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Introduction

Given a continuous map f : X — X from a topological space to itself it is natural
to ask whether the map has fixed points, and how many. For a certain class
of spaces, which includes compact manifolds, the Lefschetz fixed point theorem
answers these questions. This class of spaces are the simplicial complexes, which
are roughly speaking topological spaces built up from triangles and their higher
dimensional analogues. We start in the first section by constructing singular
homology for any space and simplicial homology for simplicial complexes. Both
are functors from topological spaces to graded groups, so of the form H*(X) =
P, Hi(X). Thus we can assign algebraic invariants to a map f. In the case
of simplicial homology computing these amounts purely to linear algebra. By
employing simplicial approximation of continuous maps by simplicial maps we
prove the following.

Theorem 1 (Lefschetz fixed point theorem). Let f : X — X be a continuous
map of a simplicial complex to itself. Define the Lefschetz number

AP = S (D' utf.

If A(f) # 0 then [ has a fized point.

In fact more is true, if the number of fixed points is finite, then A(f) counts
the number of fixed points with certain multiplicities. One would prove this
using cohomology, which is a contravariant functor instead of the covariant
homology functor. This has an added ring structure and some nice theorems
hold, like a Kiinneth formula and Poincaré duality.

In the second section we look at smooth projective varieties. Even though
we can not use the same constructions from the first section, because the Zariski
topology is too coarse, we can look at would happen if there was a well-behaved
cohomology theory. We look at Weil cohomology, which is a contravariant
functor from smooth, projective varieties to graded commutative K-algebras, for
some field K of characteristic 0, satisfying a list of axioms. Part of the axioms
are inspired by the situation in algebraic topology, we have a Kiinneth formula
and Poincaré duality holds, in fact for varieties over C singular cohomology is
a Weil cohomology. The other part is so that we get a ring homomorphism
from the Chow ring to the cohomology ring. From these axioms we are able to
deduce an analogous theorem to the one before.

Theorem 2 (Lefschetz fixed point theorem). Let f : X — X be an endomor-
phism of an irreducible, smooth, projective variety. Let A,T'y C X x X be the
diagonal and the graph of f respectively. Then we have

(A-Ty)= Z(_l)itr(f*lHi(X))'

Here (A - Tf) is the intersection number of the graph and the diagonal,
we recognize the right hand side as the Lefschetz number. So again if f has



finitely many fixed points then the Lefschetz number counts this with certain
multiplicities.

In the final section we assume a Weil cohomology theory exists for varieties
over a field with non-zero characteristic. Assuming this we can prove some of
the Weil conjectures. Let X be a geometrically connected, smooth, projective
variety defined over F,, then we are interested in counting the K-valued points,
where F;, C K is a finite extension of fields. We let N,, be the number of
F4m-valued points. Then the zeta function of X is defined as follows.

Z(X,T) =exp <i ]X;nTm> .

m=1

The N, turn out to be exactly the number of fixed points of the ¢"*-Frobenius
morphism acting on X = X Xgpec F, Spec E. By the Lefschetz fixed point
theorem we can thus express them as an alternating sum of traces. It follows
that Z(X,T) € Q(T) is a rational function. Further we show using Poincaré
duality that it satisfies the functional equation

1
qT

Z(X, —) = £¢"E*TP 2(X,T)

where E = (A - A) is the self intersection number of the diagonal in X x X and
n = dim(X).



1 The classical Lefschetz fixed point theorem

1.1 Singular homology

Definition 1. The standard n-simplex, denoted A, , is the convex hull of the
vectors ey, ..., en in R™, 1 that is the set

{(A1, .y An) €R" such that Z)‘i <land ;>0 fori=1,..,n}.
i=1
In general if we have k + 1 affinely independent points vy, ..., vx in R™ their
convex hull is a k-simplex and is denoted [vy, ..., vg].

If we omit one of the vectors e; from the set {ey,...,e,}, then the convex
hull of {eg,...,ex} \ {€;} is an (n — 1)-simplex contained in A,,, these are called
the faces of A,,. We can identify a face with A,,_; via the linear map f; that
sends e; to e;11 if j > 4, and e; to e; if j < 4. Then f;(A,_1) is precisely the
i-th face of A,,. The union of the faces of A,, is called the boundary denoted
OA,, and A, \ OA,, is called the interior of A,, and is denoted An

For a topological space X we can consider all continuous maps o : A,, = X
called n-chains. By considering formal sums of n-chains with coefficients in
an abelian group G we get the chain groups C,,(X;G), or just C,(X) if the
coefficients are clear from the context. By extending the face maps linearly we
get maps F" : Cp(X) = Cp_1(X), given by >, ajo; = > aj(0j0f]). Next we
define the boundary operator 9, : Cy,(X) = Cp—1(X) as 8, := > (—=1)"F".
One then checks that 0,, 0 0,11 = 0, so we have inclusions

B, (X) :=1m (Op41) C ker(0,) =: Z,(X),

hence we can consider the quotients H, (X) := Z,(X)/B,(X), these are called
the homology groups of X (with coefficients in G).

Given a continuous map f : X — Y we get induced group homomorphisms
fo i Ho(X) = Ho(Y) given by > . a;[o3] — >, a;[f o 03]

Proposition 1. Let f,g: X =Y and h: Y — Z be continuous maps then:
i. (ho f)s=hsofs,
1. if f is the identity then f, is the identity,
wi. if f and g are homotopic maps then f. = g..

Proof. The first two are straightforward. For a proof of iii see [1] theorem
2.10. O

Leo here is the origin and the e; are the standard basis vectors




From (ii) it follows that if f is a homeomorphism then f, is an isomorphism,
combining this with (iii) we also see that homotopy equivalences induce isomor-
phisms. In other words the assignment X — H,(X) is a homotopy-invariant
functor.

1.2 Simplicial homology

We now consider a class of spaces that can be built from n-simplices, the so
called simplicial complexes on which we will define simplicial homology.

Definition 2. A finite simplicial complex is a finite collection K of simplices
i R™ such that:

i. If o € K then every face of o is in K.
1. The intersection of two simplices is either empty or a face of each.

Note that in (ii) the definition of face is taken to be more general, i.e. if
o = [vo, ..., vn] is an n-simplex then any of the simplices [v;,, ..., v, ] with v;, €
{vo, ..., v, } is a face of o.

Given a simplicial complex K we define the polyhedron |K| of K as the
union of the simplices in K with their inherited topology from R™. If X is a
topological space homeomorphic to the polyhedron of some simplicial complex
K, then we call X triangulable.

Definition 3. A map f : |K| — |L| of simplicial complezes is called a simplicial
map if for every o € K we have f(o) € L.

A map between f: X — Y of triangulable spaces is called simplicial if the
induced map on the polyhedra is simplicial. Note that for a simplicial map f
the 0-simplices are sent to O-simplices.

Note that if o is a k-simplex given by points vy, ..., vx we have a homeomor-
phism A, — o given by e; — v; and extending linearly. Thus we can consider
K as a finite collection of n-chains with the properties inherited from definition
3. Note that the maps Ap — o define an ordering on {vg,...,vx}. To keep
things consistent we need the same ordering on the faces of o so that the face
maps preserve the ordering. It is always possible to choose consistent orderings
since we can take an ordering on all the O-simplices of K. Now we can consider
the smaller chain groups C2™P!(K) C C,(|K|) which are formal sums of the
ordered n-chains in K. As before we have boundary operators so we get ho-
mology groups H:™P!:(X) which are called the simplicial homology groups of K.

If f:|K| — |L|is a simplicial map then we get an induced map f. on
homology as follows. If ¢ is an n-chain then f(c) is either an n-chain or a k-
chain for & < n. In the first case we define f.[o] = [f(o)] in the second case we
define f.[o] = 0. We extend this map linearly to f. : HS"P\(K) — H3™PL(L).

We now have two homology theories on simplicial complexes and one is led
to wonder if they are the same.



Figure 1: barycentric subdivision of low-dimensional n-simplices

Theorem 1. For K a simplicial complez we have H:"™P-(K) = H,(|K|) for
all n. If f : |[K| — |L| is a simplicial map then the induced maps on homology
f+ are the same.

For a proof, see [1] theorem 2.27.

1.3 Simplicial approximation

Given triangulable spaces X,Y and a map f : X — Y, then we know that
if f is simplicial then we get an induced map on simplicial homology. If f is
not simplicial then we still get a map on homology but since the singular and
simplicial homology groups coincide we again get a map on simplicial homology.
If it were possible to find a simplicial map g homotopic to f then we could
compute invariants of f, like traces and determinants. In general it is not always
possible to find such a g, however we know that homology does not depend on
the simplicial structure of X. So we might be able to find a simplicial complex
|L| 2 |K| 2 X, such that there is a simplicial map ¢ : |[L| = Y.

First to get such a complex L we look at the notion of barycentric subdivision
of a complex K. Since each point in an n-simplex ¢ is the sum ), ¢;v; of some
0, ..., Uy, affinely independent, we can consider the barycenter b = >, njfl.
Then we can define the barycentric subdivision of ¢ to be the collection of all
n-simplices [w;,, ..., w;, _,,b] inductively, where the w; are the O-simplices in the
barycentric subdivision of a face of .

Since | K| C R™ has a metric we have for each ¢ the diameter

diam(o) = max d(z,y).
T, Yy€o

An important consequence of barycentric subdivision is that each of the n-
simplices ¢; in the barycentric subdivision of o have

diam(o;) < - 1d1am(o) < diam(o).



We note that by the triangle inequality for x,y € o writing y = >, t;u; we have
|z —y| < Z |z — tiv| < Zti|x — ;] < miax|x — vl
7 K3

So if [wy, ..., wy, b] is an n-simplex in the barycentric subdivision of oy, then by
the preceding we only need to consider the distances between w;,w; or b and
some w;. In the first case both w;,w; lie on a face of o hence we are done by
induction. In the second case we may take w; to be some v;. Letting b; be the
barycenter of f*(c) we have b = 37 + 74gbi- So b lies on the line from v; to
b; which has length bounded by the diameter of . Since |b— v;| = = 1b; — v;]
n+1
the result follows.

Theorem 2 (Simplicial approximation). If f : |K| — |L| is a continuous map
then there exists a map g : |K| — |L| which is homotopic to f and simplicial
with respect to a barycentric subdivision of K.

We will need a lemma to prove this theorem. First we define the star St o
of a simplex ¢ in a simplicial complex K to be the subcomplex of all simplices
containing o. We also define the open star st o to be the union of the interiors
of all simplices containing o.

Lemma 1. For 0-simplices vy, ..., v, the intersection of the open stars N;st v;
is empty unless o = [v1, ..., v,] is a simplex in K. In this case we have N;st v; =
st o.

Proof. The intersection N;st v; is the union of the interiors of all the simplices 7
such that v; € 7 for all 7. If the intersection is non-empty then such a 7 exists,
but then after applying a couple of face maps we see that ¢ must be a simplex
of K. Since each 7 in the union contains o it follows that N;st v; = st o. O

Using this we are able to prove theorem 2. First we note that a complex as
a subset of R™ has an induced metric and is compact as the union of finitely
many simplices, which are in turn compact as closed and bounded subsets of
R™.

proof of theorem. Note that {f~!(st w) : [w] € L} is an open cover of |K|.
Since |K| is a compact metric space there is a Lebesgue number € > 0 for this
cover. After barycentric subdivision of K we may assume that each simplex of
K has diameter less than §. Now the closed star St v of each 0-simplex in K
has diameter less than e. Hence we find that f(St v) C st w for a O-simplex w
of L. We get a map g : K° — L% from the collection of 0-simplices of K to the
collection of O-simplices of L satisfying f(St v) C st g(v). Now we can extend
g to a simplicial map g : K — L. For this we look at how to extend g on an
n-simplex ¢ in K which is the convex hull of vy, ..., v,. An interior point p of o
lies in st v; for each @ hence f(p) € st g(v;) for each i. By the lemma we then
know that g(vg), ..., g(vy,) define an n-simplex in L. So we can extend g linearly
on o.



Since for x € | K| the images f(z) and g(x) lie on the same simplex of L we
know that (1 —¢t)f(z) + tg(z) also lies on the same simplex of L for 0 < ¢ < 1.
So we see that (1 —¢)f + tg gives a homotopy between f and g. O

1.4 Lefschetz fixed point theorem

First we define the Lefschetz number as follows. We assume for simplicity that
G is a field, in this case the homology groups are vector spaces. If f : X — X is
a continuous map and H,(X) are finite dimensional such that for some m > 0
all groups H,,(X) with n > m are 0, then the f, are linear maps between finite
dimensional vector spaces and we can consider

n

In slightly more generality, when G = Z, then the homology groups are Z-
modules, the f. induce maps on the torsion-free part of each H,,(X) and these
have well defined traces.

Theorem 3 (Lefschetz fixed point theorem). If X is a triangulable space, or a
retract of a simplicial complez and if f : X — X is continuous, then if A(f) # 0,
f has a fixed point.

First we reduce to the case X is a simplicial complex. Suppose r : |[K| = X
is a retraction and f : X — X is a continuous map. Then for : |K| — |K]|
has the same fixed points as f. The group H,(|K]) splits as a direct sum and
r« is the projection onto H,(X). Hence we find that tr(f.) = tr(f. o7s), so
A(f) = A(for).

Next we want to show that if a map has no fixed points then the Lefschetz
number must be zero. We do this by calculating the traces of induced maps
on the cellular chain complex and relating these to the traces on the homology
groups.

For a simplicial complex K let K, be the union of all the m-simplices,
m < n, this is called the n-skeleton of K. Then we have an exact sequence of
chain groups

0— Cn(Kp—1) = Cri(K,) = Coo(Ky) /Cri(Kp—q) — 0

for all m,n. Using the zig-zag lemma, see [1] theorem 2.16, we get a natural
long exact sequence

- Hm+1(Kn7 anl) — Hm(anl) — Hm(Kn) — Hm(K'ruanl) — Hmfl(anl) .

Since K, is an n-dimensional simplicial complex the homology groups are 0 for
m > n and equal H,,(K) for m < n so the n-th part reads

0— H,(K,)— H,(K,,Kn—1) > Hy—1(K,,—1) = H,_1(K) — 0.



By gluing these sequences at the n-th part for every n we get the cellular chain
complex

cee Hn-‘rl(Kn-‘rla Kn) — Hn(Kna Kn—l) — Hn—l(Kn—h K7L—2) ‘e

We have H, (K, K,—1) = C$"?(K) and the homology groups of the cellular
chain complex equal H, (K) for all n.

Now we are ready to prove the fixed point theorem. So suppose f has no
fixed points, since | K| is a compact metric space there is an ¢ > 0 such that
d(z, f(x)) > € for all z € |K|. Now we let L be a subdivision of K such
that the star of each simplex has diameter less than €/2. We then can find
a further subdivision L’ and a simplicial approximation ¢ : |L'| — |L| of f.
Since g is a simplicial approximation the image f(o) is contained in the star
of g(o) for each simplex . We thus have g(oc) No = () for every o € L’ since
for x € o we have d(z, f(z)) > € but g(o) lies within €¢/2 of f(z) and o lies
within €/2 of . Since g maps L] into L, for each n we get induced maps
H,(L,,L, )= H,(L,, L,_1) for each n. Further since L’ is a subdivision of
L we get induced maps g¢, : Hp (L), L, 1) = Hp(Lpy Ln—1).

If we denote the boundary maps in the cellular chain complex as follows
dp: Ho (L, L 1) = Hp—1(L!,_1, L) _5) then we have two exact sequences for
each n namely

0 — kerd, — H, (L, L, _,) —im d, — 0 (1)
0 —im dp1 — kerd, — H,(L') = 0 (2)

Now let Z,, = kerd,, B,_1 = im d,,,C,, = H,(L!,L!,_;). Denote the induced

n—1
maps by g on these groups by ¢z, ,¢9p, and gc,. By additivity of traces over
short exact sequences we find

trgc, = trgz, +trgs, , (3)
trgz, = trgp, + trg. (4)

Substituting the second into the first and taking the alternating sum we find

> (—Ditrge, = (—1)'trg. = A(g) = A(f),
since the terms trgp, cancel in pairs and are 0 for n = 0 or n greater than the
dimension of K. The last inequality follows because g is a simplicial approxi-
mation of f. Since g(o) No = () for every ¢ in L', we find that trgc, = 0 since
the n-simplices form a basis for C,,. Thus we conclude that A(f) = 0 if f has
no fixed points.

As a consequence of the Lefschetz fixed point theorem we can now easily
deduce the famous Brouwer fixed point theorem which is as follows:

Theorem 4. Any continuous map f : D, — D, has a fixed point, where D,, is
the unit ball in R™.

10



Proof. Note that D,, retracts onto a point, a point has 0-th homology group
equal to Z and the rest equal to 0. Each map from a point to itself is a home-
omorphism hence the induced map on homology has non-zero trace, so by the
Lefschetz fixed point theorem it follows that any map f : D,, — D,, must have
a fixed point. O

Using singular cohomology instead of singular homology it is also possible to
prove a stronger version of the Lefschetz fixed point theorem for smooth compact
manifolds. In this stronger version the number A(f) actually equals the amount
of fixed points counted with certain multiplicities, if f has finitely many fixed
points. We will not pursue this here and instead move on to the category of
non-singular projective varieties, where assuming a suitable cohomology theory
we can also prove an analogue of this strong Lefschetz fixed point theorem.

11



2 Lefschetz fixed point theorem for smooth pro-
jective varieties

2.1 Intersection theory

In this section we develop a bit of the intersection theory needed for our dis-
cussion on Weil cohomology. For proofs and more details see [2] chapter 4 and
5.

For an algebraic variety X over an algebraically closed field we define the
cycle group Z(X) as the free abelian group generated by symbols (V'), where V
is an irreducible closed subvariety of X. It is graded by dimension

Z2(X) = P Za(X)
d

where Z4(X) is the group of formal sums of d-dimensional subvarieties, its
elements are called d-cycles.

Consider now any closed subscheme Y C X. We can look at the finitely
many irreducible components Y7, ..., Y, and the local rings Oy y,. If these have
lengths [; respectively then we define (Y') = > 1;(Y;).

We let Rat(X) be the subgroup of Z(X) generated by cycles of the form
(V(0)) — (V(00)) where V is a subvariety of X x P! such that the projection onto
the second coordinate is a dominant morphism. We let Ratq(X) = Rat(X) N
Z4(X). We are now able to define the Chow groups and the Chow ring.

Definition 4. Suppose dim(X) = n, the chow groups of X are the groups
Ad(X) = Zd(X)/Ratd(X).
Put AY(X) = A,,_;(X) the chow ring is

A*(X) = P AYX) = Z(X)/Rat(X).
d

For a cycle A € Z(X) we denote the image in A*(X) as [A], in particular if
Y is a subscheme of X then we denote [(Y)] as [Y].
Now we move on to the ring structure of A*(X).

Definition 5. 1. Irreducible subschemes A, B of X are called dimensionally
transverse if for every component C of ANB we have codim C = codim A+
codim B.

2. Subvarieties A, B of X are transverse at a point p € X if X, A and B are
smooth at p and their tangent spaces at p satisfy To,A+T,B =T, X.

8. Subvarieties A, B of X are generically transverse if every irreducible com-
ponent of AN B contains a point at which A and B are transverse.

12



For cycles A = 7, ni(4;), B = > ;m;(B;) we say they are dimensionally
transverse respectively generically transverse if each of the pairs A4;, B; is. Fur-
ther if they are dimensionally transverse then we define

ANB= Z’ﬂﬂ?’LJ<Az n BJ>
)
Proposition 2. Subvarieties A, B of X are generically transverse if and only

if they are dimensionally transverse and each irreducible component of AN B is
reduced and contains a smooth point of X .

Theorem 5 (moving lemma). Let X be a smooth (quasi)projective variety.

1. If « € A*(X), B € Z(X), then there exists a cycle A € Z(X) such that
[A] = a and A, B are generically transverse.

2. If A, B € Z(X) intersect generically transversely then [ANB] only depends
on [A] and [B].

A consequence of this lemma is the intersection product structure on the
Chow ring.

Theorem 6. If X is a smooth (quasi)projective variety then there is a unique
bilinear product structure on A*(X) that satisfies

[AllB] = [AN B]

whenever A, B are generically transverse subvarieties. The Chow ring with this
product is an associative, commutative graded Ting.

For aq, ..., € A*(X) we define the intersection number (ay - ... - @) to be
the degree of the grade dim(X) part of ay -...- ., that is, the part corresponding
to dimension 0 cycles, points. If A, B are generically transverse such that AN B
is O-dimensional then ([4] - [B]) is the cardinality of AN B.

The assignment X — A*(X) is functorial. We can define a pushforward as
follows. If f : X — Y is a proper morphism and A C X a closed subvariety,
then f(A) is closed in Y. We define f,.[A] = deg(A/f(A))[f(A)].

Definition 6. Let f: X — Y be a morphism. A subvariety Z CY of codimen-
sion ¢ is generically transverse to f if:

1. f=Y2Z) is generically reduced of codimension c.

2. X is smooth at a point q of each irreducible component of f~1(Z), and Y
is smooth in f(q).

Analogous as before we have a moving lemma, and it implies we can define
a pull-back f*: A(Y) — A(X) such that f*[Z] = [f~1(Z)] whenever Z C Y is
generically transverse to f.

13



2.2 Weil cohomology

In this section we will discuss Weil cohomology mostly following [3]. We let k
be an algebraically closed field and suppose all varieties are defined over k. Let
K be a field of characteristic zero then a Weil cohomology is defined as follows.
It is given by the following data:

D1 A contravariant functor
H* : {non-singular, connected, projective varieties} — {graded commutative K-algebras}.

So for X a variety we have H*(X) = @, H'(X). The product of two
elements «, 8 € H*(X) is denoted o U 8, and H*(X) being graded com-
mutative means that aU g = (—1)de&(®)dee(F) 3 o for a, B homogeneous.

D2 For every X there is a linear trace map tryx : H24™(X)(X) » K.

D3 For every X and every irreducible closed subvariety Z C X of codimension
c there is a cohomology class cl(Z) € H?**(X).

Note that since H*(X) is a K-algebra it comes with a ring homomorphism
K — H*(X). Because K is a field, and because of the graded structure, this is
an inclusion K — H°(X) called the structural morphism, it makes the H™(X)
into K-vector spaces.

The data must satisfy the following axioms:

A1l For each X all the H(X) are finite dimensional over K and are 0 unless
0 <i<2dim(X).

A2 (Kinneth formula) For every X and Y, if we let px : X xY — X
and py : X XY — Y be the canonical projections. Then we have an
isomorphism of K-algebras

H*(X) ©r H'(Y) = H* (X xY),a @ — px(a) Upy (B).

A3 (Poincaré duality) For every X, the trace map in (D2) is an isomorphism
and for every 0 < i < 2dim(X) we have a perfect pairing

Vi H(X) @ H23O=(X) 5 K,a® 8 = trx(aU ).
A4 For every X,Y we have
trxxy (Px (@) Upy (B)) = trx(a)try (8),

for every a € H24m(X) (X)), g € g24m()(y),

A5 For every X,Y and every irreducible closed subvarieties Z C X, W C Y
we have

c(Z x W) = px(cl(2)) Upy (cl(W)).

14



A6 (push-forward of cohomology classes) For every morphism f : X — Y,
and for every closed irreducible subvariety Z C X, we have for every
a € H24m(Z)(Y) that

trx(cl(Z) U f*(a)) = deg(Z/f(Z)) - try (cl(f(Z)) U @).

A7 (pull-back of cohomology classes) For every morphism f : X — Y and
every closed subvariety Z C Y such that

(a) all the irreducible components W1, ..., W,. of f~1(Z) have dimension
dim(Z) 4+ dim(X) — dim(Y");
(b) either f is flat in a neighbourhood of Z or Z is generically transverse

to f,

it (f752)) = >, mi(W;) as a cycle, then f*(cl(Z)) = Y_i_, micl(W;).
Note that in the generically transverse case all the m; = 1.

A8 If = Spec (k), then cl(x) = 1 and tr (1) = 1.

Now that we have defined what a Weil cohomology is, it is important to note
some examples. The simplest example is the case when k = C and we may take
K = Q or R. In this case we can look at the euclidian topology on the closed
points of a smooth, projective C variety, which make it into a compact, smooth
C manifold. This again is a real manifold of twice the dimension. Hence we
have the singular and de Rham cohomology theories. In this case the first three
axioms are well known and classical theorems. For the class map we may take
the Poincaré dual of submanifolds, see [5] page 50 onwards on how to define
this.

For varieties over a field with positive characteristic we can not do the same
as above. But there do exist Weil cohomologies for these fields as well, for
example we have f-adic cohomology with K = Q, for ¢ # p = char k, for a
definition and some properties see [4] appendix C.

Now assuming a weil cohomology theory over k with coefficients in K we will
deduce some consequences which we will apply to prove the fixed point theorem.

Proposition 3. Let X be a smooth, connected n-dimensional projective variety.
1. The structural morphism K — H°(X) is an isomorphism.
2. We have cl(X) =1 ¢€ H°(X).
3. If v € X is a closed point, then trx(cl(z)) = 1.

4. If f: X =Y is a generically finite surjective morphism of degree d to a
smooth projective variety Y, then

trx(f*(a)) =d-try(a)
for all « € H>™(Y). In particular for Y = X it follows that f* is multi-
plication by d on H*"(X).
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Proof. 1. From Poincaré duality (A3) with ¢ = 0 it immediately follows that
dimg (H°(X)) = 1.
2. If we apply (A7) to the morphism X — Spec k, combining this with (A8)
proves (2).

3. Given r € X a closed point, then we apply (A6) to the morphism X —
Spec k, by taking Z = {z} and « = 1 € H’(Spec k). We find that
trx(cl(x)) = trgpe. 5(1) which equals 1 by (A8).

4. Let f: X — Y as in the proposition, take a general point @ in Y. Then
as a cycle we have (f~1(Q)) = >_\_, m;(P;), where P; are the reduced
points of the fiber over @) and Z:le m; = d. By generic flatness f is flat
around () so that (A7) and (A6) imply

trx (f*(cl(Q))) = tTX(Z mi - cl(P;)) = d - try (cl(Q)).

Since cl(Q) generates H24™) (V) by (3), the assertion in (4) follows.
O

Definition 7. Given a morphism f: X — Y between smooth, connected, pro-
jective varieties with dim(X) = m,dim(Y) = n. We use Poincaré duality to
define a push-forward f, : H*(X) — H*(Y) as follows. Given o € H'(X),
there is a unique f.(o) € H*"~2™F(Y) such that

try (fu(a) U B) = trx (U f7(5))
for every B € H*™~(Y).

Proposition 4. Let f : X — Y be a morphism as in the definition. The
push-forward of f has the following properties:

1. (projection formula) f.(aU f*(v)) = fu(a)U~.

2. If g: Y — Z is another morphism as above, then (go f)« = g« o fx on
H*(X).

8. If Z C X is an irreducible closed subvariety then

fulel(2)) = deg(Z/ £(2))cl(f(Z))-

Proof.
1. Note that
try (fo(a U f*(7))) = try (fu(a U f*(7)) U 1)
=trx(aU f*(v) U f*(1))
=trx(aU f*(7))
=try (f«(a) Un),

hence f.(aU f*(v)) = fula) Uy
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2. Note that

trz((go f«(a)UB) =trx

hence it follows that (go f)« = g« © fi.
3. Using (A6) we have
try (fu(cl(2)) U a) = trx(cl(Z) U [ () = deg(Z/ f(Z)) - try (cl(f(Z)) U a),
hence by uniqueness it follows that f.(cl(Z)) = deg(Z/f(Z)) - cl(f(2)). O

Proposition 5. For X andY smooth, connected, projective varieties, let px, py
be the projections of X XY onto X,Y respectively. If « € H'(Y) then px.(py (o)) =
try (o) if i = 2dim(Y") and 0 otherwise.

Proof. Since px.(pi-(a)) € H=24m(Y)(X) it is clear that this is 0 when i #
2dim(Y). If i = 2dim(Y) and if # € H>3™(X)(X) then by (A4) we have

trx (px«(py (@) U B) = trxxy (py (a) Upk (B)) = try (o) - trx (B),
from which it follows that px.(p} (@) = try (a). O

Lemma 2. Given a = Y.,_, n;(V;) rationally equivalent to zero, then also

Yoo nicl(V;) =0 in H*(X).

For a proof see lemma 4.4 in [3]. Using this lemma we see that ¢l induces a
cycle class map . ‘
cei : AX) — H*(X)

from the chow group of codimension 7 cycles.

Proposition 6. Putting the cc; together gives a ring homomorphism
cc: A*(X) — H*(X)

compatible with f. and f*.

Proof. Compatibility with f, follows from proposition 4.3.

For compatibility with f* we factor f : X — Y as pry oj where j : X —
X x Y is the embedding of X onto the graph of f and pry : X xY — Y is the
projection onto the second coordinate. In this case we have

F(121) = 3*(pry (12))) = 5™ ([X x Z]).

By the moving lemma [X x Z] is rationally equivalent to a sum ), n;[W;] where
each W; is generically transverse to j. By lemma 4.4 we then have cc([X x Z]) =
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> nicc([W5]). From (A7) it then follows that f*(cc([Z])) = ce(f*([Z])).

To see that it is a ring homomorphism, let V, W be irreducible subvarieties
of X and let A : X — X x X be the embedding onto the diagonal. Let
p,q : X x X — X be the projections onto the first and second coordinate
respectively. Compatibility with pull-back and (A5) gives

ce([V]IW])

c(A*([V x W)

“ee([V x W)

(c(V x W))

TP (el(V) U g (cl(W)))
AT (p*(cl(V ))UA*( “(el(W))
=c(V)Ucd(W)

= ce([V]) U ee([W]).

*

Il
> B B 8

Q

O
As a consequence of cc being a ring homomorphism we have the following.

Lemma 3. Let X be a smooth projective variety, let a; € A™ (X)), i=1,...,7
such that )", m; = dim(X). Then

(a1 ap) =trx(ce(ar) U...Uce(ay)).

Proof. Since cc is a ring homomorphism it is enough to prove that deg(a) =
trx (cc(a)) for a € Zy(X). By additivity we can assume that « is a point, so it
follows from proposition 3.3. O

2.3 Lefschetz fixed point theorem

Theorem 7. If f : X — X is an endomorphism, let I'y, A C X x X be the
graph of f and the diagonal respectively, then

2 dim(X)

(Cr-A)= Y (=1)'trace(f*|mi(x))-

=0

We will need two final lemmas to prove the theorem. To simplify notation
let n = dim(X) and let p,q : X x X — X be the projection on the first and
second coordinate respectively.

Lemma 4. If a € H*(X) then p.(cl(Ty) Ug*(a)) = f*(a).

Proof. Let j : X — X x X be the embedding of X onto I'y. We then have
poj =1idx and goj = f. Note that j.(cl(X)) = cl(T'y), from the projection
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formula it then follows that

A
Q.
—
=
~
S~—
C
Q
—
S—
S~—
Il
=
*
—
*
Py
%)
D
M
S~—
C
(=}
*
—
Q
=

O

Lemma 5. Let (e]) be a basis of H"(X) and (f?"") be the dual basis of

H?"="(X) with respect to Poincaré duality (A3), so that trx (f"~"Uel) = &;,.
We then have

Proof. By the Kiinneth property (A2) we can write

ZP alé Uq 2n 6)

for unique a; s € H*(X). From the preceding lemma and the projection formula
it follows that

Zp* als Uq (on S)Uq( ))
_ZGZSUP* 2T U el)).

By proposition 5 we have that p.(q*( lznfs Uel)) = 0, unless r = s, in which
case it equals trx( f”fr Uel). This again is zero unless ¢ = [, in which case it
equals 1. Hence it follows that f*(el) = a; - O

proof of theorem. From the previous lemma it follows that

Zp ) UG ().

Applying the same lemma to the identity morphism and the dual bases (f)
and ((—1)%e}" %), we get

(D) =Y ()P (F)Ua ().

l,s
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Hence it now follows that
(Ff . A) = tT’XX)((Cl(Ff) @] Cl(A))
=trxgx ( Z (_1)s+s(27z—r)p* (f*(€:) U fls) U q* (f-i2n7r U e?ns))
1,4,7,8

- Ztrx(f*(e:f YU FET) ctrx (f2 T Uel)

= (1) trace( £ e x):
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3 Weil conjectures

3.1 Statement

In this section we consider varieties over a finite field k = F,. Let X be a variety
over k and let x € X be a closed point with local ring (Ox ., m;). Its residue
field k(x) = Ox /m, is a finite extension of k. We define the degree of = to be

deg(z) = [k(x) : K]
Let k C K be a field extension then a K-valued point of X is an element of

X(K) - homSpec k(SpeC K,X) = U homk(k(m),K)
zeX

Lemma 6. If X is defined over k, and K =Fyn is an extension of degree m,
then
| X(K)| = Z d-|{z € X|z a closed point of degree d}.
d|m

Proof. Let x be the image of a K-valued point. Then k(z) embeds into K,
since k C K is algebraic then also k C k(x) is algebraic. So z is a closed point

because L
dim {z} = trdeg(k(x)/k) = 0.

Letting r = [k(z) : k] then r|m and there are exactly r embeddings of k(z) — K
fixing k. O

If K C K is a finite extension there are only finitely many points in X (K).
We can see this by taking a finite affine open cover of X. So it is enough to
look at the affine case. If X C A7 is defined by equations fi, ..., f, then X (K)
is the set of common solutions in K™. The preceding lemma then implies that
for each m there are only finitely many points with degree dividing m.

Letting N, = | X (F4m )| we define the zeta function of X.

Definition 8. The zeta function Z(X,T) of X is

N m

Z(X,T) = exp(z TT’") € Q[[T7]].
m=1

We are now ready to state the Weil conjectures, which asserts that this Zeta
function has some nice properties.

Theorem 8 (Weil conjectures). Suppose that X is an n-dimensional, geometri-
cally connected, smooth, projective variety defined over k, then the zeta function
Z(X,T) has the following properties:

1. It is a rational function of T', that is Z(X,T) € Q(T).
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2. Let E be the self-intersection number of the diagonal A of X x X. Then
Z(X,T) satisfies the following functional equation:

Z(X,—) = +¢"FPTE Z(X,T).

q"T
3. It is possible to write

Pi(T)Ps3(T) - Pyp—1(T)
Po(T)Py(T) - - - Por(T)

Z(X,T)=
where Po(T) =1 —1t,Pon(T) =1 —¢"T and for each 1 < i < 2n —1 we

have
P(T) = [[(1 = ayT)
where the oy are algebraic integers with absolute value g2,

We will prove the first two of these in the final section, the third property is
beyond the scope of this thesis. It was the last to be proved which P. Deligne
did in 1974 for which he was awarded the Fields medal.

3.2 The Frobenius morphism

The idea to prove the first two is to use the Lefschetz fixed point theorem. For
a suitable f we then have (I'ym - A) = N, for each m. The f we need is the
Frobenius morphism which we will define now.

Definition 9. The Frobenius morphism for X over k =Fy is the morphism of
ringed spaces
Frobx,: X =X

which is the identity on the topological space of X, and the Frobenius morphism
a — a? on the sheaf of rings. It is a morphism of Fy-schemes because a? = a
for any a € IFy.

Now let k& be an algebraic closure and let
X = X Xgpec F, Spec k.

Then X is a variety over k and X (K) = X(K).
We get an induced morphism of schemes over K:

Froby’q = Frobx 4 id: X —» X.

If X is affine, let X — A} be a closed immersion. Then F'rob o 1s induced by
F robA%q. This corresponds to the morphism of K-algebras

K[Xy, ... Xn] = K[X1, .., X))« Xi > X,
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On K-rational points this is given by
(1, ey ) = (21, .., 22).

It follows that X (F,m) can be identified with the fixed points of F robm . So

if we let A, T, be the diagonal and the graph of the m-th power of Frobenlus
respectlvely in X x X, then we have a bijection between A NT,, and X (Fym ).

Proposition 7. If X is smooth, then A, T, intersect generically transverse.

Proof. (idea) We consider the affine case X = Aﬂﬁq. IfR=k[X1,..., X0 Y1,..., Y,
then A is defined by the ideal (Y7 — Xi,...,Y,, — X,,) and T, is defined by
the ideal (Y7 — X7{,...,Y,, — X9). Therefore their intersection is isomorphic to
[T, Spec k[X;]/(X; — X), which is reduced because all of the polynomials
(X; — X/) have no multiple roots. Because X (F,m) is finite we thus see that
A NT,, is a reduced set of points. Generic transversality then follows from
proposition 2. O

The general case follows from the affine case, for details see [3] proposition
2.4. In a similar way, as we have seen in the affine case that the Frobyn g
corresponds to the Frobenius morphism on k-algebras, we also deduce that
F rob%q is finite of degree ¢""™.

3.3 Proof

Let X be a geometrically connected, smooth, projective variety defined over
k = F,, we keep some of the notation from the previous section. Suppose we
have a Weil cohomology for varieties over k with coefficients in some K (here K
refers to a characteristic 0 field as in the definition of Weil cohomology and not a
finite extension of k). Since the graph of the Frobenius endomorphism intersects
the diagonal transversely we get from the Lefschetz fixed point formula that

N =T -A) = Z(_l)itrace((F*)mlHi(Y))7
where F* is the pull-back of the Frobenius. It follows that

(-1

2n Tm
Z(X,T) = H [exp (Z trace((£™)™| i (x)) - m)

=0 m=1

From the following lemma it will follow that Z(X,T) is rational over K.

Lemma 7. Suppose ¢ : V. — V is an endomorphism of a finite dimensional
vector space over some field K. Then the following identity holds

exp (Z tr(e™) - 1;:) = det(1 — T)~*

m=1
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Proof. Recall that the trace of ¢ is the sum of its eigenvalues which lie in some
algebraic closure of K. Then the trace of ¢ is the sum of the m-th powers of
those eigenvalues so we get

0 dim(V') Tm
exp <Z tr(e™) - ) H exp (Z AT )

By the identity of formal power series Y~ _ AT i =log(1 — A\;T) it follows

that _
< Tm> dim (V) 1
exp Z tr(p =

= det(1 — T)"!
Hl—)\jT et(d =)

Jj=1

From the lemma it follows that

PL(T)P5(T) - - Pyn_1(T)
Po(T)Po(T) - - Pon(T)

Z(X,T) =

where P;(T) = det(1 — F*T'|:(x). Now that we know that Z(X,T) € K(T)
we still need to show that it is actually in Q(7"). Since we know that it is in
QI[T]], it follows from the following proposition that Z(X,T) € Q(T).

Proposition 8. Let K be a field and f =), ~qanT™ € K[[T]]. Then f €
K(T) if and only if there are M, N € Z>q such that

span{(a;, ais1, ..., airn) € KON > MY ¢ KON,
If L/K is a field extension, then f € L(T) if and only if f € K(T).
Proof. If f € K(T) then there are M, N and co,...,cy € K not all zero such

that
N .
T)-> T € KT
=0

of degree at most M + N. This means that cya; + cy—1a;41 + ... + coai4on =0
for all i > M. Thus the span of all the vectors (az, ey @i+ N ), t > M is contained
in the kernel of the linear map (zq,...,zn) — Z 0 CN—iZ;. But since not all
the ¢; are zero this is a proper subspace of K o +1) Conversely we can find
such a non-zero linear map for any proper subspace, so the converse is also clear.

Now if L/K is a field extension, and V is a vector space over K, then
V1, ..., U are linearly independent if and only if v; ® 1,...,v,, ® 1 are linearly
independent over L in V ® L. So the second statement also follows. O

To show that the functional equation holds we use Poincaré duality and the
following lemma.
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Lemma 8. Let ¢ : VW — K be a perfect pairing of vector spaces of dimension
rover K. Let x € K* and let o : V = Vb : W — W be endomorphisms such
that

P(pv, Ypw) = z¢(v, w)
for allv e Viw e W. Then

det(1 = v7) = S det(1 - ) )
and .
det()) = de‘f@. (6)

Proof. After extending scalars we may assume K is algebraically closed. Let
e, ..., e be a basis of V' such that ¢ is represented by a lower triangular matrix.
And let €}, ..., €] be a dual basis of W with respect to ¢. So ¢(e;, e};) = d;;. Note
that since x is non-zero, 1) must be invertible. Since ¢(p(e;),€’;) = 0 for j < i,
we find that ¢(e;, 1/)’1(6;-)) =0 for j < 7. It follows that the matrix representing
Y~ ! is upper triangular. Now let A1, ..., A, be the eigenvalues of ¢ ordered with
respect to the basis. Similarly let j1, ..., i, be the eigenvalues of =1 (by the

preceding these are just the values on the diagonal). We then have
)‘j = d)((p(ej)v 6;) = I¢(6ja¢71(69)) = Tp;.

Note that det(e) = [[;_; A; and det(¢) = [;_y u; ' so (6) follows. We also
have

det(1 — Tvp) = det(vp) det(sp™ — T')

r r

I -

Jj=1

" det(y)

(=T o A

det(ip) 2T
(1T .
=TT et - 2
det(p) et mT)’
so (5) follows. O

We now apply this to the perfect pairings ¢; in (A3) to prove the functional
equation.

Proof of the functional equation. Since the Frobenius morphism is finite of de-

gree ¢", proposition 4.3 implies that F* is given by multiplication by ¢" on
H?"(X). So it follows that

¢i(F"(a), F*(B)) = trx(F* (U B)) = trx(q"a U B) = ¢"di(a, B),
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for every « € HY(X), 8 € H?"~*(X). The lemma implies that if B; = dimx H*(X)
and P;(T) = det(1 — TF*|p: %)) then

ani

det(F |H2n_i(y)) = W

and
(71)BianiTBi 1

P(—).
det(F ) T
Applying the Lefschetz fixed point formula to the identity morphism it follows

that E := 32" (~1)'B; = (A-A). Using the two formulas above it now follows
that

Poy—i(T) =

1 Pi(gg) - Panoi(gir)

Z2(X, —=) =
q°T PO(W%)"'PQn(ﬁ)
_ P2n71(T) . PI(T) . (_1)EanTE
Pon(T) -+ Po(T) ]_[1221 det(F™* Hi(f))(*l)i
nEmE
=T
=+Z(X,T)- B2

= +¢"FPTEZ(X,T).
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