieties

9.1 Quasi-projective varieties

Before we continue with what should be a map between projective varieties, it
turns out that it is convenient to define the notion of quasi-projective sets.

Definition 9.1.1. A set X C P" is quasi-projective if it is locally closed; meaning
that there exists a (algebraic) closed set Z C P™ containing X C Z as an open
subset.

Example 9.1.2. Any algebraic set X C P" is quasi-projective since X is open in
itself, and an algebraic set is by definition closed in P"”. Any open subset U C X of
an algebraic set X C P" is by definition quasi-projective. In particular the affine
n-space A" is quasi-projective since A" = P"\ Z(X,) is open in P". Any open
subset U C A" is quasi-projective since it will also be open in P".

FEzercise 9.1.3. Show that any affine algebraic set X = Z(I) C A" is quasi-
projective by showing that there is a homogeneous ideal J C C[Xy, ..., X,]| such
that

X =Z(J)NP"\ Z(X).
Then X will be open in 7(J ). I think you will prove something as: For any

f e Clty,... ta], let h(f) = x5 ff(%,...,%). Then h(f) is a homogeneous

element of C[Xy,...,X,]. For any homogeneous polynomial F' € C[Xy, ..., X,]
we let d(F') = F(1,t4,...,t,). We have that

d(h(f))=f and h(d(F))=zF some N >0.

Ezercise 9.1.4. Let Y C A" be an algebraic set, and let 1(Y') be an ideal defining
Y. We view Y as a subset of P*, by identifying A" = P\ Z(Xy). The closure Y
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is the smallest closed subset containing Y, and is then by definition an algebraic
set. Show that the h(I(Y')), obtained by applying the A function in Exercise 9.1.3]
to all elements of 1(Y'), generates the homogeneous ideal I(Y') describing Y.

Ezercise 9.1.5. Let Y C A3 be the twisted cubic, that is the image of A! — A3
by the map t — (t,¢%,¢3) (cf. Exercise [8.4.8). Use this example to show that if
fi, ..., fr generates an ideal I(Y'), then h(f1),...,h(f,) does not generate the ideal
I(Y) of its closure in projective space (see Exercise [9.1.4).

The affine varieties are the building blocks The notion of quasi-projective
sets includes both projective and affine algebraic sets. Note that sets as A%\ (0,0)
are also quasi-projective, these are however not affine algebraic sets. At first glance
it now would appear as the notion of quasi-projective varieties is to generous,
forcing us to also deal with sets which are not build up via affine charts. However,
as we saw in Exercise the basic open sets are affine algebraic sets. So indeed
A%\ = A%\ Z(z) UA?\ Z(y) is the union of varieties.

9.2 Regular maps

Let Fy, ..., F,, be n+1 homogeneous polynomials each of the same degree, in m+1
variables. Having these polynomials we get a polynomial map

F=(Fy,...,F,): Am*t — A" (9.1)

The fact that the polynomials all have the same degree guarantees that the map
of affine spaces respects the equivalence classes defining the projective space. In
order to get an induced map of projective spaces we need furthermore that the
common zero of the polynomials is the origin only.

Definition 9.2.1. Let X C P™ be a quasi-projective set. A regular map F': X —
P" is a sequence F' = (Fy, ..., F},) of homogeneous polynomials in m + 1-variables,
all of same degree, and where the polynomials Fy, ..., F, do not simultaneously
vanish on X. The last condition is that

XNZ(F)N---nZ(F,) =0.

Ezample 9.2.2. Consider the polynomial map A®> — A? given by the two linear
polynomials Fy = X and F} =Y — Z. So the polynomial map sends

(a,b,¢) — (a,b—c).
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This will respect the equivalence classes defining the projective space, but will not
induce a map from the projective plane to the projective line. This is because the
line (0,¢,t) is sent to (0,0). In order words we get an induced map

P?\[0:1:1] — P!

defined on the complement of a point in the projective plane. The regular map
defined above can not be extended to a regular map defined on the whole of
projective plane.

Ezample 9.2.3. Let Q C P? be the quadratic curve given by the equation X? +
Y? + Z% As the point [0 : 1 : 1] is not on @, the map described in the previous
example gives a map F': ) — P! that takes

X:Y:Z]—[X:Y-Z].

So the map F': Q@ — P! is given by the homogeneous polynomials Fy = X and
Yy =Y — Z in the variables X,Y, 7.

9.3 Maps of projective varieties

We are now ready to define what we mean with a map of projective varieties.
Definition 9.3.1. Let X C P™ be a quasi-projective algebraic set. A map

F: X — P" is a finite collection of regular maps F;: X; — P* (i = 1,...,N),
where

(1) we have that X; C X is an open subset, for each i =1,..., N,
(2) the opens cover X = UY X,

(3) restricted to intersections X; N X, the regular maps F; and Fj agree, for all
i,je1l,...,N.

Furthermore, if X C P™ and Y C P" are two projective sets, then a map F': X —
Y isamap F': X — P” that factors via the inclusion Y C P". Note that a regular
map F: X — P" is in particular a map of projective varieties.

Ezample 9.3.2. Let C C P? be the quadratic curve given by the equation X? —
Y? + Z% = 0. The map in Example induces, by restriction, a map

Fi:C\[0:1:1] —P*
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that sends [X : Y : Z] to [X : Y — Z]. In a similar way we have a map Fy: C'\ [0 :
—1:1] — P! that sends

(X:Y:Z]—[Y+7Z:X].

There is nothing wrong with these two maps F; and F3, both being given by
polynomials, but none of these two can be extended to a polynomial map from the
whole curve. However, together they describe a map. Note that when X # 0 we

have

[X:Y—Z]:[lz%]:[lz%]:[Y+Z:Xy].

In other words, the two regular maps F; and F, are equal when restricted to
C\[0:1:1JU[0:—1:1].
Therefore, together the two maps F; and F, describe a map from the union
F:C— P\

It should be clear from the example above that we need to accept that the maps of
projective varieties can only be locally defined by polynomials. However, when one
have defined the maps locally then one can wonder how small or local these defining
charts need to be. The situation is not that bad, as the following statement shows.

Proposition 9.3.3. A map F: X — Y of affine algebraic sets is given by a
polynomial map.

Proof. We do not prove it here, but we want to point out the following. Any affine
algebraic set X is a quasi-projective set (Exercise . Hence it makes sense
to talk about maps of affine algebraic sets, considered as quasi-projective sets. If
X C A", then X = Z(I) for some ideal I C Clzg,...,x,]. One shows that the
maps X — A™ are simply m elements in the quotient ring C|xy,...,z,]/I. And
it follows that maps of affine algebraic sets are the same as polynomial maps. [

FExercise 9.3.4. What should two isomorphic projective varieties mean? You prob-
ably can imagine several reasonable definitions, and these are probably all correct.

Ezercise 9.3.5. The degree of a map of projective curves is the number of points
in a generic fiber. What is the degree of the map F': Q — P! given in Example
9.5.2
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9.4 The Veronese embedding

Let d > 1 be a given integer. For each integer n > 0 we will describe the Veronese
map
vg: P — PV

where N + 1 is the number of monomials in n 4 1 variables, in degree d, i.e. N +1
is the dimension of Sy(Xo, ..., X,). Define the set

D} =9 ={d=(dy,...,d,) e N | dy+---+d, =d}. (9.2)
Then clearly the monomials in X, ..., X, of degree d correspond, naturally, to
the elements of 2. If d € 2 then the corresponding monomial X¢ = XJo ... X,
We have the polynomial map A"t —s AN*1 that sends a vector (aq,...,a,) to

(a4)ge». The map respects the equivalence relation defining the projective spaces,
since the monomials are all homogeneous of the same degree, and hence gives an
induced map vy: P* — P taking

[(Xo:-: Xp] = [XYgeo

Proposition 9.4.1. Let d > 1 and n > 0 be two given integers, and let C[X 4] be
the graded polynomial ring with variables indezed by the set 9 given in[9.4 The
Veronese map vg: P — PV identifies P" with the Veronese variety V,. 4 given by
the homogeneous ideal

[ = (XdXdl — XQXQI) C C[X@]’

where the quadratic equations Xg X y—X.Xe is formed for every quadruple d,d', e, €’

in 2 such thatd+d =e+ €.

Proof. Let i denote the element in & that has the number d in coordinate i, and
zero elsewhere (with 4 = 0,...,n). Thus i corresponds to the monomial X¢. For
each 2 =1,0,...,n we let

Ui =Z(HNnPY\ Z(X,).

Then one checks that the open sets Uy, . . ., U, cover the algebraic set Z(I). We will
next indicate how maps G;: U; — P" are defined by simply giving the definition
of Gog. Let d(i) € 2 be the element d(i) = (d — 1,0,...,1,...,0), where the 1
appears in coordinate ¢ (and ¢ = 1,...,n). We define the map Gy: Uy — P" by

Go([Xd)) = [Xo : Xaqy -+ Xawy]-
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One checks that the similarly defined maps G; and G; coincide on U; N U; (for all
pairs 7, j), and hence we have a map

G: 7([) — P,

Clearly the maps G; will factor via the open inclusion P \_7(Xi). Let F; be the
restriction of the Veronese map vy to the open subset P™\ Z(X;). Note that since
Xo # 0 on Uy, we have that

X, X,

GollXd) = X[ e -

.
One verifies that G; is the inverse of F;, so GG is the inverse of F, and you have
proven that the Veronese map is an isomorphism of projective varieties. O

Ezample 9.4.2. The Veronese surface is given by the map vy: P2 — P? that sends
(XY :Z] = [X?: XY :XZ:Y*.YZ:Z%.

The defining equations for the Veronese surface is given by the quadratic polyno-
mials in C[Z, ..., Zs], given as the (2 x 2)-minors of

Zo Z3 Za
Zy I Zs
Zy Zs Zp

This is a neat way of describing all two pairs (d,d’) and (e, €’) of vectors, among
(2,0,0),(0,2,0),(0,0,2),(1,1,0),(1,0,1),(0,1,1) that have the same sum d+d' =
e + €'. There are nine (2 x 2)-minors, but since the matrix is symmetric, only six
of them are relevant.

Ezercise 9.4.3. Let V C P° denote the Veronese surface, given in Example [9.4.2]
Show that for any two points P and () on V there exists a conic curve C' on V'
passing through the points P and (). The curve C' will be an embedding of the
projective line P*.

9.5 Veronese subvarieties

As the projective n-space P" is identified with the Veronese variety V;,, C PV, it
means in particular that subvarieties Z(I) in P" are identified with subvarieties in
Vin- We will look a bit closer at that correspondence. Thus let d > 1 and n > 0
be fixed integers. Note that a homogeneous element F' € C[Xy, ..., X,] of degree
d - e, naturally can be viewed as a polynomial in the monomials of degree d.
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Furthermore, if G € C[Xy, ..., X,,] is homogeneous of degree ¢, then I = (X,G, ..., X,G)
is homogeneous of degree one more, e + 1, and we have that Z(G) = Z(I) (see
Exercise 8.4.1)). Hence, if I C C[Xy,..., X,] is a homogeneous ideal generated by
elements of degree < e, then we can form the ideal I " that is generated in degree
equal to d - e, and where Z(I) = Z(I'). However, the generators of I’ correspond
to degree e polynomials in the degree d monomials in PV, wherein the Veronese
variety Vj,, is.
Ezxample 9.5.1. We have the Veronese map vy : P> — P5, identifying the projective
plane with the Veronese surfaces V2. In the plane we have the cubic curve
C=Z(X*+Y>+ 2% cP
We write C' as the intersection of the three quartics

X'+ XY3 4+ X738, XY +Y'+YZP and X*Z+Y3Z+Z%

These three polynomials of degree 2 -2, correspond to the following degree 2 poly-
nomials in C[Zy, ..., Z,],

T2+ 2Ty + ZoZs, ZoZi+ Z3+ ZyZs and  ZoZy+ ZsZy+ Z3.
Intersecting the zero set of these three polynomials with the Veronese surface V5 5
gives vo(C) C P°.

Exercise 9.5.2. Show that any projective variety is isomorphic to an intersection
of a Veronese variety (vq(P") for some n,d), with a linear space.

9.6 The Segre embeddings

We let P x P denote the set of ordered pairs of points ([X], [Y]), with [X] in P™
and [Y] in P". The Segre map

o: P x Pt — plmtl)(nt1)-1
is defined by sending
q)Q):'-'3)CnL[}6: .. :Y%D F+[...;)Q}9:...L

Proposition 9.6.1. The image of the Segre map o: P™ x P* — P41 4
the Segre variety X, , defined by the homogeneous ideal

I =(Zi;Zy) — ZisZyj) C ClZ; jlo<i<m.
0<j<n
Proof. O]

Example 9.6.2. The image of P! x P! in P? by the Segre map is the quadratic
surface given by

XW —YZ e C[X,Y, Z,W].
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Product varieties Via the Segre map we identify >, ,, with the product P xP",
and in particular we can give the product the structure of a variety. This is of
course an ad hoc construction. We can define and talk about products of varieties,
even if we do not define that concept here.

9.7 Bi-homogeneous forms

A polynomial F(X,Y) € C[Xy,...,X,, Yo,..., Y] in two set of variables X and
Y, is bihomogeneous of degree (d, e), if of the form

FIX,Y)= Y cupXV’
lof=d, |B|=e

where ¢, g are complex numbers, and o = (ao,...,,) is multi-index notation
with | o |[= Y"1 ;. And similarly with 5 = (8o, ..., 8m). Note that any bigraded
polynomial F'(X,Y") gives a well-defined pair of closed subsets Z(F) C P™ x P™.
Ezample 9.7.1. Let C' C P? be the twisted cubic, defined by the quadratic poly-
nomials

F=XW-YZ, G=XZ-Y? and H=YW - Z?

in C[X,Y, Z,W]. In P? we have the Segre surface Y being the image of P! x P! (see
Example . The surface ¥ is cut out by F' = XW — Y Z, and in particular we
have that our curve C' C . As ¥ is P! x P! we can relate algebraic subvarieties
of X with bihomogeneous ideals in C[X,, X1, Yy, Y3]. The polynomial G restricted
to P! x P! is then the polynomial

X0X1Y2 - XO}/12 = XO - g where g = Xl}/E)Q - XO}/12-

The polynomial g is bigraded of degree (1,2). The restriction of Z(G) to ¥ is
then the union of a line Z(Xy) and the curve Z(g). Similarly, the polynomial H

becomes
XX, Y2 — X2V2 = —Xyg,

so Z(H)NX is a line union the curve Z(g). In other words the twisted curve C is
given by a single polynomial g, of bidegree (1,2) over the Veronese surface .

Exercise 9.7.2. Let X C P" and Y C P™ be projective varieties, given by homo-
geneous ideals

[XQC[X(),...,X”} and Ing[Yb,,Ym]
We define the maps

i: X — P and g Y — Pt
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by i(z) =[x : 0], and j(y) = [0 : y], for any point x € X and y € Y, and where 0
denotes the sequence of m + 1, respectively n + 1, zeros. Show that ¢ identifies X
with i(X), and describe the ideal I C C[X,Y] describing i(X) C P Show
that

W(X)njy)=0.

Let finally I C C[X, Y] denote the ideal generated by Ix, and similarly with I¢.
Show that the ideal I§ + ¢ describes the join J(X,Y) C P™*"! consisting of all
points on lines L(x,y) between a point x € ¢(X) and a point y € j(Y).
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Chapter 10

Projective toric varieties and
polytopes: definitions

10.1 Introduction

Toric varieties are algebraic varieties related to the study of sparse polynomials.
A polynomial is said to be sparse if it only contains prescribed monomials.

Let A = {myg,...,mq} C Z" be a finite subset of integer points. We will use the
multi-exponential notation:

an

 where © = (21,...,%,) and a = (aq,...,a,) € Z".

a— al- a2--'
¢ =z - xy x

Sparse polynomials of type A are polynomials in n variables of the form:

p(z) = Z Cat®.

a€A

For example if A = {(¢,7) € Z2 such that i+ j < k} then the polynomials of type
A are all possible polynomials of degree up to k.

Toric varieties admit equivalent definitions arising naturally in many mathematical
areas such as: Algebraic Geometry, Symplectic Geometry, Combinatorics, Statis-
tics, Theoretical Physics etc.

We will present here an approach coming from Convex geometry and will see that
toric varieties represent a natural generalization of projective spaces.

There are two main features we will try to emphasize:

(1) toric varieties, X, are prescribed by sparse polynomials, in the sense
that they are mapped in projective space via these pre-assigned monomials,
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whose exponents span an integral polytope polytope Px. You can think of
a parabola parametrized locally by ¢ — (¢,¢?). The monomials are prescribed
by the points 1,2 € Z. The polytope spanned by these points is a segment
of length 1, [1,2]. Discrete data A (i.e., points in Z™) gives rise to a polytope
P4 and in turn to a toric variety X, allowing a geometric analysis of the
original data. This turns out to be very useful in Statistics or Bio-analysis
for example.

(2) Toric varieties are defined by binomial ideals, i.e., ideals generated by
polynomials consisting of two monomials: x* — x”. In the example of the
parabola all the points in the image are zeroes of the binomial: y — 22. This
feature is particularly useful in integer programming when one wants to find
a vertex (of the associated polytope) that minimizes a certain (cost) function.

10.2 Recap example

Consider the ideal (z* — y?) € Clz, y].

(a) The generating polynomial is irreducible and thus the corresponding affine
variety X = Z(2® — y?) C C? is an irreducible affine variety.

(b) Consider now the algebraic torus C* = C \ {0} C C. Notice that C* =
C\ Z(z), a Zariski-open subset of C. Consider now the map ¢ : C* — C?
defined as ¢(t) = (t?,t*). Observe that Im(¢) C X and that ¢ : Im(¢) — C*
defined as ¢(z,y) = (y/x) is an inverse. It follows that C* = Im(¢), i.e.,
CrcX.

(¢) The open set C* is also a group under multiplication. We can define a group
action on X as follows:

C % X = X, (t,(z,y) = (£°x,t°y).

Notice that, by definition, the action restricted to C* C X is the multiplica-
tion in the group.

We will call such a variety, i.e., a variety satisfying (a), (b) and (c), an affine toric
variety.
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10.3 Algebraic tori

Definition 10.3.1. A linear algebraic group is a Zariski-open set G having the
structure of a group and such that the multiplication map and the inverse map:

m:GxG—G,i:G—=>G

are morphisms of affine varieties.

Let G, G’ be two linear algebraic groups, a morphism G — G’ of linear algebraic
groups is a map which is a morphism of affine varieties and a homomorphism of
groups.

We will indicate the SET of such morphisms with Hom ¢ (G, G').

Ezxercise 10.3.2. Show that when G, G’ are abelian Hom (G, G’) is an abelian
group.
Ezample 10.3.3. The classical examples of algebraic groups are:(C*)", GL,,, S L,,.

Definition 10.3.4. An n-dimensional algebraic torus is a Zariski-open set T,
isomorphic to (C*)™.

An algebraic torus is a group, with the group operation that makes the isomor-
phism (of affine varieties) a group-homomorphism. Hence an algebraic torus is a
linear algebraic group.

From now on we will drop the adjective algebraic in algebraic torus.

Definition 10.3.5. Let T be a torus.

e An element of the abelian group Hom,o(C*,T') is called a one parameter
subgroup of T.

e An element of the abelian group Hom (7, C*) is called a character of T.

Lemma 10.3.6. Let T'= (C*)" be a torus.

Hom (T, C*) = Z".

Proof. Because Hom (T, C*) = (Homa¢(C*, C*))™ it suffices to prove that Hom 4 (C*, C*) =

Z. Let F' : C* — C* be an element of Hom 4¢(C*,C*). Then F(t) is a polynomial
such that F'(0) = 0. Moreover it is a multiplicative group homomorphism, e.g.,
F(t?) = F(t). Tt follows that F(t) = t* for some k € Z. O
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A Laurent monomial in n variables is defined by
t¢ =t -t* . .-t where a = (ay,...,a,) € Z".

Observe that t* defines a function (C*)* — C*, i.e., t* is a character of the torus
(C*)™. Such a character is usually denoted by x®: T"— C* where x*(t) = t*.

Another important fact, whose proof can be found in [Hum?75| is that:

Lemma 10.3.7. Any irreducible closed subgroup of a torus (i.e., an irreducible
affine sub-variety which is a subgroup) is a sub-torus.

10.4 Toric varieties

Definition 10.4.1. An (affine or projective) toric variety of dimension n is an
irreducible (affine or projective) variety X such that

(1) X contains an n-dimensional torus 7' = (C*)" as Zariski-open subset.

(2) the multiplicative action of (C*)" on itself extends to an action of (C*)"™ on
X.

Example 10.4.2. C" is an affine toric variety of dimension n.

Ezxample 10.4.3. P™ is a projective toric variety of dimension n. The map (C*)" —
P" defined as (t1,...,t,) — (1,1,...,t,) identifies the torus (C*)" as a subset of
the affine patch C™ C P". The action:

(tl, Ce :tn> . (xo,xl, RN ,$n) = (I’Q,tll'l, RN ,tnl'n)

is an extension of the multiplicative action on the torus.

Ezample 10.4.4. Consider the Segre embedding seg : P! x P! <« P3 given by
((z0, 1), (Y0, 41)) = (ToYo, Toy1, T130, T131). Consider now the map ¢ : (C*)* —
(C*)* given by ¢(t1,t2) = (1,¢1,ts,t1t2). Observe that if one identifies (C*)? with
the Zariski open P! x P!\ V(zoz1y0y1) then it is ¢ = seg|(c-)2. By Lemma
this image is a torus which shows that the torus (C*)? can be identified with
a Zariski open of the Segre variety Im(seg) C P3. The torus action of (C*)? on
Im(seg) defined by (t1,t2) - (2o, x1, 23, x4) = (To, t121, tas, t1tax4) is by definition
an extension of the multiplicative self-action.
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10.5 Discrete data: polytopes

Definition 10.5.1. A subset M C R" is called a lattice if it satisfies one of the
following equivalent statements.

(1) M is an additive subgroup which is discrete as a subset, i.e., there exists a
positive real number € such that for each y € M the only element x such
that d(x,y) < € is given by y = x.

(2) There are R-linearly independent vectors by, ..., b, such that:
M = ZZbZ = {Z Cibi,Ci S Z}
1 1

A lattice of rank n is then isomorphic to Z".

Definition 10.5.2. Let A = {my,...,my} € Z" be a finite set of lattice points.
A combination of the form

d
Z a;m;, such that Z a; =1,a; € Qg
a

is called a convex combination. The set of all convex combinations of points in
A is called the convex hull of A and is denoted by Conv(A).

Definition 10.5.3. A convex lattice polytope P C R" is the convex hull of a
finite subset A C Z". The dimension of P is the dimension of the smallest affine
space containing P.

In what follows the term polytope will always mean a convex lattice polytope.

Ezample 10.5.4. Let ey, . . ., e, be the standard basis of R". The polytope Conv(0, ey, . .

is called the n-dimensional regular simplex and it is denoted by A,,.

Given a polytope P = Conv(mg, m1, ..., m,), let kP = {mi;+...4+my € R" s.t. m; €
P}.
10.6 Faces of a polytope

Let P C R"™ be an n-dimensional lattice polytope. It can be described as the
intersection of a finite number of upper half planes.
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L

o — O
Al = COHV(O, 1) Al X Al

Ay = Conv((0,0), (0,1),(1,0)) 24, = Conv((0,0), (0, 2), (2,0))

Figure 10.1: Examples of polytopes

Definition 10.6.1. Let £ € Z" be a vector with integer coordinates and let b € Z.
Define:

Hg,_b = {m € Rn||<ma§> > b}’ Hf,b = {m S Rn|l<m7 £> = b}
H, g , 1s called an upper half plane and H; is called an hyperplane.

Definition 10.6.2. Let P C R" be a convex lattice polytope. We say that H
is a supporting hyperplane for P if He, NP # () and P C Hgb.

It is immediate to see that a polytope has a finite number of supporting hyperplanes
and that: .
_ +
P= ﬂ H£i7bi
i=1

Definition 10.6.3. A face of a polytope P is the intersection of P with a sup-
porting hyperplane. P is considered an (improper) face of itself.

Faces are convex lattice polytopes as Conv(S) N Hep = Conv(S N Hey).
The dimension of the face is equal to the dimension of the corresponding polytope.
Let F be a face, then

e [ is a facet if dim(F') = dim(P) — 1.
e F'is a edge if dim(F) = 1.
e F'is a vertex if dim(F) = 0.

Remark 10.6.4. Observe (and try to justify) that:

e All polytopes of dimension one are segments.
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e All the edges of a polytope contain two vertices.
e Conv(S) contains all the segments between two points in S.
e Every convex lattice polytope P is the convex hull of its vertices.

Definition 10.6.5. Let P, P’ C R™ be two n-dimensional polytopes. They are
affinely equivalent if there is a lattice-preserving affine isomorphism ¢ : R — R"
that maps P to P’ and thus bijectively P NZ" to P' N7Z™.

Definition 10.6.6. Let P be a lattice polytope of dimension n.

e P is said to be simple if through every vertex there are exactly n edges.

e P is said to be smooth if it is simple and for every vertex m the set of vectors
(vy —m,...,v, —m), where v; is the first lattice point on the ith edge, forms
a basis for the lattice Z™.

Remark 10.6.7. All polygons are simple (but not necessarily smooth).

Lemma 10.6.8. A set of vectors {vy,...,v,} C Z" is a basis for the lattice 7"
if and only if the associated matriz B (having the v; as columns) has determinant
+1.

Proof. If the determinant is 41, then the inverse matrix B! has integral elements
which shows that {vq,...,v,} is a basis. Conversely, let {vy,...,v,} C Z" be a
basis for the lattice Z™. Then there is an integral matrix U such that I,, = BU.
Moreover one observes that the matrix U defines a lattice isomorphism and thus,
because the determinant of U has to be an integer, det(U) = +1. O

10.7 Assignment: exercises

(1) Consider a minimal hyperplane description of a lattice polytope P. In other
words let P =(_, H, g+ »; Where s is the the minimum number of half-spaces
necessary to cut out P. Show that P has s facets and that the vectors &; are
normal vectors to the associated facet. Moreover show that the pairs (&;, b;)
are uniquely determined up to enumeration and multiplication by positive
scalar factors.

(2) Classify, up to affine equivalence, all the smooth polygons containing at most
8 lattice points.
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Chapter 11

Construction of toric varieties

11.1 Recap of example (10.4.4

Ezample 11.1.1. Consider the Segre embedding seg : P! xP! < P3 given by ((xo, 1), (v0,%1)) —
(z0Y0, Toy1, T1Y0, 1y1). Consider now the map ¢ : (C*)? — (C*)* given by ¢(t1,t2) =
(1,t1,t2,t1t2). Observe that if one identifies (C)? with the Zariski open P! x P\ V (zoz1y0y1)

then it is ¢ = seg|(c+)2. This image is a torus which shows that the torus (C*)? can be
identified with a Zariski open of the Segre variety Im(seg) C P3. The torus action of (C*)?

on Im(seg) defined by (t1,t2) - (zo, z1, 23, 4) = (0, t121, taws, t1toxy) is by definition an
extension of the multiplicative self-action.

Notice that in Example the map defining the toric embedding and the torus
action was given by characters associated to the vertices of the polytope Ay x A;.
Observe moreover that for this polytope the vertices coincide with all the lattice
points in the polytope.

This is of course not always the case, the polytope 2A, for example is the convex
hull of 3 vertices, but it contains [2A, N Z?| = 6 lattice points.

Example 11.1.2. Let A = 2A,NZ?* = {(0,0),(0,1),(1,0), (1,1)(0,2),(2,0)}. Con-
sider the map defined by the associated characters and the following composition:

G (C)2 = CO = P, (ty,ty) — (1,11, tg, tito, t3,13).

Observe that this map is the restriction of the 2-Veronese embedding P? — P°.
One sees as above that such a variety is a two dimensional projective toric variety.

The previous examples suggest a general construction:
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11.2 Toric varieties from polytopes

Let T be an n-dimensional torus with character group M = Z" and let A =
{myg,...,mq} C M. Consider the following action of 7" on Co**

te(xo,...,xq) = (X™(t)xg, ..., X" (t)xy).

This action yields an action on the projective space P4 as t - (Azg,..., \1q) =
A(X™ () o, ..., X™(t)2g).

Let 2y € P? be a general point, i.e., a point with non-zero homogeneous coordi-
nates. The orbit T-z¢ = T4 = T. The Zariski closure in P? of the orbit T - zq = T
is a projective algebraic variety containing a torus as a Zariski open set.

Let X4 = T4 be such a variety.
Alternatively:

Let P C R™ be an n-dimensional polytope and let A = P NZ"™ = {my,...,mq}.
Assume that mg = 0 and that P, is contained in the positive orthant. Consider
the monomial map defined by the associated characters:

da: (C)" = CHY S P4 (ty, .. 1) =t (1™ o, ™)

The image Im(¢,) is a torus Ty4. Define X4 to be the Zariski closure of T4. This
means that X4 is the smallest subvariety of P¢ containing 7T4. Let <7 denote the
n % (d+ 1) matrix whose columns are the vectors m;.

Lemma 11.2.1. Th variety X 4 is a projective toric variety of dimension equal to

rank(<).

Proof. Let Ty = (C*)" and consider the lattice of its characters: Hom (T4, C*) =
Z". The map ¢4 induces a map:

Hom,((C*)**,C*) — Homag((C*)",C*); f+ foda

YA 73 7" e — my

where e; are the elements of the standard lattice basis. We see that 14 (Z11) = Z,
and thus that r = rank(<). O

FEzercise 11.2.2. Consider the n—dimensional standard simplex A,, = Conv(eg, €1, . . .

where ey = 0. Describe the projective toric variety associated to A, and 2A,,.

Let P C R™ be an n-dimensional lattice polytope. The toric variety associated to
P, denoted by Xp is the toric variety Xpnzn.
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11.3 Affine patching and subvarieties

11.4 Recap example

You have seen that P™ is the projective toric variety associated to the polytope
A,,. By translating any vertex e; to ey = 0 one can construct a map: ¢ : (C*)" —
C" — P" defined by t — (¢, ..., 1,¢*»~%). The Zariski closure of Im(¢,) defines
the affine patch of P” where x; # 0, i.e.

Notice that the map ¢; is the map defined by the lattice points:
A= {eo_eiaei_eiw'-aen_ei}

We will see that projective toric varieties are in a sense a generalization of projec-
tive space as they are built by patching together affine toric varieties defined by
the vertices of the polytope.

11.5 Affine patching

Let P C R™ be a polytope and let A = P NZ"* = {my,...,mq}. For every
m; € A define A,,, = {m — mylm € A}. Consider ¢4, : (C*)* — C%t —
(.., ™7™ )m,ea and define:

X,, =Im(p,,) C C%

Note that X,, is an affine toric variety.

Proposition 11.5.1. Notation as above. Let V = {vy,... v} be the set of vertices
of P. Then
Xa2 | X,

v, EV

Proof. First notice that X,,, = XaNX,; C P? and thus X4 = UmeA X,,. We prove
the proposition if we show that for every m € A there is at least one vertex v € V/
such that X,, C X,. As observed earlier, P = Conv(V). Let m = > i kv;.
After clearing denominators we can write km = ZvieV kiv;, for k; € Z>¢. Notice
that t™ # 0 iff t#™ = 2 kv = T[(¢%)* #£ 0, which happens only if ¢ # 0 for every
k; # 0. This shows that X,,, C X, for every k; # 0. O
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The vertices of the polytope defines the affine patches that build the associated
toric variety. The following gives an intuition of how projective toric varieties are
considered a generalization of the projective space.

Ezercise 11.5.2. Let P be a polytope of dimension n and let PNZ™ = {mq, ..., mg}.
Show that

e d>n
e d =nand mq,...,m, is a lattice basis (i.e., every vector in Z" is an integral
combination of my,...,m,) if and only if P = A,,.

Let us now examine closer the category of smooth polytopes and the associated
toric varieties. Let P be a smooth polytope and let my be a vertex. After a
lattice-preserving affine transformation we can assume that my = 0 and that the
primitive vectors on the n edges through mg are eq,...,e,.

Lemma 11.5.3. (Ezercise) Let P be a smooth polytope. Then X, = C™ for every
vertex v.

Observe that if P is an n-dimensional smooth lattice polytope, then a facet F' C P
is a smooth polytope of dimension (n — 1). Denote by X the associated toric
variety.

Lemma 11.5.4. Let P be a smooth polytope. Then Xp\ Tr =g fye0r XF-

Proof. Let dim(P) = n, let V' denote the set of vertices of P and V(F') denote the
set of vertices of F. First observe that:

Xp\Tp = | JXN\Tp) = [ JJ{(@1, ... 20) € X, st 2 =0},

veV veV 1

Let v = (my,...,m,) € V, then are n facets passing through v, Fy, ..., F}, such
that v; = (my, ..., m_1, M1, my,) € V(F;). Clearly it is:

{(x1,...,2,) € Xy st 2, =0} =2 X, C X5,

This proves that Xp \ Tp C Up facet Xr. But because for each facet it is Xp =
Uwev(r)Xw and w = v; for some v € V, it is clearly

Xp C | X\ Ty and thus | J Xp € Xp \ Tp.

Vi=w F facet
weV (F)
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11.6 Assignment: exercises

(1) Prove Lemma|11.5.3]

(2) Recall that kP = {mi+...+my s.t. m; € P} and that if P, C R™, P, C R™
then P, x Py = {(my,mg) s.t. my € P;,my € P} C R™ x R"™ is a polytope
of dimension dim(P;) + dim(P,) and whose faces are products of faces of the
respective polytopes.

(a) Describe the faces of the polytope P = A; x 2A,.
(b) Is P smooth?

)
(c) Describe the toric variety Xp as union of affine patches.
)

(d) Describe the induced map Xp — P,
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Chapter 12

More on toric varieties

12.1 Ideals defined by lattice points

Definition 12.1.1. A semigroup S is a set with an associative binary operation
and an identity 0.

A semigroup is finitely generated if there is a finite subset &7 C S such that
S=Ngo = {Z amm s.t. a,, € N}

meg/
Definition 12.1.2. A finitely generated semigroup S = N/ is called an affine
semigroup if
e the binary operation is commutative; and

e it can be embedded in a lattice.

Let S be an affine semigroup, embedded in the lattice Z". We associate to it the
so called semigroup algebra:

C[S] = {Z cmX™ 8.t ¢ € C and ¢, = 0 for all but finitely many m}

meS

Lemma 12.1.3. The semigroup algebra C[S]is a subring of the ring of Laurent
polynomials in d variables Clty, 7", ..., t,, 1.

Proof. The proof is left as exercise. O]

Consider an affine toric variety X/, associated to the finite subset &/ C Z". It
clearly defines an affine semigroup S, and a semigroup algebra

ClS«y] = C[Xy] =Cx™, ..., x™]
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(associated to the characters of the torus).

Remark 12.1.4. The semigroup algebra associated to the torus T, is the algebra
of all Laurent polynomials in n variables:

ClTy] = Clti, t', s tn, 1),
Note that (C*)" 2 V(zyy; — 1, ..., xpy, — 1) C C*™.
Let A= {mq,...,mq} C Z" as above. Consider the following two maps:
U Clyo, .. ya) = Clay, -+, ap), 04 : 2 = 2"

defined as:

Valy:) = a™ and ¥a(e;) = m;
Let [, = Ker(¢%) and L = Ker(14). Let moreover I = {y®—y”|a, 3 € N**! and a—
B e L}

Lemma 12.1.5. 14 is a prime ideal of the ring Clyo, . .., yal-
Proof. The kernel of a ring-morphism is always an ideal. Note that
Clyo, - -, ya)/Ia = Clz™, ... 2™
and that C[z"™0,... 2] is an integral domain. O

Proposition 12.1.6. [, = 1.

Proof. Tt is easily checked that I C I4. Let a = Y aye;, B = 5. Bie; € N¢ such that a—
B €L, ie Y, amm; =3, Bim;. Then t=mi = ¢25mi and thus ¢4 (y* — y?) = 0.
Assume now that I, \ I # 0 and let f € I, \ I be the element with minimal
(after choosing a term order) leading coefficient y®. After possibly rescaling we
can write:

f=y*+ f1 ,where f(z™, ... ™) =0.

It follows that f; has a monomial y” such that ¢% (y*) = ¢*(y°) and thus a—j3 € L
which implies y*—y? € I for a = e, B = Bje;. It follows that fo = f—(y*—y”) €
I4\ I is an element with lower leading term than f which is impossible. O]

12.2 Toric ideals

Definition 12.2.1. A prime ideal I C Clyo, ..., yq] is called a toric ideal if it is
of the form I, for some A C Z¢.
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Proposition 12.2.2. (Homogeneous) toric ideals I define toric (projective) vari-
eties and (projective) toric varieties are defined by (homogeneous) toric ideals.

Proof. Consider a projective toric variety X4 C P? defined by
A= {mo,...,md} CcZ".
Let I € Clyo, ..., ya) be the homogeneous ideal defining X 4. By definition f(z™0, ... 2™4) =
0 for all f € I which implies I C I4 and thus V(I4) C X 4. On the other hand all
the polynomials in 4 vanish on ¢4((C*)") which implies that T4 C I(¢a((C*)™))

and thus ¢4 ((C*)") C V(14). But X4 is the smallest closed subvariety containing
d4((C*)™) which implies X4 = V(14). O

12.3 Toric maps

Definition 12.3.1. Let X, Y be toric varieties and let Tx, Ty be the algebraic
tori. A map f: X — Y is said to be a toric map if

(1) f(Tx) € Ty;
(2) flry : Tx — Ty is a group homomorphism.
Definition 12.3.2. A toric map f: X — Y is equivariant if
flt-z)=f@t)- f=z).

Consider the map ¢4 : X4 < P4 This is an equivariant toric map (we call it a
toric embedding). In fact ¢4(Tx) C Tpa and they are related via the following:

Tpa =P\ V(g - a1+ - - ).
1 —=C* = (C)™ — Tpa — 1

da:Tx, — (C) = Tpa.

Moreover

Galte) = ((Lx)™, ..., (tx)™) = da(t) - pa().
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12.4 Fixed points

Let P be a smooth polytope of dimension n. and and let V(P) denote the set of
vertices. For every vertex v € V(P) there are n facets F1,. .., F, passing through
v. Notice that:

v=[)F and (V(F)=(0,...,0)€ X, ~C"
=1 1

Every vertex v € V(P) corresponds to the point 0 € X,, which is the unique point
of X, fixed by the torus action. This means that |V (P)| corresponds to the number
of fixed points in Xp.

Example 12.4.1. The torus action on P" has n+ 1 fixed points: (1:0:...:0),(0:
1:...:0),...,(0:...:0:1).

12.5 Blow up at a fixed point

We will define a new polytope, obtained by truncating a vertex. This is not
possible with every polytope and it is for this reason that in this chapter we make
the following important assumption.

Definition 12.5.1. Let P be a smooth polytope of dimension n. A vertex v is
called a vertex of order 2 if the length of all the n edges through v is at least 2.

Lat P = ﬁqut,b,- and let v be a vertex of order 2. Let Fi,...,F, be the facets
containing v corresponding to He, 5, N P, ..., He, . N P. We will call the following
polytope the blow up of P at v and will denote it by Bl,(P) :

BL,(P) = (M H , )N H _,

where &, =& + ...+ &,.
P= Blv(P):

The blow up polytope define a toric variety which will be denoted by Bl,,)(X)
and called the Blow up of X at the point z(v). Let dim(P) = n, one can see
immediately that:
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(1) If X C P? then le(v)(X> C Pt

(2) Let V(P) = {my,...,maq}, with v = m, and let ey, ..., e, be the first integer
points on the edges through v. Then V(BL,(P)) = {my,...,mg_1,€1,...,€n}.

(3) He, —1NBL,(P)=Conv(ey,...,e,) = A,

(4) If the facets of P are He j, N P,yi = 1,...7 then the facets of Bl,(P) are
He,p, NBL,(P),7=1,...7 together with 6, 1 = He, 1 N BL,(P).

(5) Bl,(P) has the same dimension, n.

Geometrically what happened is that we introduced a V(A,,_;) = P"! instead of
the fixed point z(v).

12.6 Assignment: exercises

(1) A rational normal curve of degree d is defined as the image of the degree d
Veronese embedding of P! :
P! = P4 (2g:ay) = (2 a3 ey 287227 2T 2

Let P be a lattice polytope. Show that for every edge L C P, the toric
variety V(L) is smooth and isomorphic to a rational normal curve. What is
the degree of such a rational curve?

(2) Let ag,...,a, be coprime positive integers. Consider the action of C* on
C"*t1 given by:
t-(xy,...,x,) = (tx0,...,t"x,) = Plag, ..., a,).

The quotient (C"™' — {0})/C* exists and it is called the weighted projec-
tive space with weights qay, ..., a,.

(a) In which sense is this a generalization of P™?

(b) We say that a polynomial p(z) = > cez® € Clzg, 21, 22,...,2,] is
(ap,as, . ..,a,)—homogeneous of weighted degree s if every monomial x®
satisfies a - (ag, . .., a,) = s. Show that f = 0 is a well defined equation
on P(ay,...,a,) if and only if f is (ag,ay, ..., a,)—homogeneous.

(c) Consider P(1,1,d). Show that the map P(1,1,d) — P! defined by
(zo, 21, T2) — (2, 28wy, ... wead™t 29, 1) is well defined.

(d) Show that P(1,1,d) is a projective toric variety.

(e) Construct the polytope associated to P(1,1,d).

(f) (*)[bonus point] Can you show (d) and (e) for any P(aq,...,a,)?
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Chapter 13

Rational maps

13.1 Varieties

By a wariety we will mean either an affine variety, a projective variety or a quasi-
projective variety. Recall that both affine varieties and projective varieties are
quasi-projective (Example and Exercise [0.1.3). We will occasionally also
mention abstract varieties which are defined analogously to smooth manifolds, cf.

Definition [3.2.2]

Definition 13.1.1. An abstract variety X is an irreducible topological space that
has an open covering X = (J, U, together with homeomorphisms ¢,: U, — V,
where the V,, are affine varieties such that over the intersection U,z = U, NUp the
map

$at

¢a(Ua6) — Uaﬁ — ¢B(Ua,3)
is an isomorphism of varieties.
An affine variety is trivially an abstract variety. Projective space has a canonical
open covering by open affine pieces which gives it a structure of an abstract variety
(Proposition [8.4.2). Quasi-projective varieties are also abstract varieties.
13.2 Rational maps
Let X and Y be varieties and let U and V' be non-empty open subsets of X. Two

maps f: U — Y and g: V — Y are equivalent if f|y = g|lw for some non-empty
open subset W CUNV.
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Definition 13.2.1. A rational map f: X --+ Y between varieties is an equivalence
class of maps U — Y where U C X is a non-empty open subset. We say that f is
defined over an open subset V' C X if there exists a representative V' — Y of f.

Remark 13.2.2 (Graphs). Let f: X — Y be a map between varieties. Then there
is a map (idyx, f): X — X x Y. The graph of f is the image

I'y={(z,f(z)) : 1€ X} CX XY

of (idx, f). The graph is closed and X — I'; is an isomorphism of varieties.
Indeed, if f is a polynomial map

(21, T2, ... xn) — (p1(2), p2(2), ..., P (),

then I'y is defined by the polynomial equations y; = pi(2),...,ym = pm(z). A
general map f is locally given by polynomials so I'y N (U; x Y') is closed in U; x YV’
for some open covering X = (J, U;. It follows that I'; is closed. The composition
pry o (idy, f): X = X x Y — X is the identity so X — I'; is an isomorphism.

Lemma 13.2.3. Let X and Y be varieties and let U C X be a non-empty open
subset. If f,g: X — Y are two maps such that f|ly = gly, then f = g. In
particular, a map U — Y has at most one extension X — Y.

Proof. Consider the product X x Y and the open subvariety U x Y. We have
seen that I'y and I'y are closed subvarieties of X x Y. Let 1»: X — I'y denote the
canonical isomorphism. The intersection I'y N I'y can be identified with the closed
subvariety Z = ¢~1(I'y NT,) of X. But f|y = g|y by assumption, so Z contains
U. Since X is irreducible, it follows that Z = X so I'y = I'y and hence f = g. [

Thus, if f: X --» Y is a rational map that is defined over both U and V', then it
is defined over U U V. The domain of definition of f is the maximal open subset
dom(f) € X over which f is defined. Thus, f is represented by a unique map
dom(f) — Y that we also denoted by f. When the domain of definition of f is X,
we have an ordinary map X — Y. We can thus consider the set of maps X — Y
as the subset of rational maps f: X --+ Y that are defined over X.

Exercise 13.2.4. Show that every rational map f: P" --» P is represented by a
partially defined function f([xo : x1 : -+ @,]) = [fo: fr : --+ ¢ fin] where the
fi are homogeneous polynomials in x, ..., z, of the same degree d and not all f;
are identically zero. Conversely, show that any set of homogeneous polynomials
fo, -+, fm that are not all identically zero and have the same degree gives rise to
a rational map. When are two rational maps equal?
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13.3 Birational varieties

Definition 13.3.1. A rational map f: X --» Y is birational if there exists an
open non-empty subset U C X such that f is defined over U and induces an
isomorphism onto an open subset V' C Y. A map f: X — Y is birational if it is
birational as a rational map.

Notation 13.3.2. By “birational map” we mean either a map or a rational map
that is birational. To avoid this confusion, one sometimes uses “morphism” and
“rational map” instead of morphism and map. Another choice is to use “regular
map” do denote ordinary maps. A third choice is to write “birational rational
map”. In our text, the difference will be made clear from the context or from the
arrow being either solid or dashed.

Note that if f: X --+ Y is birational, then there exists a unique birational map
f~1:Y -—» X inverse to f.

Definition 13.3.3. We say that two varieties are birationally equivalent, or merely
birational, if there exists a birational map between them (this is an equivalence
relation). The birational class of a variety is the class of it under birational equiv-
alence.

Remark 13.3.4. It can be shown that two affine varieties are birational if and only if
the fraction fields of their coordinate rings are isomorphic. This also holds for pro-
jective varieties with a suitable definition of the fraction field of the homogeneous
coordinate rings.

Ezxample 13.3.5. Affine space A" and projective space P" are birational: there is
a map A" — P" taking (zq,x2,...,2,) to [l :xy : 29 : -+ : x,] which induces an
isomorphism onto its image.

Example 13.3.6. The projective varieties P! x P! and P? are birational but there
is no map between them. There is a rational map

P! x P! --» P?
([zo = 1], [yo : wa]) = [wo/@1 : yo/yn : 1]
that induces an isomorphism between the open subsets {zox1y0y; # 0} C P! x P!
and {29z122 # 0} C P2. These open subsets are isomorphic to the algebraic torus

(C*)2. We will see in Section that there exists a non-singular projective surface
X and birational maps X — P! x P! and X — P2

Ezxample 13.3.7. Two toric varieties of the same dimension n are birational: the
algebraic torus (C*)" is an open subset of both. This generalizes the previous
example.
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Ezxample 13.3.8 (Projection). The rational map P --» P™, [zg : a1 @ -+ @z,
[zg : @y -+ xy] is defined where (zg, x1,...,2,) # (0,0,...,0). This rational
map will be treated in detail in Section [14.3]

Ezample 13.3.9 (Cremona transformation). The rational map P? --» P2 [z : y :
zl = [1/x 1)y :1/2] = [yz : zx : xy] is birational but not everywhere defined. It
induces an isomorphism over the torus (C*)? = P? \ Z(xyz). This birational map

is further discussed in Section [14.4].

Ezercise 13.3.10. Show that a rational map P --» P" given by f(xg:---:x,) =
(fo:---: fn) is birational if and only if

(1) fo# 0, and

(2) the field extension k(f1/fo,--., fn/fo) C k(x1/xq,...,2,/x0) is an isomor-
phism.

13.4 Birational geometry of curves

We list some facts on the birational structure of curves. Most of these facts can
be found in [Har77, Ch. 1.6]. Here by curve we mean a variety of dimension 1, so
in particular irreducible.

(1) A curve C has a finite number of singular points. We denote this subset by
Csing.

(2) If f: C" — C is a birational map of curves, then f is an isomorphism over

the open subset f(C")\ C*"e.

(3) There exists a unique desingularization C — C, that is, a projectiv bi-
rational map C — C such that C is non-singular. In commutative alge-
bra terms, the desingularization is accomplished by taking the normaliza-
tion/integral closure of the coordinate ring.

(4) If C is a curve, then there exists an embedding C' C C where C is projective.
More generally, every curve is either affine or projective [Har77, Exc. TV.1.3].

(5) In every birational class of curves, there exists a unique non-singular projec-
tive curve. Thus if C' and C” are non-singular projective curves, then C' and
C'" are birational if and only if C' and C” are isomorphic.

"When C is projective, the map being projective means that C is projective. Over C, a map
is projective if f~1(W) is compact for every compact subset W C C' in the analytic topology.
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Let C' be a non-singular projective curve over C. If we consider C' with the analytic
topology, inherited from P", then C' becomes a real compact orientable surface.
These are classified by their genus g which is a non-negative integer counting the
number of “holes” in the surface. If C' is any curve over C, then the geometric
genus py(C) of C is the genus of the unique non-singular projective curve in the
birational class of C'. By definition, the geometric genus of a curve is a birational
mvariant.

Figure 13.1: A compact orientable surface of genus 1.

Ezxample 13.4.1 (Genus 0). There is exactly one projective non-singular curve of
genus 0, the projective line P'. Thus, a curve C has geometric genus 0 if and
only if it is rational, that is, admits a birational map P! --+ C (if C' is projective,
this map is defined everywhere, see Corollary below). Examples of singular
rational curves are the nodal and cuspidal cubics, cf. The twisted cubic
(Exercises(8.4.8] [9.1.5/and [9.7.1)) is a non-singular rational curve embedded into P3.

Ezample 13.4.2 (Genus 1). A real compact surface of genus 1 is a torus, that is
isomorphic as a manifold to S' x S (not to be confused with the algebraic tori
of toric varieties). The projective non-singular curves of genus 1 are the non-
singular cubic curves (elliptic curves) with equation y?z = z(x — 2)(x — A\2) where
A € C\{0,1}, cf. §5.2.6] Some of these curves are actually isomorphic. The correct
invariant is the so called j-invariant:

sV = A 41)°

A1
J A2\ — 1)

Two elliptic curves are isomorphic exactly when their respective j-invariants are
equal.

Remark 13.4.3 (Arithmetic genus). Let X C P" be a projective variety. Recall
that the homogeneous coordinate ring of X is k[X] := k[zo, x1, ..., x,]/I(X). This
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is a graded ring. The Hilbert function of X is the function hx(d) = dimy k[X]4
(Definition [6.4.2). For all large d, hx(d) equals a polynomial, the Hilbert polyno-
mial HPx(d). The arithmetic genus of X is the integer p,(X) := 1 — HPx(0).
The arithmetic genus of a plane curve C' of degree d is

(d—1)(d-2)
2

cf. Theorem [6.4.3] In particular, the arithmetic genus of a degree 2 curve is 0
and the arithmetic genus of a degree 3 curve is 1. It can be shown that if C' is a
non-singular projective curve over C, then p,(C) = p,(C). Note that a singular
cubic curve has p, = 0 and p, = 1. In general, p, < p, and the arithmetic genus
is not a birational invariant.

pa(C) =

13.5 A rational map from a surface

Consider the following function in two variables
Y
€T = —
f( 7y) x2 + yg

This is a classic example of a function that has partial derivatives yet is not
differentiable. Indeed, the partial derivatives (along any line through the origin)
is zero but the function is not continuous.

From the perspective of algebraic geometry, this can be treated as a rational map

A2 L, p!

(z,y) — [zy : 2 + 3]

which is defined outside the origin. If we restrict f along the line L: y = kz, we
obtain f(z,kz) = k?/(1 + k?) outside the origin, that is, the restriction of f to L
extends to a map:

Al e pt
T — [k* 1 14+ K7

and similarly for x = ky. Note that the map is even constant (so the partial
derivatives along any line is zero) but depends on the slope k. Thus, to extend f
to a map everywhere, we have to take into account the direction we approach the
origin. We do this by considering the set A% x P! of pairs (P, L) where P € A? is
a point and L C A? is a line through the origin. Outside the origin we know what
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f(P) is and there is a unique L through P. At the origin, choosing a line L through
the origin tells us what f(P, L) should be. We thus end up with considering the

following subset
BlyA* = {(P,L) : P L} CA*x P!

which is called the blow-up of A% at the origin, cf. Section We then define,
as a map of sets:

g: Bl,A" — P!

P if P#0
Py I 7 |
[k*: 14 k%] if P =0, where k is the slope of L
Exercise 13.5.1. Analyze the rational map A? --» P! given by f(x,y) = xfiZQ.

13.6 Maps from curves into projective varieties

Theorem 13.6.1. Let C' be a curve, let P € C be a non-singular point and let
X be a projective variety. Any map f: C \ {P} — X extends uniquely to a map
¢ — X.

Proof. We will only treat the case where C' is rational (the general case can be
found in [Har77, Prop. 1.6.8]. If ¢ — C denotes the desingularization, then
it is enough to produce a map C' — X since ¢! — C is an isomorphism in
a neighborhood of P. We can thus assume that C is non-singular. We may
also compactify C' and assume that C' is projective. Then C = P!. Now use
Exercise [13.2.4] and unique factorization... 0

Corollary 13.6.2. If C' is a non-singular curve and X is a projective variety,
then any rational map C' --+ X extends to a map C — X.

Remark 13.6.3. In the theorem, the following conditions are crucial:
e P has to be non-singular (see Exercise [13.6.5),
e X has to be projective or, more generally, complete (see Exercise [13.6.5)),
e C has to be a curve (see Section [13.5).

Remark 13.6.4. Complete varieties (see below) are characterized by the theorem.
Exercise 13.6.5. Show that Corollary [13.6.2) fails if:

(1) C is singular: consider a suitable rational map C' --» X = P! where C'is a
nodal cubic curve (Example [5.2.11]).
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(2) X is not projective: consider P! --» Al [z : y] — (2/y).

One way to show that a rational map does not extend to a map of varieties, if we
work over C, is to prove that there is no continuous map in the analytic topology
extending the rational map.

13.7 Appendix: complete varieties and theorems
by Chow, Nagata and Hironaka

Definition 13.7.1. An abstract variety X, over C, is complete if X equipped with
the analytic topology is compact.

The following alternative definition works over any field.

Definition 13.7.2. An abstract variety X is complete if for every variety Y, the
projection map X X Y — Y takes closed sets to closed sets.

Projective varieties are complete and complete varieties are not too far away from
being projective.

Theorem 13.7.3 (Chow’s lemma, c. 1950, weak formulation). If X is a complete
variety, then there exists a birational map X — X where X is projective.

A celebrated, and much deeper, theorem by Hironaka is that varieties are not too
far away from being non-singular either.

Theorem 13.7.4 (Hironaka’s desingularization theorem, 1964, weak formulation).
If X is a variety, then there exists a birational map X — X where X is non-
singular.

Theorem 13.7.5 (Nagata’s compactification theorem, 1962). If X is an abstract
variety, then there exists a complete variety X and an open embeddingi: X — X,
i.e., a map such that i(X) is an open subvariety and X — i(X) is an isomorphism.

When X is a quasi-projective variety, Nagata’s theorem is almost trivial. Indeed,
by definition , X is a locally closed subset of P*. This means that X is
open inside a closed subset Z. Since Z is a projective variety, we have an open
embedding 7: X — Z.

Example 13.7.6. Consider the parabola C' C A? defined by f(z,y) =y — 2% = 0.
This embeds into P? by (z,y) — (z : y : 1). The closure of C' in P? is the
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projective variety defined by the homogenized equation F(z,y,z) = yz —2?> =0
(a non-singular conic).

[picture]

We can also choose a different embedding into a projective variety. For example
C — P2 by (z,y) — (z : zy : 1). The closure of C in P? is the projective cubic
curve (" defined by s® —tu? = 0. The curve C’ is singular at (s : ¢ :u) = (0:1:0)
(a cusp singularity). We have a partial inverse C" --» C given by (s : t : u) —
(s/u,t/s) = (s/u,s*/u?) which is defined outside (0: 1 :0).

Also see Exercises [0.1.3 and [9.1.4]

Remark 13.7.7. Every variety is birational to an affine variety, hence to a projective
variety. Indeed, if X is an abstract variety, then there is an open non-empty subset
U C X such that U is an affine variety. This gives a birational map X --» U.
Since U is affine, it is a closed subvariety of some A™ and A™ is an open subvariety
of P*. This gives a rational map X --» P". Admitting a birational map X --» P
is a much stronger condition: one says that X is rational in this case, cf. a rational
curve.
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Chapter 14

Blow ups

14.1 Definition of blow-up

Recall that P! is the set of lines in A" through the origin 0. Thus A" x P*"! is
the set of pairs (P, L) where P € A" is a point and L C A" is a line through the
origin.

Definition 14.1.1. The blow-up of affine space A™ at the origin is the subset of
A" x P! consisting of pairs (P, L) where P € L. The blow-up is denoted BloA".

If A" has coordinates x1, Za, . . ., ,, and P"~! has coordinates yi, 92, . . . , ¥, then the
condition that P € L is the condition that (z1,za,...,2,) = AM¥1,Y2,...,yn) for
some A € C. Equivalently, the conditions z;y; = x;y; holds for all 1 <¢ < j < n.

The projection map A" x P*~! — A" induces a natural map 7: BlgA™ — A" that
takes (P, L) to P. If P # 0, then there is a unique line that passes through P.
Thus, 7 is injective outside the origin. On the contrary, every line passes through
the origin. Thus

(1) m|anm\o is an isomorphism, so 7 is birational.
(2) #=10) =P L.

The fiber 771(0) is called the exceptional divisor, where divisor signifies that it
has codimension 1 in the blow-up.

Slightly more general, we may define:
Definition 14.1.2. Let X be a variety and let P € X be a point. Let U C X be
an open neighborhood of P and let U — A"™ be a map that identifies U with an

open subset of A" and maps P to the origin. The blow-up of X at P is the gluing
of X \ P with (BlgA™)|y along U \ P.
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Figure 14.1: The blow-up of the affine plane at the origin depicted at the left. The
exceptional divisor is the horizontal line. The curve C” in the blow-up maps to the
curve C' in the plane.

For the general definition of a blow-up of a variety at a non-singular point, see
Section [14.71

14.2 Charts of a blow-up

Consider the blow-up Y = BlyA? of the affine plane A%2. We give the plane the
coordinates x, y and the projective line the coordinates s,t. The blow-up Y is then
the subvariety of A% x P! given by the equations xt = ys or in a more suggestive
form “x/y = s/t”.

BlpU U

BlpX =

Figure 14.2: The blow-up of X at P is locally defined as the blow-up of U at
P. Here BlpU = 7= *(U) which defines BlpU in terms of BlpA™ if U is an open

subspace of A",
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Recall that the projective line has a standard open covering by two affines: U; =
{s # 0} and Uy = {t # 0}. On the first open we have U; = A® with coordinate
k =t/s and on the second we have U, = A with coordinate k' = s/t.

The open covering of the projective line induces an open covering of the blow-up by
affine varieties. The two open subsets Y] = {s #0} C Y and Y, = {t #0} C Y are
isomorphic to closed subvarieties of A% x A'. On the first chart we use coordinates
x,y, k and on the second chart coordinates x, vy, k1. The equations become y = kx
and z = k~y respectively.

In the first chart, the coordinate y is a polynomial in the other variables. This
implies that the first chart is isomorphic to A? with coordinates x, k. We write this
as Ai,k' Similarly, the second chart is isomorphic to A;k_l. Thus, the blow-up is
locally isomorphic to the affine plane itself. In particular, it is non-singular.

The first chart contains everything of Y except the line s = x = 0 which is
contained in the second chart as & = k=" = 0 (or simply as k=" = 0 in A2, ;).
Similarly, the second chart contains everything of Y except the line t = y = 0
which is contained in the first chart as y = k = 0 (or simply as k = 0 in A2 ;).

The exceptional divisor is given by the equations = y = 0. In the first chart this
equation becomes the line z = 0 in A;k. In the second chart this equation becomes
the line y = 0 in Az,k—l' The parameter on the exceptional divisor is k and k!
respectively and these two lines glue to a projective line P! with coordinates (s : t)
where k = t/s and k™! = s/t.

E:x=y=0

Lo: k=0 Ly: s =0 (implies = 0)

Lo: t =0 (implies y = 0)

First chart: Y1 = {s # 0} 2 AZ | Y = BlgA?

Figure 14.3: One of the charts of the blow-up of the affine plane. The slope is
k =y/x =t/s which gives the coordinate on E.

FEzercise 14.2.1 (Blow-up of affine space in dimension 3). Describe affine charts
for the blow-up of the origin in A® and give equations for the exceptional divisor
in these charts. Verify that locally the blow-up is isomorphic to A® and that the
exceptional divisor is a hyperplane.
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14.3 Projections and blow-ups

Let us consider the projection P? --» P! [z : y : 2] + [z : y]. This is defined
outside the point O = [0 : 0 : 1] which we can view as the origin in the affine
chart z # 0. In this chart, a point (z,y) = (x : y : 1) is mapped to [z : y],
that is, the line through the origin and (z,y). Any point outside this chart lies
on the line at infinity Lo, = {z = 0}. Any point [z : y : 0] on L, is the unique
intersection point between L., and a line L through the origin, namely the line
L={[x:y:A : X€&k} which consists of the points [A\'z : A\7ly : 1] (A # 0)
and [z : y : 0]. We have thus arrived at our first description of the projection:

(I) The projection takes a point P € P?\ O to the line L = OP.

But we saw that any such line L passes through a unique point at the line at
infinity L.,. The line at infinity is isomorphic to P! and we can consider the
projection as a map P? --» P! = L, CP? [z :y: z] — [z :y:0]. This gives the
second description of the projection:

(IT) The projection takes a point P € P?\ O to the intersection of the line L = OP
and the line at infinity L.

It is thus natural to speak of the projection from the point O onto the line L.
If we shift focus to a chart at the line of infinity, all lines through the origin are
parallel. In the standard coordinates, these lines are orthogonal to L., and we
may talk about an orthogonal projection onto L.

(III) The projection is the orthogonal projection onto the line at infinity L.

Q\O
Ly L
P, P
QQ Ql Loo

Figure 14.4: Pictures of the three different descriptions of the projection.

If we choose any line L; not passing through O, we may also describe the projection
as the map taking a point P to the intersection point between L = OP and L.
The projection from O can thus be naturally identified with the projection onto
any line not passing through O.
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Blowing up Although the projection p: A? --s P! is not defined at O, it be-
comes a well-defined map after blowing up O. Recall that the blow-up BlpA? sits
inside A% x P!. The composition pow: Y — A? --» P! is given by ((z,y),[s :
t]) — [z : y] but outside the exceptional divisor we have that [z : y] = [s : t].
Thus, p o 7 is equivalent to the second projection Y — A2 x P! — P! that takes
((x,y),[s: t]) — [s : t] and this is defined on all of Y.

14.3.1 Conics and projections

In Theorem [.2.3] it was shown that every irreducible conic C' is isomorphic to
P! (we assume that the ground field k is algebraically closed so every point is
rational). The proof is closely related with the projection P? --» P! from a point
on C. After a change of coordinates, we may assume that O lies on C. The
projection then restricts to a map C'\ O — P! that takes a point P € C'\ O to
the line through OP. Since C' has degree two, any line through O meets C' in
at most one other point or is a component of C' (but this would mean that C' is
reducible). This means that the projection C'\ O — P! is injective. A point in P!,
corresponding to a line L, is in the image exactly when L is not a tangent to C' at
O. Conversely, we may define P! — C by sending a line L to the unique point of
intersection with C'\ O, or to O if L is tangent at O.

The composition P! — C' --» P! is the identity and it turns out that both maps
are defined everywhere and isomorphisms. This is because any irreducible conic is
non-singular and rational maps from non-singular curves are defined everywhere

(Theorem [13.6.1)).

5 O
A ;

Figure 14.5: Projection from a point on the conic and from a point not on the
conic respectively.

If we choose a point O outside C, we obtain a map C' — P! which is generically
two-to-one since every line through O meets C' at two points unless it is tangent

to C.

Fzercise 14.3.2. Given a non-singular conic C' and a point O € A%\ C, show that
there are exactly two tangents of C' through O. Thus the projection C' — P! from
O is two-to-one except in two points P; and P». We say that the map has degree
2 and that it is ramified in P, and P,.
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Let C be the conic yz = x?. Consider the projection from [1: 0 : 0] giving rise to
a map C — P! of degree 2. Where is this map ramified?

14.3.3 Cubics and projections

Let C' be a plane cubic curve, let O be a point on C and consider the projection
C\ O — P! from O. Since C has degree three, we expect that most lines through
O should meet C' in two other points. This means that the projection would be
two-to-one and not one-to-one. An exception is if every line meets O in multiplicity
at least two, that is, if O is singular. Thus, if C' is a singular cubic curve we obtain
a birational map C' --» P'. By Theorem the inverse is everywhere defined
and gives a desingularization P! — (. This map takes a line L through O onto
the unique point of C'\ O meeting L, or O itself if (C'\ O) N L = (). Since C' is
singular, the map C' --» P! is not defined at the singular point.

Figure 14.6: Projection from the singular point of a nodal cubic.

Exercise 14.3.4. If C' is a cubic curve in normal form: y?z = z(x — 2)(z — \z),
then C has a unique point O = [0 : 1 : 0] on the line at infinity. The projection
from this point gives a map C'\ O — P!. The point O is non-singular so this map
extends to a map C — P! of degree 2. Make this map explicit and determine the
ramification points of this map.

Exercise 14.3.5. Recall the twisted cubic curve C' C P? (Exercises [8.4.8] and
9.7.1)) which is a rational curve, that is, admits a birational map P! — C'. In fact,
(' is even non-singular and hence isomorphic to P!. Find

(1) a point P on C such that the projection C' --» P? is defined everywhere,
birational onto its image C’ and such that C’ C P? is a conic.

(2) a point P outside C' such that the projection C' — P? is birational onto its
image C’ and C” is a cuspidal cubic.
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(3) a point P outside C' such that the projection C' — P? is birational onto its
image C’ and C” is a nodal cubic.

Remark 14.3.6. It can be shown that any curve C' is birational to a plane curve.
More generally, any variety X of dimension r is birational to a hypersurface in
P! [Har77, Prop. 1.4.9]. Also, if we start with X C P, then there is a projection
P --» P™™! that induces a birational map X — X’ [Har77, Exc. 1.4.9].

14.4 A Cremona transformation

Consider the Cremona transformation

p2 — L, p2

[x:iy:zl——[1/x:1/y:1/7]

We give the right-hand side coordinates [s : ¢ : u|. The map is rational since it is
given by polynomials: [s :t: u] = [yz : zz : zy]. Note that f is its own inverse.
The rational map is defined outside the three points P, = [1:0:0], P, =[0:1:0]
and P; = [0 : 0 : 1]. We also note that the lines L; = {z = 0}, Ly = {y = 0}
and Ly = {z = 0} are mapped to the points @1 = [1 : 0: 0], Q2 = [0: 1 : (]
and @3 = [0 : 0 : 1] in the image (although the map is undefined in the pairwise
intersections of these lines). Conversely, the inverse map is defined outside @1, @2
and Q3 and the lines L] = {s = 0}, L}, = {t = 0}, Ly = {u = 0} are mapped to
the points P, P, and Pj respectively.

Let us study f locally around P3;. In the affine chart z # 0, the map is given
by (z,y) = [z :y : 1] = [y : z : xy] and is defined outside Ps. If we blow-up
P3, then we get a well-defined map Blp,A? — P2 Indeed, the map is given by
((zyy),[s : t]) = [t : s: syl =[t:s: tx]. Note that the restriction to the
exceptional divisor # = y = 0 is an isomorphism onto the line Lf.

Similarly, if we also blow-up P; and P, the map f becomes well-defined every-
where, that is, if © denotes the structure map of the blow-up, then we get a
well-defined map g: Blp, p, p,P? — P? sitting in the diagram

/ X (14.1)
!

Let By = n7Y(P), Fy = 7 '(P) and E3 = 7 (P;) be the exceptional divisors
and let Ly, Ly and L3 be the strict transforms of L;, Ly and L3 respectively, cf.
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Py

Ls
L

Ps Lo

Figure 14.7: The Cremona transformation f and the blow-up in P, P, and P;.

Figure . The map g takes the line Zl to the point @); for « = 1,2, 3 since the
rational map f takes the lines L; to the points ();. As we noted above, the map g
also induces an isomorphism between E; and L for i = 1,2, 3.

Exercise 14.4.1. Show that g is the blow-up in @), Q)2 and @s.

In the following section we will see that any birational map of non-singular surfaces
factors as a “roof” of blow-ups at points as in (|14.1)).

14.5 Resolving the indeterminacy locus by blow-
ups

A rational map f: X --» Y between two non-singular surfaces is defined outside
a finite number of points Py, P, ..., P, € X. In fact, the following generalization
of Theorem holds: if f: X --» Y is a rational map where X is non-singular
and Y is projective, then f is defined outside a closed subset of codimension 2.

Given a birational map f: X --» Y, we thus have that both f and f~! are defined
outside a finite number of points on X and Y respectively. Nevertheless, it does

not follow that X and Y are isomorphic after removing a finite number of points
on X and Y.

Ezample 14.5.1. Let P, and P, be different points on P? and consider X; = Blp, P?
and X, = Blp,P2. Since X; and X, are naturally birational to P?, there is a natural
birational map f: X; --» X,. If E; and FE, denote the exceptional divisors and
we identify P, with its inverse image in X; and P; with its inverse image in X,

98



then f is defined over X, \ P, and f~! is defined over X, \ P, but the largest open
subsets over which X and X, are isomorphic is X; \ (Ey U Pp) = Xy \ (P U Es).

X, = Blp, P2 Xa = Blp, P2

Figure 14.8: A simple birational map.

On the other hand, suppose f: X — Y is a birational map that is defined on
all of X. We have seen that the inverse f=': Y --» X is defined outside a finite
set of points Z C Y and it follows that f]X\f 1z X\ [H(Z) - Y\ Zis an
isomorphism.

Theorem 14.5.2. Let f: X — Y be a birational map between non-singular sur-
faces and Z the finite subset of Y over which f is not an isomorphism. Then f is
an iterated sequence of blow-ups at points in Z and at points in inverse images of
Z. In particular, the fiber f~1(z) is a tree of P'’s for any z € Z.

Sketch of proof. Zariski’s main theorem shows that the fiber f~!(2) is connected
(but not necessarily irreducible) and hence of pure dimension 1 for every z € Z.
The irreducible components of the f~!(z)’s are precisely the curves in X that
are mapped to a point in Y. These curves are called exceptional curves. By the
universal property of blow-ups (that we have not discussed), it follows that there is
amap X — BLY for any z € Z. This map is surjective so at least one exceptional
curve is not exceptional for X — B1,Y. The result now follows by induction on
the number of exceptional curves. O

Theorem 14.5.3 (Resolving the indeterminacy locus). Given a birational map
J: X --»Y of non-singular projective surfaces, there exrists a sequence of blow-
ups X = X, > X,,_.1 = -+ = X1 — Xo = X such that the composition X — Y
1s defined everywhere.

Sketch of proof. The closure of the graph of f gives a variety Z C X x Y and
birational maps Z — X and Z — Y. However, Z can be singular. By Hironaka
(Theorem , there exists a birational map 7 — 7 such that Z is projective
and non—smgular Now apply Theoremto the composition Z—7Z—-X. O
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X Y

Figure 14.9: An illustration of a general birational map f: X — Y.

4

By the previous theorem, X >5Yisa sequence of blow-ups so we have a “roof”:

X

RN

X Y

where both X — X and X — Y are sequences of blow-ups.

14.6 Birational geometry of rational surfaces

In the previous section we saw that every birational map between non-singular
surfaces is given by a sequence of blow-ups and blow-downs, i.e., inverses of blow-
ups. The set of non-singular surfaces form a graph where an edge is a blow-up.
Two surfaces are then birational if and only if they belong to the same component
of the graph. In this section we will study the component of rational surfaces, that
is, those that are birational to P?.

Ezxample 14.6.1. We have seen the following examples of rational surfaces: P2
P! x P!, toric surfaces, and blow-ups of these.

Minimal surfaces Given a surface X we can blow up any point and obtain
a new non-singular surface X’ with a map X’ — X. Thus the graph has no
maximal elements. The process of blow-down is more subtle. Given a line in X,
it is not always possible to contract this line to a point. We say that a surface X
is mainimal if it does not admit any birational map X — Y with Y non-singular,
or equivalently, if there is no blow-up X — Y.

Hirzebruch surfaces Let 1 < a < b be integers and let F,; be the polytope
Conv(0, aeq, e, be; +€2). It can be shown that the toric surface Xp,, only depends
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on b — a.

Definition 14.6.2. The Hirzebruch surface ¥, n > 0 is the toric surface associ-
ated to the polytope P, .1, for any a.

62D61 + e eQI—:/hfiel + €2

0 €1 0 €1

Figure 14.10: The polytopes P, ; and P, 3 of the Hirzebruch surfaces ¥y and X,.

Ezercise 14.6.3. Show that the Hirzebruch surfaces are non-singular (i.e., the poly-
topes are smooth) and that ¥y = P! x P!

Theorem 14.6.4. The minimal rational surfaces are P?, ¥y = P! x P!, and ¥,
form > 2. They are related via a diagram

SN\
|

]P;2

where every arrow is a blow-up in a point.

If P is a smooth polytope and v is a vertex, then the blow-up at v as defined in
g12.5| corresponds to the blow-up of the toric variety Xp in the point corresponding
to v. The surfaces X, ;1 in the diagram above are also toric surfaces. In terms of

polytopes we have the diagram:
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14.7 Appendix: non-singular varieties and tan-
gent spaces

For simplicity, we will only treat blow-ups of varieties that locally looks like affine
space but in this section we will give a brief description of how the general case
can be treated.

Just as a smooth manifold of dimension n locally looks like R", a non-singular
variety over C of dimension n locally looks like C" in the analytic topology. How-
ever, in the Zariski topology a non-singular variety need not locally look like affine
space.

Example 14.7.1. An elliptic curve is non-singular of dimension 1 but is not Zariski-
locally isomorphic to the affine line. Indeed, if that was the case, then the elliptic
curve would be birational to P!, but an elliptic curve has genus 1 whereas the
projective line has genus 0 and the genus is a birational invariant.

A non-singular variety is rather close to C" though. A non-singular point P in
an n-dimensional variety X has, by definition, a tangent space of dimension n.
In a neighborhood of P, there are then n functions fi, fo, ..., f, such that their
differentials constitute a basis of the cotangent space. This gives a rational map
0: X --» C", x — (fi(x),..., fu(x)) defined in a neighborhood of P which is close
to being an isomorphism. The technical term is that ¢ is étale which means that
in the analytic topology ¢ is a local homeomorphism at P. The blow-up of X at
P, denoted BlpX can now locally be defined as the closed subvariety of X x P*~!
defined by the equations y; f;(z) = y; fi(x) for all i = 1,...,n where y1,¥2,...,yn
are the coordinates of P"~1,
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Chapter 15

Singularities of curves

In this chapter, we will study some singular curves and describe how curves can
be desingularized via blow-ups.

15.1 Strict transform of curves

Consider the nodal cubic curve C' = {y* — z*> — x® = 0} in the plane as depicted in
Figure [14.1] The inverse image of this curve in Y = BlyA? has the same equation.
Let us study this equation in the two charts.

e Recall that the first chart is isomorphic to A7 ; where y = kz (and k = t/s).
In this chart the equation becomes k?z? — 22 — 2 = 0 which factors as
?(k* —1—2x)=0.

e The second chart is isomorphic to A2, , where x = k~'y. In this chart, the
equation becomes y?—k~2y?*—k3y® = 0 and factors as y?(1 — k=2 — k3y) = 0.

We see that the inverse image of C' has two components: (1) the exceptional divisor
E (equation 22 = 0 and y? = 0 respectively) and (2) a curve C with equations
k* —1—x =0and 1 — k72 — k™3y = 0 respectively. In global coordinates for
Y, we can also express C as t? — s? — sz = 0. In the first chart, the curve is
isomorphic to the affine line (with coordinate k). In the second chart, the curve
is isomorphic to the affine line minus a point (coordinate k! # 0). We have thus
found a desingularization C of C.

The curve C is called the strict transform (or birational transform, or proper
transform) of C. Tt is obtained by removing the exceptional divisor from 7—!(C')
or, equivalently, taking the closure of C'N(A?\ 0), which is isomorphic to 771(C'N
(A2\0)), inside the blow-up Y = BlyA2. As varieties, 71(C) = EUC but we see
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: . A2
First chart: A:c,k

Figure 15.1: The blow-up of the affine plane and the strict transform C of the
nodal cubic curve C' = {y? — 2? — 2% = 0}.

from the equations that in this case the exceptional divisor also comes with the
multiplicity 2.

Furthermore, we note that C intersects E in two points: & = +1. These are
contained in both charts and correspond to the two tangent directions of C' at the
origin: y = x and y = —x. The whole curve ' is contained in the first chart
because there are no points on the line k= = 0. It is not contained in the second
chart since there is a point on the line £ = 0, namely z = —1.

FExercise 15.1.1. Describe the multiplicity of the exceptional divisor for an arbitrary
polynomial p(z,y) = 0 (that is, when is the multiplicity 0, 1, 2, etc.). Can you
phrase the multiplicity in terms of derivatives of p?

FExercise 15.1.2. Partial derivatives of polynomials makes sense in any character-
istic but since p = 0 some unexpected behavior occurs (e.g., we cannot express
the pth term in Taylor’s theorem in terms of usual partial derivatives). Does
your description in the previous exercise in terms of derivatives hold in positive
characteristic?

Let us now consider the cuspidal cubic curve C' = {y* = z*} in A? and do the
same analysis. In the two charts we obtain the equations

(kz)? —2° =0 <= 2*(K*—2)=0
v - () =0 = y(1-kTy) =0

Again we note that 7=1(C) = EF U C where the multiplicity along E is 2 and C
has the equations k? = z and 1 = k7 3y respectively. As before C is non-singular
but we have a new phenomenon: F and C' do not meet transversally, i.e., they are
tangent to each other at their intersection point k£ = 0.

For various reasons, it is desirable to not only desingularize C' but also arrange so
that C' becomes transversal to the exceptional divisor. This can be accomplished
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: . A2
First chart: A:c,k

Figure 15.2: The blow-up of the affine plane and the strict transform C of the
cuspidal cubic curve C' = {y* — 2® = 0}.

by one further blow-up. Then however, C' meets both exceptional divisors in the
same point and this is also undesirable. After a further blow-up the curve will
meet all exceptional divisor transversally and not more than one at the same time.
We say that C' has normal crossings with the exceptional divisors.

After n blow-ups we denote the coordinates by z, and y, (in any chart), the
exceptional divisor by F, and the strict transform of the curve by C,. We also
denote the strict transforms of the ith exceptional divisors by E; after the nth
blow-up.

. Er Y2 = 00
,,,,, [ [
Cs B C
FE> ™3 E> 2
E3
First chart: Ai3’y3 Second chart: Ai%yz First chart: Ag‘hyl
3 = T2 T2 =w1/Y1 T =
Y3 = y2/m2 Y2 =1 y=y/z

Figure 15.3: An iterated blow-up of the affine plane and the strict transforms of
the cuspidal cubic curve C = {y* — z* = 0}.

Ezercise 15.1.3 (Blow-up of affine space in dimension 3). Consider the blow-up
m: BlyA® — A3,

(1) Give equations for the strict transform of the hypersurface 22 + y? + 22 = 0
and determine the multiplicity of the exceptional divisor.

2) Give equations for the strict transform of the hypersurface 2% — yz? = 0 and
y Y
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determine the multiplicity of the exceptional divisor. Is the strict transform
less singular than the original surface?

Exercise: higher cusps

15.2 Order of vanishing and multiplicity

Consider as before a curve C = {f(z,y) = 0} in A%>. We can write the polynomial
f as a sum of homogeneous polynomials:

f(:v,y) = f0+f1(x7y) +f2(x,y) +oee +fn(x>y)

where f;(x,y) is homogeneous of degree d, that is, every monomial is of degree d.
Note that f4(0,0) =0 for all d > 0. Thus f, = 0 if and only if (0,0) € C.

Next, consider a line y = kz through the origin. The restriction of f to that line
is f(z, kz). Note that fy(z, kz) remains homogeneous of degree d, i.e., fq(z, kz) =
cqr? for some constant cg. If fo = fi(z,kx) = -+ = foi(x,kr) = 0 and
fa(z, kx) # 0, then f(z,kz) has a zero of multiplicity d at = 0. In particu-
lar, fo = fi(z, kx) = 0 if and only if the line is tangent at the origin. Recall that,
by definition, C' is singular at the origin if there is more than one tangent line.
Since the set of tangent lines is a subspace, C' is singular at the origin if and only
if fo = fi(z,y) = 0. This motivates the following definition.

Definition 15.2.1. The order of vanishing at the origin of f(z,y) is
ordg f =min{d : f; # 0}.
The order of vanishing measures how singular the origin is:
e ordy f > 0 if the origin lies on C,
e ordy f =1 if C is smooth at the origin, and
e ordy f > 1if C is singular at the origin.

If P = (z9,y0) is any point of A2 we define ordp f(z,y) := ordy f(z — T,y — yo)-
If f(z) is a polynomial in one variable, we define ord,, f as the multiplicity of the
zero © = x9. Note that f(z) = co + c12 + co2? + -+ + ¢c,2™ and ordg f(x) is the
smallest d such that ¢; # 0. If f =0, then we let ordp f = oo.

For curves, and varieties, embedded into higher-dimensional spaces, there is a more
refined invariant called the multiplicity which has the three properties above. For
curves in the affine plane, the multiplicity coincides with the order of vanishing.
Also, the multiplicity does not depend on the choice of embedding.
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Lemma 15.2.2. Let C = {f(z,y) = 0} be a curve in A? and let m = ord, f. Let
Y = BlyA? with structure map 7:' Y — A%, Then

(1) 7=1(C) = mE + 5, that is, the exceptional divisor appears with multiplicity
m in T f).

(2) The restriction ofé to E = P! is given by the homogeneous equation f,, = 0.
In particular, C N E has m points counted with multiplicity.

(3) > pecnE ordp C < ordy C' = m.
Proof. Consider the first chart x; = = and y; = y/z. In this chart f becomes
flz,y) = flen,zm) = fo+afi(Ly) + 23 f2(Ly) + 23 fa(Ly) + ...

By assumption f vanishes to order m which gives

f(x,y) = ffl(fm(l,?h) + $1fm+1(1,y1) + ... )

Here z7" = 0 is the equation for the exceptional divisor, with multiplicity m, and
C'is given by g(z1,11) = fi(1, 1) + 21 frnas1(L,y1) + - - = 0. If we restrict C' to F,
then we obtain ¢g(0,y1) = fin(1,v1).

In the second chart, we obtain
fley) = o7 (fn (@1, 1) + 91 frnga (21, 1) + ).

and the restriction of C to E is given by f,,(z1,1). The first two statements follow.

For the last statement, it is readily verified that ordp CNE > ordp C (e.g., use

local equations as above) and . 5, ordp C N E = m since C N E is given by
the homogeneous polynomial f,, of degree m. n

We conclude that C' meets E in at most m points and that the sum of the multi-
plicity at these points is at most m. Thus, if C' meets E at more than one point,
then the multiplicity has decreased at all points.

We also see that if we blow-up at a non-singular point, then C meets E in a unique
non-singular point.

FEzercise 15.2.3. Let P € C' and let C be the strict transform under the blow-up
at P. Show that C' — (' is an isomorphism if C' is non-singular at P.

Example 15.2.4. Let C' be the nodal cubic. We have seen that m = 2 and after
one blow-up C'N E consisted of two smooth points.

Ezample 15.2.5. Let C be the cuspidal cubic. We have seen that m = 2 and after
one blow-up C N E consisted of one smooth point. In this case the intersection
was not transversal which exactly means that the inequality ordp CNE > ord P C
is strict.
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15.3 Resolution algorithm

We would like to resolve a singular curve using blow-ups. Since the blow-up at the
point P is an isomorphism outside P, blow-ups at different points do not interact.
This suggest the algorithm:

Algorithm 15.3.1. Pick any singular point P € C and blow-up P. Replace C
with C' and repeat as long as there is a singular point.

If the algorithm terminates, then we obtain a birational map C' — C from a
non-singular curve. If C' is projective, so is C’. The question is now whether
the algorithm does terminate. Since we can measure the singularities using the
multiplicity, it is enough to ensure that the multiplicity drops. Thus, let m > 1
be the maximal multiplicity of a point on C' and apply the following algorithm:

Algorithm 15.3.2 (Multiplicity reduction). Pick any point P € C with multi-
plicity at m and blow-up P. Replace C with C' and repeat as long as there is a
point with multiplicity m.

Lemma [15.2.2| shows that if P’ € 7=(P), then the multiplicity is at most m and
it is smaller than m if 7—!(P) has more than one point. It remains to show that
eventually we either have more than one point or the multiplicity drops.

Exercise 15.3.3. Consider f(z,y) = y? — 2. This curve is singular at the origin
with multiplicity m = 2. Show that the multiplicity drops after [n/2] blow-ups.
Draw pictures for n = 2, 3,4, 5.

15.4 Resolving curves in Weierstrass form

Even though the multiplicity need not drop after a blow-up, the equation becomes
“less singular”, as is easy to see in examples such as y?> = 2. It is however
surprisingly difficult to measure this phenomenon. In this section, we will do this

when f(x,y) has a nice form.

In one variable, a polynomial or analytic function f(x) can be written as f(x) =

r%u(x) where d = ordg f and u(0) # 0. In higher dimension, there is a generaliza-

tion for analytic functions:

Theorem 15.4.1 (Weierstrass preparation). Let f(z1,za, ..., %,,y) be an analytic
function such that ordy f = d. Then (after possibly replacing y with y = y+ayzq +
-+ ayx, ), we have that

f(x1,29,. .., Tn,Y) :(yd 4+ gaor(z1, 29, .. 2y 4 go(Ty, T, ,xn))

: U(SCl,QCQ, s 7:Cn7y>
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where g; and u are analytic functions such that g;(0,0,...,0) = 0 and u(0,0,...,0) #
0.

Note that since f has order d, every g4_; has order at least i. Conversely, for any
such g;s we have that ordg f = d. The function u does not modify C' = {f = 0}
in a neighborhood of the origin. This motivates the following definition.

Definition 15.4.2. A polynomial f(x,y) is a Weierstrass polynomial if f(x,y) =
Y+ ga1(x)yt 4+ -+ - + go(x) where g;(x) are polynomials such that ordg gq_; > i
for every 1.

After the change of coordinates y — y — g4_1(x)/d, we may also assume that
ga—1(z) = 0.
Remark 15.4.3. There is an algebraic analogue of Theorem [15.4.1| where f is a

polynomial, but the functions g; and u will not be polynomials, only formal power
series. For most purposes this is not a problem.

Lemma 15.4.4. Let f(z,y) = y* + ga—a(2)y* 2 + gas(x)y"> + -+ + go(x) be a
Weierstrass polynomial defining the curve C C A?. Then

(1) the order of vanishing at the origin is d;
(2) the strict transform C is contained in the first chart ©1 = x, y; = y/x.

(8) in the first chart, either (a) the multiplicity ofé has dropped at every point
of CNE; or (b) CNE has a unique point (x1,y1) = (0,0) and C is given
by the Weierstrass polynomial

filzr,y1) =y + ha—a(@1)y! > + has(x1)yf ™ + - + ho(21)
where ordg h; = ordg g; — 1.

Proof. (1) follows by definition. For (2), in the second chart we have z; = z/y
and y; = y and obtain the equation

F(@,y) = e, m) = v (1 + gaa(ziy)yr > + -+ + golzyn)yr ).

The exceptional divisor is given by y; = 0 and the strict transform is given by
the second factor. The intersection C'N {z; = 0} has the equation 1 = 0 so C' is
contained in the first chart.

In the first chart, we have ;7 = x and y; = y/z and the equation:
flz,y) = f(w,2100) = 1’61[@? + 27 g (T )y P+ xfdgo(%))
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so the strict transform is given by:

fi(zr,yn) = v+ haa(21)yf % + has(z1)yd 2 + -+ + ho(21)

where hy_;(z1) = 27 "'ga—i(x1) has order ordy g; —i > 0. If ordg g; > 2i for all i, then
f1 is a Weierstrass polynomial. In particular ordg f; = d so C'NE has a unique
point, (z1,1) = (0,0) of multiplicity d by Lemma[15.2.2]

If f; is not a Weierstrass polynomial, then we have to rule out that C has a point
of multiplicity d. If ordg hg > 1, then (0,0) is a point of multiplicity > 1 but < d
and we are done by Lemma In general, assume that (z;,y1) = (0, ) is a
point on C'N E. Then

filz,yr +A) =y + A+ kgoo(2)yl 2+ + Kola).

which has at most order of vanishing d — 1 (this is where the assumption that
ga—1 = 0 is used). O

Exercise 15.4.5. Given an example of a Weierstrass polynomial of order d with
ga—1 # 0 where C has a point (x1,y;) = (0, \) # (0,0) with multiplicity d.

Corollary 15.4.6. If C is a curve given by a Weierstrass polynomial f(z,y) =
Y+ gao(2)y4 2+ ga_3(x)y 3+ -+ go(x), then the multiplicity of C at all points

above 0 drops below m after
)
n -
i

blow-ups.

15.5 Hypersurface of maximal contact

The Weierstrass form is quite remarkable. We can read of how many blow-ups
it takes until the multiplicity drops and we can also immediately locate the only
potential point of maximal multiplicity as the origin of the first chart. One says
that the line L = {y = 0} is a hypersurface of mazximal contact. The strict
transform of this line is L = {y; = 0} in the first chart (it is not contained in the

second chart) and the intersection £NL is the only point that can have multiplicity
d.

110



Bibliography

[AM69] M. F. Atiyah and I. G. MacDonald, Introduction to commutative alge-
bra, Addison-Wesley Publishing Co., Reading, Mass.-London-Don Mills,
Ont., 1969. MR 39 #4129

[CLS11] David A. Cox, John B. Little, and Henry K. Schenck, Toric varieties,
Graduate Studies in Mathematics, vol. 124, American Mathematical So-
ciety, Providence, RI, 2011. MR 2810322 (2012g:14094)

[Har77] Robin Hartshorne, Algebraic geometry, Springer-Verlag, New York, 1977,
Graduate Texts in Mathematics, No. 52. MR 57 #3116

[Hum?75] James E. Humphreys, Linear algebraic groups, Springer-Verlag, New
York-Heidelberg, 1975, Graduate Texts in Mathematics, No. 21. MR
0396773 (53 #633)

111



112



Index

algebraic set,
isomorphic,

Bézout’s theorem, [33]
blow-up,
charts,

closure, [51]
conic, [21]
classification,
parameter space, 23]
parametrization, 21]
Cremona transformation, [84] [07]
curve
arithmetic genus,
birational properties,
elliptic, 28,
geometric genus, [85
plane, [07]
conic, [05]
coordinate ring,
cubic, [27]
degree,
discriminant,
intersection multiplicity,
quadratic, see conic
singular cubic, [31], [85] [103]
rational,
twisted cubic, [49] (2] [58]

exceptional curve,
exceptional divisor, [91]

113

field,

graph, see map

Hilbert function,
Hilbert polynomial,
Hilbert series,
homogeneous element, [46]
hypersurface

in A",

in P, [46]

ideal, [38|

homogeneous, [46]
intersection, 3§
maximal,
prime, [AT]
product,
radical,
union, [3§]
integral domain,
irreducible element, [40]

line
in the plane,

tangent, [27]
through a point,

map
birational,
from non-singular curve,
graph,
homeomorphism,



of affines,

of varieties,

polynomial,

rational,
indeterminacy locus,

regular,

section, [Ag]
multiplicity, [106]

Nullstellensatz,
order of vanishing, [106]

plane curve, see curve, plane
point
flex,
non-singular,
polynomial
bidegree,
homogeneous,
ring, [37]
projection, [84] [94]

projective plane
automorphisms,

dual,
quadratic form,

ring
Jacobson,
Noetherian,

Segre
embedding,
surface,

variety, [57]
space

connected,

gluing,

irreducible, [40]
irreducible components,
Noetherian,
projective, [45]
strict transform, (103
surface
Hirzebruch,
minimal,

transversal intersection, (104

variety
abstract,
affine, [39] [40]
complete,
projective, [4§]
quasi-projective, [51]
Veronese
embedding,
surface, [50],
variety, B9

Zariski topology,



	Topological spaces
	The definition of a topological space
	Subspaces, quotient spaces, and product spaces
	Separation
	Compactness
	Countability

	The definition of projective space
	Projective spaces as quotients
	RP1 and CP1
	RP2
	RP3

	Topological properties of projective spaces
	Point-set topological properties
	Charts and manifold structures
	Cell structures
	Euler characteristic

	Curves in the projective plane
	Lines
	Conic sections

	Cubic curves
	Normal forms for irreducible cubics
	Elliptic curves

	Bézout's Theorem
	The degree of a projective curve
	Intersection multiplicity
	Proof of Bézout's Theorem
	The homogeneous coordinate ring of a projective plane curve

	Affine Varieties
	The polynomial ring
	Hypersurfaces
	Ideals
	Algebraic sets
	Zariski topology
	Affine varieties
	Prime ideals
	Radical ideals
	Polynomial maps
	Maps of affine algebraic sets

	Projective varieties
	Projective space
	Homogeneous polynomials
	Hypersurfaces in projective space
	Homogeneous ideals

	Maps of projective varieties
	Quasi-projective varieties
	Regular maps
	Maps of projective varieties
	The Veronese embedding
	Veronese subvarieties
	The Segre embeddings
	Bi-homogeneous forms

	Projective toric varieties and polytopes: definitions
	Introduction
	Recap example
	Algebraic tori
	Toric varieties
	Discrete data: polytopes
	Faces of a polytope
	Assignment: exercises

	Construction of toric varieties
	Recap of example 10.4.4
	Toric varieties from polytopes
	Affine patching and subvarieties
	Recap example
	Affine patching
	Assignment: exercises

	More on toric varieties
	Ideals defined by lattice points
	Toric ideals
	Toric maps
	Fixed points
	Blow up at a fixed point
	Assignment: exercises

	Rational maps
	Varieties
	Rational maps
	Birational varieties
	Birational geometry of curves
	A rational map from a surface
	Maps from curves into projective varieties
	Appendix: complete varieties and theorems by Chow, Nagata and Hironaka

	Blow ups
	Definition of blow-up
	Charts of a blow-up
	Projections and blow-ups
	A Cremona transformation
	Resolving the indeterminacy locus by blow-ups
	Birational geometry of rational surfaces
	Appendix: non-singular varieties and tangent spaces

	Singularities of curves
	Strict transform of curves
	Order of vanishing and multiplicity
	Resolution algorithm
	Resolving curves in Weierstrass form
	Hypersurface of maximal contact

	Index

