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Introduction

Commutative algebra studies commutative rings, their ideals, and modules over such rings.
It has a long and fascinating genesis, and it is also a fundamental basis for algebraic geometry,
invariant theory and algebraic number theory:.
In the second half of the 19th century, two concrete classes of commutative rings (and their
ideal theory) marked the beginning of commutative algebra: rings of integers of algebraic num-
ber fields (like Z in Q), on the one hand, and polynomial rings occurring in classical algebraic
geometry and invariant theory, on the other hand. In the first half of the 20th century, after
the basics of abstract algebra had been established, commutative algebra was developed further
by E. Noether, E. Artin, W. Krull, B. L. van der Waerden, and others. This was applied in
the 1940’s to classical algebraic geometry by C. Chevalley, O. Zariski, and A. Weil, creating a
revolution in this field. The 1950’s and 1960’s saw the development of the structural theory
of local rings, the foundations of algebraic multiplicity theory, Nagata’s counter-examples to
Hilbert’s 14th problem, the introduction of homological methods into commutative algebra,
and other pioneering achievements. However, the most important mark of this period was A.
Grothendieck’s creation of the theory of schemes, the (till now) ultimate revolution of algebraic
geometry. His foundational work lead to a far-reaching alliance of commutative algebra and
algebraic geometry.

Here is a (very) short list of mathematicians in this field:

Emil Artin (1898-1962),

Richard Dedekind (1831-1916),
David Hilbert (1862-1943),

Ernst Eduard Kummer (1810-1893),
Leopold Kronecker (1823-1891),
Emanuel Lasker (1868 -1941),
Emmy Noether (1882-1935),

Oscar Zariski (1899-1986),
Wolfgang Krull (1899-1971),
Alexander Grothendieck (1928-).






CHAPTER 1

Commutative Rings and Ideals

Commutative rings are the main objects of commutative algebra. Any field K is a commu-

tative ring. Apart from this, very important and basic examples are the ring of integers 7Z, the
polynomial rings K[z, ..., x,] in n variables over a field K, the subrings Z[v/d] = {z + yV/d |
x,y € Z} of C, and others. Of course, there are many interesting rings which are not commu-
tative, e.g., matrix rings M, (R), n > 2 over commutative rings, Lie rings, division rings, group
rings etc.
We want to start with a brief introductory example, how Kummer tried to tackle Fermat’s
Last Theorem, and how this started commutative algebra and algebraic number theory with
the number ring Z[(], where ( is a p-th root of unity. Assume that p > 5 is a prime number,
and that x,y, z are nonzero integers with p { xyz satisfying

xf +yP = 2P,
The minimal polynomial for ¢ over Q is given by ®,(X) = XP~' + XP2 4 ... + X + 1. Tt is
irreducible (by Eisenstein’s criterion), thus {1,¢, ¢?, ..., (P72} forms a basis for Q(() as a vector

space over Q. We have X? — 1 = (X — 1)(X — () -+ (X — ¢?7'), and substituting X = —z/y,
multiplying out the —1’s, and clearing denominators, we have

2’y = (z+y)(@+Cy) (@ + ).
We have (P~! = —(1 +( + -+ (??), and the ring Z|[(] is given by
Z[¢) ={ao+ ar{ + -+ + apoCP? | a; € Z}.
In this ring, Fermats equation 2P 4+ y? = zP becomes

P =(z+y)(z+yl) - (x4 y® ).

It is easy to see that the terms on the right-hand side are relatively prime in Z[(]. Suppose now
for a moment (as Kummer did), that the ring Z[(] is factorial. Then we could conclude that

x +y¢ = ua?

for some u, € Z[¢] with u a unit. We may write & = ag + a;{ + -+ + a,_2(?2, so that
o = ag+ a; + -+ a,—o mod p by the binomial theorem and Fermat’s little theorem. In
particular, a? = r mod p for some r € Z. If we knew further that u = £¢’ for some j € Z,
then z + y¢ = ua? = £r{’? for some 0 < j < p — 1. Comparing powers of ¢ on both sides, and
remembering p > 5, it follows that zy = 0 mod p, a contradiction to the assumption p t xyz.

Unfortunately it turned out, as Kummer realized, that Z[(] is hardly ever a factorial ring (this
is true if and only if p < 19). Furthermore the units are not only of the form (7. Nonetheless,
Kummer was able to make a lot of progress towards the solution of Fermat’s last Theorem
by modifiying this argument suitably. He realized that even though unique factorization of
elements into irreducibles often fails in Z[(], every ideal still factors uniquely into a product of
prime ideals. This discovery was the birth of modern algebraic number theory (and a part of
commutative algebra). Kummer proved Fermat’s Last Theorem for so called regular primes.

3



4 1. COMMUTATIVE RINGS AND IDEALS

1.1. Basic definitions

DEFINITION 1.1.1. A ring R is a set with two binary operations, usually called addition
and multiplication such that

e (R,+) is an abelian group, with zero element 0, and additive inverse —x for every = € R.

e The multiplication is associative, i.e., (z,y,2z) = 0 for all z,y,z € R, where (z,y,2z) =
x(yz) — (zy)z denotes the associator.

e The distributions laws are satisfied: z(y + z) = zy + 2z and (y + 2)x = yx + 2.

The ring is called commutative, if xy = yx for all z,y € R. If not said otherwise we assume
that R has a unit element 1 € R satisfying 1z = x1 = z for all x € R.

EXAMPLE 1.1.2. Let M3(Z) denote the ring of 3 x 3-matrices over Z and

Then R is a commutative subring of Ms(Z).

A subset R C S of a ring S which is closed under the two operations, and contains the
identity element of S is called a subring of S. For example, Z[i]| = {a + bi | a,b € Z} is a
subring of C. It is called the ring of Gaussian integers. The bracket notation has the following
meaning. If R C S are two rings and M C S is a subset of S, then we denote by R[M] the
smallest subring of S containg R and M. In other words,

RM]=({ACS|Aring, M C A RC A}.

EXAMPLE 1.1.3. Let d € Z. Then Z[Vd] = {x + yVd | z,y € Z} is a subring of C.

For d = —1 we obtain Z[i]. Another example is the ring Z[3] C Q, which is given by
{2% | a € Z,TL S ZZO}‘
An important class of commutative rings is given by polynomial rings: if R is a ring, then the
polynomial ring R[z] in one indeterminate x over R consists of the formal terms

n
E a;x",
i=0

where a; € R and n € Z>. Two such polynomials are equal if and only if the coefficients
coincide. Addition is defined in the obvious way, i.e.,

Z a;x’ + Z bir' = Z(ai + b;)a’,
i>0 i>0 i>0
whereas multiplication is given by
SR SRR o] D oYY 1Y
>0 j20 i20 \j=0

This makes R[z] a commutative ring with unit 1. By adjunction one obtains polynomial rings
Rlxy,...,x,] = R[z1,..., 2y 1][z,] in n > 1 variables.
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Let R be a commutative ring. We define R[[z]] to be the ring of all formal power series

Z a;7', a; € R,
i=0
where addition and multiplication are defined in the same way as before. We have
R C R[z] C RJ[[z]].

REMARK 1.1.4. The ring R|[z]] can be viewd as the completion of the polynomial ring R[z]
with respect to the I-adic topology determined by the ideal I = (z) of R[x]. This results in a
complete topological ring containing R[x] as a dense subspace.

DEFINITION 1.1.5. A ring homomorphism is a mapping ¢: R — S between two rings
satisfying

(1) flz+y) = f(z)+ fly) for all 7,y € R,
(2) f(zy) = f(z)f(y) for all z,y € R,
(3) f(1g) = 1s.

In other words, f is a homomorphism of the additive abelian groups, respecting the multi-
plication and the identity element.

DEFINITION 1.1.6. A left ideal I of a ring R is an additive subgroup satisfying RI C [. A
right ideal I is an additive subgroup satisfying IR C [.

We assume that R is commutative, so that any left ideal is a right ideal and vice versa.
We just say that [ is a (two-sided) ideal. The quotient group R/I inherits a uniquely defined
multiplication from R which makes it into a ring, called the quotient ring, or residue-class ring
R/I.

Recall that a zero-divisor in a ring R is an element x € R dividing zero. This means, there is
an y # 0 in R such that zy = 0.

An element z € R is called nilpotent, if ™ = 0 for some n € N. If R # 0, then any nilpotent
element is a zero-divisor. The converse need not to be true. For example, 3 is a zero-divisor in
R =17/67Z, since 3-2 = 0. But 3 is not nilpotent since 3% = 3.

A unit in R is an element x which divides 1. This means, there exists an y € R such that
xy = 1. The units of a ring R form a multiplicative abelian group E(R). For example, the
group of units in the quotient ring Z/nZ is given by E(Z/nZ) = {[k] € Z/nZ | (k,n) = 1}, i.e.
where k and n are coprime. Its cardinality is given by ¢(n). Here ¢ is called Euler’s p-funktion.

It is defined by
pn)= > 1.

(e
EXAMPLE 1.1.7. Here are a few examples of unit groups of rings E(Z[\/E])
(1) E(Z) = {£1},
(2) E(Z[i]) = {*1, +i},
(3) B(Z[V2) = {£(1+V2)" | n € Z},
(4) E(Z[v163]) = {£(64080026 + 5019135+/163)"™ | n € Z}.

Consider an element = + yvd € Z[\/c_l], where d € Z is not a square. Then z + yv/d is a
unit in this ring if and only if (x,y) is an integer solution of the Diophantine equation

z? — dy? = £1.
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Indeed, if = 4+ yv/d is a unit, then there exist u,v € Z such that

(z +yVd)(u+vVd) = 1.

Rewriting this in the form (zu + yvd) + (zv + yu)vVd = 1 + 0v/d yields

v+ yu =0,
xu + yvd = 1.
Since z,y are coprime there is an m € 7Z such that v = mx and v = —my. This yields

m(x? —y?d) = 1, i.e., 2* — dy* = +1.
Conversely this last equation implies

(z +yVd)(z — yVd) = 1,

so that & 4 yv/d is a unit.

For d = —1 we obtain the equation N(z + iy) = x? + y*> = +1, which has exactly 4 solutions
(x,y) = (£1,0),(0,£1), which yields the units {41, +i} in Z][].

For d < —2 we obtain the equation x*+|d|y* = 41, which has only the solutions (z,y) = (£1,0).
For d > 2 the Diophantine equation z? — dy? = £1 becomes quite difficult to solve. It is called
Pell’s equation, although it should be rather called Fuler’s equation. There exists a so called
fundamental unit e such that 4" gives infinitely many units. For example, for Z[v/2], the
fundamental unit is ¢ = (1 + v/2). In fact, all units here are given by

+(1+V2)", n€Z
Note that (14+v/2)(1—v/2) = —1, so that (1—v/2) = —(1++v/2)"! and E(Z[v2]) = {£(1+v2)" |

n > 0}. For example,

( )" =3

( P =7+5V2,
(1+V2)* =17+ 12V72,
( ) =4

( )8 =99 + 70v/2.

For d = 163 the fundamental unit is already difficult to find. The rings Z[v/d], d > 1 are the
rings of integers in real quadratic number fields, as long as d = 2(4) or d = 3(4). A theorem of
Dirichlet shows that the unit group E(Ok) is a finitely generated abelian group, where K is a
number field, and Ok the ring of interegs in K. In fact, we have

E(Og) ~Z'* ' o Z/mZ,

where r is the number of real embeddings of K, s is half the number of complex embeddings,
and m is the number of roots of unity in K. Note that r +2s = [K : Q]. In particular, for a
real quadratic number field K = Q[v/d], the unit group is isomorphic to Z @ Z/27Z, where the
fundamental unit € generates Z.

In a field K, every non-zero element is a unit. For € R the set (z) = {yz | y € R} is an ideal.
Such ideals are called principal ideals.
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PROPOSITION 1.1.8. Let R be a non-trivial commutative ring. Then the following are equiv-
alent:

(1) R is a field.
(2) The only ideals in R are (0) and (1) = R.
(3) Every ring homomorphism ¢: R — S into a non-zero commutative ring S is injective.

PROOF. (1) = (2): Let I # 0 be an ideal in R. Then I contains a non-zero element = € R,
which must be a unit. Hence I O (z) = (1) and I = (1).
(2) = (3): Since ker(¢p) is an ideal different from (1) in R it has to be zero. Hence ¢ is injective.
(3) = (1): Let = be an element of R which is not a unit. Then (z) # (1), so that S = R/(x)
is not the zero ring. Let m: R — S be the natural ring epimorphism, with kernel (z). By
hypothesis, 7 is injective, hence (z) =0 and = = 0. O

DEFINITION 1.1.9. Let R be a commutative ring. Then R is called an integral domain if it
has no zero divisors. It is called a principal ideal domain, or PID, if every ideal is a principal
ideal. An integral domain R together with a map d: R\ 0 — N is called an Euclidean ring, if
for all a,b € R,b # 0 there exist ¢, € R with a = ¢gb+ r, such that r = 0 or d(r) < d(b).

The following examples show that these properties are not always obvious.

EXAMPLE 1.1.10. The ring Z[/—2] is a Euclidean ring and a PID. The ring Z[\/—5] is not
Euclidean and not a PID. The ring O_yg = 7. & Z(*=2 V2_19) 1s a PID, but not a Euclidean ring.

Before we can explain these examples we need some basic results.
ProprosiTION 1.1.11. Every Fuclidean ring R is a PID.

PROOF. Let I # 0 be an ideal in R. Then the set {d(b) | b € I\ 0} of non-negative integers
has a minimal element a # 0, i.e., we have d(a) < d(b) for all b € I\ 0. By assumption, for
every b € [ there exist ¢, € R with b = ga + r such that r = 0 or d(r) < d(a). The last case is
impossible, since r = b — qa € I and a was minimal. Hence r = 0 and b = qa € (a). It follows
(a) C I C (a), hence I = (a). O

Let us give some easy examples of Euclidean rings. First of all, R = Z together with
d(n) = |n| is a Euclidean ring. It is also a PID, as we know. The polynomial ring K{[z| for
a field K and d(f) = deg(f) is also Euclidean, via the well known polynomial divison. In
particular Q[z] is Euclidean. Note that Z[z] is not Euclidean. Hence a subring of a Euclidean
ring need not be Euclidean. On the other hand, the rings K[z,...,z,] are not Euclidean for
n > 2. To see this, we may assume that n = 2 and R = K[z,y|. Let I = (z,y) be the ideal
generated by z and y. Suppose that [ is principal, i.e., (z,y) = (f(z,y)) for some non-zero
polynomial f € KJz,y]. Then there exist polynomials g, h € R such that x = gf and y = hf.
Denote by deg, and deg, the degree functions for the polynomial rings K[y|[x] resp. K|z][y].
Then

0 = deg,(z) = deg,(g) + deg,(f),
0 = deg,(y) = deg,(h) + deg,(f).

Since the degree function is non-negative, f has zero degree in x and y. This means, f(z,y) =
¢ # 0 for some constant c € K*, i.e.,

(z,y) = (f(z,9)) = (1) = R.
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This is impossible, since all polynomials g € (z,y) satisfy g(0,0) = 0, but f(0,0) = ¢ # 0.
Hence K|[z,y] is not a PID, and hence not Euclidean.

Let d be a squarefree integer, i.e., which is not divisible by any square integer # 1. Consider
the quadratic number fields

Q(Vd) = {z +yVdeC|zyeQ}.
For every element z = z 4 yv/d define the norm
N(z) = 2z = (z + yVd)(z — yVd) = % — dy>.
For two elements v, w € Q(v/d) we have 7w = 7 - @ and N(vw) = N(v)N(w). Let

| Va, if d=2,3(4),
TN+ V), ifd=14).

Then Oy = Z ® Zwy = {a + bwy | a,b € Z} is a subring of Q(v/d) which is an integral domain.
It is called the ring of integers in the quadratic number field Q(\/C_Z)

PROPOSITION 1.1.12. The ring Oq4 is norm-Euclidean, i.e., with respect to d(z) = |N(z)| if
and only if

d=—11,-7,-3,-2,—1,2,3,5,6,7,11,13,17,19, 21,29, 33,37, 41, 57, 73.

PrROOF. We cannot give a proof here. It is easy to show that the rings O, are norm-
Euclidean for the values listed. To show the "only if” part is much more difficult. Let us
at least give an argument for the ”if” part for d = —2,—1,2,3. For the general case see [3].
Suppose z,w € Oy are given with w # 0. Then

2w = w4+ vVd

for some u,v € Q. Choose n,m € Z such that lu—m| <1/2 and |[v—n| < 1/2. Let @« = u—m,
B =v—mnand ¢ =m+ nvd. We have z = wq + r with r = w(a + v/d) € O4. We have r = 0
or

NG| = IN@)N(a + BV = [N(w)la® — dB?] < [N(w),

since [a? — dB?| < a? +28? < 3/4 for |d| < 2, and |a? — 38?| < max{a?, 33*} < 3/4 for
d=3. 0

REMARK 1.1.13. The result shows that there are only finitely many rings O, which are
norm-Euclidean. It does not say whether there are other rings which are Euclidean but not
norm-Euclidean. In fact, M. Harper [4] showed that the ring of integers Oy4 is Euclidean but
not norm-Euclidean.

REMARK 1.1.14. Harper and Murty proved the following result: let K/Q be a finite Galois
extension of degree n > 9. Then the ring O is Euclidean if and only if Ok is a PID.

DEFINITION 1.1.15. Let R be a commutative ring with 1. A non-zero element p € R is
called prime, if it is not a unit and p | ab implies p | a or p | b. It is called irreducible, if it is
not a unit and there is no factorization p = ab with a,b € R\ E(R).

In an integral domain, every prime element is irreducible. The converse however holds only
in unique factorization domains (UFD’s).
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DEFINITION 1.1.16. A UFD, or factorial ring R, is an integral domain R in which every
non-zero non-unit = of R can be written uniquely (up to permutation and units) as a product
of irreducible elements of R.

We recall that every PID is a factorial ring. The converse is not true in general, since the
polynomial ring K[xy,...,z,] is a factorial ring, but not a PID for n > 2.

EXAMPLE 1.1.17. The ring Z[\/—5| is not factorial, hence not a PID.

Indeed, let N: O_5 — Z be the norm map, and z = a + by/—5. Then N(z) = a® + 50* > 0
for all z # 0. Hence z is a unit in O_5 iff N(z) = 1, i.e., iff z = 1. Furthermore we have
N(z)=0,1,4(5) for all z in O_5. Suppose that u is one of the elements

3,24+ v—=5,2—+v-5.
Then N(u) =9. If u = ab with a,b € O_5 then
9= N(u) = N(a)N(b).

The norm of a,b cannot be 3, so that N(a) = 1 or N(b) = 1. This means, either a or b is
a unit. It follows that the above three elements u are irreducible. Furthermore, they do not
divide each other in some way. Now the integer 9 has two different factorizations in O_s:

9=3-3=(2+V=-5)2-v-5)

We also see that an irreducible element need not be prime in this ring. Indeed, 2+ +/—5 divides
9 =3 - 3, but does not divide 3.

REMARK 1.1.18. The ring of integers in a number field is a so called Dedekind ring, see
chapter 5. A Dedekind ring is a PID if and only if it is factorial. In particular, the rings Oy
are factorial if and only if they are PIDs.

PROPOSITION 1.1.19. Let d be a squarefree integer. If d < 0 then the ring Oy is factorial
(resp. a PID) if and only if

d=—1,-2,-3,—7,—11,-19, —43, —67, —163.

Ifd > 0 then Gauf conjectured that Oy is factorial (resp. a PID) for infinitely many d, starting
with d =1,2,3,5,6,7,11,13,14.

DEFINITION 1.1.20. An ideal P in a commutative ring R is called prime ideal, if P # R
and for all z,y € R with zy € P it follows x € P or y € P. An ideal M in R is called mazimal,
if M # R, and if for every ideal [ in R the relation M C I C R implies I = M or I = R.

PROPOSITION 1.1.21. Let R be a commutative ring. Then P is a prime ideal if and only if

the quotient ring R/ P is an integral domain. Furthermore M is a mazximal ideal if and only if
R/M is a field.

PROOF. Let P be a prime ideal of R, and (a + P)(b+ P) = 0+ P. Then ab € P, and
at least one of a,b is in P which means that either a« + P = 0+ P, or b+ P = 0 + P.
Thus, R/P is an integral domain. Conversely, let R/I be an integral domain. If ab € I then
(a+I)(b+1)=1=0+1, hence either a+I =T andsoa € I,orb+1 =1 andsob e I.
Thus, [ is a prime ideal of R.
If M is a maximal ideal then R/M has no proper ideals, hence it is a field. This works also in
the converse direction. ([l
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COROLLARY 1.1.22. Every maximal ideal in R is prime, and P = (0) is prime if and only
if R is an integral domain.

PROPOSITION 1.1.23. Every non-trivial commutative ring R has at least one maximal ideal.

PROOF. The set M of all ideals I # R in R is non-empty, since (0) € M. It is partially
ordered by inclusion. The claim follows from Zorn’s lemma, which says that if every chain in
M has an upper bound, then M has at least one maximal element.

Suppose that T' is such a chain. Define
L= |J1I

IeT

This is an ideal in R since for all x,y € I, there is an I € T such that x,y € I, hence v —y € I
and ax € I for all a € I. We have 1 & [, since 1 & I for all a € T. This means that [y € M,
and Iy is an upper bound for the chain 7. O

COROLLARY 1.1.24. If I is a proper ideal in R, there exists a mazximal ideal M of R such
that I C M.

ProOOF. Consider the ring R/I instead of R in the proposition, and recall that there is a
1 — 1 correspondence between ideals M of R which contain [ and ideals M of R/I. U

EXAMPLE 1.1.25. Let R = 7Z. Then every prime ideal is of the form (p) = pZ for a prime
p, or 0.

All ideals (p) are maximal, since Z/(p) is a field. Another argument is, that all prime ideals
P # 0 in a PID are also maximal ideals.

EXAMPLE 1.1.26. Let R = Klx1,...,x,], where K is a field. Then all ideals
(1) C (x1,29) C ... C (21,...,%n)
are prime ideals. The last one is also a mazximal ideal in R.
Indeed, R/(xmi1, ..., xn) = Klx1,...2,] is an integral domain for m > 0.

If S is a commutative ring, and a € S, then ¢: S[z] — S, ¢(x) = a is a surjective ring
homomorphisms with kernel (x — a). It follows

Slz]/(x —a) ~ S.
By induction we have S|xy, ..., 2|/ (Tmi1, ..., Tn) = S[T1, ..., 2.
DEFINITION 1.1.27. Two ideals I, J in R are called coprime, if [ + J = R.

Equivalently, there exist a € I and b € J such that a + b = 1. For example, in R = Z
the two ideals nZ and mZ are coprime if and only if (n,m) = 1, i.e., nx + my = 1 for some
n,m € 7.

THEOREM 1.1.28. Let R be a commutative ring and I, ... I, pairwise coprime ideals in R.
(1) Each ideal I; is coprime to the ideal [, I;.
(2) We have [[j_, I; ==, 1;-

(3) 5%”7;7zg0f;3$;7&zghésm ¢: R— [[[_(R/1;), given by x v (v+11,. .., v+1,) induces

R/(L+-1,) = R/I; x -+ x R/I,.
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PROOF. (1): Because for fixed i the ideal ; is coprime to all I; for j # i, we have z; € I,
and y; € I; such that 1 = z; + y;. It follows that

1= H(l‘y +Y) =y Yiir Y T a,
J#
for some a € I;.
(2): We prove this with induction on n > 2. Clearly, I1Io C I} N I. Conversely, let z € Iy N I5.
There are a € Iy and b € Iy suchthat a+b=1. Thenx =2z-1=za+2xbe 1o+ 111, = 1115,
and hence I; N I, C I11I,. Now suppose n > 2. Assume that the claim holds for I,..., I, 1,
ie, [I02) I =N} I; == J. Then

n n

[[L=7t.=7n1. =1
j=1 j=1
since J and I, are coprime by (1).

(3) Let z1,...,z, € R. For every j = 1,...,n there are ideals [; and Hi#j I; are coprime.
Hence there are elements u; € I; and v; € Hi# I; such that u;4+v; = 1. Then v; = d;; mod 1.

Setting
n
xr = Z ’Ujilfj
j=1

we obtain = x; mod I; for all j, and the map ¢: R — [[(R/I;) is surjective. The kernel of

@ is given by (" 1; =[] ;- O
The last part is called the Chinese Remainder Theorem: for pairwise coprime ideals I, ..., I,
and elements z,...,z, in R we can solve the system of congruences X = x; mod I;. For a

solution z the residue class = + ) ; 1; is the set of all solutions. To find a solution, one has to
construct elements v; € H#j I; and u; € I such that u; +v; = 1.
For R =7 and n = p{' - - - p&* the above isomorphism gives

ZInZL ~7]p3* L X - X L]pe 7

as rings. If the ideals are not coprime, the result need not be true. Consider for example
I =J=pZ. Then Z/IJ ~ Z/p*Z is not isomorphic to Z/I x Z/J ~ Z/pZ x 7] pZ.
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1.2. Localization of Rings

A subset S of R is said to be multiplicatively closed, if it satisfies the following:

(1) 1€ 8.
(2) If a € Sand b € S then ab € S.
If R is an integral domain, then R* = R\ 0 is multiplicatively closed. More generally, the
set of all nonzerodivisors in R is a multiplicatively closed. Also, the set of units F(R) in a ring
is a multiplicatively closed subset of R. Here is another important example:

EXAMPLE 1.2.1. If P is a prime ideal of R, then R\ P is multiplicatively closed.

In fact, for any ideal I in R the set R\ [ is multiplicatively closed if and only if I is a prime
ideal.

DEFINITION 1.2.2. Let I be an ideal in R. Then the radical of I is defined by
VI:={aeR|a" eI for some n > 1}.
One says that I is a radical ideal if /T = I.
LEMMA 1.2.3. The radical /I of an ideal I of R is again an ideal of R.

PROOF. Let a,b € /1. Then, for some positive integers m,n we have a™, b™ € I. We will
first show that a + b € v/I. By the binomial theorem we have

nmt <n+m -1

(a+b)m = )"

=0

)aibn+m1i.

i

For each ¢ we have either © > n or n +m — 1 — ¢ > m. This says that in each expression
a'b"tm=1=% either the exponent of a will be large enough to make this power of a be in I, or
the exponent of b will be large enough to make this power of b be in I. Since the product of
an element in / with an element in R is in [, this product expression will be in I, and then
(a+ b)"*™ s in I, therefore a + b is in /1.

Now let a € /I with a” € I, and r € R an arbitrary element in R. Then (ra)” = r"a" € I, so
that ra € V1. O

EXAMPLE 1.2.4. FEvery prime ideal P of R is a radical ideal.

For R = Z let I = pZ. Then VI = {k € Z| k" € pZ} = pZ = I. However, for example
VAZ = 27.

DEFINITION 1.2.5. Denote the set of all prime ideals in R by Spec(R), and the set of all
maximal ideals in R by Max(R).

If R =0 then Spec(R) = Max(R) = (. If R is a field then Spec(R) = Max(R) = {0}. For
R =7 we have Spec(R) = {0} U{(p)}, for p € P, and Max(R) = {(p)}.

DEFINITION 1.2.6. For I = 0 the radical /0 is the ideal of all nilpotent elements in R, the
so called nilradical of R.

The nilradical of R is the intersection of all prime ideals of R. To show this we need a
lemma:
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LEMMA 1.2.7. If I < R and S is a multiplicatively closed subset of R such that INS =0,
then there exists a prime ideal P of R such that I C P and PNS = 0. Moreover P is maximal
among the family of ideals J of R satisfying I C J and JN S = (.

PROOF. Consider the family {J | J < R,I C J,J NS = ()} and Zornify, i.e., apply Zorn’s
lemma as before in proposition 1.1.23. U

Note that we obtain corollary 1.1.24 if we take S = {1} and I # (1).
PROPOSITION 1.2.8. Let R be a ring and I be an ideal of R. Then

Vi= () P
PeSpec(R)
ICP

In particular we have V0 = ﬂPGSpeC(R) P.

PROOF. Let P be a prime ideal containg I and a € v/I. Then a™ € I C P, so that a € P
since P is prime. It follows that v/ C P. On the other hand, suppose that a € P for every
P € Spec(R) with I C P. Then we want to show that a € v/I. Assume that a" ¢ I for all
n € N. Then apply the above lemma to the set S := {a" | n € N} to obatin a contradiction. [J

DEFINITION 1.2.9. Define the Jacobson radical of R by

J(R) := m M.

MeMax(R)
The Jacobson radical can be characterized as follows.
PROPOSITION 1.2.10. One has J(R) ={a € R|1—ab € E(R) for every b € R}.

PROOF. Let a € J(R). Suppose that 1 — ab is a non-unit. Then, by corollary 1.1.24 there
is a maximal ideal M of R containing 1 — ab. But a € J(R) C M, hence ab € M and therefore
1 € M, which is absurd. Hence 1 — ab is a unit in R.

Conversely, suppose that a ¢ M for some maximal ideal in R. Then M and a generate the unit
ideal (1) = R, so that we have u + ab = 1 for some u € M and some b € R. Hence 1 —ab € M,
which is therefore not a unit. 0

Now we come to the process of localization which generalizes the well-known construction
of a field of fractions of an integral domain (which in turn is a generalization of the formal
construction of the rational numbers Q from the integers Z).

Let S be a multiplicatively closed subset of R. Define an equivalence relation on the set of all
ordered pairs of R x S as follows: given any (a, s), (b,t) € R x S,

(a,s) ~ (b,t) <= u(at — bs) = 0 for some u € S.

We show that ~ defines an equivalence relation on R x S. Of course, (a,s) ~ (a,s). Fur-
thermore, (a,s) ~ (b,t) implies (b,t) ~ (a,s). Finally, to show transitivity, assume that
(a,s) ~ (b,t) and (b,t) ~ (c,r). This means, there exist v, w € S such that
(at —bs)v =0, (br —ct)w = 0.
It follows that
(at — bs)rvw =0, (br — ct)svw = 0,
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and hence atrvw = bsrvw = ctsvw, so that

(ar — es)tvw = 0.
Since S is multiplicatively closed, tvw € S, hence (a, s) ~ (¢, ).
Denote the equivalence class of (a,s) simply by 2. Define

S™'R:={a/s | (a,s) € R x S}.

Define an addition and a multiplication on S™!'R as follows:

a b at+bs

S st

t
a biab

s t st
One can verify that these definitions are independent of the choice of representatives (a, s) and
(b,t), and that S~'R becomes a commutative ring with 1.

DEFINITION 1.2.11. For S C R multiplicativiely closed, the ring S™!'R is called the local-
1zation of R, or the ring of fractions of R.

If 0 € S then (a,s) ~ (0,1) for all (a,s) € R x S, so that SR = {9} is the zero ring.
Conversely, if ST'R = 0, then 0 € S. Thus it makes sense to assume that 0 & S.

Note that for all s € S, the elements § in S~'R are units: % 1= % =1.

EXAMPLE 1.2.12. If R is an integral domain and S = R\ 0, then S™'R is just the quotient
field of R. In this case the equivalence relation takes the simpler form
(a,s) ~ (b,t) <= at — bs = 0.

If R is not an integral domain then this does not work, because the verification that ~
is transitive involves cancelling, i.e., it uses that R has no zero-divisor except 0: suppose
that (a,s) ~ (b,t) and (b,t) ~ (¢,7). Then at = bs and br = ct, so that cat = cbs and
abr = act = cat. This implies b(ar) = b(cs), or b(ar — ¢s) = 0. Since b # 0 we obtain ar = cs,
hence (a, s) ~ (¢, 7).

EXAMPLE 1.2.13. Let S = R\ P, where P is a prime ideal of R. Then we obtain the
localization of R at P:

Rp:=S7'R.

DEFINITION 1.2.14. A commutative ring R is called a local ring, if it has exactly one maximal
ideal M. Then R/M is called the residue field of R.

Note that any x ¢ M here is a unit, since (z) € M, so that (z) = R.
We claim that Rp is a local ring, with the maximal ideal given by

PRp:={a/s|a€ P,se€S}.

Indeed, any element l;’ of Rp that is not in PRp is a unit in Rp, because b ¢ P, so that b € S.
It follows that if I is an ideal in Rp, and I is not contained in PRp, then there is a unit in 7,
so that I = R. Hence PRp is the only maximal ideal in Rp.

EXAMPLE 1.2.15. Let R=7Z, P = (p) and S = Z \ pZ. Then
Rp = Zg) ={m/n € Q| (n,p) = 1},
and the residue field of Zy) is given by Zgy /pZp) ~ Fp.
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In general, we have the natural ring homomorphism ¢: R — S™'R defined by ¢(a) = a/1
for a € R. This map is not injective in general. In fact, a € ker(p) if and only if a/1 = 0/1,
i.e., sa =0 for some s € S:

ker(p) = U(O :8) ={a € R| sa=0 for some s € S}.
s€S

where (0 : I) := {a € R | al = 0} denotes the annihilator of the ideal I in R. If I = (s) we
write (0 : s) instead of (0: (s)). More generally, we have the following definition.

DEFINITION 1.2.16. Let I, J be ideals in R. Then then
(I:J)={a€R|aJ I}
is again an ideal in R, called the ideal quotient.
We have I C (I :J).
EXAMPLE 1.2.17. Let R=7 and I = aZ, J = bZ. Then

a
1:J)=cZ =—
Ueh)=c =10

LEMMA 1.2.18. Let I, J, K be ideals of the commutative ring R, and let (1n)aca, be a family
of ideals of R. Then

) ((I:J):K)=(I:JK)=(I:K):J),
(2) (ﬂaeAIa : J) = ﬂaeA(Ia : J);

(3) (K :) peals) =NacalK : 1,).

Comming back to ker(yp) above, we see that ¢ is injective if and only if S consists of
nonzerodivisors; in this case R may be regarded as a subring of S™'R. This applies for R being
an integral domain, and S™'R being the quotient field of R.

The ring of fractions, S™'R has the following universal property:

PROPOSITION 1.2.19. Let ¢: R — S™'R be the above ring homomorphism, and g: R — R’
be a ring homomorphism such that g(s) is a unit in R’ for all s € S. Then there exists a unique
ring homomorphism h: ST'R — R’ such that g = h o .

PROOF. Suppose there is such a homomorphism. Then h(a/1) = h(p(a)) = g(a) for all
a € R. Hence, for s € S we have

h(1/s) = h((s/1)"") = h(s/1)"" = g(s)"",

and therefore h(a/s) = h(a/1)h(1/s) = g(a)g(s)~
To show the existence just put h(a/s) := g(a)g(s

1 so that h is uniquely determined by g.
)"
a'/s ie., (as’ —a's)t =0 for some t € S. It follows
(s
(a

1 This is well-defined: suppose that a/s =

(9(a)g(s') — gla')g(s)) - g(t) =

but t € S says that g(¢) is a unit in R', so that g(a)g(s)™! = (a/)g(s’)*l.
Finally, h is a ring homomorphism satlsfylng g=nhoop. ([l
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The ring S™'R and the ring homomorphism ¢: R — S7'R, ¢(s) = T have the following
properties:
(1) For s € S the images ¢(s) are units in S™'R.
(2) If p(a) = 0 then as = 0 for some s € 5.
(3) Every element of S™'R is of the form ¢(a)p(s)~* for some a € R and some s € S.
Conversely, these three conditions determine the ring up to isomorphism, see for example
1].
%V]e want to consider ideals in ST'R.

DEFINITION 1.2.20. For an ideal I in R the ideal of S™'R generated by (1) is called the
extension of I, and is denoted by S'I.

We have S™'T ={a/s|a€I,s € S}

DEFINITION 1.2.21. For an ideal J in S™'R the ideal ¢~!(J) of R is called the contraction
of J to R, and is denoted by J°.

Some properties of extension and contraction of ideals are desribed in the following result.

PROPOSITION 1.2.22. Let R be a ring and let S be a multiplicatively closed subset of R. We
have the following:

(1) Let J be an ideal in ST'R. If I = J¢, then J = S'I. In particular, every ideal J in
SR is the extension of some ideal of R.

(2) Let I be an ideal in R. Then (S7')° = U,es(! = s). In particular, S™'1 = S7'R if
and only if INS # 0.

(3) An ideal I C R is a contraction of an ideal of ST'R if and only if every element of S
is a nonzerodivisor in R/I. In this case we have I = (S™'I)°.

(4) The prime ideals of S™'R are in one-to-one correspondence with the prime ideals P of
R which do not meet S, i.e. with PNS = 0.

PROOF. (1): Since I = ¢ '(J) we have ¢(I) C J and hence S~'I C J. Conversely, if
a € Rand s € S such that a/s € J, then § = { -2 € J, hence a € J° = I. This shows that
a/s € ST'. Thus, J C S7'.

(2): Given any z € (S7'1)¢, we have x/1 = a/t for some a € I and t € S. Hence, by definition,
u(tr —a) = 0 for some u € S. Then the element s := ut is in S and sz = utx = va € 1. It
follows that x € (I : s). On the other hand, if x € (I : s) for some s € S, then sz € I, so that
2 —=1.% ¢ 5] This means z € (S~'1)°. Altogether this shows that (S~'1)¢ is the union of
(I :s) as s varies over S. In particular, 7'/ = S~'Rif and only if 1 € ([ :s) = {z € R| sz €
I'} some some s € S, that is, I NS # 0.

(3): We need to show that s € S is a nonzerodivisor in R/ if and only if (I : s) = I. Then the
claim follows from (2). We always have I C (I : s). However, (I : s) C I for some s € S means
that all z € R with sz € [ satisfy x € I, i.e., all z € R with 57 =5-T = 0 in R/I satisfy T = 0.
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Thus s is a nonzerodivisor in R/I.

(4): If Q is a prime ideal of ST'R, then Q¢ = ¢~1(Q) is a prime ideal of R, being the inverse
image of a prime ideal under a ring homomorphism (see lemma 1.2.25). Moreover, Q = S™!'P
by (1), and SN P = (), since otherwise, using (2), Q@ = S™'P = SR, which is not possible
since () is prime.

Conversely, suppose that P is a prime ideal of R such that PNS = (). We claim that Q := S™'P
is a prime ideal of ST1R. We have Q # S™'R because of (2). Further, if z,y € R and s,t € S
are such that 7 -4 € S71P, then % € @, and hence there is a p € P, and an s € S such that
% =2 Then there isateS such that (xys — p)t = 0. Because of s € P we have zy € P.
It follows that x € P or y € P, which implies in turn that z/s € Q or y/t € Q. Thus Q is a
prime ideal as claimed. In view of (1) and (3) it follows that the processes of contraction and
extension set up the desired one-to-one correspondence. ([l

COROLLARY 1.2.23. If P is a prime ideal of R, the prime ideals of the local ring Rp are in
one-to-one correspondence with the prime ideals of R contained in P.

PrOOF. Take S = R\ P in (4). O

REMARK 1.2.24. The result again shows that the localization Rp is a local ring, i.e., has
only one maximal ideal, namely PRp. Indeed, prime ideals of Rp correspond to prime ideals
of R which are contained in P. Hence the only maximal ideal of Rp corresponds to P. All
other maximal ideals of R disappear in Rp.

We have already used the following lemma, which we want to prove now.

LEMMA 1.2.25. If f: R — R’ is a ring homomorphism, and P a prime ideal in R', then
f7YP) is a prime ideal in R.

PROOF. The ring R'/P is an integral domain since P is prime. We have a ring homomor-
phism R — R’ — R'/P with kernel f~'(P), hence an embedding

R/f(P)— R/P

Since R'/P is an integral domain, so is the subring R/f~'(P). Hence f~'(P) is a prime
ideal. U

REMARK 1.2.26. In general we do not have I = (S™'1)¢, not even if IN.S = (), see (3). For
example, take R =7, S = {2" | n >0} and I = (6). Then
_ 3n
511_{?¢nezk21}
(S7H)° = (3).
Indeed, 2 € S is not a nonzerodivisor in Z/6Z.

COROLLARY 1.2.27. Let R be a commutative ring and S be a multiplicatively closed subset
of R. If R is a PID, so is ST'R.

PROOF. Every ideal J of S™' R is of the form S™'T = {a/s | a € I,s € S}, where [ = p'(J)
is an ideal of R. Since [ is a principal ideal, so is J. O
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1.3. Noetherian rings

Let R be a commutative ring. An ideal I C R is called finitely generated, if there exist
generators aq, ..., a, € R such that

]:{zn:Tiai|Ti€R}.

i=1
We denote this by I = (aq,...,a,). For n =1 this coincides with the notion of a principal ideal

I =(a).

Now we will define a class of commutative rings named after Emmy Noether (1921).
DEFINITION 1.3.1. The ring R is called Noetherian, if every ideal of R is finitely generated.

Obvioulsly every PID is Noetherian, so that we already have a lot of examples. An easy
observation is the following:

PROPOSITION 1.3.2. Let R be a Noetherian ring and I C R be an ideal. Then R/I is a
Noetherian ring.

PROOF. Denote by m: R — R/I the canonical epimorphism and let J C R/I be an ideal.
Then 7~1(J) is an ideal of R. By assumption there exist ai,...,a, € R such that 771(J) =
(ay,...,a,). But then

J=7(r"1J)) = (7(ar),...,7(a,))

is finitely generated, and R/I is Noetherian. O

The ring Z[x] not a PID, but it is Noetherian since Z is (see theorem 1.3.6). It follows, for
example, that the ring Z[/—5] ~ Z[x]/(2®+5) is Noetherian. Note that it is not factorial. Hence
a Noetherian ring need not be factorial. Conversely, a factorial ring need not be Noetherian:
one can show that polynomial ring R[X] for an infinite set X of variables is factorial and not
Noetherian.

ProproOSITION 1.3.3. The following statements for R are equivalent:

(1) R is a Noetherian ring.

(2) In R holds the ascending chain condition: if Iy, Io, . . . are ideals of R with Iy C Iy C - -,
then there exists an m > 1 such that I, = I, for all n > m.

(3) In R holds the mazimality condition: every nonempty set of ideals of R has a mazimal
element.

PROOF. (1) = (2): Given such a chain of ideals I; C I, C - - -, the union

[::UIn

n>1

is an ideal of R. By assumption there are ay,...,a, € I, such that I = (aq,...,a,). Every a;
lies in some ideal Iy, so that all a; are contained in I,,, with m = max{ks,...,k.}. For k > m
we have

I= (ala---aa'r) g]mgjk’gla
so that I, = I, for all kK > m.

(2) = (3): Let F be a nonempty set of ideals of R that does not have a maximal element.
Since F is nonempty, there is some ideal I, € F. But [; is not a maximal element, and so there
is Iy € F such that I; C I,. Further, I, is not a maximal element, and so there is I3 € F such
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that I, C I3. Continuing this way, or by induction, we obtain an infinite strictly ascending
chain of ideals in F. This contradicts (2).

(3) = (1): Let I be an ideal of R and consider the set F of all finitely generated ideals in
R which are contained in I. Let M be a maximal element in F. We claim that [ = M, so
that [ is finitely generated. Assume that there is some x € I \ M. Then M + (z) € F, which
contradicts the maximality of M. Thus [ = M € F. O

REMARK 1.3.4. The class of Noetherian rings is closed w.r.t. three fundamental processes:
if R is Noetherian, then R/I is again Noetherian for all ideals I if R; furthermore S™'R is
again Noetherian for every multiplicatively closed subset S of R; and finally all polynomial
rings R[zy,...,z,) are again Noetherian.

PROPOSITION 1.3.5. Let S be a multiplicatively closed set of R. If R is Noetherian, so is
S~IR.

PROOF. Every ideal J of S™'Ris of the form S™'I = {a/s | a € I,s € S}, where [ = ¢~ 1(J)
is an ideal of R. Since I is finitely generated, so is J. U

THEOREM 1.3.6 (Hilbertscher Basissatz). If R is Noetherian, so is the polynomial ring R|x].

PROOF. Suppose that R[z] is not Noetherian, and let I C R[z]| be an ideal, which is not
finitely generated. Let f; € I be a polynomial of minimal degree. Choose fo € I\ (f;) with
minimal degree, and so on. In other words, if we have chosen fi,... fi in this way, choose fi 1
of minimal degree in I\ (fi,..., fx). Let

ng = deg(fi),
ax = le(fy)
be the degree and the leading coefficient of f,. Then we have n; < ns <nz <--- and
(a1) C (a1,a9) C (ay,a9,a3) C ---
is an ascending chain of ideals in R. Since R is Noetherian, there is a £ > 1 such that
(a1,...,ar) = (a1, .., aQk41)-

Then there is an equation

k
Ap4+1 = E bia;
i=1

with b; € R. Consider the polynomial

k
g:= fk+1 _ Zbixnkﬂimfi-
=1

Then we have g € I\ (f1,. .., fr) with deg(g) < deg(fr+1). This is a contradiction to the choice

of fk+1. O
COROLLARY 1.3.7. If R is Noetherian, so is R[x1, ..., x,].
ProOOF. We have R[xy,...,x,| ~ Rz, ..., x,_1][x,], so that we can argue inductively. O

THEOREM 1.3.8 (I. S. Cohen). Let R be a commutative ring where all prime ideals are
finitely generated. Then R is Noetherian.
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PROOF. Suppose that R is not Noetherian and consider the set F of ideals of R which are

not finitely generated. Then F # (). We order F partially by inclusion. Let ® be a non-empty
totally ordered subset of F. Consider the ideal

J::UI.

Ied

We claim that J is not finitely generated. Assume that it is, say J = (ai,...,a;). Then for
each 1 = 1,...,t, there exists I; € ® such that a; € I;. Since ® is totally ordered, there exists
h € N with 1 < h <t such that I, C I, for all i = 1,...,t. Then we have

J=Ra,+ -+ Ra; C I, C J,

so that [}, is finitely generated, a contradiction. Hence J is not finitely generated, so that
J € F. Then J is an upper bound for ® in F. We apply Zorn’s lemma to see that F has a
maximal element. We will show that each maximal element P of F is prime. This finishes the
proof, since then we have found a prime ideal in R which is not finitely generated. First of all,
P # R, since R = (1) is finitely generated, but P is not. Let a,b € R\ P and suppose that
ab € P. We will obtain a contradiction, so that P must be prime. Since P C P+ Ra, it follows
from the maximality of P in F that P + Ra is finitely generated, say,

P—i—Raz (pl‘i"rla,-“;pn_'_rna)u

where py,...,p, € P and ry,...,7, € R. Let K = (P :a). Since K O P+ Rb D P, it again
follows from maximality of P that K is finitely generated; therefore the ideal a K is also finitely
generated. We claim that
P=Rp,+---+ Rp, + aK.

Clearly P O Rp1+---+ Rp, +aK. Let p e P C P+ aR. Then there exist ¢q,...,¢, € R such
that

p=ci(pr +ma)+ -+ cp(pn +rna).
Then

so that Y1 ¢ € (P :a) = K. Hence

p= icipi + (icm) a€ iRpi + aK.
i=1 i=1 i=1

Thus also P C Rp; + -+ + Rp, + aK. Together we obtain that P is finitely generated, a
contradiction. Hence P is prime. ([l

REMARK 1.3.9. Cohen’s theorem can be used to show that if R is Noetherian, so is the
formal power series ring R[[z]], see [7], Theorem 8.13.

Next we come to factorizations in Noetherian rings. Not all such rings are factorial. But
there is a generalized form of a unique factorization of ideals (not of elements). For example,
for R = 7Z we have a factorization n = pi* - - - p¢* into prime powers. As ideals we have

(n) = (p{") NN (pyr).
A prime ideal in R is in some sense a generalization of a prime number in Z. The corresponding
generalization of a prime power is a primary ideal:
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DEFINITION 1.3.10. An ideal ) in a commutative ring R is a primary ideal if Q) # R, and
for all elements z,y € R, we have that if xy € @, then either x € Q or y" € ) for some n € N.

The condition can be rephrased as follows: z,y € R and zy € Q imply z € Q or y € /Q.
Obviously every prime ideal is a primary ideal. The converse need not be true.

EXAMPLE 1.3.11. Let R="7 and QQ = 25Z. Then @ 1is primary.
Indeed, let zy € Q and = &€ Q, i.e. 25 | zy, 254 x. Then 5 | y so that y* € Q.
LEMMA 1.3.12. Let Q be an ideal in R. Then Q is primary if and only if R/Q) # 0, and

every zero-divisor in R/Q is nilpotent.

PROOF. Suppose that ) is primary. Since ) # R we deduce that R/Q # 0. Let b € R
be such that the element b+ @ in R/Q) is a zero-divisor, so that there exists a € R such that
a+ @ is not the zero class in R/Q but (a + Q)(b+ Q) = 0. These conditions mean that a ¢ Q
but ab € Q, so that b" € Q for some n > 1, since @ is primary. Hence (b+ Q)" = 0" + Q = 0.
The converse can be proved similarly. 0

LEMMA 1.3.13. Let R be an integral domain. If p € R is a prime element, then (p") = (p)"
1s a primary ideal for everyn > 1.

PROOF. Let a,b € R such that ab € (p") and a ¢ (p"). If b € (p), then 0™ € (p).
We will show that the other case b ¢ (p) is not possible, so that we are done. Assume that
b & (p). Then a € (p) and there exists 1 < d < n such that a € (p?) \ (p®™!). This means,
we have a = p?u with some v € R\ (p). It follows that ub ¢ (p), because (p) is prime. Then
ab = plub ¢ (p?*!), because otherwise plub = p*lr and ub = pr € (p) by cancelling. This
contradicts ab € (p*) C (p*1). O

LEMMA 1.3.14. If Q is a primary ideal, then P = \/Q is a prime ideal, in fact, the smallest
prime ideal containing Q.

In this case P is called the prime ideal associated to ). Conversely () is also said to be
P-primary, or the primary ideal associated to P.

PROOF. By proposition 1.2.8, the radical of () is the intersection of all prime ideals which
contain ). Hence it is enough to prove that P = /Q is a prime ideal. Let a,b € R such
that ab € /Q. Then a"b" € @Q for some n > 1. Assume that a ¢ /Q. Then a" ¢ @, hence
(™)™ € Q for some m > 1. It follows that b € \/Q. O

EXAMPLE 1.3.15. In R =7 the primary ideals are (0) and (p"), where p € P and n > 1.

Indeed, these ideals are primary, and the only ideals in Z with prime radical. The claim
follows from lemma 1.3.14.
On the other hand, if Q is an ideal of R such that /@ is prime, then @) need not be primary.

EXAMPLE 1.3.16. Let R = K|z,y] and Q = (2%, zy). Then /Q is a prime ideal, but Q is
not primary.

We have zy € @, but x ¢ @ and no power of y is in Q). Hence @ is not primary. Let
Q1 = (z) and Qs = (22,y). We have a decomposition Q = Q1 N Qo, i.e.,

(2% zy) = (z) N (2*,y)

into primary ideals @)1 and Q2. The associated prime ideals are given by P = v/@Q; = (x) and
Py =+/Q3 = (z,y). In the decomposition Q = Q1 N Q, the ideal Q; is prime and Q, = (2%, y)
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is primary, since R/Q, ~ K[x]/(x?), in which the zero-divisors are all multiples of x, hence are
nilpotent. We have /Q = P, N P, = P, = (), which is prime.
In contrast to the above example, if /@ is maximal, then @ is primary.

LEMMA 1.3.17. Let Q be an ideal of R such that \/Q = M is mazimal. Then Q is M-
primary, i.e., Q is a primary ideal. Moreover all powers M™ for n > 1 are M-primary.

PROOF. Let ab € Q. If a € \/Q then a" € Q. Otherwise a ¢ /Q, so that a ¢ Q. Then
VQ + Ra 2O M+ Ra=R,and so 1 € Q+ Ra, which implies b € Qb+ Rab C (). Since we have
VM™ = M for all maximal ideals M, for all n > 1, the last claim follows. 0

This lemma shows again that Qy = (2%, y) is a primary ideal in K|z, y], see example 1.3.16,
since /@2 = (z,y) is a maximal ideal in K|z, y].

DEFINITION 1.3.18. A proper ideal [ in R is called irreducible if it is not a finite intersection
of strictly larger ideals, i.e., if I = J N K implies [ = J or [ = K, for all ideals J, K of R with
ICJand I C K.

LEMMA 1.3.19. Fvery irreducible ideal in a Noetherian ring R is primary.

PROOF. Let I be an irreducible ideal in R. Assume that ab € I, b ¢ I and no power of a
is in I. Consider the chain of ideals
(I:a)C(I:a>)C({:a%C---

By a.c.c. (the ascending chain condition) in R, (I : a™) = (I : a"*!) for some n > 1. We will
show that this implies

I=(I+Ra")N (I +Rb),

which contradicts the irreducibility of I, so that some power of a is in I, and I is primary.

First, it is clear that I C (I + Ra™) N (I + Rb). To see the converse, let . = j+ sa” =i+ rb €
(I4+ Ra™)N(I+ Rb), withi,j € I and r,s € R. Then ax = ia+rab € I, so that ja+ sa"™ € I
and hence sa™*! € I. It follows that s € (I : a"™') = (I : a"), hence x = j + sa" € I. O

LEMMA 1.3.20. If Q; are P-primary ideals in R for 1 < 1 < n, then QQ = N,Q; is P-
PTIMAry.

PRrRoOOF. We have
VO=VQin---nQ.=VQ =P
i=1

Let xy € Q and y ¢ Q. Then xy € Q; and y ¢ Q; for some ¢ > 1, hence x € P = 1/Q, since Q;
is primary. It follows that () is primary. O

The following theorem, due to E. Lasker and E. Noether, shows that ideals in Noetherian
rings admit a nice decomposition into primary ideals.

THEOREM 1.3.21 (Primary Decomposition). Let R be a Noetherian ring and I be any ideal
of R with I # R. Then we have the following.

(1) There exist primary ideals Q1,...Qn of R such that
[:le...mQh'
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(2) The ideals Q1,...Qy in the above decomposition can be chosen such that

Qi 2@

J#i
forall1 <i<h, and all P, =+/Q;, 1 =1,...,h are distinct.

(3) The ideals Py, ..., P, are unique. Indeed, the set {P,..., P} equals the set of prime
ideals among the ideals (I : x), where x varies over the elements of R.

(4) If for a fized i the ideal P; is minimal, i.e., if P, 2 P; for all j # i, then the corre-
sponding primary ideal QQ; is also unique.

PROOF. (1): The maximality condition in R implies that every ideal I of R is a finite
intersection of irreducible ideals. Indeed, let S be the set of ideals of R which are not a finite
intersection of irreducible ideals. If S # (), then S has a maximal element M, since R is
Noetherian. Clearly M # R. Moreover M is reducible because of M € S, i.e., M = [N I, with
M C I and M C I, hence with I, I, ¢ S. Tt follows that I; and I are finite intersections
of irreducible ideals, so that the same is true for M, a contradiction. It follows S = (), and
I =QN---NQy with irreducible ideals ;. Lemma 1.3.19 says that the (); are primary. This
proves (1).

(2): If P, = P; = P then (); N Q; is P-primary by lemma 1.3.20. Hence it can replace both Q);
and (), in the decomposition. In this way we arrive at a minimal or irredundant decomposition,
where all \/@Q; are distinct and Q; 2 N;2Q;.

(3): Let ¢ € {1,...,h} and choose ¢; € (N;£Q;) \ Qi. Then we have

QiC(l:c)CH,
and so there is, by lemma 1.3.26, a k > 1 such that P* C (I : ¢;), but PF~* & (I : ¢;). Choose
y € PP\ (I : ¢;), and let z; := yc;. We claim that
P, =(I:1).

Clearly, P, C (I : z;). On the other hand, if there is z € (I : z;) \ F;, then xyc; € I C Q;.
Since @); is primary and x ¢ P;, we obtain yc; € );. By the choice of ¢; we have yc; € I, that
is, y € (I : ¢;), which contradicts the choice of y. Hence we have (I : z;) C P;, and the above
claim is proved.

Conversely, suppose that (I : ) = P is a prime ideal for some z € R. Then

h

P=(I:2) = (",Qi:2) = (@),

i=1

and thus (Q; : x) C P for some i. Hence x ¢ @); and
Pi=+/QiC\(Qi: 1) CP

Conversely, if a € P then ax € I C @, so that a € P;. Together we have P = P,.

(4): We leave this as an exercise (localize at P;). O

DEFINITION 1.3.22. The decomposition [ = Q1N---NQy, as in (1) above is called a primary
decomposition of I. If the @); satisfy the conditions in (2), then this decomposition is called
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minimal, or iwrredundant. The german word is unverkiurzbar. The uniquely determined prime
ideals P; are called the associated primes of I. The set of them is denoted by

ASSR([) = {Pl, c 7Ph}-
EXAMPLE 1.3.23. Let R = K|x,y] and I = (2*,zy). Then
(2%, 2y) = (z) N (2%, y)

15 an irredundant primary decomposition of I. The associated primes are

{Plv PZ} = {(33'), ($7y)}
Note that P; is minimal, see (4), but P, is not since P, DO P;.

REMARK 1.3.24. The primary decomposition is not unique in general. In fact, (2%, xy) =
(x) N (22,y) = (x) N (2%, y + cz) are irredundant primary decompositions of I for any ¢ € K.
Also, (22, zy) = (z) N (2?, xy,y?) is an irredundant primary decomposition of 1.

Primary decompositions are preserved under localizations w.r.t. multiplicatively closed
subsets that are disjoint from all associated primes.

PROPOSITION 1.3.25. Let S be a multiplicatively closed subset of a Noetherian ring R and
I=Q N ---NQy be a minimal primary decomposition of I. Let P; = \/Q; fori =1,...,h.
Then

S= () s7'@Q. (ST'r= () @
SNP;=0 SNP;=0
and these are minimal primary decompositions.

Proor. We only remark that if SN P; # ), then S™1Q; = R, whereas if SN P, = (), then
S™1Q; is S~™! P-primary and the contraction equals Q;, i.e., (S71Q;)¢ = Q;. O

LEMMA 1.3.26. Let I be an ideal in a Noetherian ring R and J = VI. Then I contains a
power of its radical, i.e., J* C I for somen > 1.

PROOF. Since R is Noetherian, J is finitely generated. Let J = (aq,...,ax). For each
i=1,...,k there exists n; € N such that a;" € I. Set
k

n:zl—i—Z(ni—l).

i=1
Then J" = (v/I)" is the ideal of R generated by

L:={ad"ay---a;f |r; > 0,71+ + 1, =n}.

Given non-negative integers 7q,...,r; which sum to n, we must have r; > n; for at least one
integer j with 1 < j <k, for otherwise
k
n:ZriSZ(ni—1)<n,
i=1 i=1
which is a contradiction. Hence aj' - - -a;j ---a;f € 1,s0that L C [ and J" = RL C I. O

We can use this lemma together with the primary decomposition to prove the following
result:
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PROPOSITION 1.3.27. Let I be an ideal of a Noetherian ring R, and let J = N2 I™. Then
J=1J.

PROOF. If I = R then the claim is obvious. Hence assume that I # R. Since IJ C J C I,
we see that [.J is also a proper ideal of R. Look at the minimal primary decomposition of I.J,
ie.,

IJ=0Q:N...NQy,
with \/Q; = P, fori =1,...,n. We want to show that J C I.J by showing that J C @Q; for each
i=1,...,n. Suppose that, for some 1 <i < n we have J Z @);, so that there exists a € J\ Q;.
Since
aIg[J:leangQw

and Q; is Pi-primary, it follows form a ¢ Q; that I C P;. But P, = /@Q;, and so, by lemma
1.3.26, there exists ¢t € N such that P} C @,. Hence

J=(I"CI'C P CQ.
n=1

This is a contradiction. Hence J C @); for all ¢ and J C I.J C J. O

REMARK 1.3.28. By Nakayama’s lemma for Noetherian modules it follows from the above
proposition that (1 —a) N2, I = 0 for some a € [. If in addition I € J(R), then 1 —a is a
unit of R so that N7, /™ = 0. This statement is called Krull’s intersection theorem. 1f (R, M)
is a local ring with maximal ideal M, then J(R) = M and N>, M™ = 0.
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1.4. Affine algebraic sets

Let K be a field and n > 1 be an integer. The set of n-tuples

Ay ={(a,...an) | ar,...,a, € K}

is called the n-dimensional affine space. An element (ai,...a,) € A% is called a point, and
the a; are called the coordinates of the point. A} is often called the affine line, and A% the
affine plane. A point (ai,...a,) € Al is called a zero of a polynomial f € K[zy,...,x,], if
flay, ..., a,) =0.

DEFINITION 1.4.1. A set V C A% is called an affine algebraic set, if there exists a subset
T C Klxy,...,x,) such that V = V(T), where

V(T)=A{(a1,...,a,) € AR | f(ar,...,a,) =0V f €T}

In linear algebra we study the solution sets of linear equations

Ty + -+ cinxy, = by

Cm1T1 + * F CpnTp = bm

Denote by V' the solution set, then V' = V(T') is an affine algebraic set with

n

T = {fz = Zcijxj —bj}, 1= 1,...,m.
i=1
V(T) is a linear algebraic variety of dimension n — r, where r is the rank of the matrix (¢;;).
The zeroset of a single polynomial is called an affine hyperplane. If n = 2, we have an affine
plane curve. For example V(22 +y? —1) C A2 is the circle, with f € R[x,y]. Or V(y* — 2 +z)
is an elliptic curve. In general, this depends on the field. For example, V(2? + 1) is empty for
K =R, but equals {i, —i} for K = C.

PROPOSITION 1.4.2. Let V(T') C A be an affine algebraic set with T C Kxy,...,x,). Let
I be the ideal of K[x1,...,x,]| generated by T. Then V(T) =V (I), where

V() =A{(a1,...,a,) € A | far,...,a,) =0V f eI}
In other words, algebraic sets are zerosets of ideals I of Klxy, ..., x,).
PrOOF. We have V(I) C V(T) since I O T. Let (ai,...,a,) € V(T) and f € I. Then
f=>"gh; with h; € T and g; € K[z1,...,x,]. Hence
flay, ... a,) = Zgi(al, cosag)hi(ay, ... ay)
i=1
=0,
since h;(ay,...,a,) = 0. It follows (ay,...,a,) € V(I). O
Since the ring Klz1,...,z,] is Noetherian we have the following result.

PROPOSITION 1.4.3. Let V/(I) C A% be an algebraic set with defining ideal I C K[y, ..., ,).

Then there are finitely many polynomials fi, ..., fo, withl = (f1,..., fm) and V(1) =V (f1,..., fm)-
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The map V: I — V(I) of ideals of K[xy,...,x,] to algebraic sets V(I) of Al is surjec-
tive, but not injective. Indeed, V(z;) = V(z¥) for all &k > 1. We have V(0) = A% and
V(K[zy,...,x,]) = 0. If I C J are ideals of K[z, ..., z,], then V(I) D V(J).

ProOPOSITION 1.4.4. If I, J are ideals of K[x1,...,2,), then V(I)UV(J)=V(INJ). If I,
is a family of ideals for o € A then

V(L) =V (Z Ia> .
acA acA

PROOF. Leta € V(I)UV(J). We may assume that a € V(I). Let g € INJ. Then g(a) =0
and hence a € V(I N J). Conversely, assume that a € V(I N J). If a € V(I) then certainly
a € V(I)UV(J). Otherwise a ¢ V(I). Then there exists f € [ with f(a) # 0. For any g € J
we have fg € I'NJ, so that f(a)g(a) = 0. It follows g(a) = 0 and a € V(J). The second claim
can be proved similarly. 0

In other words, finite unions of algebraic sets are algebraic, and arbitrary intersections of
algebraic sets are algebraic.

DEFINITION 1.4.5. The Zariski topology on A% is defined to be the topology whose closed
sets are the sets V/(I) for all f € I C A%, where I C Klxy,...,x,]is any ideal in the polynomial
ring K[z, ..., 2,

The family {V(I)} indeed satisfies all the axioms of closed sets for a topology on A’%. The
open sets are the complements of the closed sets. The Zariski topology is quite different from
the Euclidean topology on K™. It is not Hausdorff in general.

EXAMPLE 1.4.6. Consider the affine line AL. Then () and A} are Zariski-open and closed,
and all other closed sets are just finite sets of points. Hence every non-empty open set is dense
in AL, and the topology on AL is not Hausdorff.

Note that each proper ideal I € KJz| is a principal ideal, i.e., is of the form [ = ((x —
ap) -+ (x —ay)) for a; € K. Hence each closed set of A}, different from () and A} is a finite set
of points. Given two points we cannot find two disjoint open sets which seperate the points.

DEFINITION 1.4.7. Let W C A% be a subset. Then the ideal
IW)=A{f€Klxy,...,z,] | flas,...,a,) =0 V (ay,...,a,) € W}
is called the vanishing ideal (Verschwindungsideal) of W.
The map I: W +— I(W) is neither injective nor surjective. For example, I[(A{) = I(Z) =
(0), and the ideal (22) C K|[z1] lies not in the image of the map I.

We have I(W) D I(V) for W C V. If J C Klxy,...,x,] is an ideal then J C I(V(J)). For
every subset W C A% we have W C V(I(W)).

PROPOSITION 1.4.8. Let W C A%. We have W = V(I(W)) if and only if W is an algebraic
set.

Proor. If W = V(I(W)) then W is algebraic by definition. Conversely, let W = V(J)
be an algebraic set for an ideal J C Klzy,...,x,]. Then J C I(W), so that W = V(J) 2
V(I(W)) 2 W. O

LEMMA 1.4.9. Let W C A% be a subset and I(W) the corresponding ideal in K[z, ..., z,).
Then I(W) is a radical ideal, i.e., \/I(W) = I(W).
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Proor. We always have I(W) C /I(W). Conversely, let f € \/I(W). Then f™ € I(W)
for some m > 1. Let a = (a1,...,a,) € A. Then f™(a) = 0 for all « € W. This means
f(a)™ =0 and f(a) =0 since K is a field. Thus f € I(W). O

We have now an inclusion reversing map I from algebraic subsets of A% to radical ideals of
Kz, ..., 2,), given by W — I(W). The question is, whether this map is a bijection. This is
not the case in general.

EXAMPLE 1.4.10. The radical ideal J = (2*+1) C Rx] does not correspond to any algebraic
subset of AL under the map I.

First, the polynomial ? + 1 is irreducible in R[z], so that J is a prime ideal, and hence
Vv J = J. Assume that J = [ (W) for some algebraic subset W. By proposition 1.4.8 we have
W =VIW)) =V(J]) =V(@*+1) =0, so that J = I(W) = I(0) = R[z], which is a

contradiction.
If K is algebraically closed, however, then the map I will be a bijection:

THEOREM 1.4.11 (Hilbert’s Nullstellensatz). Let K be an algebraically closed field. Then
the following holds:

(1) Every mazimal ideal M C Klzy,...,x,] is of the form
M= (x1—ay,...,x, —a,) =I(ay,...,a,)

for some point a = (ay,...,a,) € Al.
(2) Let J C K[xq,...,x,] be an ideal. Then V(J) # 0 if and only if J # K[xy,. .., z,).

(3) For every ideal J C Klx1,...,x,] we have I(V(J)) =/J.

ProoOF. We will first show that all three statements are equivalent. Then we will indicate
how to prove the statement (1), but without the details. There are some recent articles on
how to give an elementary proof, i.e., “aimed at undergraduates”, and we will refer the reader
to these references. For a proof with more theory one may take a standard book on algebraic
geometry. Write S = K[z1,...,x,] as a shorthand.

(1) = (2): Suppose that J C S is a proper ideal of S. Since S is Noetherian, there exists a
maximal ideal M of S such that J C M. By (1) we know that M = (z; — aqy,...,2, —a,) =
I(ay,...,a,), so that (ay,...,a,) € V(M) C V(J). This shows V(J) # (. Conversely, if
(ay,...,a,) € V(J) for some point (ai,...,a,) € A, then we have J # S, because otherwise
V(J)=V(S)=0.

(2) = (3): Let f € V/J. Then f™ € J C I(V(J)) for some m > 1. This means f € /I(V(J))
which equals I(V(J)) by lemma 1.4.9. It follows /J C I(V(J)). Conversely, let f € I1(V(.J)).
We show using the trick of Rabinowitsch that f € v/J. Consider the polynomial ring S, =
Klzy,...,7,,t] and the ideal J; = J + (ft — 1) C S;. We have

V(Jp) = {(as,...,anb) € A | bf(ay,...,a,) =1,(as,...,a,) € V(J)}

Suppose that there exists a point (ay, ..., an,b) € V(Jf). Then f(ay,...,a,) = 0 because of
f e I(V(J)). But we have also 1 = f(ay,...,a,)b = 0, which is impossible. It follows that
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V(J;) = 0. By (2) it follows Jp = S, in particular 1 € J;. Hence there exist f; € J, go,9; € S
such that

1= Zgifi+90(ft_ 1).

Consider the ring homomorphism ¢: S; — K(x1,...,z,), working in the field of fractions of
S, given by ¢p(x;) = x; and ¢(t) =1/f. Then

L= (1) = Y el + go<go><f§ 1)
— Zw(gi)fi.

Writing g; = >, gt with g;; € S we obtain ¢(g;) = >, gij(1/f)’, which is of the form
hi/f% € K(z1,...,x,) for some h; € S and ¢; € N. Substitute this in the above equation:

1= plodfi= Y Jff

Now multiply this with f™ and m > 1 large enough to clear denominators, i.e., for m =
max;{c;}. Then we obtain

"= Zhifmfcifi e J

This implies f € v/J.

(3) = (1): First, the ideal M = (21 — aq,...,2, — a,) is maximal, since it is the kernel of the
evaluation map

o: S=Klxy,...,z,]| » K, [ flar,...,a,).
Then S/M ~ K is field, so that M is maximal.

Now let M be an arbitrary maximal ideal of S. By assumption M = VM = I(V(M)), hence
V(M) # 0. Let (ay,...,a,) € V(M). Then

M=IV(M)) CI(ay,...,an) = (x1 —ay,...,Tp — ay),
and (3) is proved. Because M is maximal, it follows M = (z1 — ay,...,x, — ay).

For an elementary proof of (1) see [6] and the references therein. The idea is as follows. Let
M be a maximal ideal in K[xq,...,z,]|, where we can assume n > 2. The case n = 1 is
the fundamental theorem of algebra, i.e., every polynomial f € K[x] has a root, for K being
algebraically closed. Hence every monic f € KJz| splits completely as a product of linear
polynomials x — a;, so that the only maximal ideals in K|[x] are principal ideals (z — a). Now
regard Klxy,...,x,] as K[z1][zg, ..., z,]. By Kaplansky’s lemma below, the integral domain
R = K]Jx] satisfies the hypothesis in Munshi’s lemma below. Therefore there is a nonzero
element f € M N K[x]. Since K is algebraically closed, f splits into a product of linear
factors. Because f € M and M is maximal, hence prime, at least one of those factors, say
1 — ay, is in M. The same argument gives an element x; — a; in M for each 1 < i < n. Then
(x1 —ay,..., T, —a,) € M, which implies equality, since both ideals are maximal. O

COROLLARY 1.4.12. Let K be an algebraically closed field. Then the map I from algebraic
subsets of A to radical ideals in Klz1,...,x,] is a bijection, with inverse map V.
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REMARK 1.4.13. The name “Nullstellensatz” comes from the statement (2): if .J is a proper
ideal of Klxy,...,x,], then there is an element a = (a4, ...,a,) € A% such that f(a) = 0 for
all feJ.

In [6] we find the proof of the following two lemmas.

LEMMA 1.4.14 (Munshi). Assume that the intersection of the nonzero prime ideals of a
commutative ring R is zero. If M is a maximal ideal in R[xq, ..., x,], then M N R # 0.

LEMMA 1.4.15 (Kaplansky). Let R be a commutative ring. The intersection of the nonzero
prime ideals of R[x] is zero.



CHAPTER 2

Grobner Bases

In this chapter let K be a field and S = K|[zy,...,z,]. Let I be an ideal of S. Then there
are some computational problems:
() IsV(I)#£07?
(2) The ideal membership problem: let f € S be a given polynomial. Determine if f € I.
(3) The problem of solving polynomial equations: find all common solutions in A% of a
system of polynomial equations

filzy, .o xn) = = fo(x1,...,2,) = 0.

Of course, this is the same as asking for the points of V' (1), where I = (f1,..., fs).

A Grobner basis is a particular basis for I, for which, among other things, we can answer the
three problems from above.
For n = 1 the situation is a lot easier than in general. Then S = K|[z] is a Euclidean ring, hence
I =1(f1,...,fs) = (g)is a principal ideal. The solution of the ideal membership problem follows
easily from the division algorithm in K|z|: given f € K[z], to check whether f € I = (g), just
divide to obtain f = qg + r, where ¢,r € K[z] and r = 0 or deg(r) < deg(g). Then it follows
f € (g) if and only if » = 0. Thus, we have an algorithmic test for the ideal membership
problem, if n = 1. If ¢ splits into the linear factors (x — a;), then V/(I) = {ay,...,a,}.

For n > 2 the situation is much more complicated. The ring K{z1, ..., x,] is not Euclidean,
and not a PID. We do not have a division algorithm. We can, however, try to restore some of
the properties of a division algorithm, and this will lead us to Grobner bases.

2.1. Monomial orderings

Let a = (aq,...,a,) € N” be a tuple of non-negative integers. We write
=t
for a monomial in S = K{z1,...,2,]. We want to order the monomials (terms) in a polynomial

unambiguously, in descending or ascending order. Recall the following definition:

DEFINITION 2.1.1. A relation < is a partial order on a set S if it satisfies:

(1) Reflexivity: a < a for all a € S.
(2) Antisymmetry: a < b and b < a imply a = b for all a,b € S.
(3) Transitivity: @ < b and b < ¢ imply a < ¢ for all a,b,c € S.

A partial order on S is called a total order, if a < b or b < a for any two elements a,b € S.
This property implies reflexivity.

EXAMPLE 2.1.2. The set 2N of all subsets of N is a partial ordered set with the inclusion C,
but not a total order.

For polynomial rings however the following orderings are relevant:

31
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DEFINITION 2.1.3. A well-ordering on a set S is a total order on S with the property that
every non-empty subset of S has a least element in this ordering.

EXAMPLE 2.1.4. The standard ordering < on N is a well-ordering. However, on Z it is not
a well-ordering, since, for example, the set of negative integers does not contain a least element.

DEFINITION 2.1.5. A monomial ordering on S = K|xy,...,x,] is any relation < on N”
satisfying
(1) < is a well-ordering on N™.
(2) a < B implies (o +7v) < (B+ ) for all o, 8,7 € N™.

The following lemma is easy, see for example [2].

LEMMA 2.1.6. A total order < on N" is a well-ordering if and only if every strictly decreasing
sequence in N™
a(l) = a(2) = a(3) > -
eventually terminates.

DEFINITION 2.1.7 (Lexicographic Order). Let a = (a1,...,a,) and § = (B4, ..., 5,) in N
We say that a <., 0, if in the vector difference o — f € Z"™ the left-most nonzero entry is
negative.

EXAMPLE 2.1.8. Letn =3, S = K|x,y, z| and
=(0,4,0)
B =(1,1,2) < ayz?
v=(1,2, 1)<—>my z
=(3,0,0) <>
Then o <iex B <iex Y <iex 0.

DEFINITION 2.1.9 (Graded Lex Order). Let a = (aq,...,a,) and 8 = (f1,...,[3,) in N,
Let |a] = Y"1 | ;. We say that o <ger 5, if

la| < |B], orif |a| = || and a <, 5.

This means, grlex orders by total degree first, and then does a “tie-break” by using lez. For
the above example we obtain

o <grle:z: « <grle:r: B <grlea: Y-
Indeed, the decision & <gpiex B <griex 7 18 by tie-break. We have |a| = 8] = || = 4.

DEFINITION 2.1.10 (Graded Reverse Lex Order). Let a = (ay,...,ap) and 8 = (b1, ..., Bn)
in N”. We say that o <geper 5, if | < [B], or if |a| = |f| and, in o« — 5 € Z™, the right-most
nonzero entry is positive.

To take our previous example, we have

J <grevleaz ﬁ <g?"evleaﬁ 7 <grevleac .

Here also 5 <greptes 7, because f—v = (0,—1,1). Note that greviex cannot be derived from
grlex by rearranging variables, as the name might suggest.

PrRoOPOSITION 2.1.11. The lex ordering, graded lex ordering and the graded reverse lex or-
dering on N" are monomual orderings.
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Once we have fixed a monomial ordering < on N", we can order the monomials of a poly-
nomial f € S in an unambiguous way with respect to <.

EXAMPLE 2.1.12. Consider the polynomial f = 4xyz? + 4z — 5y* + Try*z in Qlz, vy, z].
With respect to the lex order we would reorder the terms of f in decreasing order as
f=4a® + Teyz + day2® — 5y,
whereas with respect to the graded lex order we would have
f=Tey?z + doy2? — 5yt + 4a®,
and with respect to the graded reverse lex order we would have
f = —by* + Tay’z + doyz® + 42°.
REMARK 2.1.13. There is another ordering alez, defined by
& <alez B B <iex -

However this is not a monomial ordering on N", since it is not a well-ordering: Take the set
N x {0} € N2, Then the strictly decreasing sequence in N?

(070> > alex (17 O) ™ alex (27()) >alex * "
does not terminate.

DEFINITION 2.1.14. Let f =
mial order.

aenn CaZ® be a nonzero polynomial in .S, and < be a mono-

(1) The multidegree of f is mdeg(f) = max {a € N" | ¢, # 0}.
(2) The leading coefficient of f is lc(f) = Cmdeg(f)-
(3) The leading monomial of f is Im(f) = x™des(f),

(4) The leading term of f is 1t(f) = le(f) - Im(f).

EXAMPLE 2.1.15. Consider again f = 4xyz? + 423 — 5y* + Tzy*z in Qlx, v, 2].

OTd@T’Z"ﬂg ‘ <lex ‘ '<grle:p ‘ '<grevlex
mdeg(f) | (3,0,0) | (1,2,1) | (0,4,0)
le(f) 4 7 -5
Im(f) 3 Yz Yyt

1t(f) 43 Try?z | —by!
For the zero polynomial one could define mdeg(0) = —oo € N~.

LEMMA 2.1.16. Let < be a monomial order on N* and f,g € S. Then:
(1) mdeg(fg) = mdeg(f) + mdeg(g).
(2) mdeg(f + g) < max_{mdeg(f), mdeg(g)}. If, in addition, mdeg(f) # mdeg(g) then
mdeg(f + g) = max<{mdeg(f), mdeg(g)}.
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2.2. Multivariate division

We would like to have a division algorithm in S for several variables. Our goal is to divide
feSby fi,...,fs €5, ie., expressing f in the form

f=afi-+asfstr
The algorithm goes as follows:
Input: Nonzero polynomials f, fi,..., fs € S, and a monomial order < on N”".

Output: Polynomials ¢y, ..., qs, v € S such that f = ¢ fi - -+ ¢, fs +r and no monomial in r is
divisible by any of 1t(f1),...,1t(fs).

L.r<0,p<« f.
fori=1,...,sdo ¢ < 0.
2. while p # 0 do
if 1t(f;) | 1t(p) for some 1 < i < s, then choose some such 4,

1t(p) It(p)
G Gt Pep— s
16(/3) 16(f2)
else r < r + 1t(p), p < p — 1t(p).
3. return qq,...,¢qs, 7.

Note that the result of the algorithm is not yet unique - we have a choice of possible indices 7
where 1t( f;) divides 1t(p). We can restore uniqueness by always taking the smallest index i.

EXAMPLE 2.2.1. Let S = Klz,y| with the lex order <, and f = x*y+xy*+y?, f1 =2y —1,
fo = y? — 1. Then the algorithm gives 1 =x+vy, g =1 andr =x +y+ 1, i.e.,

f=@+yy-D+ @ -1+ @+y+1)
Note that 22y = zy* = 3, and It(f1) = zy, 1t(f2) = y>. Now the steps in the algorithm are:
Lr=0,p=2?y+azy*+y% ¢ =q =0.
2. 1t(f1) | It(p), i.e., for i = 1. Then

2

T
a=0+-" =z,

Y

2
p=("y+ay’ +y°) — %(my— 1) =ay® +z+y°
Then 1t(f1) | 1t(p), but also 1t(f5) | 1t(p). Hence we may take i =1 or i = 2. Let us take i = 1

and
2

Ty
m=a+—=aty,
rYy

2
Ty
p:(:vy2+x+y2)—x—y(wy—1)=x+y2+y-

Next there is no ¢ such that 1t(f;) | 1t(p). The algorithm then gives
r=0+1t(p) = x,
p=(@+y +y)-lp) =y’ +y.
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Then 1t(f2) | It(p) = 32, so that
y?
=0+ E =1,

y2

p= (y2+y)—?(y2—1) =y+1
Here we have 1t(f;) 1 1t(p) for all ¢, so that
r=x+lt(p) =x+y,
p=(y+1)—lt(p) =1.
Again It(f;) 1 1t(p) for all 4, so that
r=x+y+1,
p=0,
so that the algorithm terminates and gives back ¢ = x+vy, o =1l and r=z+y + 1.

REMARK 2.2.2. It is easy to see that the other choice above, i.e., with ¢+ = 2 gives ¢; = x,
¢=x+1landr=2z+1,ie.,

f=z(xy—1)+ (x+ 1> —1)+ (22 + 1).

DEFINITION 2.2.3. We will call the polynomial r the remainder of f on division by the
ordered tuple of polynomials (fi,..., fs). The polynomials ¢, ..., qs are called quotients. We
write r = f mod (f1,..., fs)-

Is it true that this division algorithm always solves the ideal membership problem ? In any
case, if we obtain r = 0 after the division, we know that f = q;f1 + ...+ ¢sfs, so that f is a
member of the ideal I = (fi,..., fs). Hence r = 0 is a sufficient condition for the membership.
Unfortunately » = 0 is not a necessary condition, as the following example shows.

EXAMPLE 2.2.4. Let f = zy* —x and fy = zy+ 1, fo = y* — 1 in K|x,y]. Then f is
contained in the ideal I = (f1, f2), but r = f mod (f1, foa) = —(z +y) # 0.

Indeed, the result of the multivariate division algorithm is
vyt —r =y (ay+1)+0-(y* 1) - (x +y),
but clearly f =0 f; +x- fo +0, so that f € (f1, f2).

It is possible to remedy this situation. Just find another “good” generating set for the ideal
I=(f1,...,fs), such that r = 0 is equivalent membership in the ideal. It is by no means clear
that such a “good” set will exist, but we will see that a Grobner basis is exactly such a good
set.
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2.3. Monomial ideals and Dickson’s lemma

The following definition of monomial ideals in S turns out to be important.

DEFINITION 2.3.1. An ideal I C S is a monomial ideal if there is a subset A C N", such
that I = () = ({2 | a € A}).

In other words, I is generated by monomials with exponents from A. For example, take
A =1{(4,2),(3,4),(2,5)} € N2. Then I = (%2, z3y* 2%y%) C K[z, y] is the monomial ideal
corresponding to A.

EXAMPLE 2.3.2. Letn =2 and S = K[z,y|. Then I = (z*> —y,2*+y) is a monomial ideal,
but I = (z +y,y* — 1) is not.

Indeed, I = (2% —y, 2% +y) = (2%, y).

LEMMA 2.3.3. Let I = (x?) be a monomial ideal of S and B € N*. Then x° € I if and only
if there is an o € A such that x* | 2°.

PROOF. From z¢ | 2” it follows (x7) C (2*) C I. Conversely, if 2° € I, then

S
i=1

for ¢; € S and a; € A. Expanding each ¢; as a linear combination of monomials we obtain a
sum where each term is divisible by some z®. But then x” must be one of these terms, i.e.,
divisibly by some z%. 0

REMARK 2.3.4. Note that 2% | 27 exactly when 2° = z%¢7 for some v € N*. This is
equivalent to f = a + . In other words, the exponents of all monomials divisible by x® is
given by the set « + N" = {a+~ | v € N"}. For example, let I = (y3, zy?, 23y) in K[z,y]. The
exponents of the monomials in I form the set

((0,3) +N*) U ((1,2) + N*) U ((3,1) + N?),

which can be visualized in the plane as a set of integer points “lying above” and “lying right”
from the three given points.

LEMMA 2.3.5. Let I be a monomial ideal, and let f € S. Then the following are equivalent.
(1) We have f € 1.
(2) Every term of f lies in I.
(3) f is a K-linear combination of the monomials in I.

PRrROOF. The implications (2) = (3) = (1) are clear and hold for any ideal of S. The
implication (1) = (2) however is not true in general. Here it holds since I is a monomial ideal.
Let f =37, ¢x™, then each monomial here, as above, is divisibe by some z7 with v € A.
Hence I = (z4). O

REMARK 2.3.6. In fact, I is a monomial ideal if and only if for all f € I each term of f lies
in /.

EXAMPLE 2.3.7. Let [ = (z + y,y*> — 1) as above, in K|z,y]. Thenz+y € I but x ¢ I,
yeEl

Since, by (3), a monomial ideal is uniquely determined by its monomials, we obtain the
following corollary.
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COROLLARY 2.3.8. Two monomial ideals are the same if and only if they contain the same
monomials.

THEOREM 2.3.9 (Dickson’s Lemma). Every monomial ideal I = (z) is generated by a finite
set of monomials, i.e., for all A C N" there exists a finite subset B C A with I = (z*) = (2P).

Proor. Note that we do not assume Hilbert’s Basissatz. Rather we will prove it again. We
may assume that A # (). For a = (ay,...,a,) and 8 = (B4,...,3,) define a < B & o; < 5;
for © = 1,...,n. This defines a partial order on N", with

a<Ber” |’ eat gl a2l

We write a < 3 for a <  with o # 8. This partial order is not a total order, if n > 2. We
have neither (1,0) < (0,1) nor (0,1) < (1,0). Let B be the set of minimal elements of A with
respect to <, i.e.,

B={aecA|p £ aforall e A}
Claim: B is a finite subset of A, and for every a € A there is a § € B such that g < a.

First, for every a € A there are only finitely many f € N* with f < a. Hence there is no
strictly decreasing sequence

a(l) > a(2) > a3) > ---
in N". It follows that for every a € A there exists a minimal element § € B with § < a. We
use induction on n > 1 to show that B is finite.

n = 1: then < is a total order on N, and B consists of the unique smallest element of A.

n > 2: Define A* = {(aq,...,a,-1) € N* 1| Ja, with (ay,...,a,) € A}

By induction assumption, the set B* of minimal elements of A* is finite. For each § =
(B1,- .-, Pn-1) € B* we choose an element bz € N such that

(ﬁh oo 7Bn717b5) c A.

We set
b:=max{bs | B € B*}.
Then we have «,, < b for every (ay,...,q,) € B: in fact, let @« = (aq,...,a,) € B. Then there
exists a minimal element 5 = (f,...,0,-1) € B* such that 8 < (aq,...,,1). If o, > b,
then
(Biy- s Br1,08) < (B1, -5 B, b) < a,

which is a contradiction to the minimality of o € B. Hence it follows «,, < b. Similarly it can
be shown that all other coordinates «; of minimal elements are bounded. Hence there are only
finitely many coordinates of such elements, i.e. #B < oo.

By the above claim with 8 < a we have z” | 2, i.e., x4 C (2P) and (z4) C (27). Because of
B C A we also have () C (z4). O

EXAMPLE 2.3.10. Let A = {(ay,0) € N? | 6y = a? — Tay + 18} and I = (z). Then the
set B of minimal elements of A is

B =1{(0,3),(1,2),(3,1)}.

A = (3, xy?, y).

Hence I = (z
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2.4. Grobner Bases and their properties

Suppose we have fixed a monomial order on N”. Then each f € S has a unique leading
term 1t(f). For any set P C S = K|xy,...,z,| we define its set of leading terms as follows:

DEFINITION 2.4.1. For P C S let It(P) = {lt(f) | f € P}. We denote by (1t(P)) the ideal
generated by the elements of 1t(P).

By Dickson’s lemma, for every ideal I of S there exists a finite set P C [ such that
(It(P)) C (t(1)): let P = {f1,...,fs} and I = (f1,..., fs) (we have also used the notation
I =(f1,...,fs) before). Then, as we said,

(6(P)) = (It(f1), .-, 1t(fs)) < (16(1))
However, there need not be equality in general, (1t(7)) can be strictly larger than (1t(f1), ..., 1t(fs)),
although I = (f1,..., fs).

EXAMPLE 2.4.2. Let I = (fy, fo), where fi = 2% — 2xy and fo = 2%y + x — 2y* in K[z, y],
with the grlex order. Then z* € (It(I)), but 2> ¢ (1t(f1),1t(f2)) = (z3, 2%y).

Indeed, we have

vt =x(x®y +2—20%) —y@® —22y) = —y-fLt+a-freL

However, 22 is not divisible by 1t(f1) = 2® or It(f2) = 2%y, so that 2? ¢ (23, z%y) by lemma
2.3.3.
On the other hand, the following is true:

LEMMA 2.4.3. Let I C S be an ideal. If P C I is a finite set with (1t(1)) = (1t(P)) then
(P)=1.
PrROOF. Let P ={fi,..., fs} and f € I. Then by the multivariate division algorithm,

f=afi+ - +afs+r
with q1,...,qs,7 € S, where either r = 0, or no term of r is divisible by some lt(f;). But since
r=f—-—qafi—-—qfs €1 we have
It(r) € 1t(1) € (t(f1), ..., 16(f5)).
This contradicts the divisibility by lemma 2.3.3, and we obtain » = 0 and f € (f1,...,fs) =
(P). O
Now we will show that (1t(7)) is a monomial ideal, so that we can apply Dickson’s lemma.

PROPOSITION 2.4.4. Let I C S be an ideal. Then (1t(I)) is a monomial ideal, and there are
g1y, 9s € I such that (1t(1)) = (t(g1),...,1t(gs))-

PROOF. The leading monomials Im(g) of elements g € I, g # 0 generate the monomial
ideal (Im(g) | g € 1,9 # 0). Since lm(g) and 1t(g) differ only by a nonzero constant, this ideal

equals (It(g) | g € 1,9 # 0) = (It(1)).
Since (1t(I)) is generated by the monomials lm(g) for g € I, g # 0, Dickson’s lemma says that
finitely many of them will already generate it, i.e.,

(t(1)) = (Im(g1), - .., Im(gs)) = ((g1), - .-, 1t(gs))-

This implies again Hilbert’s Basissatz:
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THEOREM 2.4.5. Fvery ideal I C S is finitely generated: there exists a finite set P C I with
(P) =1 and (It(P)) = (It(1)).

Here the zero ideal is generated by f = 0. The finite set P = {¢1, ..., gs} is also called basis
of I, since it generates I as an ideal by lemma 2.4.3. It has the nice property that (1t(I)) =
(It(g1),--.,1t(gs)). As we saw in example 2.4.2, not all bases behave this way. Therefore we
will give this special bases the following name.

DEFINITION 2.4.6. Fix a monomial order on N and let / C S be an ideal. A finite set
G C I is called Grobner basis for I, if (1t(G)) = (1t(1)).

COROLLARY 2.4.7. Fixz a monomial order on N™. Then every ideal I C S has a Gréobner
basis.

Let us continue our example 2.4.2:

EXAMPLE 2.4.8. Let I = (fy, fo), where fi = 2% — 2xy and fo = 2%y + x — 2y in K[z, y],
with the grlex order. Then G = {fi, fo} is not a Grébner basis. A possible Grébner basis is
given by

G = {fla f?a 1'2, 2'Ty7 xr — 2y2}
We have already seen that (1t(G)) = (It(f1),1t(f2)) # (1t(1)), because

z® € (It(D) \ (16(f1), 16(f2))-

Therefore G = {f1, fo} is not a Grobner basis. We will see later how to compute a Grébner
basis.

EXAMPLE 2.4.9. Let I = (g1,92) in K|x,y,z] with the lex order, where g = = + z and
go =y —z. Then G = {g1, 92} is a Grébner basis of I.

In this case we can just check the definition. We have to show that

(1t(1)) € (6(G)) = (1t(g1), 16(g2)) = (. y),
i.e., that the leading term of every nonzero element f € I lies in (x,y). By lemma 2.3.3 this
is equivalent to showing that the leading term of any nonzero f € I is divisible by either = or
y. Suppose there is a nonzero f € I with It(f) not divisible by either z or y. Then f must be
a polynomial in z alone. It must vanish on all points of V(I), because f € I. Now (—t,t,t)

is a point of V(I) for all t € K since g;(—t,t,t) = 0. In particular f vanishes on all points
(—t,t,t) € V(I), i.e., f(t) =0 for all t € K. This means f = 0 which is a contradiction.

REMARK 2.4.10. Grobner bases were introduced 1965 by B. Buchberger and named by him
in honor of his advisor W. Grébner (1899-1980).

PROPOSITION 2.4.11. Let I C S be an ideal, f € S and G = {g1,...,9s} be a Grébner basis
of I. Then there exists a unique r € S such that f —r € I and no term of r is divisible by any

Of 1t(gl>a s 71t(gs)
PrROOF. The multivariate division algorithm gives f = ¢q1g1+. ..+ qsgs+r with the required

properties for . Recall that the remainder
r=f mod (g1,...,9s)

is only unique with respect to the given order of the polynomials g;. It does depend on the
order of the polynomials in general. But if these form a Grobner basis for I then r is unique,
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no matter how the elements of G are listed when using the division algorithm. To prove the
uniqueness of r in this sense, suppose that f = g +r = ¢ + ' both satisfy the requirements.
Then r — ' = ¢’ — g € 1. Assume that r # r’. Then

le(r =) € (I6(1)) =1t(g1), .- ., 1t(gs))
By lemma 2.3.3 it follows that 1t(r’ — r) is divisible by some 1t(g;). This is impossible, since no

term of r and r’ is divisible by one of 1t(g1), ..., 1t(gs). Thus  — 7" must be zero, and the claim
follows. O

COROLLARY 2.4.12. The remainder r of the multivariate division of f by G does not depend
on the order of the elements of G. We will write

r=f mod G.

Now this property solves the ideal membership problem, provided we have a Grobner basis

of the ideal.

COROLLARY 2.4.13. Let I C S be an ideal and G = {g1,...,9s} be a Grébner basis of 1.
Then for every polynomial f € S we have f € I if and only if r = f mod G equals zero:
felsr=0.
PRrROOF. If r = 0 then clearly f € I. Conversely, if f € I, then f = f + 0 satisfies the
conditions in proposition 2.4.11. Hence r = 0 is the unique remainder of f on division by G. [

REMARK 2.4.14. It is not difficult to show that a set G = {g1,...,¢s} is a Grobner basis
for I, if we have for all f € S the property

fels f mod G=0.
Indeed, this is equivalent to (1t(1)) = (1t(g1), ..., 1t(gs))-

We know that every ideal I C S has a Grobner basis, but we do not have an algorithm yet
to such a basis - this will be provided by the Buchberger algorithm. If we take any generating
set {f1,..., fs} of I, then the obstruction to being a Grébner basis is the possible occurence of
polynomial combinations of the f; whose leading terms are not in the ideal generated by the
1t(f;). One way this can occur is if the leading terms in a suitable combination Az®f; — px? f;
cancel, leaving only smaller terms, such that the new leading term will not be divisible by any

16(f;). On the other hand, \z® f; — uz® f; € I, so that its leading term will be in (1t(/)). Hence
{f1,..., fs} is not a Grébner basis.

EXAMPLE 2.4.15. Let I = (f1, f2) as in example 2.4.2, i.e.,
fi=a*— 2y
fo=ay+x—2y

Then a suitable combination is —yfi + xfo = 2%, where 1t(2?) = 2% is not divisible by 1t(f1) or
1t(f2).

To study this cancellation phenomenon, the following polynomials are introduced.

2

DEFINITION 2.4.16. Let f,g € S be nonzero polynomials with
a=(ag,...,a,) =mdeg(f),
B =(b1,...,B) = mdeg(g),
v = (max{ay, 51}, ..., max{ay,, B.}).
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Then 27 is called the least common multiple of Im(f) and lm(g). The S-polynomial of f and g
is defined by

x7 x7

“hw) i

An S-polynomial is designed to produce cancellation of leading terms. We have S(f, g) =
—S(g, f) and S(f,9) € {f, 9).

EXAMPLE 2.4.17. Let fi, fo € K|x,y] as above with the grlex order. Then S(f1, f2) = —z?.

S(f,9)

)7

We have o = mdeg(f1) = (3,0), 8 = mdeg(f2) = (2,1), so that v = (3,1), and the least
common multiple of 23 and x2y is 27 = 23y. It follows that

3 3
S(fl’fz):%'fl_%’ﬁ:yfl—xfzz—x?

EXAMPLE 2.4.18. Let f,g € K|z,y] be given, with the grlex order by

f=2y =2’ + o,

g =3z'y +y°.
Then S(f,g) = —a*y® + 2? — 34>
We have v = (4,2) and
iy 74y
S p— . —_— .
(f,9) P f 30ty 9
1
=x-f- 3Y°9
1
SR I §y3.

The next lemma shows that all cancellation can be accounted for in principle by S-polynomials.
As always, fix a monomial order < on S, i.e., on N".

LEMMA 2.4.19. Let f =Y cifi € S with f; € S, ¢; € K and mdeg(f;) = ¢ for all i. If
mdeg(f) < 9, then we can write f as a K-linear combination of S-polynomials S(f;, fi) for
1<,k <s,

f: Z Cij(fj7fk)7
1<j<k<s

such that mdeg(S(f;, fr)) <0 for all1 <j <k <s.

PROOF. Let d; = le(f;) so that ¢;d; = le(c;f;). Since the ¢; f; have multidegree 0, but their
sum has strictly smaller multidegree, it follows that

S

i=1
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Let p; = f;/d;. Then p; has leading coefficient lc(p;) = 1. Consider the telescoping sum

S S

fzzczfz_zcz iPi

=1 =1

s—1
= c1dy(p1 — p2) + (crdy + coda)(p2 — p3) + -+ + (Z ¢idi)(ps—1 — ps)
i=1

—+ (Cldl + 4 Csds)ps-

We have 1t(f;) = le(f;) Im(f;) = d;2?, so that the least common multiple of lm(f;) and Im(f;)
equals z°. It follows that

$6 [E5
S(fjafk) = mfj - mfk
0 ol
= ij - mfk
=Pj — Pk-

Using this equation and Y _;_, ¢;d; = 0 the above telescoping sum becomes
S

f= Zcifi

=1
= c1d1S(f1, f2) + (c1dy + cad2)S(fo, f3) + Zcz S (fom1, fs)-

This is a sum of the desired form, since ¢;,d; € K. Since p; and p, have multidegree ¢ and
leading coefficient 1, the difference p; — pp = S(f;, fx) has multidegree < 6. O

Using the above lemma one can prove the following criterion of Buchberger for when a basis
of an ideal in S is a Grébner basis.

THEOREM 2.4.20. A finite set G = {g1,...,9s} of polynomials in S is a Grobner basis for
the ideal I = (G), if and only if

S(gi,9;) mod G=0 foralll<i<j<s.

PrROOF. We will only give the idea of the proof. For the details see for example [2]. If G
is a Grobner basis, then by corollary 2.4.13 the remainder of S(g;,g;) mod G is zero, since

S(gi, g;) € I. The converse direction is more difficult. Given f € I = (g1,...,gs) we can write
[ =>"_, hig; with h; € S. Then

mdeg(f) < max{mdeg(h;g;)}.

Assume first that equality does not occur here. Then some cancellation must occur among
the leading terms of f = >, h;g;, and we can use lemma 2.4.19 to rewrite this in terms
of S-polynomials. Our assumption that S-polynomials have zero remainders will allow us to
replace the S-polynomials by expressions that involve less cancellation. In other words, we can
write f = >"7 | hjg; with less cancellation of leading terms as before. Continuing in this way
we will eventually find an expression f =)’ | h;g; with

mdeg(f) = max{mdeg(h;g;)}.
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The reason is that a monomial order is a well-ordering, so that we can select an expression

f = >, hig; such that 6 = max{mdeg(hig1,...,hsgs} is minimal. Once this minimal ¢ is

chosen one can show mdeg(f) = . But then mdeg(f) = mdeg(h;g;) for some i, so that 1t(f)
is divisible by 1t(g;). This will show that 1t(f) € (It(g1),...,1t(gs)), and hence that G is a
Grobner basis for 1. 0

EXAMPLE 2.4.21. Fiz the lex order on Klx,y,z] withy = z = x and let g, = y — 2,
go =z — 2% in Klx,y,z]. Then G = {g1, 92} is a Grébner basis for I = (g1, g3).

We have mdeg(g1) = (1,0,0), mdeg(g2) = (0,1,0), so that the least common multiple is
7 = yz, with v = (1,1,0). Then, using multivariate division, we have

Slor0) ="~y = %) = (= = o)
= —z2® + ya®
=2 g — 2% g +0.
This means S(g1,g2) mod G = 0, so that G is a Grébner basis by theorem 2.4.20.

REMARK 2.4.22. It can be checked that GG is not a Grobner basis for I with repect to the
lex order with z > y > z.
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2.5. Buchberger’s algorithm

Here comes now the algorithm due to Buchberger for computing a Grobner basis. It is based
on the criterion of theorem 2.4.20. We start with a generating set {fi,..., fs} for the ideal I
and then add each S-polynomial which does not satisfy the criterion. Since S = K|z, ..., z,]
is Noetherian, this will terminate after a finite number of steps. The result is a Grobner basis
for I, which need not be minimal or unique yet.

Input: Nonzero polynomials f1,..., f; € S, and a monomial order < on N".
Output: A Grébner basis G for the ideal I = (f,..., fs) w.r.t. < such that f; € G for all 4.
LG« {f,..., [s}
2. repeat
3.H<+ 0
order the elements of G as ¢y, ..., g;.

for1<i<j<tdo

4. r S(gl,g]) mod (917' . 7gt)
if r #0 then H «+ HU{r}.

5. if H = () then return G
else G+~ GUH.

EXAMPLE 2.5.1. Let {f1, fo} = {2® — 22y, 2%y — 2y*> + x} in K|z, y] with the griex order,
y < x. Then the algorithm gives the following Grébner basis for the ideal I = (f1, fo):

G = {2* - 2zy, 2%y — 2y + o, —2?, —2xy, —2y° + 7}

As we have already seen, S(fi, fo) = —x? and S(f1, f2) = 0- f1+0- fo+(—2?) by multivariate
division. Hence r = S(f1, f2) mod (f1, f2) # 0 and we set H = {—2?} = {f3} and G =
{f1, f2, f3}. Then, by construction, S(fi, f2) mod (f1, f2, f3) = 0, but unfortunately S(f, f3)
mod (f1, fa, f3) = —2zy # 0:

3 3
S(hJo) = S hi = =y
= —2xy
We put f; = —2zy and G = {f1, fo, f3, f1}. Then
S(f1, fs) mod (fi,..., f1)
S(fi, f4) mod (fi,...,f1) =
S(fa, f3) mod (fi,..., f1) = —2y2 +z#0.
Let f5 = =2y +x and G = {1, f2, f3, f1, fs}. Then finally
S(fi, f;) mod (fi,...,fs) =0 foralll <i<j<5.

PROPOSITION 2.5.2. Buchberger’s algorithm yields a Gréobner basis for I after finitely many
steps.

0,

Proor. First it holds G C I at every stage of the algorithm. Hence all G are bases for the
ideal I, as the first G is already.
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If G and G’ correspond to successive stages in the algorithm, then G’ O G and (It(G’)) 2
(It(G)). Hence the ideals (It(G)) form an ascending chain for successive steps in the algorithm.
Since S is Noetherian, this terminates after finitely many steps with

(It(G") = (6(&))

for some G’. We claim that then G’ = G, and this is a Grobner basis for I. Let g, h € G and
r=.S(g9,h) mod G. Then r € G' and either r = 0 or 1t(r) € (1t(G")) = (1t(G)). Since no term
of r is divisible by some lt(g;) we must have r = 0. By the criterion of theorem 2.4.20 we have
obtained a Grobner basis. ([l

The next question is about minimality and uniqueness of Grobner bases.

LEMMA 2.5.3. Let G be a Grobner basis for the ideal I C S. Let p € G be a polynomial
such that 1t(p) € (It(G \ {p})). Then G\ {p} is also a Grobner basis for I.

PROOF. By assumption (It(G)) = (I1t()). So we have

(t(G\ {p})) = (6(G)) = (1t(1))
if 1t(p) € (It(G \ {p})). Hence G \ {p} is a Grobner basis for I. O

By adjusting constants to make all leading coefficients 1 and removing any p with 1t(p) €
(It(G'\ {p})) from G, we arrive at a Grobner basis which we call minimal.

DEFINITION 2.5.4. A Grobner basis for an ideal I C S is called minimal, if

(1) Ie(p) =1 for all p € G.
(2) We have lt(p) ¢ (1t(G \ {p})) for all p € G.

EXAMPLE 2.5.5. Let I = (23 — 2zy, 2%y — 2y? + z) in K[z, y] with the grlex order, y < x,
and Grobner basis

G={f,...,fs} ={2® — 2wy, 2%y — 2y* + 2, 2%, —22y, —2¢° + x}.
Then
G = {93, 94,95} = {2*, vy, " — %:L‘}
is a minimal Grobner basis of 1.

First we normalize the leading coefficients to 1, i.e., consider

1
G=A{g1,...,95} = {2’ = 2ay, 2%y — 2 + 2% 2y, — 57}

Then we apply lemma 2.5.3. For p = g; we have lt(p) = z* and lt(p) € (t(G \ {p})) =

(1t(ga), - - - ,1t(gs)), since x1t(g3) = 2 = 1t(p). Hence {ga, ..., gs} is again a Grobner basis. For
= g we have lt(p) = 2%y = x1t(g4), so that G’ = {g3, 94,95} is a Grobner basis of I. It is

minimal, since now there are no further cases where some lt(g;) divides some other 1t(g;).

REMARK 2.5.6. A given ideal may have many minimal Grobner bases. For example, for the
ideal I considered above, for every A € K,

1
G' = {93+ Mg, 94, 95} = {=* + Awy, xy,y* — §x}
is a minimal Grobner basis of /.

We can achieve uniqueness of minimal Grobner bases as follows:
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DEFINITION 2.5.7. A Grobner basis G for an ideal I C S is called reduced, if

(1) Ie(p) =1 for all p € G.
(2) For all p € G, no monomial of p lies in (1t(G \ {p})).

Obviously a reduced Grobner basis is minimal. Note that in the above remark for p =
z? + Azy the monomial Azy does lie in (It(G \ {p})) for all A # 0. Hence the only minimal
Grobner basis there which is reduced is the one with A = 0.

It is not difficult to prove the following result, see for example [2].

PROPOSITION 2.5.8. Let I C S be an ideal, other than 0, and fix a monomial order. Then
I has a unique reduced Grobner basis.

If I =5, then G = {1} is a reduced Grébner basis for 1.
As a consequence of the unique reduced Grobner basis we have an algorithm for deciding
the following problems:

1. The ideal equality problem: when generate two sets of polynomials the same ideal ? Let
I={(f1,....fs) and J = (g1,...,9:). Fix a monomial order and compute a reduced Grobner
basis G for I, and G; for J. Then I = J if and only if G; = G .

EXERCISE 2.5.9. Consider the following ideals in K|x,y],
I=(2*+y— 1,2y — ),
J=(@*+y* —1Loy— 1z +2°—y)
IsI=J ? As a hint, J = K|x,y].

2. The ideal membership problem: for a given ideal I = (fi,..., fs), is the polynomial f € S
contained in I ? Let G be a Grobner basis of I (not necessarily reduced). Then we know that
f e lifand only if f mod G = 0.

EXAMPLE 2.5.10. Let [ = (xz — y?, 2% — 22) in K|x,y, 2| with the grlex order, and
F= —da2y?2? 4 S 4320,
g =1y —52% + .
Then f el butgé¢ 1.
A reduced Grébner basis of [ is given by
G={f1,. .., fsy={az -9 2> - 22 2% — 2 ay* — 2*,¢° — 2}
The division algorithm yields
f=0-fi+0-fot (42" fs+0-fa+1:f5+0.

This shows f € I. On the other hand, ¢ mod G = g # 0, so that g ¢ I. Here lt(g) = zy is
not contained in (It(G)) = (zz, 23, 2%y? xy?, 4°).

3. The Problem of solving polynomial equations: given a finite set of polynomials {fi,..., fs}
we want so solve the system of polynomial equations

fiZO, 2':1,...,5.

If I =(f1,...,fs), then we want to find all points in V(I). We can compute V(I) using any
basis of I, in particular a reduced Grobner basis.
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ExAMPLE 2.5.11. Consider the system of polynomial equations over the complex numbers
gwen by fi = fo = f3 =0 with

h=2+y+2-1,
fo=x+y’+2-1,
fi=r+y+2 -1

Then there are exactly five solutions for (x,y, z), namely

= (V2-1,vV2-1,V2-1),

Indeed, the reduced Grobner basis with respect to the lex order x > y > z is given by

p=aty+2t -1
Gp=y —y—2+z
g3 = 2y2? + 2t — 22,
gy = 2% — 42t 4% - 2

=2z -1z +22-1).

To solve f; = 0 is equivalent to solving g; = 0. In particular, g4 = 0 implies that z is one
of the following: {0, 1, —1 & v/2}. Now we solve the system recursively by substituting z into
the other equations. For example, if 2 = 0 then y = 0,2 =1 or y = 1,2 = 0. Note that we
take x = y = 2z in the original equations, then we obtain exactly the equation 2% + 2z — 1 = 0,
which has the solutions z = +v/2 — 1.

It is very easy however, to come up with similar examples which are much harder to treat. Here

is one, again in K[z, y, z| which is less trivial but still not too difficult:

EXAMPLE 2.5.12. Consider the system of polynomial equations over the complex numbers
gwen by fi = fo = f3 =0 with

fi=a"+yz+97,
fo=y* +az+ 27
fs = 2% + zy + 2.

The reduced Grobner basis with respect to the lex order is given by
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g1 = 2666510362% + 266651036y2 + 1976583382%2 — 11777239722!
— 10862721252% + 14003265742 + 14185066082'® — 445855530227
+ 21652560162 4 62166503262'° — 81144664802 + 203562824023
+ 619453338821 — 142688514022 4 66893902722 + 119501747122°
— 132597331922% — 12680071627 + 57781178362° — 18051735602°
— 3209608962* + 2666510362°,

go = 2666510362y + 9089895627 + 1712700382 — 6252182592
— 6126989842 4 21737099562'% — 34113231827 — 39330665502'°
+ 51065089682 + 33175750862 — 79221584122 + 487595302222
+ 308742182 — 1327886792420 4 126240233202° 4 76061584402°
— 1397583253227 + 27819426682° + 45626500322° — 25003409762*
+ 2666510362° 4 26665103622,

g3 =wz+y* + 2%,

g1 = 266651036y° — 1976583382%% + 1177723972*" + 10862721252%°
— 14003265742 — 14185066082 + 44585553022'7 — 21652560162'°
— 62166503262 + 81144664802'* — 20356282402'% — 619453338822
+ 142688514022 — 668939027220 — 119501747122° + 132597331922°
+ 12680071627 — 57781178362° + 18051735602° + 320960896 2"
— 2666510362,
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g5 = 533302072y 2 — 320952492%% + 1605836122*' 4 7466295022°
— 10415384862 4 8031097722 + 18460321362'" — 3520673110216
+ 4119352502 4+ 58031560922 — 604513796022 — 9665110422
+ 59178774602 — 113398454162'° + 293116122427 + 113423876082°
— 799513187227 — 14787491042° + 31260603602° — 5565492682,

gs = 533302072y2? — 34894929222 + 527766002%' + 13347382622°
— 3595343502 4 2160690322"'® 4 5812181922'7 — 13447834702'°
4 2874193822 + 16848669562 — 27350638642 + 137069362022
+ 292552742821 — 37428027522 + 22334202722° 4 16366893602°
— 444392064027 + 12338564162° + 12557117442° — 3725009642,

gr = 223 — 6221 + 4270 + 12219 — 202" — 2217 4 42216 — 28,15
— 162" 4+ 48213 — 64212 — 1221 + 96210 — 4827 — 4028 + 482
— 825 —122° + 824

Here g; factors as

gr = (2" — 2217 — 2210 £ 8215 421 12213 122217 — 22M 24210
43227 — 162° — 3227 + 5220 — 825 — 322* 4+ 2423 — 82 + 4)(2 + 2)2*

If z =0 then (z,y,2z) = (0,0,0), which is a solution. For z = —2 we obtain (z,y,2) =
(—2,—2,—2). Finally, if 2z is a root of the polynomial of degree 18, then x and y are uniquely
determined by z. In fact, y can be eliminated using the polynomial gg, and then x can be
eliminated using gs, i.e.,

B 248
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Then the remaining equations are consistent, so that we obtain exactly 20 solutions over C. A
numerical computation shows what the 20 values for z are (the zeros of g7):

z =0,

z = -2,

z = 1.54015732321 + 0.463262016331¢,

z = 1.54015732321 — 0.463262016331%,

z = 0.997047698794 + 0.1661598388037,

z = 0.997047698794 — 0.166159838803¢,

z = 0.70789851038 + 0.4321593623931,

z = 0.70789851038 — 0.432159362393¢,

z = 0.692142876572 + 1.22976808183¢,

z = 0.692142876572 — 1.22976808183¢,

z = 0.316537971626 + 0.5830406916167,

z = 0.316537971626 — 0.583040691616¢,

z = —0.016429162242 + 1.149494582311,

z = —0.016429162242 — 1.149494582311,

z = —0.865681713034 + 0.0468836084 7541,
z = —0.865681713034 — 0.04688360847541,
z = —1.13430447898 + 0.225954608016¢,

z = —1.13430447898 — 0.2259546080167,

z = —1.23736902632 + 0.598440231014,

z = —1.23736902632 — 0.598440231015.

In particular, the only solutions over R (and over Q) are given by (z,y,z) = (0,0,0) and
(*Ta Y, Z) = <_2a _27 _2>



CHAPTER 3

Module Theory

3.1. Modules

Modules are like vector spaces except that the scalars come from a commutative ring instead
from a field. It turns out, however, that this difference is an important one. The theory of
modules is much more difficult than the theory of vector spaces.

DEFINITION 3.1.1. Let R be a commutative ring (always with 1). A module over R, or an
R-module is an abelian group M, written additively, together with an operation R x M — M,
(r,m) — rm satisfying
(1) r(m+n) =rm+rn
(2) (r+s)ym=rm+ sm
(3) (rs)m = r(sm)
(4) Im=m

forall r,s € R and n,m € M.

Obviously, for R being a field, these are the axioms of a vector space. Thus every vector
space over a field K is a K-module.

EXAMPLE 3.1.2. The ring R itself is an R-module. More generally, every ideal I of R is
an R-module, and also the residue class ring R/1.

For M = R the operation (r,m) + rm is just the ring multiplication. Since RI C I, also [
is an R-module. It is easy to check that the mapping R x R/I — R/I, (r,s+ 1)+~ rs+ 1 is
well-defined and that R/I becomes an R-module with respect to this operation.

EXAMPLE 3.1.3. The Z-modules are exactly the abelian groups.

Every Z-module is an abelian group by forgetting the multiplication. Every abelian group
(G,+) becomes a Z-module by kg =g+ ---+gfork>0and —kg=—g—---—g.

EXAMPLE 3.1.4. Let V be a vector space over a field K and ¢ € End(V'). Then V' becomes
a K|x]-module by f(z)v = f(p)(v) for f € Klz], ve V.
DEFINITION 3.1.5. Let M, N be two R-modules. A map ¢: M — N is called a hohomor-
phism of R-modules if
(1) p(m +n) = p(m) + p(n),
(2) p(rm) = re(m)
for all € R and n,m € M. We denote the module homomorphisms by Hompg(M, N).

Note that Homg(M, N) itself becomes an R-module by
(rf)(m) =rf(m),
(f +9)(m) = f(m)+ g(m).
forr€ R, m € M and f,g € Homg(M, N). We have Homp(R, N) >~ N.
51
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DEFINITION 3.1.6. A subgroup N of an R-module M is called an R-submodule of M, if
rn € N forallr € R,n € N.

The submodules of the R-module R are just the ideals of R. If ¢: M — N is an R-module
homomorphism, then ker(¢) = {m € M | ¢(m) = 0} is a submodule of M, and

M/ ker(p) ~ im(p).
ProprosITION 3.1.7. For R-modules L C M C N we have
N/M ~ (N/L)/(M/L).
If M, N are submodules of L then
N/(MNN)~(M+ N)/M.

Let M be an R-module and T" C M be a subset. Then there exists a minimal submodule
(T') of M which contains T. We have

(T) ={> nt|r € R},

teT

where r; = 0 for almost all ¢.

DEFINITION 3.1.8. Let M be an R-module. A subset T' C M is called a generating set of M
if M = (T'). The minimal number of generators, if it exists, x; € T is called the rank of M. The
R-module M is called free, if M has generators x; such that every representation Y r;z; = 0
implies r; = 0 for all 2. Such a set of free generators is called basis of M.

Every module of rank n over a field K is free and has a basis.
EXAMPLE 3.1.9. The Z-module M = Z/nZ for n > 2 has rank 1 and is not free.

This follows from the fact that every free R-module of rank n is isomorphic to R" =
R&---® R. But M ~ Z here is impossible, since |M| = n.

PROPOSITION 3.1.10. The R-module R" is free of rank n, and every free module of rank n
15 1somorphic to R™.

PROOF. The first statement follows from the definitions. If M is a free module of rank n,
with generating set 7" = {z1,...,x,}, then the homomorphism f: R* — M, (ry,...,r,) —
>, i is surjective and injective. 0

Denote by M, (R) the ring of n x n-matrices over a commutative ring R. Then det(A) is
defined for A € M,(R), and AB = det(A)E, where B is the adjoint matrix of A.

LEMMA 3.1.11. Let M be a finitely generated R-module, I C R and ideal and f € Endg(M)
with f(M) C IM. Then f satisfies an operator equality

ffraft 4 ta, =0.
with a; € 1.

PROOF. Let T = {x1,...,x,} be a generating set of M. Then f(x;) € IM, hence there are
a;j € I such that

flzi) = Z Wi T;.
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Consider now the matrix A = (fd;; — a;;) in M,(R[f]). Then Az = 0, where x denotes
the column vector formed by the x;. Multiplying with the adjoint matrix of A we obtain
det(A)x; = 0 for all 7, so that det(A) = 0 in Endg(M). But det(A) is a polynomial in f. O

COROLLARY 3.1.12 (Nakayama’s Lemma). Let M be a finitely generated R-module and I
be an ideal of R such that IM = M. Then (1 —a)M = 0 for some a € I. In particular, if
I # R and if R is a local ring, then M = 0.

ProOF. Choose f = id in the above lemma. Then there are a; € I such that F + a; F +
-4 a, £ =0in Endg(M). Let a= =", a;. Then (1 —a)M =0. If Ris alocal ring, 1 —a
is a unit, since 1 — a is not contained in the maximal ideal of R and hence (1 —a) = R. Then
M =0. O
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3.2. Tensor products of modules

Let M, N, P be three R-modules. A map f: M x N — P is called R-bilinear, if the map
N — P, n +— f(m,n) is a homomorphism of R-modules for every m € M, and if the map
M — P, m +— f(m,n) is a homomorphism of R-modules for every n € N. Explicitly this
means:

DEFINITION 3.2.1. A map f: M x N — P is called R-bilinear, if for all m, my,my € M,
n,ni,ny € Nandall r € R

f(m,ny +ns) = f(m,m) + f(m,ny),  f(m,rn) =rf(m,n),
f(ml + m27n) = f(mlyn) + f(m27n)v f(rm,n) = Tf(m’n)'
Denote the set of all R-bilinear maps f: M x N — P by Bilg(M, N, P).

REMARK 3.2.2. Note that an R-bilinear map f: M x N — P does not induce a homomor-
phism of R-modules M & N — P, since

F(r(m,n)) = f(rm, rn) = r2f(m,n)
need not be equal to rf(m,n) in general.
We will define an R-module T" and an R-module isomorphism
Bilg(M, N, P) ~ Homg(T, P),

T being the same for all P, as follows: let L be the free R-module with a basis consisting of
elements [, ,, indexed by the elements of M x N. An arbitrary element of L is a finite sum
> i Tilmyn, With r; € R, m; € M and n; € N. Define K to be the R-submodule of L generated
by the elements

lm1+m2,n - lml,n - lmg,na
lm,nl—‘rnz - lm,nl - lm,nga
le,n - Tlm,n;
lm,rn - Tlm,n

forall € R, m € M and n € N. Let T'= L/K and denote the image of [,,, in T (i.e., the
coset Uy, + K) by m ®n. Since L is generated by all [,,, ,,, the R-module 7' is generated by all
m®n, ie.,

T = {anz@)nz ‘ r;, € R,mi € M,ni € N}
By definition the generators satisfy the following relations:

me(ny+n)) =men +meny, me (rn) =r(men),

(mi+me)@n=m; @n+my®@n, rmeOn=r(maen).
In particular we have n ® 0 =0(n ® 1) = 0.

DEFINITION 3.2.3. The module T is denoted by M ®z N and is called the tensor product
of M and N over R.

Define the map g: M x N - M ®g N by g(m,n) =m ®@n. It is an R-bilinear map.
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PROPOSITION 3.2.4. For any R-bilinear map f: M x N — P define the map f: M @ N —
P by f(zz rim; @) = i f(mi,ng). This is a well-defined map and a homomorphism of
R-modules. The correspondence f +— f gives an isomorphism of the R-modules Bilg(M, N, P)
and Homg(M ®g N, P).

PRrROOF. Extend f to a module homomorphism L — P by l,, — f(m,n). Since f is
R-bilinear, all generators of K are mapped to zero. We obtain a map f = «a(f) as above.
Then « is a homomorphism of R-modules. Conversely, for a given f € Homgz(M ®g N, P) de-
fine f = ﬁ(f) MxN — Pby f(m,n) = (fog)(m, n). Then f is an R-module homomorphism.

MxN1 ~p

| 5

M ®r N

It remains to show that ¢ o f = id and § o a = id, so that a and (§ are isomorphisms of

R-modules. We have

(o B)(f (Z rim; @ nl> =a(f (Z rim; @ m)

and

O

REMARK 3.2.5. We can also define the tensor product of two R-modules M and N by
a universal property. The tensor product of M and N is an R-module T together with an
R-bilinear map g: M x N — T, which satisfies the following universal property. For every R-
module P and every bilinear map f: M x N — P there exists a unique linear map f T — P
with f og = f. See the commuting diagram above.
As usual the tensor product is uniquely determined by this universal property, and the existence
is just the construction we have given above.

PROPOSITION 3.2.6. We list some first properties of the tensor product:

(1) M®r R~ M.

(2)M®RN N ®r M.

(3) (M ®r N)®@pr P~ M ®g (N @g P).

(4) M@r (N®P)~(M®rN)®d (Mg P).
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PrOOF. (1): Define an R-module homomorphism f: L — M by l,,, — rm, where L is
a free R-module with basis /,,,, for m € M and » € R. Then K C ker(f) (for the definition
of K see above). Hence f induces an R-module homomorphism g: M @ R = L/K — M,
m@r—rm. Let h: M - M Qg R, m+—m®1. Then goh =1id, ho g =id.

(2): We have R-module homomorphisms f: MQN — NQM, m®@n +— n®@m and g: NQM —
M ® N, n®m+— m ® n, which are inverse to each other.

(3): Use the obvious homomorphisms m® (n®p) — (m®n)®@p and (MRn)Rp — M (nQp).
(4): Use m® (n,p) — (m®@n,m & p) and (m; @ n,ms @ p) — my @ (n,0) +me ® (0,p). O

EXAMPLE 3.2.7. For n,m € Z and any Z-module M we have

(1) Q®zZ/mZ = 0.
(2) Q®zQ~Q.
(3) Z/mZ @y Z/nZ ~ 7./dZ, where d is the ged of m and n.
(4) Z/mZ @z M ~ M/mM.
We have
- ® (k+mZ) :m£®(k+mZ)
qm
=L (mk +mZ)
qm
VPN
qm

This implies (1). Recall that Z/mZ is not a free Z-module. For (2) define f: Q ®; Q — Q,
m ®@n — mn. It is clear that f is surjective. Suppose that >, m; ® n; € ker(f). Then
>, min; = 0. Let ¢ be the least common multiple of denominators of n;. Then n;, = r;/q for
integers ;. We obtain

1

Thus f is an isomorphism.
Property (3) will follow from (4), which is a special case of the following lemma.

LEMMA 3.2.8. Let M be an R-module and I be an ideal in R. Then we have
R/I®r M ~ M/IM.

PrROOF. The map f: R/I x M — M/IM, (T,m) — rm is well-defined and bilinear. By
the universal property of the tensor product there is a homomorphism f: R/I®@g M — M/IM
with f(T ® m) = Fm. It is clear that f is surjective. It remains to show that f is also injective.

A

Let z =) .7, ® m; € ker(f). Since

)
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we can write x = 1 ® m. By assumption f(:E) = 0, so that m € IM, i.e., m = ), a;n;, with
a; € I and n; € M. This means

x:Za_j(X)nj:ZO@nj:O.
J

J

COROLLARY 3.2.9. The R-modules R™ and R" are isomorphic if and only if m = n.

PROOF. Assume that R™ ~ R". Choose a maximal ideal M in R. Then
(R/M)™ ~ R™/MR™
~ R/M ®@p R™
~ R/M ®g R"
~ (R/M)".
Both are vector spaces over the field R/M, hence it follows m = n. ([l

DEFINITION 3.2.10. Let M be an R-module. The R-module
M* := Hompg(M, R)
is called the dual module to M.

For example, if R = Z and M = Z/nZ, then M* = 0. We have a bilinear pairing M X
M* — R given by (m, f) — f(m), which induces a homomorphism M ®zr M* — R and a
homomorphism M — (M*)*.

If M, N are R-modules and L is a submodule of M then, then L ® N in general cannot be
considered as a submodule of M ® N, i.e., the canonical map L ® N — M ® N need not be
injective.

EXAMPLE 3.2.11. For R=7, M = R =7, L = 27 and N = Z/2Z the canonical map
L — M 1is injective, but L@ N — M ® N is not.

First we have 2®1=1®2=1®0 =0 in Z® Z/2Z. On the other hand, 2 ® 1 is non-zero
in 2Z ® 7./27: let f: 27 X /27 — 7./27 be the R-linear map given by
T

Then there exists an R-linear map f: 2Z ® Z/27Z — Z/2Z with f2®1) = f(2,1) =1-1=1,
hence 2 ® 1 # 0, since otherwise f(0) = 0. It follows that 2Z ® Z /27 cannot be considered as
a submodule of Z ® Z /2.
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3.3. Localization

The localization of R-modules is defined in a similar way as for rings. Let R be a ring,
S C R be a multiplicatively closed subset and M be an R-module. Define an equivalence
relation on the set of all ordered pairs of M x S as follows: given any (m,s), (n,t) € M x S,

(m,s) ~ (n,t) <= u(mt —ns) = 0 for some u € S.

By S™'M we denote the set of equivalence classes m/s. This set has the structure of an
S~ R-module with respect to

m+n_mt+ns
s t st
rono_
s t st

for m,n € M, s,t € S and r € R. This S™'R-module is called the localization (or quotient
module) of M with respect to S. For m € M and s € S we have m/s = 0 in S™'M if and only
if there exists a t € S such that tm = 0. The map

g: M — S™'M, mH?

for all m € M is a homomorphism of R-modules when we regard S~'M as an R-module by
restriction of scalars via the natural ring homomorphism R — S~!'R. The kernel of g, also
denotes as S-torsion of M, is given by

Torg(M) = ker(g) = {m € M | am = 0 for some a € S}.
EXAMPLE 3.3.1. For a prime ideal P and S = R\ P we obtain the Rp-module Mp = S™'M.
Recall that Rp = S7!'R is a local ring, see example 1.2.13.

PROPOSITION 3.3.2. Suppose that f: N — M is a homomorphism of R-modules and let S be
a multiplicatively closed subset of R. Then f induces an homomorphism S~ f: ST'N — S~'M
for which
f(a)

S

(S7H() =
forallae N, se S.

PROOF. Suppose that a,b € N and s,t € S are given such that a/s = b/t in S™'N. Then
there exists u € S such that u(ta — sb) = 0. It follows

0=uf(ta — sb)
= u(tf(a) = sf(b))

in M, so that f(a)/s = f(b)/t in ST'M. This shows that the map given above is well-defined.
It is easy to see that it is a homomorphism of S~ R-modules. U

REMARK 3.3.3. In the language of homological algebra F' = S~! can be thought of as an
additive, covariant functor from the category of R-modules to the category of S~ R-modules.

PROPOSITION 3.3.4. Let S be a multiplicatively closed subset of R and M be an R-module.
Then there is an isomorphism of S~ R-modules

ST'R@pr M ~ S™1M.
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PRrOOF. Consider the R-bilinear map f: SR x M — S~ M given by

a am

By the universal property of the tensor product there exists an S~'R-module homomorphism
g: ST'TR®r M — S™1M satisfying
a am
g(z@m)=—.
s s

We will show that g is bijective. Clearly g is surjective. To show injectivity, pick an element of
the kernel of g,

n a;
T = Z . ®m,; € ker(g).
i=1 "'

With s = s189- -+ s, we can write z = (1/s) ® m for some m € M. By assumption we have
m/s = g(x) = 0 in S~'M. This means that there exists a t € S such that mt = 0. It follows
that

DEFINITION 3.3.5. A sequence of R-modules and R-module homomorphisms

..._>Mn_1f_”>Mnf”_+1>Mn+1_>...

is called exact at M, if im f,, = ker f,,.1. The sequence is called exact if it is exact at each
module.

EXAMPLE 3.3.6. The sequence 0 — M Iy N is exact iof and only if f is a monomorphism.
The sequence M Iy N %0 is exact if and only if f is an epimorphism.

In the first case the image of the map 0 — M is zero, so that ker(f) = 0. Similarly,
im(f) = ker(g) = N in the second case.

EXAMPLE 3.3.7. A short exact sequence is given by

0LL ML NS0

From the exactness we conclude that f is injective, g is surjective and

L ~im(f) = ker(g)
is a submodule of M. Sometimes we will identify L with its image f(L). Furthermore we
have M/ ker(g) ~ g(M) = N, hence
N ~ M/L.
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LEMMA 3.38 Let L & M % N be an evact sequence of R-modules, and let S be a
multiplicatively closed subset of R. Then
s 2 gy 28 gy
15 exact too.
PROOF. Since ker(g) = im(f) we have go f = 0. It follows that
S7lgo ST f =57 go f)=871(0) =0,

so that im(S™1f) C ker(S~'g). Conversely, let x € ker(S~'g). Then there exists m € M and
s € S such that z = m/s and g(m)/s = (S7'g)(m/s) = 0. This means tg(m) = 0 for some
te S, ie, g(tm) =0 and tm € ker(g) = im(f). Then tm = f(a) for some a € L. Thus

m tm
rT = — = —

f(a)
ts
= (SN
which is in im(S™!f). O

REMARK 3.3.9. The functor I’ = S~! is ezact, i.e., it takes short exact sequences to short
exact sequences. To see this apply lemma 3.3.8 also to 0 - M — N and M — N — 0.

As we have seen in example 3.2.11, an exact sequence 0 — L — M does not imply in general
that the sequence 0 - L® N — M ® N is exact. The tensor product functor is not left exact.
However, it is right exact.

ProrosiTioN 3.3.10. If L — M — N — 0 is an exact sequence of R-modules, so is
LRF ->M®F — N®F — 0 for any R-module F.

We leave the proof as an exercise.

REMARK 3.3.11. An R-module F'is called flat if the above tensor product functor is also left
exact, i.e., is exact. This means, that for a flat module F' and any exact sequence L — M — N,
the sequence L® F - M ® F — N ® F is again exact. For example, R is a flat R-module.
(1) Every projective (hence every free) R-module is flat. Recall that a free module is projective,
hence flat.

(2) If R is a PID, then an R-module F' is flat if and only it is R-torsionfree, i.e., if rm = 0 for
r € R, m € M always implies r =0 or m = 0.

(3) For any multiplicatively closed subset S C R, the localization ring S™'R is flat as an
R-module.
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3.4. Noetherian Modules

The concept of a Noetherian ring is generalized as follows:

DEFINITION 3.4.1. An R-module M is called Noetherian, if every every submodule of M is
finitely generated.

Recall that an R-module is finitely generated if and only if there exists a surjective R-module
homomorphism R™ — M. If R is regarded as a module over itself then R is a Noetherian R-
module if and only if R is a Noetherian ring. For example, the Z-module Z is Noetherian, as
Z is a PID, hence a Noetherian ring (every submodule is generated by a single element).

EXAMPLE 3.4.2. The Z-module Q is not Noetherian, as it is not finitely generated.
EXAMPLE 3.4.3. A finite-dimensional vector space over a field K is a Noetherian K-module.

PROPOSITION 3.4.4. Let M be an R-module. The following statements are equivalent:
(1) M is a Noetherian R-module.
(2) In M holds the ascending chain condition: if My, Ms, ... are submodules of M with
My C My C ---, then there exists an m > 1 such that M,, = M, for all n > m.
(3) In M holds the mazimality condition: every nonempty set of submodules of M has a
maximal element.

The proof is more or less the same as the proof of proposition 1.3.3 for Noetherian rings.

LEMMA 3.4.5. Let 0 — L 25 M % N = 0 be a short ezact sequence of R-modules. If M is
finitely generated so is N. If L and N are finitely generated, so is M.

Proor. If (vq,...,v,) is a generating set for M then (g(v1),...,g(v,)) is a generating set
for N. This shows the first claim. If (zy,...,2,) is a generating set of L, and (y,...,ys) is
one for N, then one chooses z; € M such that g(z;) = y;. Then (z1,...,2,,21,...,25) is a
generating set for M. O

REMARK 3.4.6. If M is finitely generated then L need not be finitely generated in general.
For example, let R = K[z, xs,...] be the polynomial ring in infinitely many variables z;,i € N.
Then M = R is clearly finitely generated, but the submodule L = (x1,z2,...) of M is not
finitely generated. Of course, M is not Noetherian.

LEMMA 34.7. Let 0 — L 5 M % N — 0 be a short exact sequence of R-modules. Then
M is Noetherian if and only if L and N are Noetherian.

PROOF. Suppose that M is Noetherian. Then L is Noetherian, since every submodule of
L is, under f, isomorphic to a submodule of M, hence finitely generated. Furthermore N is
Noetherian, since every submodule of N is a homomorphic image of a submodule of M, hence
finitely generated. Conversely assume that L and N are Noetherian, and let F' be a submodule
of M. Then we have an exact sequence

0= fHF)—=F—=g(F)—0

where the maps are the restrictions of f and g. Now lemma 3.4.5 implies that F' is finitely
generated, since f~1(F) and g(F) are finitely generated. O

LEMMA 3.4.8. Let My,..., M, be Noetherian R-modules. Then My @ --- & M, is a Noe-
therian R-module.
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Proor. We may assume that n = 2. Consider the exact sequence
0> M - M &My, — My—0
and apply lemma 3.4.7. It follows that M; & M, is Noetherian. O

PROPOSITION 3.4.9. Every finitely generated R-module M over a Noetherian ring R is
Noetherian.

PROOF. By assumption there is a surjective module homomorphism R" — M for some
n > 1. Since R is a Noetherian R-module, so is R" by lemma 3.4.8. Then M is Noetherian by
lemma 3.4.7. ([

PROPOSITION 3.4.10. Let S be a multiplicatively closed subset of R. If M s a Noetherian
R-module, the its localization S™'M is a Noetherian S~ R-module.

PROOF. First, every submodule of S~'M is of the form S™!N for a submodule N of M.
By assumtion N is finitely generated, say, by (ny,...,ns). It follows that S™'N is generated
by (ni/1,...,ns/1). O



CHAPTER 4

Integral Extensions

All rings here (frequently denoted by A, B,C) are assumed to be commutative and with
unity, if not said otherwise. We will study integral ring extensions, which are certain ring
extensions, as an analogue to algebraic field extensions. They play an important role for many
applications in algebraic geometry and algebraic number theory.

4.1. Integral elements

Let A be a subring of a ring B. An element x € B is called integral over A, if there exists
a monic polynomial f € A[t] with f(x) =0, i.e., if x satisfies a polynomial equation

2"+ ar" T F a4 a, =0

with a; € A. For example, every = € A is integral over A. If A and B are fields, then z € B is
integral over A if and only if x is algebraic over A.

EXAMPLE 4.1.1. Let A=7 and B = C. Then /2 is integral over Z, but % 1S not.
The polynomial for v/2 is f(t) = t> — 2 in Z[t]. Assume that there is a monic polynomial
f € Z|[t] with coefficients a; as above, and f(%) = 0. Multiplying with 2" we obtain
1+2a;+---4+2"%, =0,
which is a contradiction modulo 2.

DEFINITION 4.1.2. The ring B is called an integral extension of A, if every element of B is
integral over A. We also say that B/A is an integral ring extension.

PROPOSITION 4.1.3. Let A be a subring of a ring B, and x € B. Then the following state-
ments are equivalent:

(1) The element x is integral over A.

(2) The ring Alz] is a finitely generated A-module.

(3) The ring Alx] is contained in a subring C C B, such that C is a finitely generated
A-module.

PROOF. (1) = (2): by assumption there is an f € Alx], f = 2"+ a1 2" + axx™ 2+ +ay,
with f(z) = 0. For all j > 0 it follows that
2" = — (a1 2™ agr™ T 4 b a2+ and).

By induction we see that this implies 2% € A[l,z,2?%,...,2"1] for all k£ > 0, considered as an
A-module. This means that the ring Alz| is generated as an A-module by the finitely many
elements 1,z, 2%, ..., 2" L.

(2) = (3): Put C = Alz]. Of course, A[x] C B.
63
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(3) = (1): Let C be generated as an A-module by the finitely many elements ¢y, cs, ..., ¢,. We
have A C A[z] C C' C B. Hence all z¢; are contained in C, so that there exist a;; € A with

n

xrc; = Z Q;;Cj.
j=1
Let M = (my;) € M,(A[z]) be the matrix with m;; = §;;2—a;;. Denote by M’ the adjoint matrix
of M. We have M'M = det(M)I,. Let u = (c1,...,¢,)", then M'Mu = 0 and det(M)c; =0
foralli =1,...,n. It follows det(M)c =0 for all ce C' = >"" | Ac;. Since C contains the unit
element 1 as a subring of B, we obtain det(M) = 0. This yields the polynomial for x we are
looking for: det(M) = det(d;;x — a;;) has degree n in x with coefficients in A. O

COROLLARY 4.1.4. Let C be a finitely generated A-module. Then C/A is an integral ring
extension.

COROLLARY 4.1.5. Let A be a subring of a ring B. Then we have

(1) If xq,...,x, are elements in B which are integral over A, then the ring Alzy,. .., z,)
18 a finitely generated A-module.
In particular, Alzy,...,x,]/A is an integral ring extension.

(2) Let C be a ring containing B. If B is a finitely generated A-module, and y € C' is
integral over B, then y is also integral over A.

PROOF. (1): We prove this by induction on n > 1. The case n = 1 has been proved above
as the implication (1) = (2). Let n > 2. By assumption A[zy,...,x,_1] is finitely generated
as an A-module. Furthermore A[zy,...,x,] is finitely generated as an A[zy,...,x,_1]-module,
since z,, is also integral over A[zy,...,x,_1]. Like before this implies the claim.

(2): The ring Bly| is a finitely generated B-module. By assumption B is finitely generated as
an A-module, so that B[y| is finitely generated as an A-module, too. Because of Aly|] C Bly]
the claim follows from proposition 4.1.3. O

Now we show that integral ring extensions are transitive.

PROPOSITION 4.1.6. Let B/A and C /B be integral ring extensions. Then C'/A is an integral
ring extension.

PROOF. Let ¢ € C. Since C' is integral over B there exist n > 1 and b; € B such that
" + bn,lcn_l + -4 bo =0.

Since the b; are integral over A we know that Alb,...,b,_1] is a finitely generated A-module.
Because of the above equation ¢ is integral over A[by,...,b,_1]. Hence Aby,..., b, 1,c] is a
finitely generated Alby,...,b,_1]-module. In particular Albg,...,b,_1,c| is a finitely generated
A-module so that c is integral over A. O

The following definition is a proposition as well.

DEFINITION 4.1.7. Let A be a subring of a ring B. Then the elements b € B, which are
integral over A form a subring of B. This ring, denoted by A is called the integral closure of A
in B. If A= A then A is called integrally closed in B.
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Note that A C A, because each a € A is a root of the polynomial z — a. If 2,y € B are
integral over A, then A[z,y| is a finitely generated A-module containing x + y,z — y and zy.
Hence all these elements are again integral over A. This shows that A is a subring of B.

DEFINITION 4.1.8. A domain (Integritatsbereich) is called integrally closed (ganz abge-
schlossen), or normal, if it is integrally closed in its quotient field.

ExXAMPLE 4.1.9. The domain Z is integrally closed.

We have Z = Z in Q, because every = € Q satisfying a polynomial equation 2™+ a, 12" +
-+ 4+ ag = 0 with a; € Z must be an integer (see the proof of the next result).

PRrOPOSITION 4.1.10. Ewvery factorial ring is integrally closed.

PROOF. Let A be a factorial ring with quotient field K (for example, A = Z and K = Q).
Let a/s € K, with a,s € A and s # 0, be integral over A. We may assume that a and s have
no common divisors. We want to show that a/s € A. There exist n > 1 and ao,...,a,_1 € A
such that

(a/s)" + an_1(a/s)" '+ - +ai(a/s) + ag = 0.
Multiplying with s™ we obtain
a" + Sap_1a" 4+ " taja + s"ap = 0,

which implies s | ™. Since A is factorial and a and s have no common prime divisors, it follows
that s is a unit in A, i.e., a/s € A. O

If we take the integral closure of the integral closure, we get nothing new.
PROPOSITION 4.1.11. The integral closure A of A in B is integrally closed in B, i.e., A=A

PROOF. We have A C A Conversely, let x € A. Then z is integral over Z._ As in the proof
of proposition 4.1.6 we conclude that z is integral over A. It follows that z € A. O

PROPOSITION 4.1.12. Let A be a domain with quotient field K, and let L/ K be an algebraic
field extension. If A is integrally closed, then an element o € L is integral over A if and only
if the minimal polynomial ma k(x) of o over K lies in Alz].

PROOF. Suppose that m, x € A[z]. Since mq k(x) is a monic polynomial, « is integral
over A. Conversely, suppose that « is integral over A. Then there is a f € Alz], f # 0 with
f(a) =0. Then my k | f in K[z]. Over an algebraic closure L of L the polynomial splits as

n

Mo,k () = H(a: — ;)

=1

with suitable o; € L. Here mq | f implies f(a;) = 0 for all i > 1. Hence every q; is integral
over A, and so are all coefficients of m, k. But these coefficients by definition lie in K. Since
A is integrally closed we have m, x € Alx]. O

ExXAMPLE 4.1.13. With A=7, K = Q and L = Q(\/E), d # 1 squarefree it follows that
the integral closure of Z in Q(v/d) is Z[v/d] for d = 2,3 mod 4 and Z[%a] ford=1 mod 4.
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Clearly v/d € L is integral over Z, because its minimal polynomial 2 — d lies in Z[z]. For
d =1 mod 4 also (14 V/d)/2 is integral over Z, being a zero of 2% — z + I%d. Hence every
element of the ring
Oy =7 D Zwy
is integral over Z, where wy = (1 ++/d)/2 for d = 1 mod 4 and wy; = V/d otherwise. We even

have Z~ = Oy, ie., Og is the integral closure of Z in Q[v/d]: every element a@ € Q[/d] can
be written uniquely as o = a + bv/d, with a,b € Q. If « is integral over Z then the minimal
polynomial m,, = x? — 2ax + a® — db® has integer coefficients by proposition 4.1.12 (also called
the trace and the norm of &), i.e., 2a € Z and a®> —db? € Z. Then either a,b € Z, or a,b € 1 +Z.
The second alternative can only appear if d =1 mod 4.

PROPOSITION 4.1.14. Let A be a subring of the integral domain B, and let B be integral
over A. Then A is a field if and only if B is a field.

PROOF. Assume first that B is a field, and let a € A be a nonzero element. Since a~! € B,
there is by assumption an equation of the form

(@' + (a4 baa =0

n—1

with ¢; € A. By multiplying the equation with a

at=—(ch_1+ -+ ca" P cpa" ) € A

Hence A is a field. Conversely, assume that A is a field, and let b be a nonzero element of B.
Since b is integral over A, A[b] is a finitely generated A-module, i.e., a finite-dimensional vector
space over the field A. Let f be the A-linear transformation on this vector space given by left
multiplication with b, i.e., f(z) = bz for z € A[b]. Since A[b] is a subring of B, it is an integral
domain. Thus if bz = 0 (recall that b # 0), we have z = 0 and f is injective. Any injective
linear transformation on a finite-dimensional vector space is also surjective. Therefore, if b € B
with b # 0, there is an element ¢ € A[b] C B such that bc = 1. Consequently, B is a field. [

we get

DEFINITION 4.1.15. Let B/A be an integral ring extension. Suppose that @ is a prime ideal
of B and let P =Q N A. Then P is a prime ideal of A and we say that @ lies over P.

Indeed, P is the preimage of ) under the inclusion map A < B. Hence it is prime by
lemma 1.2.25. The map a + P — a + @ is a well-defined injection A/P — B/Q, because
P =@QnNA. Thus we can regard A/P as a subring of B/Q.

LEMMA 4.1.16. Let B be integral over A, Q be a prime ideal of B and P the prime ideal
Q N A as above. Then B/Q is integral over A/P.

PROOF. Let b+ @ € B/Q. Then b € B satisfies an equation of the form
b+ ap b ath+ag=0

with a; € A. Apply the canonical homomorphism 7: B — B/Q to this equation. This shows
that b+ @ is integral over A/P, since the a; are mapped to a; + P. O

PROPOSITION 4.1.17. Let B integral over the subring A, and let QQ be a prime ideal of B,
lying over the prime ideal P = Q N A of A. Then P is a mazimal ideal of A if and only if Q
1s a maximal ideal of B.

PROOF. By the above lemma, B/Q is integral over A/P. Then, by proposition 4.1.14, B/Q
is a field if and only A/P is a field. But this is just the claim. O
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4.2. Integrality and Localization

For a multiplicatively closed set S we always want to have 0 ¢ S. We start with the
following lemma.

LEMMA 4.2.1. Let B/A be an integral ring extension and S be a multiplicatively closed
subset of A. Then S™'B is integral over S™1A.

PROOF. Let b/s € ST'B with b € B and s € S. Then there is an equation of the form
V" +an, 0"+t aghb+ag =0
with a; € A. Thus

()= () o G ()5

with a,_;/s’ € STLA. O

PROPOSITION 4.2.2. Let B/A be an integral ring extension, and let Q1, Qo be prime ideals
of B that lie over the prime ideal P of A, that is, Q1 N A =QysNA=P. If Q1 C Qs, then

Q1= Q2.

PrROOF. We use the technique of localization. The result is clear, if P is a maximal ideal,
because then also ()1 and () are maximal by proposition 4.1.17. In the general case we localize
with respect to P. Then S = A\ P is a multiplicatively closed subset of A C B. The prime
ideals Q1,2 do not meet S, because if z € SN Q;, then + € AN Q; = P, contradicting
S = A\ P. By (4) of proposition 1.2.22 the prime ideals in B which do not meet S are in
one-to-one correspondence with the prime ideals in S™'B = Bp. We also write S™1A = Ap
for the localization. To show that ()1 = ()5 it hence suffices to show that Q1 Bp = Q2Bp. We
claim that

PAp C (Q1Bp)NAp C Ap.

The first inclusion holds because P C ()1 and Ap C Bp. The second inclusion is clear, but it
is even proper, for otherwise Ap C Q1 Bp and therefore 1 € Q1 Bp, contradicting the fact that
(Q1Bp is a prime ideal. But PAp is a maximal ideal of Ap, as we know. So, by the above claim
we obtain

PAp = (Q1Bp) N Ap
We argue the same way for ()5 and obtain
PAp = (Q2Bp) N Ap

Thus Q1Bp and (Q2Bp lie over PAp. By lemma 4.2.1, Bp is integral over Ap. Again by
proposition 4.1.17, Q1 Bp and (Q2Bp are maximal ideals, since PAp is maximal. If @)1 C @,
then Q1 Bp C QQ2Bp. Maximality then implies QQ1Bp = Q2 Bp. O

REMARK 4.2.3. The result is also called the incomparability theorem. This becomes un-
derstandable if we rephrase the result as follows: If Q1,2 are two different prime ideals of B
which lie over the same prime ideal P in A, then Q1 and () are incomparable in the sense that
neither is contained in the other, i.e., neither Q1 C Q9 nor Q2 C Q1.

REMARK 4.2.4. The proof shows that the technique of localization sometimes can be applied
to extend results, which hold for maximal ideals, also to prime ideals.
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THEOREM 4.2.5 (Lying Over Theorem). If B is integral over A and P is a prime ideal of
A, then there exists a prime ideal QQ of B which lies over P, that is, with Q N A = P.

PRrROOF. First assume that A is a local ring with unique maximal ideal P. If @) is any
maximal ideal of B, then (Q N A is maximal by proposition 4.1.17, so that we must have
QNA = P. In general, let S = A\ P and localize. We have the following commutative
diagram:

A——B

I
Ap e Bp

In fact, the horizontal maps are inclusions, and the vertical maps are f(a) = a/1 and g(b) = b/1.
We know that Bp is integral over Ap by lemma 4.2.1. If Q' is any maximal ideal of Bp, then as
at the beginning of the proof, @’ N Ap must be the unique maximal ideal of Ap, namely PAp.
By commutativity of the diagram,

fHR NAp) =g7HQ) N A
Note here that for a € A we have f(a) € Q' N Ap if and only if g(a) € @'. Now we choose

Q as ¢g7'(Q’). This means f~'(PAp) = Q@ N A. By the correspondence of prime ideals of the
localization and the base ring we must have f~'(PAp) = P. It follows that QN A=P. O

THEOREM 4.2.6 (Going up Theorem). Let B be integral over A, and suppose that we have a
chain of prime ideals P, C --- C P, of A, and a chain of prime ideals Q1 C --- C Q,, of B with
m < n. If Q; lies over P; for all i =1,...,m, then there are n —m prime ideals Qpi1,...,Qn
of B such that

and Q; lies over P; for everyi1=1,...,n.

PRrOOF. By induction, it suffices to consider the case n = 2 and m = 1. Thus we have
prime ideals P, C P, of A and a prime ideal ; of B with Q; N A = P;. By lemma 4.1.16,
B/Q; is integral over A/P;. Since P,/ P, is a prime ideal of A/P;, we may apply the lying over
theorem 4.2.5 to produce a prime ideal Q3/Q; of B/Q); such that

(Q2/Q1) N (A/Pr) = P/ P,
where ()5 is a prime ideal of B with Q)3 D ;. We claim that Q2 N A = P, which gives the

desired extension of the chain of the @);. To verify this, let x € Q2 N A. Since we have an
embedding of A/P; into B/Q; (see the discussion after definition 4.1.15), we have

v+ P =2+Q: € (Q/Q1)N(A/P) = /Py
Thus x + P, = y+ P, for some y € P, so x —y € P, C P,. Consequently, x € P,. This
shows Q2 N A C P,. Conversely, if z € P, then z + P, € Q2/Q1, hence z + P, = y + @ for

some y € (Jo. But as above, v + P, =z + 1, so x — y € @1, and therefore x € ()5. Finally,
x € P, C A. This finishes the proof. O

It is well known that an embedding of a field K in an algebraically closed field can be
extended to an algebraic extension of K. There is an analogous result for ring extensions.

PROPOSITION 4.2.7. Let B be integral over A, and let f: A — C be a ring homomorphism

from A into an algebraically closed field C. Then f can be extended to a ring homomorphism
g: B—C.
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PROOF. Let P be the kernel of f. Since f maps into a field, P is a prime ideal of A. By
theorem 4.2.5 there is a prime ideal ) of B such that Q N A = P. By the factor theorem, f
induces an injective ring homomorphism f: A/P — C. It can be extended in a natural way
to the fraction field K of A/P. Let L be the fraction field of B/Q. By lemma 4.1.16, B/Q
is integral over A/P, hence L is an algebraic extension of K. Since C' is algebraically closed,
f extends to a monomorphism g: L — C, as we have noted above. Let 7: B — B/Q be the
canonical epimorphism and g = g o 7w, then g is the desired extension of f, because g extends

?and(?ow)mzf. O

There is a companion theorem to theorem 4.2.6, the so called going down theorem, which
we want to prove here, too. There will be extra hypotheses, including the assumption that A
is integrally closed. For this reason we need some more lemma’s.

LEMMA 4.2.8. Let A be a subring of B, and denote by A the integral closure of A in B. If
S is a multiplicatively closed subset of A, then S™'A is the integral closure of S~1A in S™1B.

PRrOOF. We already know from lemma 4.2.1 that S~'A is integral over S™'A, since A is
integral over A by definition. If /s € S™IB, for « € B and s € S, and a/s is integral over
S~1A, we must show that a/s € S7'A. There is an equation of the form

n n—1
() +(ﬂ)<%> SRR
S S1 S Sn

with a; € A and s; € S. Let s’ =[], s;, and multiply the equation by (s - s')" to conclude
that s’ is integral over A. Therefore s'a € A, so that S = SS/TCS“ € STA. O

COROLLARY 4.2.9. If S is a multiplicatively closed subset of the integrally closed domain
A, then STYA is integrally closed.

PRrROOF. Apply lemma 4.2.8 with A = A and B = K, the fraction field of A and S~'A.
Then S~'A is the integral closure of S™'A in S™!B = S7'K = K. This just says that S7'A is
integrally closed. O

LEMMA 4.2.10. Let M be an A-module and denote the localization with respect to a prime
ideal P of A by Mp. The following conditions are equivalent.
(1) M =0.
(2) Mp =0 for all prime ideals P of A.
(3) Mp =0 for all mazximal ideals P of A.

PROOF. Of course we have (1) = (2) = (3). It remains to show that (3) = (1). Let
m € M. If P is a maximal ideal of A, then m/1 € Mp = 0 is zero, so there exists ap € A\ P
such that apm = 0 in M. Let I,,, be the ideal generated by a,. Then I,,, cannot be contained
in any maximal ideal M, because ay; &€ M by construction. Thus I,, = A, and in particular,
1 € I,,. Thus 1 can be written as a finite sum

1= pra,p
P

where P is a maximal ideal of A and bp € A. Consequently

mzlm:prapm:O.
P

It follows that M = 0. L]
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We say that an A-module M is faithful, if (0 : M) = 0, that is, if and only if M has zero
annihilator. The following lemma is a slightly different version of lemma 3.1.11, but has the
same proof:

LEMMA 4.2.11. Let A be a subring of B and o € B be integral over A. Let M be a finitely
generated A-module that is faithful as an Ala)-module, and let I be an ideal of A such that
aM C IM. Then « satisfies an equation of integral dependence

Q" +a 4 a, =0
with coefficients a; € I.

LEMMA 4.2.12. Let B be integral over the subring A, and let I be an ideal of A. Then V1B
1s the set of all b € B satisfying an equation of integral dependence

V" 4 70 b+ =0
with r; € 1.

PRrOOF. If b € B satisfies such an equation, then 0™ € I B. Hence b € v IB. Conversely, let
b™ € IB for n > 1, such that b = Zle r;b; for some r; € [ and b; € B. Then By = Alby, ..., by
is a subring of B, which is a finitely generated A-module by corollary 4.1.5. We have

k k
anl = ZribiBl g Z’T’Z’Bl g ]Bl
i=1 i=1

Now we apply lemma 4.2.11 as follows. M = Bj is a finitely generated A-module, which is
a faithful A[b"]-module, because an element that annihilates B; annihilates 1 and is therefore
0. Now, with o = b" we have aB; C [B;. Then a = " satisfies an equation of integral
dependence with coefficients in [, as given above. 0

LEMMA 4.2.13. Let A be an integral domain with fraction field K. Assume that A is inte-

grally closed, and let f, g be monic polynomials in K[z|. If fg € Alz], then both f and g are in
Alx].

PRrROOF. In a splitting field C' 2 K we have f(z) = [[;(z — a;) and g(z) = [[;(z — b;) with
a;,b; € C. Since the a; and b; are roots of the monic polynomial fg € Alx], they are integral
over A. The coefficients of f and g are in K and are symmetric polynomials in the roots, hence
are integral over A as well. But A is integrally closed, and the results follows. O

PROPOSITION 4.2.14. Let A be an integrally closed domain and B be an overring of A which
is integral over A. Assume that no nonzero element of A is a zero-divisor of B. For b € B,
define a ring homomorphism hy: Alx] — B by hy(f) = f(b). Then I = ker(hy) is a principal
ideal in Alz] generated by a monic polynomial.

Proor. Note that the assumption on zero-divisors of B is automatic if B is itself an integral
domain. Let K be the fraction field of A. Then I - K[z| is an ideal of the PID K{z|, which is
nonzero, because b is integral over A (see the argument in step 1). Thus [ - K|z] is generated
by a monic polynomial f.

Step 1: We will show that f € Afz]. Since b is integral over A, there is a monic polynomial
h € Alz| such that h(b) = 0. Then h € I C I - K|z], hence h is a multiple of f, say

h=fg
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with a monic polynomial g € K[x]. Since A is integrally closed we may apply lemma 4.2.13 to
conclude that both f and g belong to A[z].

Step 2: We claim that f € I. Since f € I - K|x], we may clear denominators to produce a
nonzero element a € A such that af € I - A[z] = I. By definition of I we have af(b) = 0, and
by hypothesis, a is not a zero-divisor of B. Therefore f(b) = 0, so that f € I.

Step 3: We claim that f generates I. This will finish the proof. Let ¢ € I C I - K[z] arbitrary.
Since f generates [ - K[z], we can take a common denominator and write

_af
q_—
aq

with a; € A* and ¢ € A[z]. Thus a;q = ¢1f. If we pass to residue classes in the polynomial
ring (A/a;A)[z], we have g1f = 0. Since f is monic, the leading coefficient of g; must be 0,
which means that gy itself must be zero. Consequently, a; divides every coefficient of ¢;, so
¢1/ar € Alz] and ¢ = 2 f. Thus [ is generated by f. O

Finally we come to the promised Going Down Theorem.

THEOREM 4.2.15 (Going Down). Let the integral domain B be integral over the integrally
closed domain A. Suppose we have a chain of prime ideals

PC-CP,

of A and a chain of prime ideals Q,, C --- C Q, of B, with 1 <m <n. If Q; lies over P; for
i =m,...,n, then there are prime ideals Q1,...,Qm_1 such that Q1 C --- C @Q,, and Q; lies
over P; for everyi=1,...,n.

Proor. By induction, it suffices to consider the case n = m = 2. Hence we have prime
ideals P, C P, of A and a prime ideal Q)5 of B lying over P,. Let T be a subset of B consisting
of all products at witha € A\ P, and t € B\ Q2,

T:{at|a€A\P1,t€B\Q2}.

We want to check that T is a multiplicatively closed set. This is clear except for the property
that 0 € T', which we want to have, too. Hence assume that at = 0 for some a ¢ P, and t & Q)s.
Because 0 € P; and 0 € )5 this means a # 0 and t # 0, contradicting the assumption that B
is an integral domain. Hence 0 ¢ T'. Note that A\ P, is contained in 7" (take t = 1), as well as
B\ Q. (take a = 1).

Step 1: We prove the theorem under the assumption that 7N P,B = (). Then P(T'B) is
a proper ideal of T~ B, because otherwise 1 would belong to T'N P, B. Therefore P,(T'B)
is contained in a maximal ideal M. By the correspondence theorem of localization this M
corresponds to a prime ideal Q; of B with Q; N T = (. Explicitly, b € Q; if and only if
b/1 € M. We refer to () as the contraction of M to B. It is the preimage of M under the
canonical map b+ b/1. We have

(A\NP)N Q1= (B\Q2)NQy = 0.

Thus Q1NAC P, and Q7 = Q1N B C (5. It remains to show that P, C Q1 N A. Then @ lies
over P and we are done. We do this by taking the contraction of both sides of the inclusion
P (T7'B) C M. Since the contraction of P,(T~'B) to B is PiB, we have P,B C @1, so that

P,C(PAB)NACQiNA.
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Step 2: We show that the above assumption 7'N P, B = () is always true. Suppose that TN P, B
is not empty. Then, by definition of T, the set T'N P; B contains an element at with a € A\ P,
and t € B\ Q2. We apply lemma 4.2.12 with I = P, and b replaced by at, to produce a monic
polynomial
f@)=am +rp 2™ a4

with coefficients ; € Py such that f(at) = 0. Then define

v(x) = a2 4 1™ ™ e ran + .
It satisfies v(z) € A[z] and v(t) = 0. By proposition 4.2.14, there is a monic polynomial
g € Alx] that generates the kernel of the evaluation map h;: A[x] — B. Therefore v = ug for
some u € Afz|. Passing to residue classes in the polynomial ring (A/P;)[z]|, we have 7 = ug.
Since r; € P, for all 0 < ¢ < m — 1, we have v = (@™)x™. Since A/P; is an integral domain
and ¢ is monic, hence g is monic too, we must have g = 27 for some j with 0 < j < m. Note
that a € Py, so U is not the zero polynomial. Consequently,

g(r) =27 +a; 127"+ + a1+ ag

with a; € Py for all 0 <4 < j — 1. Since g € ker(h;) we have g(t) = 0. By lemma 4.2.12,
t € /P B, so for some positive integer k, we have

tF € PPBC P,B C QB = Q,
hence t € Q3. However, this contradicts our choice of ¢, which was t € B \ Q. O



CHAPTER 5

Dedekind Rings and Discrete Valuation Rings

Before we start explaining Dedekind rings and DVRs (discrete valuation rings), we will give
a short introduction to dimension theory. We will not need this here really, but it is of course
useful anyway. We will use the dimension of a ring for the folllowing fact: if A is an integral
domain which is not a field, then A is a DVR if and only if A is an integrally closed Noetherian
local ring of dimension 1.

5.1. Dimension Theory
If we say that A is a ring we will always assume that A is commutative with unit.
DEFINITION 5.1.1. Let A be a non-trivial ring. A chain of n + 1 different prime ideals
PhbCcP C...CP,
is called a chain of prime ideals of length n.
For a prime ideal P, we consider P to be a chain of prime ideals of length 0.

DEFINITION 5.1.2. For a prime ideal P in A the height ht(P) is defined to be the supremum
of lenghts of chains Py C P, C ... C P, of prime ideals with P, = P. If the supremum does
not exist we define ht(P) = oo.

For example, the ideal (z1,...,z,) in K[xq,...,2,] is a prime ideal of height r, with the
chain 0 C (x1) C (z1,22) C -+ C (x1,...,2;).

DEFINITION 5.1.3. The dimension of A, denoted by dim(A) is defined to be the supremum
of the heights of all prime ideals in A, if it exists, and oo otherwise.

The dimension of A is also the supremum of the heights of all maximal ideals in A, since
every prime ideal is contained in a maximal ideal. Moreover, dim(A) is the supremum over all
n > 0 such that there exists a chain of prime ideals of A of lenght n.

EXAMPLE 5.1.4. A field K has dimension 0. The ring Z has dimension 1.

We have Spec(K) = 0, and P = 0 is a chain of length 0. Hence dim(K) = 0. There is no
chain of prime ideals Py = 0 C P, C P, of lenght 2 in Z, since P, and P, would be maximal
ideals, i.e., P, = P5. On the other hand, 0Z C pZ for a prime p defines a chain of lenght 1.
Hence dim(Z) = 1. Actually, the following result is true:

EXAMPLE 5.1.5. Every PID which is not a field has dimension 1.

To see this, use first that every PID A is a factorial ring. If P is a prime ideal of A then
ht(P) = 1 if and only if P = (p) for some irreducible element p of A. The claim follows.

PROPOSITION 5.1.6. Let B D A be an integral ring extension. Then
dim(A) = dim(B).

73
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PRrROOF. Let Qg C @1 C ... C @, be a chain of prime ideals of B. Denote by Q) the
contraction of @); with respect to the injective homomorphism ¢: A — B. Then it follows from
the Incomparability Theorem 4.2.2, that

QCic...cqy
is a chain of prime ideals in A. Hence dim(B) < dim(A). To see this, recall that the Incompa-
rability Theorem says that if ();, (); are different and have the same contraction in A, then @);
and @); are incomparable in the sense that neither is contained in the other.
Conversely, suppose that

PCchP C...CP,

is a chain of prime ideals in A. By the Lying-over Theorem 4.2.5 there exists )y € Spec(B)
such that Qf = Fy. Applying the Going-up Theorem 4.2.6 it follows that there exists a chain

QoCQC...CQ,
of prime ideals of B, so that dim(A) < dim(B). O

Among the many results which should be covered we only mention the following, and refer
the reader to [7], Chapter 14 and 15 for more details and theory.

PROPOSITION 5.1.7. Let A be a Noetherian ring. Then
dim(A[zy, ..., 2,]) = dim(A) + n.
In particular, dim(A[z]) = dim(A) + 1 and dim(K [z, ..., z,]) = n.
When A is not Noetherian it might happen that dim(A[z]) > dim(A) + 1. We have the
estimate dim(A) + 1 < dim(A[z]) < 2dim(A) + 1, where A is a commutative ring.

REMARK 5.1.8. In a Noetherian ring, every prime ideal has finite height, but nevertheless
there are Noetherian rings of infinite dimension. A well known example can be found in Nagata’s
book Local rings, written in 1962. Here we give a short description of Nagata’s example. The
details are left as an exercise.

Let K be a field and A = K[x1, 23, ...] be the polynomial ring in countably infinitely many
variables over K. Choose an increasing sequence of positive integers mq,mo, ms, - whose
differences are also increasing, i.e., with

Mit1 — Mg > My — Mg > 0

for all & > 2. For example, take m; = 2°! for i € N. Consider the prime ideals P, =
(Tpy415 - - Ty, ) and let S = A\ UzenP;. This set is multiplicatively closed. Consider the ring
of fractions B := S~'A. Then one can show that

(1) The maximal ideals of the ring B are the ideals m; = P;B.
(2) We have B, = Ap,, which is a Noetherian local ring of finite dimension.
(3) Each S™1P; is the smallest prime ideal in a chain of prime ideals of length m;,; — m;.

(4) The ring B is Noetherian and dim(B) = oc.
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5.2. Fractional ideals

Throughout this section, let R be an integral domain with quotient field K.

DEFINITION 5.2.1. A fractional ideal A of R is a R-submodule of K for which there is a
nonzero element d of R such that dA C R.

One can prove the following result.

LEMMA 5.2.2. Fvery finitely generated R-submodule of K is a fractional ideal. Conversely,
if R is Noetherian, every fractional ideal is a finitely generated R-submodule of K.

Let A~ = {a € K | «A C R}. Note that 0 € A™'. For fractional ideals A and B define
AB to be the set of finite linear combinations of elements ab with a € A and b € B. Note that
A~1 and AB are fractional ideals. We have AA~! C R, but equality need not hold.

DEFINITION 5.2.3. A fractional ideal A of R is called invertible, if AA~! = R.

Call two fractional ideals A and B equivalent, if A = aB for some nonzero element o € K.
In other words, A ~ B if and only if A and B differ by the principal fractional ideal («). Let
C(R) denote the set of equivalence classes of invertible fractional ideals under this equivalence
relation. Define the product of two elements z = [A] and y = [B] in C(R) by zy = [AB].

LEMMA 5.2.4. The set C(R), together with the multiplication of ideal classes, forms an
Abelian group, known as the ideal class group of R (or of K, by a common abuse of terminology).

PROOF. The class of the ideal (1), or of any nonzero element of K, is an identity element.
Let [A] be an ideal class. Choose an x € R,z # 0 such that zA™! is an ideal of A. Then its
class is the inverse to [A] because [A][zA™] = [(z)] = [(1)]. O

If we define C(R) to be the set of classes of all fractional ideals different from zero, i.e., not
necessarily invertible, we will only obtain the structure of a monoid.

REMARK 5.2.5. The ideal class group is a central object to study in algebraic number theory,
for rings of integers O in number fields K. It turns out, that in this case, the ideal class group
C(Ok) is finite. Then its order is called the class number of Ok. In general, the class group is
not finite, not even for Dedekind rings.

There is an equivalent definition of C'(R). For each non-zero element o € K, aR is an
invertible fractional ideal, isomorphic to R. Then C(R) can be identified with the quotient of
all invertible R-modules by its subgroup of principal R-modules. In this sense C'(R) measures
how much ideals can differ from being principal. In this context we mention a very natural
definition of a Dedekind ring, see the next section: it is an integral domain R where all nonzero
fractional ideals are invertible. There exist many different (but of course equivalent) definitions
for a Dedekind ring.

DEFINITION 5.2.6. An R-module P is called projective if, for any pair of R-modules B
and C, any surjective R-module homomorphism ¢: B — (' and any R-module homomorphism
~v: P — C there is at least one R-module homomorphism g: P — B such that v = go .

Equivalently, the functor Hompg(P, -) is exact. The corresponding diagram looks as follows:
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The homomorphisms ( is not unique; this is not a universal property.
Free R-modules are projective. Returning to our integral domain R, we have the following
result.

PROPOSITION 5.2.7. Any nonzero fractional ideal A of R is invertible if and only if it is
projective as an R-module. In this case, it is finitely generated.
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5.3. The definition of Dedekind rings and DVR’s

There are many equivalent definitions of a Dedekind ring and a DVR. We start with the
following one.

DEFINITION 5.3.1. An integral domain R is a Dedekind ring if every nonzero fractional ideal
of R is invertible. A DVR is a Dedekind ring which is a local ring.

EXAMPLE 5.3.2. Fvery PID is a Dedekind ring. In particular, Z is a Dedekind ring.

Let Z,) be the ring of p-local integers, for a prime p. This is the localization of the Dedekind
ring Z at the prime ideal generated by p. It is a DVR. In fact, any localization of a Dedekind
ring at a nonzero prime ideal is a discrete valuation ring; in practice, this is frequently how
discrete valuation rings arise.

DEFINITION 5.3.3. An integral domain R is called a valuation ring, if it is not a field and
r € K\ R implies 27! € R,

A valuation ring is a local ring.

LEMMA 5.3.4. If I and J are ideals in a valuation ring R, then either I C J or J C 1. In
particular, R is a local ring.

PROOF. Let z € I and x ¢ J. For y € J with y # 0 we have x/y ¢ R, hence y/x € R since
R is a valuation ring. It follows y = (y/x)x € I, and hence J C I. O

DEFINITION 5.3.5. A discrete valuation on a field K is a function
v: K — ZU{oo}
that satisfies the following properties.
(1) v(z) = oo if and only if x = 0.
(2) v is surjective.
(3) v(wy) = v(z) +v(y)
(4) v(z+y) > min{v(z),v(y)}

The second property says that vjgx: K* — Z is a surjective group homomorphism, i.e.,
Vg = Z. The valuation is called trivial, if v(K) = {0, c0}.
LEMMA 5.3.6. Let v be a discrete valuation on a field K. Then
R={zxe K|v(x) >0}
15 a valuation ring.

PRrOOF. We first show that R is a subring of K. If x,y € R then v(z) > 0 and v(y) > 0.
Hence v(zy) = v(z) + v(y) > 0, so that zy € R. Furthermore

vz +y) = minfu(z), v(y)} > 0,
so that © +y € R. Since v(1) = v(1-1) = v(1) + v(1) we have v(1) = 0 and 1 € R. Also,
0 =v() =v((-1)(-1)) = v(-1) + v(—1), so that v(—1) = 0. Then we have v(—z) =
v(z)+v(-1) =v(z) > 0.
Let z € K\ R. We must show that 271 € R. We have

0=v()=v(z -z =v(@)+ ().
Since z € R we have v(x) < 0, hence v(z~!) > 0. This says 27! € R. O
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DEFINITION 5.3.7. Let v be a discrete valuation on a field K. Then R = {z € K | v(z) > 0}
is called the valuation ring of (K,v).

LEMMA 5.3.8. Let v be a discrete valuation on a field K and R its valuation ring. Then
the following statements hold.
(1) E(R) ={z € K |v(z) =0}.
(2) M, ={zx € K| v(x) > 0} is the only mazimal ideal in R.
(3) R is a PID, and hence integrally closed. It is not a field if and only if the valuation is
not trivial.

PROOF. (1): Let z € K. If v(x) > 0 then v(z™!) = —v(z) < 0. But z is invertible in R if
rand 27! in R, i.e., if v(z) > 0 and v(z) < 0.
(2): Note that M, is an ideal in R. For z € M, and y € R we have v(zy) = v(z) + v(y) > 0,
hence zy € M,. Since R\ M, = E(R), it follows that R has exactly one maximal ideal. Of
course, we know already that R is a local ring by lemma 5.3.4.
(3): Let I C R be an ideal different from 0. Then choose an a € I such that v(a) is minimal
among all v(x) with x € I. This is possible since v(x) > 0. Then I = (a) is a principal ideal.
To see this, let b € I. Then b = a(b/a) with a € I and

v (2) = u(b) — v(a) >0,

since v(a) was minimal. It follows that b/a € R, hence a | b and b € (a). O

REMARK 5.3.9. Note that it suffices to define a discrete valuation v on R, since if x = r/s €
K, then we can (and we must) define v(x) = v(r) — v(s).

Now we come to our second definition for a DVR.

DEFINITION 5.3.10. A DVR is an integral domain R that is the valuation ring of a valuation
on K = Quot(R).

We know already that a DVR is a PID. However, we can show more.

LEMMA 5.3.11. Let R be a DVR of (K,v). Thenv: R\0 — N is a Euclidean norm. Hence
R is a Fuclidean ring.

PROOF. Let z,y € R\ 0. By (3) of definition 5.3.5 we have v(z) < v(zy). If v(z) > v(y),
then v(z/y) > 0, so that z/y € R. The equations

r=(z/y)y+0, if v(z)>v(y),
r=0-y+z if v(z) <v(y)

verify the other defining condition for a Euclidean norm: there exist ¢, € R such that x = qy-+r
with either » = 0 or v(r) < v(y). O

EXAMPLE 5.3.12. Let K = Q and v,: Q — Z defined by

play _
Vp T =N

for a prime p, where a and b are integers which are coprime to p. Then the valuation ring of

(Q’ Vp) is R = Z(P)'
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EXAMPLE 5.3.13. Let K be a field and f € Klz]| be an irreducible polynomial. Then the
localization K x|y = K(z][f™'] is the valuation ring of the discrete valuation v: K(z) — Z
given by
Vf(fn%) =n,
where g, h are polynomials in K[z| which are prime to f.

DEFINITION 5.3.14. Let R be an DVR. An element ¢ of R is called a uniformizing parameter,
abbreviated UP, if v(t) = 1.

LEMMA 5.3.15. Let R be a DVR with fraction field K and UP t. Then the following
statements hold:
(1) If r #0 in R, then r = ut™ where u € E(R) and n = v(r) > 0.
(2) If v # 0 in K, then x = ut™ where u € E(R) and n = v(x) € Z.
(3) The only nonzero proper ideals of R are (t") with n > 1.
(4) The only nonzero prime ideal of R is the mazimal ideal M = (t), which is given by
M ={a e R|v(a) > 0}.
(5) The only nonzero fractional ideals of R are the (t") for n € Z.

ProOOF. (1): Let u =rt™™. Then v(u) = 0, and hence v is a unit in R by lemma 5.3.8, part

(1). Then ut™ = r.

(2): Let u = 2t™™. Again u is a unit in R and ut" = x.

3): If I C R is a nonzero proper ideal and n is minimal such that there exists a € I with
v(a) = n, then a = ut™ for a unit v by (1), and (t") C I. Conversely, if b € I, then b = ut?

where u is a unit and ¢ > n, hence b € (¢"). This shows (3). The rest is left as an exercise. [
We come to the basic characterization theorem for DVR's.

THEOREM 5.3.16. The following statements are equivalent for a given integral domain R
which is not a field.

(1) R is the valuation ring of a discrete valuation on K = Quot(R), i.e., R is a DVR in
the sense of definition 5.3.10.

(2) R is a local PID.

(3) R is a factorial ring with a unique irreducible element t, up to associates.

(4) R is a Noetherian local ring with a principal mazimal ideal.

(5) R is an integrally closed Noetherian local ring of dimension 1.

(6)

R is a local ring such that every nonzero fractional ideal of R is invertible, i.e., R is a
DVR in the sense of definition 5.3.1.

Proor. We use the above lemma repeatedly without mentioning it. We first show that
(1) = (2) = (3) = (1). We have already shown that (1) = (2): a valuation ring is a local ring,
and it is a PID, see lemma 5.3.8.
Assume (2): let (t) be the maximal ideal of R. Then ¢ is irreducible, since if ¢ = xy with neither
x nor y a unit, we would have (z) C (¢) and (y) C (¢), because of the maximality of (¢). This
would mean ¢ | x and ¢ | y, so that t? | zy = ¢, hence ¢ | 1, i.e., ¢ is a unit. Moreover ¢ is the
unique irreducible by the maximality of (¢), so that (3) holds.
Assume (3): then the ideal (¢) is prime. It is even maximal by the uniqueness of t. For any
r € R, there exists n > 1 such that r € (") and r & (t"*'). We set v(r) = n and find that
v induces a discrete valuation on K, the fraction field of R, with valuation ring R. Hence (1)
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holds.

Clearly (2) = (4), because a PID is a Noetherian ring.

The equivalent conditions (1), (2) and (3) also imply (5) and (6). The only ideals in R are
(t™) for a UP ¢ by assumption, and similarly for fractional ideals. This shows (6). Also, R
is obviously integrally closed: no element of K not in R can satisfy an equation of integral
dependence over R. This shows (5), since a PID has dimension 1.

(4) = (2): Let M = (t) be the maximal ideal of R. We must show that any ideal I C R is
principal. Since R is Noetherian, I is finitely generated. Hence there is a maximal n > 1 such
that I C M™. For an element a € I that is not in M™*! we have a = ut" for some unit u € R,
see again lemma 5.3.15. Thus a € (¢"). Since this holds for all such a and since M"*! C ("),
it follows I = (t).

(6) = (4): Since invertible ideals are finitely generated, R is Noetherian. We need only show
that the maximal ideal M is principal. We use Nakayama’s lemma, see corollary 3.1.12, with
I =M. Then M? = M would imply M = 0 which is impossible. Hence we have M # M?. Let
t € M\ M?. Sincet € M we have tM~' C R. Since t ¢ M? we have tM~! ¢ M. Therefore
tM~' =R and (t) = M.

(5) = (4): This is the hardest part. We must find a way to use the assumption that R is
integrally closed. Let M be the unique maximal ideal of R. We have to show that M is a
principal ideal. Again, M # M? by Nakayama’s lemma, and we can choose t € M \ M?. Of
course, (t) C M. We claim that equality holds. Since M is the unique nonzero prime ideal, it is
the radical of (t),i.e. M = \/6 . Here we use that \/m is a prime ideal since the radical is an
intersection of prime ideals. Let n > 1 be minimal such that M™ C (t). We claim that n = 1.
Assume that n > 1. We will obtain a contradiction. Let x € M™ '\ (¢). Then xM C M™ C (t).
Let y = 2/t € K. Then y ¢ R since otherwise = yt € (t), which is not true. We claim that y
is integral over R. This would imply that y € R, since R is integrally closed. But y € R and
we have obtained a contradiction. Since xM C (t) we have yM C R, and yM is an ideal. If
yM = R, then ym = 1 for some mim M, and xm = tym = t is in M™ C M?, contradicting
the choice of t. Thus yM is a proper ideal of R, and yM C M. This leads to the required
equation, as we have already seen earlier. Indeed, let M be generated by mq,...,m,. Then
ym; = Yy a;;m; with a;; € R, which can be written

Z((Z]y — aij)mi =0.

Let d = det(d;;y — a;;). By Cramer’s rule, or taking the adjoint matrix, we obtain dm; = 0 for
all ¢, and thus dM = 0. Since M # 0 it follows d = 0, which is the required equation of integral
dependence for . 0

COROLLARY 5.3.17. A wvaluation ring R is a DVR if and only if it is Noetherian.

Proor. A DVR is a PID and therefore is Noetherian. Conversely, let R be a Noetherian
valuation ring. Let I be any ideal. It is generated by finitely many elements a;. By lemma
5.3.4 one of the ideals (a;) must contain all of the others and therefore must be I. Hence every
ideal is a principal ideal and R is local. This is just (2) of the theorem, so that R is a DVR. O

COROLLARY 5.3.18. Suppose that P is a minimal nonzero prime ideal in an integrally closed
Noetherian integral domain. Then the localization Rp is a DVR.

PRroOOF. Indeed, Rp is an integrally closed Noetherian local integral domain. By the theo-
rem Rp is a DVR. ]
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The following proposition is also useful.

PROPOSITION 5.3.19. A ring R is integrally closed if and only if Rp is integrally closed for
all prime ideals P, or equivalently, for all maximal ideals P.

PROOF. Let I: R — S be the inclusion of R in its integral closure in K. Thus R is integrally
closed if and only if ¢ is an epimorphism. Of course, K is also the field of fractions of Kp for
all primes P, and the integral closure of Rp is ip: Rp — Sp. Since ¢ is an epimorphism if and
only if 7p is an epimorphism for all prime ideals P or, equivalently, all maximal ideals P, the
conclusion follows. O

Here is an important example of a DVR:

EXAMPLE 5.3.20. The ring Z, of p-adic integers is a local ring with unique mazimal ideal
(p), and a PID. Hence Z, is a DVR. Its quotient field is the field Q, of p-adic numbers. Any
x € Q, is of the form up™, where u is a unit in Z,, and n is an integer. The required valuation
vy 1s given by vy(x) = n.

There are several different ways to define Z, and Q,. One way is to define the ring Z, as

the projective limit Z, = @An of rings A, = Z/p"7Z with respect to the homomorphisms
©n: A, — A,_1 of reduction modulo p"~!. The sequence

4)071 n SOTL— -
'—+1>AnL>An—1—1>"'ﬁ>A2£>A1

forms a so called projective system, indexed by positive integers n > 1. The projective limit of
a projective system is defined as a ring

A= I&H A,
with the following universal property. There are uniquely defined projections m,: A — A, such
that for an arbitrary ring B and a system of ring homomorphisms ,,: B — A,,, compatible
with each other under the condition ¥, 1 = ¢, o ¥, for all n > 2, there exists a unique
homomorphism ¢: B — A such that v,, = 7, o1. As usual, the universal property implies the
uniqueness of A, which is Z, in our case. This ring is local PID, hence a DVR with residue

field
Z,/(p) ~TF,.
The field Q, of p-adic numbers is just the fraction field of Z,.
Here is another way to describe Z, and Q,. For a fixed prime number p, any nonzero rational
number x can be written as p® - m/n where a,m,n € Z and m and n are prime to p. Define
vp(x) = a for z # 0 and v, (0) = co. Then
vp: Q = Z U {0}

is a valuation on Q, with valuation ring Z,). This valuation induces a non-Archimedian norm

||, on Q by
_1
], = @ L # 0
0, x=0
The completion of (Q with respect to this metric associated with this norm is the field of p-adic
numbers Q,. In general, there is a construction of adjoining the limits of Cauchy sequences to
a given field K with an absolute value |.|, which leads to the so-called completion of K, denoted

by K. The completion is given by the set of Cauchy sequences in K, where we consider two
sequences as equivalent if they differ by a sequence converging to zero. In our case we have
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K = Q, and we obtain with the p-adic metric @ = Q,. It is well-known that any completion
of Q is either R or some Q,. We can also complete the valuation ring Z,). Then we obtain

—

Zpy = Zyp. One way to think of this is to represent elements of QQ, as p-adic Laurent series

a= Zaipia 0<a; <p,
i€t

with v,(a) being the minimal n such that a, # 0. We have
Zp ={z € Q| |zf, < 1}.

Now we come back to Dedekind rings, see definition 5.3.1. Of course, Z is a Dedekind ring (any
PID is). We have the following result.

THEOREM 5.3.21. The ring O of integers in an algebraic number field L is a Dedekind
ring. More generally, if R is a Dedekind ring, L s a finite field extension of K, and C' is the
integral closure of R in L, then C' is a Dedekind ring.

PRrROOF. The first statement follows from the second if we take R = Z, K = Q, L the
algebraic number field, and C' = Q. To prove the second statement one shows that C'is a
Noetherian integrally closed integral domain of Krull dimension 1. This means that C' is a
Dedekind ring, as we will see. We refer the reader to a book on algebraic number theory for
more details. Certainly C' is integrally closed since it is an integral closure. For the rest of the
proof one assumes first that the field extension is separable. Then the proof is not difficult.
Afterwards one treats the general case where L is a purely inseparable extension of a separable
extension L, of K. O

Here is the characterization theorem for Dedekind rings.

THEOREM 5.3.22. Let R be an integral domain which is not a field. The following statements
are equivalent for R.

(1) R is Noetherian, integrally closed, and of Krull dimension 1.

(2) R is Noetherian and each localization Rp at a prime ideal P is a DVR.

(3) R is a Dedekind ring in the sense of definition 5.3.1, i.e., every nonzero fractional ideal
of R is invertible.

(4) Every nonzero proper ideal of R is a product of maximal ideals.

(5) Every nonzero proper ideal of R is a product of prime ideals.

Moreover, the product decomposition in (4) is then unique.

PROOF. (1) < (2): Since prime ideals of Rp correspond to prime ideals contained in P
in R, we see that the dimension of R is one if and only if the dimension of each Rp is one.
Similarly, the Noetherian property is local, and so is the integral closure by proposition 5.3.19.
Thus, by theorem 5.3.16 part (5) we see that (1) is equivalent to (2).

(2) < (3): Again by theorem 5.3.16, part (5) and (6), it suffices to show that every nonzero
ideal of R is invertible if and only if every nonzero ideal of each Rp is invertible. In the fraction
field K of Rp we have

(A p = (Ap)7,
(AB)p = APBP

for finitely generated fractional ideals A and B of R. Moreover, just as for ideals, each fractional
ideal of Rp has the form RpA for some fractional ideal A of R. Assume (3). This implies that



5.3. THE DEFINITION OF DEDEKIND RINGS AND DVR’S 83

R is Noetherian, since invertible ideals are finitely generated. As said above, to conclude (2), it
is enough to show that AA™! = R implies Ap(Ap)~' = Rp for all P. But this is now clear from
the above discussion. For the converse, if Ap(Ap)~! = Rp for all P, then also (AA™1)p = Rp
for all P. This gives AA~! = R and we are done. To see the last step in an elementary way,
assume that there is an ideal A such that AA~! is properly contained in R, hence properly
contained in some maximal ideal P. We are done if we arrive at a contradiction. Now Ap is a
principal ideal, say generated by a/s with a € A and s € R\ P. The ideal A is generated by
finitely many elements b;. Each b; can be written as

T a

S; S

for some elements r; € R and s; € R\ P. Let t be the product of s and all the s;. Then
te€ R\ P,and t/a € A7, since each % is in R. But then t = aé is in AA~! C P, which is the
desired contradiction.

(3) = (4): There are several proofs available. Here is an argument which we have already
seen in the section on primary decompositions. Before starting, note that (3) implies that R is
Noetherian, see above. Let S be the set of all nonzero proper ideals that are not finite products
of maximal ideals. Since R is Noetherian, every such non-empty set & contains a maximal
ideal. If § is empty we are done. If not, it contains a maximal element I. This cannot be a
maximal ideal, so it must be properly contained in some maximal ideal M. By assumption M
is invertible. Let J = M~'I. Then J C R and the inclusion is proper. Now I = MJ C J,
and again the inclusion is proper since MJ = J would imply M = R. It follows from the
maximality of I that J must be a product of maximal ideals. But then so is I, which is a
contradiction. Hence we have shown (4). The uniqueness of this factorization will be shown in
lemma 5.3.23, see below.

(4) = (5): This is obvious, since a maximal ideal is prime.

(5) = (3): The proof will consist of three lemmas, which will be given afterwards (the last one
is lemma 5.3.26). O

LEMMA 5.3.23. Let I be an ideal in an integral domain R. If I can be factored as a product
of invertible prime ideals, then the factorization is unique.

PROOF. Suppose that P, --- P,, and @, ---Q), are two such factorizations of I. We must
show that m = n and, after reordering, P; = @);. Take (); to be minimal among the @);, so that
@1 D @, implies @)1 = Q;. Since I C @, we have P; C ), for some i. Reordering, we may
assume that P, C (. Similarly, P, D @); for some j. But then @); C P, C @ and these are
all equal, since Q; was minimal. Multiplying by Q7' we obtain P --- P,, and Qs --Q,,. Now
it is clear that the conclusion follows by induction. 0

LEMMA 5.3.24. Let R be an integral domain and let x # 0 be in the fraction field K. Suppose
that tR = Ay --- A, for fractional ideals A;. Then each A; is invertible.

PROOF. Indeed, the inverse of A; is 7 A, - Aj_1Ajp1 -+ Ap. O

LEMMA 5.3.25. Let R be an integral domain such that all ideals in R are finite products of
prime tdeals. Then every invertible prime ideal 1s mazimal.
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PROOF. Let P be an invertible prime ideal in R and a € R\ P. We claim that P+ (a) = R,
so that P is maximal. If P+ (a) # R, we can write
Pt (a)=P P,
P+(a®)=QiQn

as products of prime ideals. Clearly P is contained in each P; and @);. Let b be the image of a
in the integral domain R/P. Note that b* is the image of a®>. Then

(b) = (P1/P)--- (Pu/P)
is the product of prime ideals P;/P, and

(b*) = (Q1/P) -+ (Qu/P)
is the product of prime ideals @);/P. By lemma 5.3.24, each P;/P and ();/P is invertible. We
have
(P/P)? - (P/P)* = Q1/P - Qu/P.
This means n = 2m by lemma 5.3.23, and each P,/P appears twice among the @);/P. This
proves that all inclusions in the following display, which are obvious, are actually equalities:

P C P+ (a®) = (P + (a*)* C P*+ (a).

If z € P, then z = y + ra with some y € P? and some r € R, since P = P? + (a). We have
ra=x—1y € P. Since a € P we have r € P. Thus P C P?+ aP C P and hence

P =P?4aP = P(P+ (a)).
Since P is invertible this implies R = P + (a) as claimed. O

LEMMA 5.3.26. Let R be an integral domain such that all ideals in R are finite products of
prime ideals. Then every nonzero prime ideal is invertible.

PROOF. Let a € P be nonzero. Then (a) = P; --- P, with P; prime. Each P; is invertible
and therefore maximal by lemmas 5.3.24 and 5.3.25. Since (a) C P we have P, C P for some
1, and then P = P, is invertible. O

Note that the lemma implies the conclusion (5) = (3) in theorem 5.3.22.
COROLLARY 5.3.27. A Dedekind ring R is a PID if and only if it is factorial.

PROOF. Any PID is factorial. Conversely, assume that R is a UFD, i.e., factorial and let
P be a prime ideal. Let a be a nonzero element of P. Some irreducible factor ¢ of a is in P
and so (t) C P. Since R has dimension 1 we have P = (¢). Thus every prime ideal is principal.
Since every ideal is a product of prime ideals by the theorem, every ideal is principal. 0

COROLLARY 5.3.28. Let I be a nonzero proper ideal of a Dedekind ring R. Then the fol-
lowing statements hold.

(1) There is an ideal J of R such that IJ is principal.

(2) Ewvery ideal in R/ is principal and R/I is Noetherian of dimension zero, i.e., it is
Artinian.

(3) If I C J for an ideal J, then J = I + (b) for some b € R.

(4) I can be generated by two elements.
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PrOOF. (1): Let I = P/*--- P, where the P, are distinct maximal ideals and r; € N.

Distinct maximal ideals are coprime, i.e., P+ () = R, and it follows that any powers P" and Q*
are also coprime. Therefore we can apply the CRT (Chinese remainder theorem) to conclude
that R/I is the product of the R/P/*, and if b; € R\ P/**', then there exists an a € R such
that

a=b; mod P Vi
We can even choose b; € P for each 4, and then a € I. Now let J = a/~!'. Then J C R and
I.J = (a), which proves (1).
(2): Any of the factors of R/I, say R/P" is isomorphic to Rp/RpP", which is principal since it
is a quotient of a DVR. Therefore R/I is a principal ideal ring, hence Noetherian of dimension
0.
(3): If we take the quotient by I we see that (3) is just a reinterpretation of (2) in R.
(4): If a is a nonzero element of I, we can apply (3) to the inclusion (a) C I to obtain a b € R
such that I = (a,b). O

COROLLARY 5.3.29. Let R a Dedekind ring. Then any nonzero fractional ideal A has a
unique factorization
A=P] .- P,

where the P; are maximal ideals and the r; are nonzero integers.

PRrROOF. If A is an ideal, the claim follows from lemma 5.3.23. If we apply this to the ideals
(d) and dA where dA C R, it follows in general. O
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