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Abstract

In this report we discuss 3 key ideas. Firstly, a generalization of the result used for
factorization of prime ideals in number field extensions to any Dedekind domain extension
satisfying a very mild condition. Secondly, determining the prime ideals of Z[z] using
geometry. Thirdly, illustrating the application of normalization process to determine the
dimension of polynomial ring.
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Introduction

Arithmetic geometry can be defined as the part of algebraic geometry connected with the study
of algebraic varieties over arbitrary rings, in particular over non-algebraically closed fields.
The central problem is to study the solutions in R™ of a system of polynomial equations in n
variables with coefficients in a ring R (such as R =Z, R = Q, or R = Z/pZ). Hence it lies at
the intersection between algebraic geometry and number theory.

In the first chapter a generalization of the result used for factorization of prime ideals in
number field extensions to any Dedekind domain extension, satisfying a very mild condition, has
been discussed. The books by Marcus [Mar77], and Lorenzini [Lor96] were the main references
for this chapter.

In the second chapter two main concepts has been discussed. Firstly, determining the prime
ideals of Z[z] using geometry. Secondly, illustrating the application of normalization process to
determine the dimension of polynomial ring. Moreover, in the previous report [Korl7] I used
two important theorems, namely Noether normalization lemma (that lead to the conclusion
that dim(K[z1,...,2,]) = n) and Riemann-Roch theorem (while defining genus of algebraic
curve) without knowledge of their proofs. In the second chapter, we will see the proof of the
former. The books by Liu [Liu02], Eisenbud [Eis04], and Reid [Rei95] were the main references
for this chapter.

This report is the second step towards my preparation for the master’s thesis to be submitted
in May, 2019. Before submitting the final thesis [ am expected to write four reports on arithmetic
geometry, one each semester, and this is the second one in that series of four reports.



Chapter 1

Dedekind domain

We ended the first chapter of our previous report with the definition of Dedekind domain [Kor17,
Definition 1.15]. In this chapter we will study some general properties of Dedekind domains.
Let’s first recall the definition:

Definition (Dedekind domain). A Noetherian, integrally closed integral domain in which every
non-zero prime ideal is maximal is called a Dedekind domain.

1.1 Factorization

We know that the rings of algebraic integers do not always have unique factorization property.
But since every ring of algebraic integers happens to be a Dedekind domain, every proper ideal
admits a unique factorization as a product of prime ideals [Korl6, Remark 12]. In this section
we will prove this unique factorization property of Dedekind domains. Though one can deduce
this from the general primary decomposition theorems [AMO7, Corollary 9.4, we will discuss
the direct proof using elementary tools [Mar77, Theorem 16].

Lemma 1.1. In a Dedekind domain R every ideal contains a product of prime ideals.

Proof. On the contrary, assume that there is a non-empty set A of ideals in R which do not
contain any product of prime ideals. Since R is Noetherian, .4 has a maximal element m [Korl7,
Theorem 1.3]. Also, m is certainly not prime since .4 doesn’t contain a product of prime ideals.
Hence there exists r,s € R\m such that rs € m. Since m + (r) and m + (s) are strictly bigger
than m, they must contain a product of prime ideals. But (m+ (r))(m+ (s)) C m, contradicting
the fact that m didn’t contain any product of prime ideals. Hence the set A is empty, completing
the proof. O

Lemma 1.2. Let a be a proper ideal in a Dedekind domain R with field of fractions K. Then
there exists r € K\R such that ra C R.

Proof. Let a € a, a # 0. By Lemma 1.1, (a) contains a product of prime ideals, say p1,p2, ..., pr
such that p1p2---py C (a) and £ is minimal. Since R is a commutative ring with identity, every
proper ideal is contained in a maximal ideal [DF11, Proposition 7.11], let that ideal be p. Hence
we have

pip2--pr C(a) Calyp

We note that p contains a prime ideal p; for some 4. Since if not, then there exists a; € p;\p
for all j =1,...,¢ such that aj ---ap € p which will contradict the fact that p is a prime ideal.
Also since R is a Dedekind domain, every non-zero prime ideal is maximal, i.e. p; C p implies
that p; = p. Without loss of generality, let © = 1. Hence we have

pip2---pr C(a) Calpy



Also by the minimality of ¢, there exists b € (p2---ps)\(a). Hence we have found an element
g € K\R. We observe that since a € py

Hence we have found r =

b b
-—aC-pCR
a a

b

a’

completing the proof. O

Remark 1.1. The ideal f = ra is called fractional ideal of the field of fractions K [Korl6,
Definition 18].

Proposition 1.1. Let a be an ideal in a Dedekind domain R. Then there is an ideal b such
that ab is a principal ideal.

Proof. Fix a € a, a # 0. We claim that b = {b € R : ba C (a)}. We will divide the proof into
two steps:

Step 1.

Step 2.

b in an ideal in R.

Since a € b, b # 0. It’s easy to check that b is a subgroup of R under addition operation.
Finally we note that b € b for all » € R and b € b. Hence b is an ideal in R.

ab = (a)

Consider the set f = % ab. Since ab C (a), we have f C R. Moreover, f is an ideal in R.
Hence it’s sufficient to prove that f = R. On the contrary, let f & R. Then by Lemma 1.2
there exists 7 € K\ R such that rf C R. Since b C §, we have

rtbCrfC R
From this we conclude that rb C b, since given any b € b we have rb € b as follows

rberb=rbe R and CubgR:rbagaR:m)
a

Now R is Noetherian since it’s a Dedekind domain, hence b is finitely generated. Say

b= (b1,...,bn), then rb C b implies that rb; for all i = 1,...,m is a linear combination
of by, ..., by, with coefficients in R. Hence we have
b1 b1 b1
r|f | =M] : = (rI-M)| : | =0
b, bin bm,

for some m x m matrix M and identity matrix I. Hence det (r] — M) = 0, giving us a
monic polynomial in R[X] of degree m whose root is . But R is integrally closed since
it’s a Dedekind domain, hence » € R. This contradicts the assumption that » € R, hence
completing the proof.

O]

Remark 1.2. Hence we can say that ideal classes in a Dedekind domain form a group with the
class of principal ideals being the identity element [Korl6, Theorem 33].

Corollary 1.1. If ai,as, a3 are ideals in a Dedekind domain R, and ajas = ajas then ag = as.

Proof. By the above proposition there exists an ideal b such that ba; = (a) for some a € a;.
Then we have

ajay = ajaz = balag = ba1a3 = afg = aag = dag = as

since a # 0 and R is an integral domain. O



Corollary 1.2. If a and b are ideals in a Dedekind domain R, then a | b if and only if b C a.

Proof. (=) By definition, a | b implies that there exists an ideal f such that af = b. Hence
b C a trivially.

(<) By the above proposition there exists an ideal ¢ such that ca = (a) for some non-zero
a € a. Then b C a implies that ¢b C (a). Hence we have an ideal f = 2 ¢b of R such that af = b.
Thus a | b. O

Theorem 1.1. FEvery proper ideal in a Dedekind domain R is uniquely representable as a
product of prime ideals.

Proof. We will prove the existence and uniqueness of factorization in two steps.

Step 1. Ewvery proper ideal is representable as a product of prime ideals.

On the contrary, assume that there is a non-empty set A of ideals in R which are not
representable as a product of prime ideals. Since R is Noetherian, A has a maximal
element m [Korl7, Theorem 1.3] such that m # R since it’s a proper ideal. Since R is a
commutative ring with identity, every proper ideal is contained in a maximal ideal [DF11,
Proposition 7.11], let that ideal be p. Then by Corollary 1.2 we have m = pa for some
ideal a. Then m C a. But since prime ideals are proper ideal, p # R implies that m # a.
Hence we have the strict containment m C a. This implies that a ¢ A and hence can be
represented as product of prime ideals. But then m is also representable as product of
prime ideals, contradicting our assumption and completing the proof.

Step 2. The representation is unique.

Suppose that
Pib2- - Pm =q1G2. .- qn

where p; and q; are non-zero prime ideals not necessarily distinct. Then we have

pipo--Ppm S 01

which implies that p; C q; for some i. Rearranging the p;’s if necessary, we can assume
that p; C ¢1. Since all non-zero prime ideals are maximal ideals in R, p; = g;. Now by
Corollary 1.1, we get

P2 Pm =0q2...qn

Continuing this way we eventually find that m = n and p; = ¢; for all ¢ (after rearrange-
ment).

O]

Proposition 1.2. A Dedekind domain R is a unique factorization domain if and only if it is
a principal ideal domain.

Proof. (=) Let a be an ideal of R, then by Proposition 1.1 a divides some principal ideal (a).
Since R is a unique factorization domain, a is a product of prime elements in R, say a = p1 - - - py.
Also, in unique factorization domain prime elements and irreducible elements are same ([DF11,
Proposition 8.12]) we conclude that a divides a product of principal prime ideals

al {p1)(p2)--- (pe)

Then by Theorem 1.1 it follows that a itself is a product of principal prime ideals and therefore
a principal ideal.

(<) This is always true since every principal ideal domain is a unique factorization domain
[DF11, Theorem 8.14]. O



Remark 1.3. The above proposition is equivalent to Theorem 1.8 of previous report [Korl7]
since every unique factorization domain is integrally closed. In that proof, the crucial fact we
used was that every prime ideal of a unique factorization domain of dimension 1 is principal.
Then it was sufficient to prove that unique factorization domain of dimension 1 is a Bézout
domain, which was proved using induction.

Example 1.1. We know that Z[\/—5] is a Dedekind domain [Kor15, Theorem 1.7.8], but is not
a unique factorization domain since

6=2-3=(1++v-5)(1—-+V-5)

gives two distinct factorizations of 6 into irreducibles [DF11, Propostion 8.11]. We can also
directly see that it is not a principal ideal domain since a = (3,2 + 4/=5) is not a prin-
cipal ideal [DF11, Example 2, pp. 273]. It is known, but not easy to prove, that d =
—-1,-2,-3,-7,—11,—19,—43, —67 and —163 are the only negative values of d for which the
ring of integers of Q(v/d) is a principal ideal domain [Kor15, Theorem 1.7.9].

1.2 Localization

The technique of localization reduces many problems in commutative algebra to problems about
local rings. This often turns out to be extremely useful since most of the problems with which
commutative algebra has been successful are those that can be reduced to the local case [Eis04,
pp. 57]. We will prove an equivalent definition of Dedekind domain in terms of localization at
prime ideals [Liu02, Corollary 1.2.14].

Theorem 1.2. A Dedekind domain is a Noetherian integral domain R whose localizations Ry
at the non-zero prime ideals p are principal ideal domains, but not a field" .

Proof. Given a Noetherian domain R, we know that dim R = 0 if and only if R is a field. Hence
it is sufficient to prove the equivalence of the following two statements:

(i) For every non-zero prime ideal p in R the local ring R, is a principal ideal domain with
non-zero maximal ideal.

(ii) The ring R is integrally closed and has dimension 1.

(i) = (i7) | We know that the prime ideals of R, are in one-to-one correspondence with the

prime ideals of R contained in p [AMO7, Corollary 3.13]. Hence every chain of prime ideals
ending with prime ideal p extends to a corresponding chain of same length in R,. Thus we have

dim R = sup{ht(p) : p € Spec R} = sup{dim R, : p € Spec R} =1

since every principal ideal domain has dimension 1 [Korl7, Lemma 1.4]. Moreover, if K is the
field of fractions® of R, then K is also field of fractions of Ry, since R, C K. Also, any element
r € K that is integral over R, is also integral over R, for all p € Spec(R) [AMO7, Proposition
5.6]. But R, is integrally closed since it is a principal ideal domain [Korl7, Proposition 1.2],
hence r € Ny Ry, = R where p are all non-zero prime ideals in R. Hence R is integrally closed.
(73) = (1) | Since localization preserves the property of R being a Noetherian domain, R,

is also a Noetherian domain [AMO07, Corollary 7.4] . Also, integral closure is a local property?,

! As in §1.3 of previous report [Korl7], fields are not considered principal ideal domains.
2It is the smallest field with respect to the inclusion that contains R.
3Normalization commutes with localization [Eis04, Proposition 4.13].



hence R, is integrally closed for each prime ideal p [AMO7, Proposition 5.12]. Moreover, every
chain of prime ideals in R, contracts to a chain of at least that length in R. Thus we have

dim R, = sup{ht(q) : g € Spec(Ry)} =sup{ht(q) : qN R Cp} <dimR =1

Since R is an integral domain, dim R, = 0 if and only if R is a field, i.e. dim R = 0. But we
know that dim R # 0, hence dim R, = 1. Hence R, is an integrally closed Noetherian local
domain of dimension 1, which is equivalent to saying that R, is a principal ideal domain with
non-zero maximal ideal [AMO07, Proposition 9.2, (ii)<(iii)]. O

1.3 Extension

Lemma 1.3. Let R be a Dedekind domain with field of fractions K and L be a finite extension
of K. If S is the integral closure of R in L then pS # S for any prime ideal p in R.

Proof. We will divide the proof into two steps:

Step 1. If p = (a) is a principal ideal.
On the contrary, let pS = S. Then there exists b € S such that ab= 1. Also, b ¢ R since
if not then p = R which will be absurd since prime ideals are proper ideals. Since b is an

integral element over R, there exists a minimal monic polynomial f(z) € R[x] of degree
n such that f(b) = 0, that is

b+ rp b g =0
But since ab = 1, we have
VU, 0 parg =0

Hence we have found an integral relation of b over R of degree less than n, contradicting
the minimality of n. Hence such a b does not exist and pS # S.

Step 2. If p is any non-zero prime ideal in R.

Let D = R\p be the multiplicatively closed subset of R. Then we have D~ !p = q a prime
ideal in R, [AMO07, Corollary 3.13]. Also, D~1S = S, is localization of S. Then pS # S
if and only if qS, # S, [AMO7, Proposition 3.8]. But since R, is a principal ideal domain
by Theorem 1.2, q is a principal ideal. Hence qS, # S, as in the previous step.

d

Remark 1.4. Even more is true in the above setting. Krull-Akizuki theorem implies that S is
in fact a Dedekind domain [Neu99, Proposition 1.12.8]. But we will work on a bit less general
setting avoiding the use of more advanced tools from algebra [Lor96, §I11.3].

Proposition 1.3. Let R be a Dedekind domain with field of fractions K and S be the integral
closure of R in a finite extension L of K. Then S is a Dedekind domain if S is a finitely
generated R-module

Proof. Since R is Noetherian and S is finitely generated R-module, S is also Noetherian [Korl7,
Corollary 1.5]. Also, since dim R = 1 and L over K is a finite extension, dimS = 1 [Korl?7,
Corollary 1.6]. Moreover, it is given that S is integrally closed in its field of fractions L. Hence
S is a Dedekind domain. O

Lemma 1.4. Let p be a prime ideal in a Dedekind domain R with field of fractions K and q
be a prime ideal in the integral closure S of R in a finite extension L of K. If S is a finitely
generated R-module then the following are equivalent:



(i) alpS
(1) pS Cq
(iii) p C q
(iv) p=qNR
(v) p=anNK
where pS is the extension of p in S under the natural inclusion ring homomorphism.

Proof. By Proposition 1.3 we know that .S is a Dedekind domain, hence we can apply Corol-
lary 1.2 to get (i) < (i7). Also, (i7) < (4i7) trivially since q is an ideal in S. And, (iv) & (v)
since R = SNK and q C S. We just need to show that (iii) = (iv), since (iv) = (#4) is trivial.
Now for (iii) = (iv), we know that p C qN R and qN R is a prime ideal of R [AMO07, pp. 9].
Since R is a Dedekind domain, p and q N R are maximal ideals, hence must be equal. ]

Remark 1.5. This lemma clearly illustrates the fact that extension of a prime ideal need not
be a prime ideal [AMO7, pp. 10]. In fact, the prime ideals ¢’s lying over a given prime ideal
p are the ones which occur in the prime decomposition of pS [Korl6, Definition 14]. Also, by
Lemma 1.3 we can conclude that every prime ideal p of R lies under at least one prime q of S
[Mar77, Theorem 20].

Definition 1.1 (Ramification index). Let R be a Dedekind domain with field of fractions K
and L be a finite extension of K. Let S be a Dedekind domain which is the integral closure of
R in L. The exponent with which the prime ideal q in S lying over a given non-zero prime ideal
p in R occur in the prime decomposition of p.S is called its ramification index. For example, if
pS =qf' ---q;* then e; is the ramification index of g; over p, denoted by e(q;/p).

Remark 1.6. Due to unique factorization of prime ideals in the Dedekind domain S, the value
of e(q/p) is unique and hence well defined.

Definition 1.2 (Residual degree). Let R be a Dedekind domain with field of fractions K and
L be a finite extension of K. Let S be a Dedekind domain which is the integral closure of R
in L and q be a prime ideal in S lying over non-zero prime ideal p in R. Then R/p is the
residual field of R at p and S/q is the residual field of S at q. We define the degree of field
extension of S/q over R/p as the residual degree of q over p. For example, if pS = q7* - - - g
then f; = [S/q; : R/p] is the residual degree of q; over p, denoted by f(q:/p).

Remark 1.7. We have the following ring homomorphism
Y :R—S—S/q
rT—=T—=x+q

with ker¢) = qN R =p by Lemma 1.4. Hence we have the embedding

o:R/p—S/q

Moreover, since S is finitely generated R-module [Korl7, Theorem 1.6] and p C q i.e. S/q is
annihilated by p [DF11, Example 5, pp. 338], we conclude that S/q is a finite dimensional
R/p-vector space.

Theorem 1.3. Let R be a Dedekind domain with field of fractions K and S be the integral
closure of R in a finite extension L of K. If S is a finitely generated R-module then

[L:K]=> e(a/p)f(a/p)
qlpS

for any non-zero prime ideal p of R.



Proof. We will divide our proof into three steps:

Step 1. Proving the theorem when R and S are principal ideal domains

By Proposition 1.3 we know that S is a Dedekind domain, hence by Theorem 1.1 we have

pS =qi'---q; (1.1)

for some prime ideals g;’s of S. Since ¢;’s are pairwise co-prime ideals in S, by Chinese
Remainder Theorem [DF11, Theorem 7.6.17] we have

S/pS=S/q @& S/q) (1.2)
as rings and also as R/p-vector spaces since p C pS C q;* for all i = 1,...,¢ (as seen in
Remark 1.7). Hence we have to show that

L

[L: K=Y eifi (1.3)

i=1
where f; = [S/q; : R/p] = dimp/, S/q;. Till now we didn’t use the fact that R and S are

principal ideal domains.

Claim 1. dimpg/, S/pS = [L : K]
Since R is a principal ideal domain and S is a finitely generated R-module (under the
ring multiplication action), by Structure theorem [Korl7, Proposition 1.7] we know
that
S = R" @ Tor(S)

for some n > 0 (called rank of S over R) and

Tor(S) = {s € S : rs = 0 for some non-zero r € R}

Since S is an integral domain, Tor(S) = {0}, and hence S is a free R-module, i.e.
S = R". Since [L : K] is finite and S is integral closure of R in L, we conclude that
the rank of S over R is equal to [L : K], i.e. [L: K] =n [Korl7, Lemma 1.3].

Since by Lemma 1.4 we know that RN pS = p, we have a R-module isomorphism®*
S/pS=(R®---&R)/(pRE---®pR) = R"/pR" (1.4)
Moreover we have [DF11, Exercise 10.2.12]
R"/pR"= R/pR® - -©R/pR=R/p& - ® R/p = (R/p)" (1.5)

as R-modules. But since p C pS i.e. S/pS is annihilated by p [DF11, Example 5, pp.
338], S/pS = (R/p)" as R/p-vector space (using (1.4) and (1.5)). Hence we have

dimp/, S/pS =n=[L: K]

Claim 2. dimpg/, S/q7' = eifi fori=1,... L.
Without loss of generality, fix q; = q, ¢; = e and f; = f = dimp/, S/q. We will prove
our claim by induction on e. As noted before, p C q¢ C ... C q and S/q,...,5/q°
are R/p-vector spaces. Base case is true since for e = 1 we have

“This is not always true, since 27 2 37 as Z-modules but Z/27 % 7./37 as Z-modules.




Step 2.

Now our induction hypothesis is that

dimp, S/q° ' = (e—1)f (1.6)

Now we will prove the inductive step. Consider the linear transformation for R/p-
vector spaces

:5/q° = S/q""!
T+ q°— x4 q°t
where ker(¢) = q°1/q°. Then by Rank-Nullity Theorem® [HK15, Theorem 3.2] we

know that
diIl’lRAJ S/qe = dimR/p S/qeil + dimR/p qefl/qe

Then using induction hypothesis (1.6) we get

dimp), S/q° = (e — 1) f + dimp/, q° ' /q° (1.7)

Next we note that since S is a principal ideal domain, q = (3) for some § € S and
we have the surjective S-module homomorphism

Y :S < ¢ /q°
x = T + g°
where ker(¢) = (8) = q. Therefore by first isomorphism theorem we have S-module
isomorphism
S/a=q"/q°

Since q annihilates q°~!/q®, we have S/q = q°~!/q¢ as S/qg-vector spaces. Hence we
have

dimgqq° ' /q° =1 (1.8)

Now we note that we have tower of fields, R/p — S/q < q°'/q¢, hence we have
[DF11, Theorem 13.14]

dimp/, ' /q° = dimp/, S/q - dimg/q 9°~ ' /q°

Now using (1.8) we get
dimpy, q°~'/a° = f
Using this in (1.7) we get the desired result.

Combining the above two claims with (1.2) we get (1.3).

Proving the theorem for the localizations D™'R and D=1S for D = R\p

D = R\p C R C S is a multiplicatively closed subset, hence we can define the ring of
fractions of R and S with respect to D. Let D™'R = R, and D~1S = S, be the respective
ring of fractions (abuse of notations). Let 9 and B are the extensions of q and p, under the
respective ring localization homomorphisms. Since the field of fractions of a ring doesn’t
change after localization, we wish to prove that

[L:K]= ) e(Q/P)F(Q/P)

QIPSy

5This can also be seen as a consequence of Splitting Lemma [DF11, Proposition 10.25]. Since any short exact
sequence of vector spaces split, in particular, if T': V' — W is a linear transformation then V = ker(T") & Im(T")
since we have the short exact sequence 0 — ker(T") — V — V/ker(T') — 0 where Im(T") & V/ ker(T).
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By Theorem 1.2 we know that R, is a Dedekind domain (integrally closed Noetherian
domain of dimension 1) as well as a principal ideal domain (since it is a local ring). To
be able to use the previous step, it’s sufficient to prove that Sy is also a Dedekind domain
and a principal ideal domain.

Claim 1.

Claim 2.

Sp 15 a Dedekind domain

By Proposition 1.3 we know that S is an integrally closed Noetherian domain of
dimension 1. Since localization respects integral closure [AMO07, Proposition 5.12] and
Noetherian condition [AMO07, Proposition 7.3], we just need to prove that dimension
of Sp is 1. The prime ideals of S, are in one-to-one correspondence with the prime
ideals of S not intersecting D = R\p. Since S is a Dedekind domain, by (1.1) we
know that ¢;’s are the only primes lying over p in S. Also, by Lemma 1.4 we know
that ¢; " R = p for all + = 1,...,¢. Hence the only prime ideals q of S for which
DNg=¢areq=gq; foralli =1,...,¢. Since p is non-zero prime ideal, £ > 1. Hence
Sp have ¢ non-zero prime ideals,

dim S, > 1

Moreover, every chain of prime ideals in S, contracts to a chain of at least that length
in S. Thus we have

dim S, = sup{ht(Q) : Q € Spec(Sy)} < dimS =1

Hence dim S, = 1.

Sp 18 a principal ideal domain

From previous claim we conclude that Sy is an integral domain of dimension 1 that
has property of unique factorization of ideals by Theorem 1.1. Also, the set of non-
zero prime ideals is finite, which is in fact same as the number of prime ideal in
S lying over p. Let the extension of g; in S, be Q; for all ¢ = 1,...,¢. Without
loss of generality fix ¢ = 1, i.e. consider the non-zero prime ideal £;. Then by
unique factorization of ideals we know that Q% # i, i.e. there exists a non-zero
element z € 0Q1\9Q?. Also, since dimension is 1, every non-zero prime ideal L; is
a maximal ideal. Hence the ideals Q% Qs,...,Q, are pairwise co-prime. Hence by
Chinese Remainder Theorem [DF11, Theorem 7.6.17] we have the following ring
isomorphism

X1 Sp/(Q1Q2- Q) = Sp/Q1 X Sp/Qa -+ x S/
re (r4+ Q0+ Qo, ...+ Q)

Hence there exists y € S, such that x(y) = (z+9%, 14+ Qa,...,1+9)), i.e. y—z € O}
andy —1€Q; foralli=2,...,f Sincey —z € Q? C 9y and z € Q;\Q?, we have
(y) € 9y but (y) € Q2. Also, y —1 € Q; and 1 ¢ Q; for all i = 2,...,¢ (proper
ideals) implies that (y) Z Q; for all i = 2,...,¢. But in a commutative ring every
proper ideal must be contained in some maximal ideal [DF11, Proposition 7.11], we
conclude that (y) = Q. Hence, non-zero prime ideals (maximal ideals) of S, are
principal ideals. Since number of prime ideals is finite and every proper ideal is a
unique product of prime ideals, we conclude that Sy is a principal ideal domain.

Combining the above two claims with the previous step, we complete the proof of this

step.

Step 3. It is sufficient to prove the theorem for the localizations Ry, and Sy.

Given a prime ideal q in S lying over the non-zero prime ideal p in R, let Q and B be the
extensions of q and p, under the respective localization ring homomorphisms.
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Claim 1. e(q/p) = e(Q/%)
This follows directly from the Going-up Lemma [AMO07, Theorem 5.10] since R C S
and S is integral over R.

Claim 2. f(q/p) = f(Q/B)

This follows from the following general lemma:

Given a commutative Ting R, a mazimal ideal m C R and a mul-
tiplicative closed subset D C R\m. Then R/m = D7'R/D™'m as
fields. Where the ring isomorphism is given by

o:R/m — D 'R/D7'm

r+me g + D 'm
The above map is injective because any homomorphism from a field
to a non-zero ring is injective (0 ¢ D implies that D! R is a non-zero
ring and m N D = ¢ implies that D~!m is a prime ideal). The map
is surjective because for any § + D7 'm € D7'R/D™'m there exists
t € R such that td —1 € m (since d ¢ m and m is a maximal ideal,
i.e. (m,d) = R) and we have

o(rt +m) = 2 + D 'm

as per the equivalence relations of localization.

By Lemma 1.4 we know that gN R = p, hence R C S implies that R\p = R\(qNR) C
S\(qNS) = S\q. Thus by the above lemma, R/p = R, /P and S/q = S,/Q. Thus

we have

dlmR/p S/q = dlme/qg Sp/Q

Hence completing the proof of our claim.
Combining the above three steps, we complete the proof of the theorem. O

Remark 1.8. We know a direct proof of the above theorem when R and S are ring of integers
of number fields [Korl6, Theorem 18]. The key difference between that proof and the proof
given above is that there we could use the concept of embeddings in C [Korl6, Definition 4]
and here we had to take help of localization [Lor96, Theorem II1.3.5]. Moreover, additional
assumption of the field extension L over K being separable allows us to write a simpler proof
involving linear algebra instead of localization [Neu99, Proposition 8.2].

Example 1.2. We can find prime ideal factorization of ring of integers of quadratic number
fields. That is, we set R =7, K = Q, L = Q(y/m) for some square free integer m, and

S Z[\/m] ifm=2,3 (mod 4)
Z {H_ﬁ} ifm=1 (mod4)

Then for p = (p) where p is some prime integer, we get [Korl6, Theorem 28].

((p, vm)? itp|m
(2,1 + /m)? ifp=2m=3 (mod 4)
pS = < 1+‘F>< 1_ﬁ> ifp=2m=1 (mod 8)
prime ifp=2,m=5 (mod8)
(p,n+/m)(p,n — m) ifp#2,ptmm=n’ (mod p)
prime if p4m and m is not a quadratic residue mod p

12



Chapter 2

Motivation for scheme theory

In the second chapter of our previous report we tried to illustrate the relationship between
arithmetic and geometry using the specific example of elliptic curves. In this chapter we wish
to explore foundations of these geometric relations. Our aim is to introduce few ideas which
will help us develop the general geometric machinery (scheme theory) needed for further inves-
tigations. We won’t define what is meant by scheme in this report.

2.1 Spectrum of a ring

As seen in Theorem 1.2, spectrum of a ring is the collection of the primes ideals of that ring.
But we can give it a topological structure using subsets of the spectrum which behave like closed
sets.

Lemma 2.1. Let R be a commutative ring with identity and a be an ideal of R. We define
V(a) ={peSpecR:aCp} C SpecR
Then the following properties hold:
(i) V(a) UV (b) =V(anb)
(i) M Vian) =V (2oyan)
(iii) V(R) = ¢ and V(0) = Spec R

Proof. (i) We will show both side set containment.
(C) This is trivial.
(D) For this we need to use the fact that prime ideals are irreducible ideals [AMO07,
Proposition 1.11(ii)].

peV@anb)=anbCp
=aCporbCp (irreducible ideal)
=peV(a)orpeV(b)
=peV(a)UV(b)

(ii) This follows from the fact that ), ay is the smallest ideal containing all ay’s.

pe(Vian) < peV(ay) VA
A
< ay CpVvA

13



(iii) True since there is no prime ideal containing whole ring (prime ideals are proper ideals)
and every prime ideal contains the zero ideal.
U

Definition 2.1 (Zariski topology). Let X = Spec R, then we define topology 7 on X such that
the closed subsets are of the form V' (a). Moreover, the sets of the form D(r) = Spec R\V ({r))
for all » € R constitute a base of open subsets of Spec R.

Lemma 2.2. The singleton {p} C Spec R is closed in the Zariski topology if and only if p is a
mazximal ideal of R.

Proof. (=) Since {p} is closed, {p} = V(a) for some ideal a in R. Since p is the only prime ideal
containing a and every proper ideal of a commutative ring with identity should be contained in
a maximal ideal [DF11, Proposition 7.11], p is a maximal ideal.

(<) If p is a maximal ideal then V(p) = {p} and hence {p} is a closed set. O

Definition 2.2 (Closed point). A prime ideal p in R is said to be a closed point of Spec R if
{p} is a closed set of Spec A under the Zariski topology.

Example 2.1. Since Z is a principal ideal domain [DF11, Proposition 8.1], we have
SpecZ = {{(0)} U {(p) : p is a prime integer}

Here every non-zero prime ideal is a maximal ideal. Hence all prime ideals except the zero ideal,
represent closed points of Spec Z.

Definition 2.3 (Affine line). Let k be a field, then the we define the affine line A} = Spec k[z]
where k[x] is the ring of polynomials with coefficients in the field k. Since k[z] is a principal
ideal domain [DF11, Corollary 9.4], we have

AL = {{(0)} U {{f(z)) : f(x) is a monic irreducible polynomial}

Remark 2.1. Here every non-zero prime ideal is a maximal ideal. Hence all prime ideals except
the zero ideal, represent closed points of A,}J. Moreover, all proper closed subsets of A}g are finite
sets since any polynomial is a product of finitely many irreducible polynomials.

Proposition 2.1. Let ¢ : R — S be a ring homomorphism, where R and S are commutative
rings with identity. We define the map of sets

©* : Spec S — Spec R
q— ¢ '(a)
Then the following properties are true:

(i) The map ¢* is continuous.

(ii) If ¢ is a localization morphism, i.e. S = D™'R for some multiplicatively closed subset D
of R, then ©* is a homemorphism onto the subspace {p € Spec R :p N D = ¢} of Spec R.

(i1i) If p is surjective, then ¢* induces a homeomorphism onto the closed subset V (ker(y)) of
Spec R.

14



Proof. The map ¢* is well defined since contraction of a prime ideal is again a prime ideal
[AMO7, pp. 9].

(i)

(iii)

We need to show that inverse image of a closed set of Spec R is a closed set in Spec S. Let
V(a) C Spec R be a closed set where a is an ideal in R. Hence it is sufficient to prove the
following

Claim: ¢*~1(V(a)) = V(p(a)S), where p(a)S is the ideal in S generated by ¢(a).
We will show both side set containment simultaneously.
g€ (V(a) <= ¢"(q) € V(a)
v () € V(a)
aC o ()
p(a) Cq
Se(a) Cq
q€V(Se(a)

We know that ¢* is a bijection onto {p € Spec R : pnD = ¢} [AMO7, Proposition 3.11(iv)]
and continuity follows from previous part. We just need to show that ¢*~! is continuous.
Hence it’s sufficient to show that ¢* is a closed map. Let V(b) C Spec D™'R be a closed
set, where b is an ideal in D™'R.

Claim: *(V (b)) = V(o 1(b)) N Im(p*), where o~ 1(b) is the ideal in R [AMO7, pp. 9].
(C) V(b) C Spec DR implies that ¢*(V (b)) C Im(p*). Also, we have

rreee

—_

=p=¢ (q
= '(b)Cp
=peV(p (b))

pe"(V(b)=p= cp_l(q) for some q € V(b)
) such that b C q

(D) Let p € V(¢ 1(b))NIm(p*) C Im(p*). Since ¢* is a bijection onto Im(¢*), there exists
g € Spec D' R such that p = ¢ ~1(q). But since ¢~1(b) C p, we have p~1(b) C ¢ 1(q),
i.e. b C q. Hence q € V(b) which is equivalent to saying p € ¢*(V(b)).

Consider the following lemma:

If o : R — S is a surjective ring homomorphism between commutative rings with iden-
tity, with an ideal a in R and an ideal b in S such that ker p C a. Then the following
properties hold:

(1) a*“ =a and b = b
(2) ais a prime ideal in R if and only if a® is a prime ideal in S.

where a® = S¢(a) is the extension ideal of a in S and b¢ = p~1(b) is the contraction
ideal of b in R.

We know that there exists a bijection between the set of contracted ideals in R and
extended ideals in S [AMO7, Proposition 1.17]: {a: a® = a} «— {b: b =b}. For (1)
note that since ¢ is surjective, every ideal b of S is an extension ideal, i.e. b = a® for
some ideal a in R. For (2), non-trivial fact is that the extension ideal is again a prime
ideal. Here we use the fact that ker ¢ C a. Suppose x,y € S such that zy € a® where
z = p(a) and y = ¢(b) for some a,b € R (surjection). Now choose ¢ € a such that
¢(c) = zy) (possible due to previous part). Then ab — ¢ € kerp C a, i.e. ab € a. Since
a is a prime ideal, a € a or b € a. Hence we have x € a® or y € a°.
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Hence ¢* is a bijection onto the set of prime ideals containing ker ¢, i.e. V(kerp). We

already know that ¢* is a continuous map. Hence it’s enough to show that ¢* is a closed

map, i.e. ©* ! is continuous. Let V(b) C SpecS be a closed set, where b is an ideal in S.

Claim: @*(V (b)) = V(p~1(b)), where ¢~ 1(b) is the ideal in R [AMO7, pp. 9].
We will show both side set containment.
(C) This containment is same as that for the previous part.

(2) Let p € V(p~ (b)), then ¢~ 1(b) C p. Since (0) C b, we have = 1({0)) C ¢~ 1(b).
Hence we have kero C ¢~ 1(b), i.e. V(p~1(b)) C V(kery). Since * is a bijection
onto V (ker ), there exists q € SpecS such that p = ¢~ 1(q) € V(¢~1(b)). Therefore,
©71(b) C ¢71(q), i.e. b C g. Hence q € V(b), i.e. p € p*(V(b)).

O]

Theorem 2.1. The prime ideals in Z[z] are:

(i) (0)

(ii) principal prime ideal (f), where f is either a prime integer p, or a Q-irreducible polynomial
written so that its coefficients have ged 1

(iii) mazimal ideals (p, ), where p is a prime integer and f is a monic integral polynomial
irreducible modulo p.

Proof. Our goal is to determine the Spec Z[z|, and we will use the previous theorem to achieve
this goal. Consider the canonical ring homomorphism:

0 L — Zx]

n—n
Then we have the following corresponding map of the sets:

" : Spec Z[x] — SpecZ
()

where ¢~ 1(p) = p N Z. Also, by Example 2.1 we know that SpecZ = {(0)} (Up{pZ}>. Now

by Proposition 2.1(i) we know that ¢* is a continuous map, and hence

sveczi] = (0 U (U2 1)

We will now analyse the preimage of zero ideal and non-zero prime ideals of Z under the ¢*
map.
Claim 1. ¢*~1({{0)}) is homeomorphic to A(b.
Consider the multiplicative closed subset D = Z\{0} of Z[z]. Then we have the canonical
ring homomorphism between Z[x] and D™1Z[x] = Q[z]:
¥ Zlx] — Q[x]
flz
(o) e 11
Then we have the following map of sets:

(T A}@ — Spec Z|x]
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q~ 9 (q)
Now by Proposition 2.1(ii) we know that ¥* is a homeomorphism onto the subspace
{p € SpecZ[z] : pND = ¢} ={p € SpecZ[z] : pNZ = {0}}
= {p € SpecZ[z] : ™" (p) = (0)}
= {p € SpecZ[z] : ¢*(p) = (0)}
=" 1((0))

Claim 2. ©*~Y({pZ}) is homeomorphic to A%Fp.

Consider the natural surjective ring homomorphism between Z[z] and Z[x]/(p) = Fp[z]:

op : Llz] — Fplz]
f(z) = f(z) modp

where f(z) mod p = f(x) + (p). Then we have the following map of sets
o, Aﬁ;p — Spec Z[z]
q 0, (q)

Now by Proposition 2.1(iii) we know that o, is a homeomorphism onto the subspace

V(kero,) = {p € SpecZ[z] : kero, C p}
= {p € SpecZlz] : (p) < p}
= {p € SpecZ[z] : pNZ = pZ} (Z is a Dedekind domain, Lemma 1.4)
= {p € SpecZ[z] : ™" (p) = pZ}
= {p € SpecZ{z] : ¢*(p) = pZ}
=" ()

Now using the above two claims in (2.1) we get

Spec Zla] = ¢* (A) | (U oi(A%J)
p

Also, from Definition 2.3 we know the elements of A}@ and Alle. Hence we have

Spec Z[x] ={(0) }U {1/) : g(2) is a monic irreducible polynomial in Q[z]} U
(U(p)) U (U {ap_l(<g(a:)>) : g(x) is a monic irreducible polynomial in Fp[:v]}>

(2.2)

since ¥~ 1((0)) = (0) and 0,,1((0)) = (p). Now we will analyse the inverse images of ¢ and o,
separately.

Claim 1. Given a monic irreducible polynomial g(x) € Q[z], we have ¥»~1({g(x))) = (f(z)) where
f(z) € Z]x] is Q-irreducible polynomial with 1 as the ged of the coefficients.

By ¥~ !(g(z)) we mean to clear the denominators of coefficients, i.e. multiply the polyno-

mial with the least common multiple of denominators of the coefficients. We observe that
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Claim 2.

f(x) so obtained has 1 as the greatest common divisor of all the coefficients. This can be
proved as follows.

g(z) ="+ =lgnty 4 90 ged(ai, b)) =1V
bn—l b(]
Then for ¢ = lem(by,—1,...,by) we have

flz) = bg(a) = ™ + 07 a1 44 020 € Za)

bnfl bO
by clearing the denominators. Let gcd <€, K;n":f Yoy %) = d. Now there exist m; € Z
for i = 0,...,n such that dm,, = ¢ and dm; = %. Hence we have m,a; = m;b;, which

implies that b; | m,, for all i =0,...,n —1 since ged(ag, b)) = 1. But then ¢ | m,, and
hence d = 1.
Now we need to show both side set containment. This trivially follows from the fact that

Y Hg(x)) = Ly(x) = f(z) € (f(z)) and Y(f(x)) = L2 = 92 e (g(a)).

Given a monic irreducible polynomial g(x) € Fp[z], we have o, ((g(x))) = (p, f(x)) where

f(z) € Z[z] is Fp-irreducible polynomial such that g(x) = f(z) mod p.

By o, (g(x)) we mean to find a f(x) € Z[z] such that g(z) = f(x) mod p, i.e g(x) =
f(x) + (p). Hence we just need to prove both side set containment’.

ﬁg) Let r(z) € 0, ((9(x))), then o,(r(z)) = g(z)h(z) for some h(z) € Fplz]. Now we
r(z) +(p) = (f(x) + (p)(s(z) + ()
since h(z) = s(x) + (p) for some s(x) € Z[z] (due to surjection). Hence we have

r(z) + (p) = f(x)s(z) + (p)

Thus we conclude that r(z) — f(z)s(z) € (p), i.e. r(z) — f(z)s(z) = pt(x) for some
t(z) € Z[x]. We can rearrange the terms to get

r(z) = f(x)s(z) + pi(x) € (p, f(x))

((Q))We have p € o;l(<g(x)>) since 0 € (g(x)). Also, f(z) € 0171(<g(3:)>) since op(f(x)) =
g(x).

Combining the above two claims with (2.2) we complete the proof. O

Remark 2.2. We followed the geometric approach for the above proof [Liu02, Example 2.1.8].
This illustrates a real mixing of arithmetic and geometric properties; SpecZ[z] can be seen
as a family of affine line, parametrized by the points of SpecZ, and over fields of different
characteristics. We can also give a purely algebraic proof of this theorem but it won’t give us
much insights into the geometry [Rei95, Proposition 1.5].

In the previous case, Gauss’s lemma says that converse is also true, i.e. f(x) is irreducible in Z[z] if and
only if f(z) is irreducible in Q[z] where f(x) € Z[x] such that the ged of coefficients is 1 [DF11, Corollary 9.6].
But in this case, though irreducibility in Z/pZ[z] implies irreducibility in Z[z], the converse is not true [DF11,
Proposition 9.12].
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2.2 Normalization

Given an R-algebra S, the ring of all elements of S integral over R is called the integral closure,
or normalization of R in S. The most important examples occur when R is an integral domain
and S is its field of fractions. In this case the subalgebra of elements of S integral over R is
simply called the normalization of R [Eis04, pp. 118]. For example, consider a one-dimensional
Noethrian integral domain R which is not a Dedekind domain. Passing to the normalization of
R, in geometric terms means taking the resolution of singularities in the scheme X = Spec(R)
[Neu99, pp. 91]. We will explain the example once we introduce the definition of schemes.

Definition 2.4 (R-algebra). Let R and S be two commutative rings, then S is an R-algebra if S
has a R-module structure with scalar multiplication defined by a ring homomorphism ¢ : R — S
asr-s=¢(r)sforallr € Rand s € S.

Remark 2.3. If R is a field k and S # 0, then ¢ is injective [AMO7, Proposition 1.2] and
therefore k£ can be canonically identified with its image in S. Thus a k-algebra is effectively a
ring containing k as a subring, i.e. ¢(a) = a for all a € k (inclusion map).

Definition 2.5 (Finite R-algebra). S is said to be finite R-algebra is S is a finitely generated
R-module.

Definition 2.6 (Finitely generated R-algebra). S is said to be finitely generated R-algebra if
there exists a finite set of elements s1,...,s, € S such that every element of S can be written
as a polynomial in sq,...,s, with coefficients in ¢(R), i.e. S = @(R)[s1,...,Sn].

Remark 2.4. Finitely generated R-algebra is isomorphic to quotient of a polynomial ring over
¢(R). Consider the following ring homomorphism

U o(R)[x1,22,. .., Tn] = @(R)[s1,52, ..., 8]
flxr,xa, ... xn) — f(S1,82,.--,5n)

where 1 is surjective since every element of S can be written as a polynomial in s1, ..., s, with
coefficients in ¢(R). Then by first isomorphism theorem we have S = p(R)|[x1, z2, . .., s/ ker ¢.

Definition 2.7 (Algebraically independent). The elements ¢1,...,t,, of an R-algebra are said
to be algebraically independent if there doesn’t exist a non-zero polynomial relation between
t1,...,tm with coefficients in ¢(R).

Remark 2.5. If S is a finitely generated R-algebra and all elements of S are algebraically
independent then ker = {0} and S is isomorphic to a polynomial ring.

Lemma 2.3. Consider a finite set {m(j)}je{lw,’g} of n-tuples m\9) = (m(lj),méj),...,mg)>
Z(j) € Zwq. Then for two distinct tuples, mU) % mU2) | there exists a system of positive
integers wi, ..., Wp—1,wy = 1 such that

i wimz(-jl) 4 i wimEjZ)
i=1 =1

Proof. We will proceed by induction on n. For n = 1 the statement is trivially true. Let n > 1,
and the statement be true for upto (n — 1)-tuples. Now consider n-tuples

where m

(mgjl),mgjl),...,m(jl)> + (mgjz),mgjﬂ,...,mg”)

n

Then we have two cases (without loss of generality):
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Case 1. When the (n — 1)-tuples are equal, i.e. (mgjl) mgfl)) = (mg‘m, . ,m%h))

Then we set w1 = wg = ... = w, = 1 so as to ensure that

sz 75 Zw’ (42)

since mgjl) # mgjz).

Case 2. When the (n — 1)-tuples are not equal, i.e. < gjl), . ,mg1)> + (mgjﬂ, .. ,mﬁf”)

Then by inductive hypothesis there exists wo, ws, ..., w,_1,w, = 1 such that

Zwl 7& Zwl (J2)

(1) (J2)

Now if my’"’ = mj’*’, then any choice of wy will work. Otherwise, we can choose sufficiently
large wy. For example,
n
()
wyp > mjax (Z w;m; )
=2
ensures that the inequality holds.
O
Lemma 2.4 (Nagata’s normalization). Suppose that R = k[ri,r2,...,m,] be a finitely generated
k-algebra and f € klxi,xo,...,x,] be a non-zero polynomial such that f(ri,ra,...,mn) = 0.
Then there exist s1,82,...,5,—1 € R such that r,, is integral over S = k[s1,s2,...,Sp—1] and
R = S[ry].
Proof. We have
¢ ) d o)
J m;:
f(.Il,.IQ,...,l'n):ZOém(j)xm :Zam(j)H‘IEi !
j=1 j=1 i=1
where m() = (mgj), .. m,(lj)) and a,,;) # 0 for all n-tuples m). As in Lemma 2.3, we can
choose positive wy, wy, ..., wp—1,w, = 1 such that > ", wym ]1 # YL wm ) for mn) #
Claim: s; =r;—rpifori=1,...,n— 1.

We just need to check that r, is integral over S = k[s1,$2,...,8,—1]- Then R = S|r,]
trivially follows due to the definition of s;’s. We have

fr, o oyrnot,rn) = f(s1+70 ooy Sne1 1t ry)
¢ n-t (J [€)
= Zam(j) H (SZ + ’f'nl)m’ T,T"
j=1 i=1

( ) Due to our choice of

()

where in j** summand the highest degree of r, is given by Yo wim,

w;’s, all the £ sums ZZ Lwim (3 ) are distinct. Hence we obtain a maximum value of Z —wim;
for a unique m), let’s call that unique n-tuple to be m. Hence we have

0= f(ri,...,Tn—1,Tn) = amg(ry)

where g(z) € k[s1,S2,...,8n—1][z] is a monic polynomial. Thus r, is integral over S =
k‘[sl,SQ,.‘.,Sn,l]. O
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Remark 2.6. Since R = S[ry] and 7, is integral over S, we can also conclude that R is a finite
S-algebra [Korl7, Theorem 1.1].

Theorem 2.2 (Noether’s normalization). Let k be a field and R be a non-zero finitely generated

k-algebra. Then there exist elements t1,...,tq € R which are algebraically independent over k
and such that R is integral over klti, ..., tq].
Proof. Let R = k[ri,...,ry], we now proceed by induction on the number of generators n of R.
If n = 0, then the statement trivially holds. If n > 0 and rq, ..., r, are algebraically independent
over k, then again nothing to prove since we have R = k[t1,...,t4], i.e. r; =t; and d = n.
Now suppose that n > 0 and r1,...,r, are algebraically dependent, i.e. there exists non-
zero polynomial f € k[z1,...,x,] such that f(r1,...,7,) = 0. Then by Lemma 2.4 we know
that there exist sq,$2,...,8,-1 € R such that r, is integral over S = k[s1, s2,...,5,-1] and
R = S[rp]. Since by inductive hypothesis the statement is true for any finitely generated
k-algebra with (n — 1) generators, there exist elements t1,...,t; € S which are algebraically

independent over k and such that S is integral over T' = k[ty, ..., t4]. Hence we have T C S C R
such that R is integral over S and S is integral over 7. Thus we can conclude that R is integral
over T [Korl7, Proposition 1.4]. Hence completing the proof. O

Remark 2.7. The proof discussed above is due to Nagata in the 1950s [Rei95, Theorem 4.6].
There is an alternative proof traditional in algebraic geometry, which works if the field k is
infinite [AMO07, Exercise 5.16].

Corollary 2.1. Let k be a field and R be a non-zero finitely generated k-algebra. Then there
exist elements t1,...,tqg € R which are algebraically independent over k and such that R is a
finite k[t1, ..., tq]-algebra.

Proof. Since k[t1,...,ty] € R, R is a finite k[t1,...,t4]-algebra if and only if R is a finitely
generated k[ti, ..., tq]-algebra and is integral over k[tq,...,tq] [AMO7, pp. 60]. By the above
theorem we already know that R is integral over k[t1,...,t4]. Since k C k[t1,...,tq) € Rand Ris
finitely generated k-algebra, we conclude that R is a finitely generated klti, ..., tq4]-algebra. [

Lemma 2.5. Let R = k[x1,...,xy,] be a ring of polynomials and f € R be a non-constant poly-
nomial. Then there exists y1,...,Yyn—1 € R such that x,, is integral over S = kly1,...,Yn—1, f]
and R = S[xy].
Proof. We have
d ) d o)
J m;
f(SUl,CCQ,...,LEn):ZOém(j)l‘m :Zam(j)Hxi !
j=1 j=1 i=1
where m) = (mgj) ...,mg)) and a,,;) # 0 for all n-tuples m). As in Lemma 2.3, we can
choose positive wq,ws, ..., wy—1,w, = 1 such that > 1, wimgjl) 30 wimg‘m for mU1) £
Claim: y; =x; —xpifori=1,...,n— 1.

We just need to check that x,, is integral over S = k[y1,v2,...,Yn—1, f]. Then R = S[x,]
trivially follows due to the definition of y;’s. We have

fx1, o1, 2n) = flyr + 2 o Yna1 + T2 Ty
nol @ )
) ( J
- Z A (5) H (yi + )™
j=1 i=1
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(

where in j** summand the highest degree of x,, is given by Yo wimij ). Due to our choice of
w;’s, all the ¢ sums 2?21 wimgj ) are distinct. Hence we obtain a maximum value of Z?:l wiml(] )
for a unique m, let’s call that unique n-tuple to be m. Hence we have

f@1, .. 1, Tn) = amg(xy)

where g € k[y1,...,Yn—1][y] is @ monic polynomial. Then g(y) — ﬁ €S =ky,...,Yn—1, flY]
is a monic polynomial with z,, as a root. Thus z,, is integral over S = k[y1,y2,...,Yn—1, f]. O

Remark 2.8. This lemma illustrates the power of Nagata’s normalization process [Eis04,
Lemma 13.2(a)]. Given a non-constant polynomial in a ring of polynomials R, we can find
a subring S C R such that R is integral over S.

Lemma 2.6. Let R be a commutative ring and a C b be ideals in R, then dim(R/b) < dim(R/a).

Proof. If p1 C pa2 € --- C p, is a chain of prime ideals containing b, then it is also a chain of
prime ideals containing a. The result follows from the definition of Krull dimension. O

Theorem 2.3. The Krull dimension of polynomial ring klx1,xo, ..., zy] is n.

Proof. Given to us is the polynomial ring R = k[z1, z2,...,z,]. We will proceed by induction
on n.

Base case: For n = 0, we have R = k which is of dimension 0 since (0) is the only prime
ideal, i.e. supremum of height of all prime ideals of k is 0.

Inductive hypothesis: Krull dimension of any polynomial ring with less than n variables
is equal to the number of variables.

Induction: We have the following chain of prime ideals in R = k[z1,...,Zy):

(0) € (1) C (1,22) C -+ & (21,22, ..., Tn)

Since this is a chain of length n, we have .
Now consider another chain of prime ideals in R of length ¢:

(0) CSp1 Sp2C - Cpy

Let f € p1 be a non-constant polynomial, then by Lemma 2.5 there exists y1,...,yn—1 € R such
that z,, is integral over S = kly1,...,yn—1, f] and R = S[x,]. Hence R is integral over S. Now
by incomparability of prime ideals under integral extensions [AMO07, Corollary 5.9], we get the
corresponding chain of prime ideals of length ¢ in S.

0)SpNSCpNSC---CpeNS

But S/(f) is isomorphic to a polynomial ring with n—1 variables. Hence by inductive hypothesis
dim S/(f) =n—1. Since (f) C p1 NS, by Lemma 2.6 we know that dim S/(p;N.S) < dim S/(f),
i.e. £—1<n—1,equivalently £ < n. Now by taking supremum of both sides we conclude that
[z <a]

Combining both the inequalities we get that dim R = n, hence completing the proof. O

Remark 2.9. This theorem introduces the technique of the normalization theorem in a simple
setting [Eis04, Theorem 13.1]. We can give a second proof of this theorem using going-down
lemma and the theory of primary decomposition [Eis04, Corollary 10.13a].
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Conclusion

In this report the stage for the introduction of scheme theory has been set. The idea of scheme
can be used in algebraic number theory to deal with the rings like R = % Considering
Spec(R) leads us towards Wile’s celebrated proof of Fermat’s Last Theorem. In future reports,

the theory of schemes will be discussed.
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