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Introduction

This is a second course in algebra. It treats elementary properties of commutative rings (and modules
over them), field extensions and Galois theory, as well as basic commutative algebra from a geometric
perspective.

Throughout the course we are going to emphasise close links between abstract algebraic theory and
concrete questions arising in arithmetic and geometry (cf. [Re, 9.9]), even though the course will not quite
follow the historical development of the subject.

The purely abstract point of view, according to which a group is a set equipped with a binary operation
satisfying suitable axioms, completely misses the point that most groups of interest naturally occur as
symmetry groups. A typical example is provided by matrix groups — including orthogonal, symplectic and
unitary groups — studied in the course Algebra 1.

The groups appearing in this course — Galois groups — are symmetry groups of polynomial equations
in one variable. They can be realised concretely as permutation groups (subgroups of the symmetric group
Sp), but many of them are miraculously related to matrix groups, as predicted by the Langlands programme
(in fact, as we shall see, examples of Galois representations predated Galois theory itself).

Similarly, a commutative ring should not be considered merely as an abstract object, but as a ring
of functions on a suitable “space”. Depending on the context one can consider continuous functions (in
topology), smooth functions (in differential geometry), holomorphic functions (in complex geometry) or
polynomial functions (in algebraic geometry). We are going to be interested in purely algebraic objects (but
see IV.12 below), a typical example of which is the polynomial ring C[z1, ..., z,] (the ring of functions on the
n-dimensional affine space over C with coordinates x1,...,z,) and its quotients Clx1,...,x,]/(f1,-- -, fm),
which are rings of functions on subsets of the affine space defined by systems of polynomial equations
filzr, ..., zn) = = fu(z1,...,20) = 0.

There is a natural duality between points and functions. At its origin is the equation

fl@)=0 (f = function, x = point),

considered traditionally for fixed f and variable x, but ever since a pioneering work of Dedekind and Weber
in the 1880’s also for fixed x and variable f (see 2.6 below). This duality leads to a dictionary between intui-
tively obvious — but much less obvious to define — geometric concepts (point, map, dimension, reducibility,
singularity, multiplicity, localisation to a neighbourhood of a point) and their algebraic counterparts.

This geometric point of view applies equally well to rings naturally occurring in arithmetic, as anticipated
by Kronecker. For example, it is well-known that the rings Z and K[X] (for any field K) have very similar
algebraic properties. Going one step further, one can adjoin to Z (resp. to K[X]) a square root i of —1
(resp. a square root Y of X) and obtain rings

Zli)={a+bi|a,beZ}, K[X,Y]/(Y?-X)={a+bY |a,bc K[X]} (Y?=X).

The ring K[X] (resp. K[X,Y]/(Y? — X)) is the ring of functions on a line L over the field K (resp.
on the plane curve C over K defined by the equation C' : Y2 — X = 0). The inclusion of the rings
K[X]C K[X,Y]/(Y? — X) corresponds to the projection map a: C — L, a(X,Y) = X.

For any t € K the fibre a~1(t) of a at t is given by the equation Y2 —t = 0. For ¢t # 0 (resp. ¢t = 0) this
represents two points — possibly defined over a bigger field than K — with multiplicity one (resp. a point with
multiplicity two). In other words, the map « is unramified outside ¢t = 0 and ramified — with ramification
index equal to two — at t = 0.
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The inclusion of rings Z C Z[i] admits a similar geometric interpretation (see ?? below). In particular,
it is ramified at the prime number p = 2, which plays the role analogous to that of the point ¢t = 0.

A slightly more complicated example is provided by the inclusion Z C Z[2i] = {a +b-2i | a,b € Z} and
its geometric counterpart K[X] C K[X,Y]/(Y? — X3), which corresponds to the curve C’ : Y2 — X3 = 0
with a singular point (X,Y’) = (0,0) (and its projection to the line L).

To sum up, the rings Z and Z[i] are, from a geometric perspective, one-dimensional non-singular objects,
while Z[2i] is a one-dimensional object with a singular point above the prime number p = 2 (see 77 below).

Arithmetic properties of the ring Z[i] of gaussian integers are closely intertwined with arithmetic of the
quadratic form x? + y? = (z + iy)(z — iy). Gauss showed that Z[i] is a unique factorisation domain (UFD):
any non-zero element can be written as a product of “prime elements” in an essentially unique way. Together
with an explicit description of such prime elements this yields a conceptual proof of a celebrated result of
Fermat, according to which

Ja,yeZ q=2>+y*> <<= ¢=1 (mod4),

for any prime number g # 2.
A study of representations of prime numbers by quadratic forms

y1+\/21—ﬁ>< 1—\/@)

x2+xy+cy2<m+ x+y 5 (ceZ)

naturally leads to a consideration of the following rings

1++1—4c 1+ +v1—4c
Z — = u—i—vf

| u,v € Z}.
If |1 — 4c| is equal to a prime number p <19 (<= ¢ = +£1,2,43,—4,5) — and for certain other values of p
as well — the corresponding ring is a UFD and an explicit description of its prime elements implies that

Ja,y€Z q=2+ay+cy? <<= q= square (modp),

for any prime number q.
For ¢ = 6 and p = |1 — 4¢| = 23 the ring Z[(1 + iv/23)/2] is no longer a UFD and representability of
prime numbers by the quadratic form z? 4+ zy + 6y is no longer given by a simple congruence condition.
Closely related rings Z[¢p] = {ao + a1y + - -+ ap—2(2? | a; € Z} (where p # 2 is a prime number and
Cp = e2mi/ P) naturally appeared in attempts at proving “Fermat’s Last Theorem”, namely, that the equation

p—1
oy =2 P4yt = [+ Gy)

j=0
has no solutions z,y,z € Z \ {0}. If the ring Z[(,] is a UFD (which was tacitly assumed by some authors),
then Fermat’s method of infinite descent applies and Fermat’s Last Theorem can be proved by this method.
However, Kummer discovered that Z[(23] is not a UFD (in fact, Z[(,] is a UFD <= p < 19), and
therefore the standard method does not work. By an amazing leap of imagination, he managed to come up
with a remedy: in each of the rings Z[(,] unique factorisation holds for “ideal numbers”. Moreover, if the
“difference” between the ideal and usual numbers in Z[(,] — the ideal class group — has size “prime to p”,
then a suitably modified method of infinite descent applies and Fermat’s Last Theorem holds for exponent
p. The exact nature of Kummer’s ideal numbers was not quite apparent (even though he described “prime
ideal numbers”). It was Dedekind who transformed them into ideals as we now know them. Rings such
as Z[(p] in which there is unique factorisation for ideals are called Dedekind rings (see IV.15). They are
non-singular and one-dimensional (and are, essentially, characterised by these properties).

Being a UFD is a global property of the ring Z[(,], analogous to the existence of functions on curves with
arbitrarily prescribed zeroes and poles. A geometric counterpart of the ideal class group is an obstruction
to the existence of such functions. In the complex analytic situation, this class group first appeared in the
context of Abel’s addition theorem for elliptic functions and their generalisations, and was studied by Abel,
Jacobi and Riemann, among others. However, these topics are beyond the scope of the present course.
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There will be many concrete examples scattered throughout these notes. The reader may begin by
contemplating the following question: the standard picture of the unit circle C' : 22 + y? — 1 = 0 shows
its real points C'(R). What are its complex points C(C), rational points C(Q) or points C(Z/nZ) with
coordinates in Z/nZ?

Notation and conventions. The symbols C and C will be used interchangeably. A strict inclusion will
be denoted by C. The symmetric and the alternating group on n elements will be denoted, respectively, by
Sp and A,,. The dihedral group with 2n elements will be denoted by Ds,, (not D,); thus C,, C Dsy, C S,
(where C), is the cyclic group of order n).



I. Commutative rings (elementary properties)

1. Basic concepts

(1.1) Recall that a ring is a set A equipped with two binary operations, addition and multiplication,
satisfying the usual properties: (A, +) is an abelian group with neutral element 0, multiplication is associative
and the distributive law x(y 4+ z) = zy + zz, (r + y)z = 2z + yz holds for all z,y,z € A. All rings in this
course will be unital (there is a (unique) unit 1 = 14 € A such that 1z = 21 = 1 for all z € A) and
commutative (zy = yx for all z,y € A). Note that 1 #0 <= A # {0} =0.

For a ring A we denote by Alzq,...,x,] the ring of polynomials in the variables 1, ..., x, with coeffi-
cients in A.

(1.2) An element x € A is invertible if there is y € A (necessarily unique) such that xy = 1. The set of
invertible elements A* is a group with respect to multiplication.
A ring A # 0 is a domain (= integral domain) if z,y € A\ {0} implies that zy € A\ {0}. Tt is a
field if A* = A\ {0}. For example, Z/nZ is a domain <= Z/nZ is a field <= n = p is a prime number.
Any domain A naturally embeds into its fraction field Frac(A), which consists of fractions m (x € A,

y € A\ {0}) subject to the relations

Tz , ,
Yy Yy
An element x € A corresponds to ¢ € Frac(A) and the operations are given by the usual formulas
r ' xy +ya r o xx
y v vy Loy

We have Frac(Z) = Q and, for any field K, Frac(K|z1,...,2,]) = K(x1,...,2z,) (the field of rational
functions in n variables over K).

Most rings of interest to us will be related, in one way or another, to polynomial rings over Z or over a
field.

(1.3) A ring A is a subring of a ring B if A C B and if the operations “addition” and “multiplication” on
A are induced by those on B (in particular, A and B have the same zero 0 and the same unit 1). For any
subset S C B we denote by A[S] the intersection of all subrings of B containing A and S; it is a subring of
B. If S ={by,...,b,} is finite, then A[by,...,b,] = {f(b1,...,bn) | [ € A[z1,...,24]}.

If, in addition, A and B are fields (in which case we say that A is a subfield of B), we denote by A(S)
the intersection of all subfields of B containing A and S; it is again a subfield of B and A(by,...,b,) =
{f(blw~-abn)/g(b17~--7bn) | fvg € A[xla---axn]; g(b17--~7b7z) 7é 0}

(1.4) A ring homomorphism f: A — B is a map between rings such that

Ve,ye A flr+y) = flx)+ fly), Ve,yeA flzy)=fx)fly), f(1)=1

(the third condition is not always a consequence of the first two: consider f : Z/6Z — Z/6Z, f(x) = 3x).

We say that f is a ring isomorphism if there exists a ring homomorphism g : B — A (necessarily unique)

inverse to f. In this purely algebraic context an isomorphism is the same thing as a bijective homomorphism

(which ceases to be the case if one considers algebraic objects equipped with a topology and continuous

homomorphisms between them, since a continuous bijection does not necessarily have a continuous inverse).
The image of f

Im(f) = {f(z) |z € A} C B
is a subring of B. The kernel of f

Ker(f)={xz € A| f(z)=0}C A

is not a subring of A (unless f = 0). It is an ideal of A (and all ideals arise in this way). The morphism f
is injective <= Ker(f) = {0} =0.



2. Ideals

(2.1) Why do we care about ideals? There are at least three different reasons: for an algebraist, ideals are
kernels of ring homomorphisms; for a geometer, any system of (say, polynomial) equations is equivalent to
a system given by an ideal; for a number theorist, ideals appear in the absence of unique factorisation.

(2.2) Definition. An ideal of a ring A is an additive subgroup I C (A, +) such that AI C I (i.e., such
that ax € I foralla € A and xz € I).

(2.3) Examples of ideals. For any non-empty subset S C A we denote by (5) the intersection of all ideals
of A containing S. It is an ideal of A, equal to the set of all finite linear combinations ) .gass (as € A4,
all but finitely many as are equal to 0). If S = {z} consists of one element, then (S) = Az = {az | a € A}
is the principal ideal generated by x. For example, (0) = {0} =0, (1) = A (more generally, (z) = A <—
x € A*). An ideal I is finitely generated if I = (5) for a finite set S.

(2.4) Proposition. (i) The kernel of any ring homomorphism f : A — B is an ideal of A.

(ii) For any ideal I of A the quotient abelian group A/I has a unique ring structure for which the canonical
projection pr : A — A/I (pr(z) = x+ 1) is a ring homomorphism. The kernel of pr is equal to Ker(pr) = I.
(iii) (Universal property) For any ring homomorphism f : A — B and any ideal I of A such that I C Ker(f)
there is a unique ring homomorphism f : A/I — B satisfying f o pr = f:

A B

pr f
7/

(iv) (Isomorphism theorem) For any ring homomorphism f : A — B, the homomorphism f from (iii) for
I = Ker(f) induces a ring isomorphism f : A/ Ker(f) — Im(f).

Proof. (i) Immediate. (ii) One needs to check that the product pr(z)pr(y) := pr(zy) is well-defined. If
pr(z) = pr(z’) and pr(y) = pr(y’), then z — 2',y — ¢’ € I, hence zy — 2’y = z(y — y') + y(x — 2') €
Al + AI C I + I = I, which means that pr(zy) = pr(2’y’). (iii) The map f(pr(z)) := f(z) is well-defined
and has the required properties. (iv) The ring homomorphism f : A/ Ker(f) — Im(f) is bijective, hence is
an isomorphism.
(2.5) The ring A/I consists of the equivalence classes for the relation z = y (modI) < z —y € I.
The notation for the equivalence class containing x € A will vary according to the author’s mood; it can be
written as pr(z) =2+ I =7 =z (mod I).

If Ais aring and f = X%+ a; X% 1 4+ ... + ay € A[X] a monic polynomial of degree d > 1, then the
quotient ring A[X]/(f) is equal to {g (mod (f)) | g € A[X], deg(g) < d}.

In particular, if f = X —a (a € A) has degree deg(f) = 1, then the ideal (X — a) coincides with the
kernel of the evaluation map

eve i AX] — A, g(X) = g(a)

and we deduce from Proposition 2.4(iv) an isomorphism ev, : A[X]/(X —a) — A.

(2.6) Ideals in geometry. What is a geometric object? According to H. Cartan, such an object consists,
at least locally, of a space X and a ring of functions O(X) on X. The author of these notes likes to think of
X as being the body, and O(X) the soul.

For any subset Y C X the set of functions vanishing on Y’

I={feO0X)|WweY [(y)=0}cCO(X)

is an ideal of O(X). If Y is a sufficiently nice subspace of X, then it makes sense to consider the ring
of functions O(Y) on Y and the restriction map res : O(X) — O(Y). In this case I = Ker(res) and
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tes : O(X)/I — Im(res) C O(Y). In particular, if res is surjective (which will be the case in affine algebraic
geometry), then O(Y) — O(X)/I can be recovered from I.

If Y/ DY, then the corresponding ideal satisfies I’ C I. In particular, “small” subspaces Y (= points)
should correspond to “big” ideals I C A (and vice versa).

Conversely, for any non-empty subset S C O(X) its zero locus

Y={zeX|VfeS f(x)=0={zeX|Vfel f(x)=0}

coincides with the zero locus of the ideal I = (S) generated by S. More precisely, the two systems of
equations Vf € S f(xz) =0 (resp. Vf € I f(z) = 0) are equivalent.

In the last part of this course we shall investigate the correspondence between subspaces and ideals in

the algebraic situation, when X is an n-dimensional affine space over an algebraically closed field K and
O(X) is the polynomial ring in n variables over K.
(2.7) Ideals in arithmetic. The ring of integers Z has the unique factorisation property: any non-zero
element can be written in a unique way (up to a sign) as a product of prime numbers. This is no longer the
case for more general rings occurring in number theory. For example, in the ring A = Z[iv/5] = {a + bi\/5 |
a,b € Z} the two factorisations

21=3-7=(4+iV5)(4 —iV5)

cannot be refined any further — all elements 3,7,4 #+ iy/5 are “irreducible” in A. One can try to follow
Kummer’s ideas and imagine that there are additional factorisations involving new objects, “divisors”:

3="PD, 7=Q1Q2, 4+ iV5 = PiQu, 4 — iV = P,Qo.

If true, then one can identify each divisor D € { Py, P2, Q1,Q2} with the set of elements of A divisible by D,
which will be an ideal of A. The above factorisations then become equalities between ideals (for a suitable
notion of product, defined in 2.8 below):

(3) = PP, (7) = Q1Q2, (4+iV5) = PiQu, (4 —iV5) = P,Qo.

This is, indeed, true (see 6.9 below). Moreover, A is a Dedekind ring (see IV.15 below) which means that
unique factorisation holds for non-zero ideals of A.
(2.8) Operations on ideals. If I and J are ideals of A, so is their intersection I N J, sum I + J =
{z4+y|lzel,yeJ}, product IJ = ({zy|zecl,yeJ})={> %l | 2a €1, ya € J, 7 >0} and
the radical of I: VI ={z € A|3n>1 z" € I}. More generally, the intersection of any collection of
ideals of A is an ideal. If I = (z1,...,2y) and J = (y1,...,Yn), then I +J = (21,...,Tm, Y1, .-, Yn) and
IJ = (xlylv ey T1Yny - e 7xmyn)'

For any ring homomorphism f : A — B, the inverse image of any ideal J of B is an ideal of A, since
I=f"1J)=Ker(prof:A— B— B/J).

For any ideal I of A there is a natural bijection between the set of ideals .J of A/I and the set of ideals
J of A containing I: J = J/I and J = pr~1(J). Moreover, (A/I)/J = A/J.
(2.9) Example. If A =7Z and I = (m), J = (n) for integers m,n > 1, then (m) + (n) = (m,n) =
(ged(m,n)), (m)N(n) = (lem(m,n)), (m)(n) = (mn) and /(m) = (myg), where my is the product of distinct
prime numbers dividing m.

3. Product of rings, idempotents

(3.1) This section is a variation on the Chinese remainder theorem, which states that Z/mnZ — Z/mZ x
Z/nZ whenever (m,n) = (1).

(3.2) Let Aq,...,A, (n>2)berings. The cartesian product A = A; X ---x A, has a natural ring structure

(1’17...,1‘”) + (ylﬂ"'vy’n) = (1'1 +y1""7xn +yn)7 (1'1,. "a‘rn)(ylﬂ"'ayn) = (x1y1,...,znyn),
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with 14 = (1,...,1) = (14,,-.-,14, ). The projections

priA— Ay, pr(@1,..T0) =T

are ring homomorphisms, but the inclusions

ik:Ak—)A, Zk(xk):(o,,ﬂjk,,())

are not, since e := ix(la,) = (0,...,1,...,0) # 14. The elements ej,...,e, € A have the following
properties.

(3.2.1) €7 = ey, (each ey is an idempotent);

(3.2.2) ejer =0if j # k (orthogonality);

(3.2.3) e1 4 ten=1.

(3.3) Proposition. If A is a ring and ey, ...,e, € A are elements satisfying (3.2.1)—(3.2.3), then, for each
k =1,...,n, the subset Ay := ey A = {exa | a € A} C A equipped with the operations addition and
multiplication coming from A is a ring with unit 14, = ey. The maps py : A — Ay, pr(a) = exa are ring
homomorphisms and they induce a ring isomorphism

p=(p1,.- ,pn): A" Ap x - X Ay, p(a) = (era,...,eqa),

whose inverse is given by p~1(a1,...,a,) = eja;+- - -+epa,. For any ideal I in A the image Iy, = py(I) = ej I
is an ideal in Ay, and p(I) =11 x -+ X Ip,.

Proof. Easy exercise.

(3.4) Proposition. If A is a ring and I, J are ideals such that I + J = (1), then I N J = IJ and the map
A/(INJ) = AJT x A)J, z+INJ) = (x+1,z+J)

is a ring isomorphism.

Proof. The map a« : A — A/I x A/J, a(z) = (z + I,z + J) is a ring homomorphism with kernel

Ker(a) = I N J, inducing an isomorphism @ : A/(I NJ) — Im(a). We must show that « is surjective:

by assumption there exist ¢ € I and j € J such that ¢ + j = 1; then «a(i) = (0,1), a(j) = (1,0) and

a(zj+yi)=(x+1,y+J) for all z,y € A. The inclusion IJ C I NJ always holds. Conversely, if a € TN J,
thena=ai+ajeJI+1J=1J.

(3.5) Corollary (Chinese remainder theorem). If A is a ring and I,..., I, are ideals of A such that
I; + I = (1) whenever j # k, then Iy N --- NI, = I, --- I, and the map

A/(Iin-N1) — AJy x -+ x AL, x4+ LNn-NL)—= (x+1,...,0+ 1)
is a ring isomorphism.
(3.6) Example of idempotents. For each n > 1 we have the idempotents e,,1 — e, € Z/10"Z corre-
sponding to (1,0), (0,1) under the isomorphism
Z/10"Z = Z/2"Z x Z/5"Z

(in other words, e, = 1 (mod 2™) and e,, = 0 (mod 5™)). Here is a table of the first few values of e,,:

n en (mod 10™) 1—e, (mod10™)
1 5 6
2 25 76
3 625 376
4 0625 9376
If we keep increasing n, we obtain in the limit two numbers e = --- 0625 and 1 — e = - - - 9376 with infinitely

many decimal digits which satisfy e =e¢,(1 —¢)? =1 —e.

Question: what are they? Where do e and 1 — e live?

Answer: e and 1 — e are 10-adic integers, living in the projective limit Z¢ = @1 Z/10"Z.
n
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(3.7) Definition. Let A, Ay, ... be sets (resp. groups, resp. rings) and A; Ju As LR As JELEN maps
(resp. group homomorphisms, resp. ring homomorphisms). The projective limit of this system consists of
compatible sequences of elements:

A=1mA, ={a=(an)n>1]an € An, fr(an+1) = ay for all n > 1}.

It is a set (resp. a group, resp. a ring, with respect to operations computed termwise in each A,,). If each
map f, is a continuous map between topological spaces A1 and A, then A C [])_, A, has a natural
topology, induced by the product topology of the A,,.

(3.8) Example. For any integer b > 1, the ring of b-adic integers is defined as
Zy, =lmZ/b"Z = {(an)n>1 | an € Z/V"Z, api1 = a, (modd")}

(with each finite ring Z/b"Z being considered with its discrete topology). The elements of Z; can be written
explicitly in terms of an infinite (to the left!) b-adic expansion

x:~~x2x1x0:2xibi, x; €{0,1,...,b—1}.
i=0

For example, ---1111 = 72 b* = 1/(1 — b) € Z;. If we allow finitely many b-adic digits with negative

7=

powers of b, then we obtain b-adic numbers Q; D Z;. Elements of Q; can be written as

o
T = ToT1T0, Tl " T = Z z;b, z; €{0,1,...,b—1}

i=—m

(with m depending on ). The sets x + b"Zy, (x € Qp, n € Z) form a basis of the natural topology of Q.
If b=pi*---p.*, where r; > 1 and p; are distinct prime numbers, then the Chinese remainder theorem

Z/V'ZL "5 Z/p" T x - X T

implies that

Zy, = Zy, X XLy, Qv — Qp, X -+ x Q.
In particular, it is enough to consider p-adic numbers (and p-adic integers), for prime numbers p.

(3.9) Exercise. (i) Why is Z1oo = Z10?

(ii) For any prime number p the ring Z,, is a domain and Q,, is a field (equal to Frac(Z,)).

(iii) Show that Z;j = {a € Zy, | a (modb) € (Z/VZ)*}.

(iv) All ideals of Z,, (where p is a prime number) are of the form (p™) (n > 0).

(v) There is a natural inclusion Z C Zy, (resp. Q C Qp) whose image is dense in the natural topology of Qp.

(3.10) Example. For any ring A, the projective limit lim A[z]/(2") is naturally identified with the ring of

formal power series

Allz]] = {Z a;x’ | a; € A}.
=0
Note that a power series lies in A[[z]]* <= its constant term lies in A*, in analogy with 3.9(iii).
If A= K is a field, then the rings K[[z]] and Z,, have very similar properties (both are complete discrete
valuation rings — see IV.14 below). The only ideals of K[[z]] are (z™) (n > 0) and the fraction field of K[[z]]

is naturally identified with the field of Laurent series

K((z)) = U { Z a;z' | a; € K}.

m>0 i=—m
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(3.11) Exercise (Lifting of idempotents). Let I be an ideal of a ring A.

(i) If e € A satisfies €2 = e (mod I"™) (n > 1), then e’ = 3e? — 2¢® € A satisfies ¢’? = ¢/ (mod I"*1) and
e/ =e (modI™).

(ii) If A/T = Ay x Ay is a non-trivial product of two rings, so is A = im A/1".

(iii) Where does the expression 3e* — 2e* come from?  [From an explicit version of Hensel’s Lemma 4.12.]

4. Regular functions and ring-valued points in algebraic geometry

In algebraic geometry one studies solutions of systems of polynomial equations. The question posed in the
Introduction suggests that it may be of interest to consider solutions with coordinates in arbitrary rings.

(4.1) Consider the circle C : 22 +y* — 1 = 0 (over an arbitrary base ring A) as a subspace of the plane with
coordinates x and y. The discussion in 2.6 makes it plausible that the quotient

0(C) = Alz,y]/(z* +y* — 1)

of the polynomial ring A[z,y] (= the ring of regular functions on the plane over A) by the principal ideal
(22 + y? — 1) (= the ideal of functions which vanish on C) should be the ring of regular functions on C.
This is, indeed, a good object to consider — it determines the set of points of C' with values in an
arbitrary ring B D A (more generally, in an arbitrary A-algebra), by Proposition 4.4 below.
Moreover, the ring O(C) also determines the tangent space T,C at each point b = (u,v) of C, as
explained in 4.6 below. Recall the standard formula for the tangent space in the case A = R: it is the affine
line

A(x?+y*—1)
ox

O(x?+y?—1)

(u,v) (x —u) + By

(u,v) (y —v) = 2u(x — u) + 2v(y —v) = 0. (4.1.1)

The terminology in algebraic geometry is somewhat awkward: one considers as the tangent space T;C the
line passing through the origin

az® +y* - 1) (z® +y* - 1)
or dy

which is the direction of the “physical tangent space” (4.1.1).

(u,v) z + (u,v)y = 2ux + 2vy =0, (4.1.2)

(4.2) Definition. Let A be a ring. An A-algebra is a pair (B,i) consisting of a ring B and a ring
homomorphism i : A — B (which is often omitted from notation). A homomorphism of A-algebras
(B,i) — (B’,") is a ring homomorphism f : B — B’ such that foi =i'. The set of such homomorphisms
will be denoted by Hom 4 _1¢(B, B’).

(4.3) If Ais a subring of B, then B is an A-algebra via the inclusion map.

Any ring B has a canonical structure of a Z-algebra: n € Z is mapped to 15 +---+ 15 (sum of n terms)
it n>0 (resp. to —(1p +---+ 1p) (sum of —n terms) if n < 0). Ring homomorphisms then coincide with
homomorphisms of Z-algebras.

(4.4) Proposition-Definition. Let A be a ring.
(i) For any A-algebra B the map

Homy_alg(Alz1, ... 2], B) — B", ar (a(zy),...,alz,))
is bijective. Its inverse is given by sending b = (by,...,b,) € B™ to the evaluation map evy, : Alx1,...,2,] —
B, which assigns to a polynomial f € Alx,...,x,)] its value at b: evy(f) = f(b) = f(b1,...,bn).
(ii) Let I be an ideal of Alz1,...,x,]. We would like to define Z to be the space defined by the system of
polynomial equations f =0 for f € I. In concrete terms, we define, for any A-algebra B,

Z(B)={b=(b1,...,b,) € B" |VfeI f(b)=0}
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to be the set of B-valued points of Z. We also define the ring of regular functions on Z to be O(Z) =
Alxy, ..., z0]/1.
(iii) For any A-algebra B the map

Homy_a1(0O(2), B) — B", B (Bopr(z1),...,80pr(zs))

gives rise to a bijection Homa_a14(O(Z), B) — Z(B) C B™.

Proof. (i) Immediate. (iii) A homomorphism of A-algebras a : Alxy,...,2,] — B factors as o pr :
Alzy,...,xn] — Alzy,...,z,)/I = O(Z) — B (for unique B) if and only if a(I) =0 <= Vfel 0=
a(f) = fla(x1),...,a(z,)) <= (a(z1),...,a(xn)) € Z(B).

(4.5) Why do we need B? Why is it not enough to consider only A-valued points? A simple reason is
that Z(A) may well be empty (for example, for the conic Z : 2% +3? + 1 = 0 over A = R), while Z(B) can
be large for bigger rings B D A (such as C D R).

A more interesting example (for A = C) is provided by Z : y = 0 (a horizontal line) and Z’ : y? = 0 (the
same line with multiplicity two). These are different objects, but their complex points coincide: Z(C) =
Z'(C) = {(=,0) | # € C}. Their respective rings of regular functions are equal to O(Z) = C[z,y]/(y) = C|z]
and O(Z') = C[z,y]/(y*) = Clz] + Clz]e, where e = y (mod (y?)) # 0 € O(Z’), but €2 = 0. This is a typical

example of an infinitesimal element in algebraic geometry.

(4.6) Dual numbers and the tangent space. More generally, let O(Z) = Alzy,...,2,]/I be as in
Proposition 4.4(ii). For any A-algebra B we let the dual numbers over B be the B-algebra Ble] = B+ Be,
where €2 = 0. Intuitively, we should think of ¢ as a tangent vector attached to a point.

The Taylor expansion for polynomials implies that, for any f € A[z1,...,z,] and any b+ b'e = (b +
bie,... by +be) € Ble]™, we have

1y ~ of
f(b+b5)ff(b)+e_:1 5

J

(b)Y,

In particular,

Z(Ble]) = {b+ Ve € Ble|" | be Z(B), V' € (T,2)(B)},

where T},Z denotes the tangent space (as mentioned above, it is the direction of the physical tangent space,
but we are not going to argue with the standard terminology) of Z at b, defined by the system of linear
equations
of of
T,Z :Nfel —WBxi+--+5—(b)x, =0

b f axl( ) 1 axn( ) n

(it is enough to consider these equations only for a set of generators of I).
In particular, in the situation considered in 4.5 we have

Z(Cle]) = {(2,0) | = € C[e]} # Z'(Cle]) = {(x,¢y) | v € Cle], y’ € C}.

Indeed, tangent vectors to the double line Z’ have enough space to move around, but tangent vectors to the
usual line Z have to be horizontal.

(4.7) Points in C(Z/nZ), tangent spaces and Hensel’s lemma. What can one say about the points
of the circle C : 2% + y? — 1 = 0 with values in Z/nZ, i.e., about the set of all solutions of the congruence
22 +9%2—1=0 (modn)?

If n = pi*---p,", where p; are distinct prime numbers, then the Chinese remainder theorem implies
that C(Z/nZ) = C(Z/p\'Z) x --- x C(Z/p*Z). We can assume, therefore, that n = p" (r > 1) is a prime
power. The next step is to relate C(Z/p"Z) and C(Z/p"1Z): given a solution (u,v) € Z? of the congruence
2?2 +y? —1=0 (modp"), we try to lift (u (modp"),v (modp")) € C(Z/p"Z) to a solution (modp™t1). In
other words, we are looking for (a,b) € (Z/pZ)?* such that
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(u+p'a)’ + (v +p'b)> — 1 =0 (modp™?),

which is equivalent to

(u? +v* —1)/p" + (2ua + 2vb) = 0 (mod p). (4.7.1)

If p # 2, then at least one of the coefficients 2u or 2v is relatively prime to p, which means that (4.7.1) has
a solution (ag,by) € (Z/pZ)>.
Note that the non-zero linear equation

2uz 4+ 2vy = 0 (mod p) (4.7.2)

is precisely the equation for the Z/pZ-valued points of the (one-dimensional) tangent space T35 C of C at
the Z/pZ-valued point (4,7) = (u (mod p),v (modp)) € C(Z/pZ). Tt follows that the set of all solutions of
(4.7.1) is of the form

(a0, bo) + (T(w,5C)(Z/pZ),

Le., it is an affine line over Z/pZ with direction T(z7C. In particular, |C(Z/p"t'Z)| = p|C(Z/p"Z)|.

This argument works for p # 2 because the tangent space (4.7.2) has dimension dimT{3C = 1 =
dim(C) (geometrically, (4,7) is a smooth point of C' over Z/pZ), but fails for p = 2 (C has no smooth
points over fields containing Z/2Z, since 22 + y?> — 1 = (z + y + 1)? over such fields — the circle becomes a
doble line).

The same argument proves the following statement (a version of Hensel’s Lemma).

(4.8) Proposition. Let f € Z[zy,...,zy], let Z : f(z1,...,2,) = 0. Assume that p is a prime, r > 1
and that a = (ay,...,an) € Z" is a solution of the congruence f(z1,...,x,) =0 (modp”) (in other words,
a (mod p") is an element of Z(Z/p"Z)). If a (mod p) € Z(Z/pZ) is a smooth point of Z over Z/pZ in the sense
that (0f /0x;)(a) # 0 (modp) for some j = 1,...,n, then the fibre of the map Z(Z/p"™'Z) — Z(Z/p"Z)
over a (mod p") is an affine space under the Z/pZ-valued points of the tangent space

Ta (modp)Z : (af/axl)(a) 1+ -+ (af/axn)(a’) Tn = 0 (mOdp)

In particular, if all points in Z(Z/pZ) are smooth over Z/pZ, then the map Z(Z/p"*'Z) — Z(Z/p"Z) is
surjective (hence so is the map Z(Z,) — Z(Z/pZ)) and its fibres have cardinality p"~!.

(4.9) Exercise. (i) For each r > 1 the congruence 2° = 10 (mod 117) (resp. x° = 10 (mod 13")) has five
solutions in Z/11"Z (resp. one solution in Z/13"Z). The equation x5 = 10 has five 11-adic solutions x € Z1,
(resp. one 13-adic solution x € Z13).

(ii) What about the equation ™ = a in Z,, where p is a prime number not dividing integers a and n > 17

(4.10) Cousider, on the other hand, the equation

C':y? — (2 4+ p) =0,

where p is a prime number. The point (0,0) € C'(Z/pZ) is not smooth over Z/pZ, since C' over Z/pZ
simplifies as y? — 22 = 0, which has a singularity at the origin, as remarked already in the Introduction. We
see immediately that (0,0) € C’(Z/pZ) does not lie in the image of C'(Z/p*Z) (in other words, the solution
(0,0) of y?> — (2% + p) = 0 (mod p) does not lift to any solution of y? — (23 + p) = 0 (mod p?)).
(4.11) Theorem on implicit functions (example). Consider again the circle C': f(z,y) = 22 +y*—1 =
0, this time over a ring A such that 2 € A*.

The tangent space T;,C to C at the point b = (0,1) is horizontal, since (0f/0x)(b) = 0 # (9f/0y)(b).
In the classical case A = R the fact that (0f/dy)(b) # 0 implies that, in a suitable neighbourhood U of b,
the projection of C' onto the horizontal line is a diffeomorphism between U and its image.

Let us analyse this situation from a purely algebraic perspective. Write a point “close to b” as (u,1—v),
with u, v being “close to 0”. The equation of C' then becomes u? + v — 2v = 0, which yields, recursively, a
power series expansion for v in terms of u?:
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Of course, this is just the standard power series expansion

v=1-V1-u?= g(—l)"_l (1/2)712"7 (4.11.1)

n

but it is obtained by an iterative procedure of lifting a solution v € Afu]/(u?") of the congruence

v? = 2v +u? =0 (mod u?")

to a unique solution modulo u?("+1) starting with the solution v = u?/2 for r = 2. In other words, this is a
variant of 4.7-4.8, with Z, being replaced by A[[u?]].

(4.12) Exercise (Hensel’s Lemma, one variable version). Let I be an ideal of a ring A, let f € A[X]
and a € A be such that f(a) =0 (modI™) (n > 1) and f'(a) (mod I) is invertible in A/I.

(i) There exists b € A (unique (mod I"*1)) such that b= a (mod I") and f(a) =0 (mod I"*1).

(ii) There exists unique @ € A= Jim A/I" such that f(a) =0 and the image of a in A/I" is equal to a.

(iii) What is the relation to Newton’s iterative method x,+1 = x,, — f(x)/f'(x,) for finding approximations
to the roots of the equation f(x) =07

(4.13) Exercise. (i) If p # 2 is a prime and u € Z,, satisfies u = 0 (mod p), then the power series (4.11.1)
evaluated at u converges to an element v € Z,, such that (u,1 —v) (modp) = (0,1) € C(Z/pZ). Relate this
to the story explained in 4.7-4.8.

(ii) What happens if p = 27

(iii) Is it obvious that (17/12) € Z[1/2] for alln > 07 Show that (aT/Lb) € Z[1/b] for alla,b € Z,b # 0 andn > 0.
[Hint: (g) C Z implies that Vo € Z,, (%) C Zy, for all primes p, by continuity and Ezercise 3.9(v).]
(4.14) Exercise. Let n > 1 be an integer.

(i) There exists u,, € R[X] such that u, = X (mod (X% + 1)) and u2 +1 =0 (mod (X2 + 1)").

(i) The class ¢, = u, (mod (X% + 1)) € R[X]/(X? + 1)" is unique. Give an explicit formula for ¢, 1 in
terms of c,.

(iii) The formulas

an:ClY] — RIX|/(X2+ 1",  a+bi— a+bu,, Y X —cp,

define a surjective morphism of R-algebras.
(iv) o, induces an isomorphism of R-algebras @, : C[Y]/(Y") — R[X]/(X?% + 1)".
(v) For every non-constant polynomial f € R[X] there exists an isomorphism of R-algebras

N

M
RIX]/(f) = [ RIX)/(x%) x [ Cly]/(v™) (aj, b > 1).
j=1 k=1

(vi) What happens if we replace R in (v) by an arbitrary perfect field (see II1.6.2 below)?
(vii)** What happens if we replace R in (v) by a non-perfect field?
5. Divisibility and unique factorisation

Every non-zero integer n can be written in a unique way as a product n = £pi* - - - p,*, where p; are distinct
prime numbers. This unique factorisation property holds in other rings of interest.

(5.1) We are going to study three classes of integral domains:
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e Euclidean rings, which admit a generalised euclidean algorithm (Z, Z[i] or K[X] for any field K);
e Unique factorisation domains (UFD), in which factorisation into prime elements exists and is unique;
e Principal ideal domains (PID), in which every ideal is principal,

which have the following properties:

A is euclidean = A is a PID = A is a UFD = A[X] is a UFD.

Note that this implies that C[X,Y] is a UFD, but not a PID (the ideal (X,Y’) is not principal). In fact, the
ring C[zy,...,x,] has dimension n, but a PID is at most one-dimensional.

(5.2) Definition. An integral domain A is a euclidean ring (with respect to a function ¢ : A — N =
{0,1,2,...}) if the following two properties hold: (i) ¢(a) =0 <= a =0.
(ii) For every a,b € A with b # 0 there exist q,r € A such that a = gb+ r and o(r) < ¢(b).

(5.3) Examples. (i) A=17Z, p(n) = |n|.

(ii) A = K[X] (where K is a field), o(f) = deg(f) + 1 if f # 0 (alternatively, p(f) = 29°¢(/) also works).
(iii) A = 2Z[i] = {z +iy | =,y € Z}, p(x +iy) = (z +iy)(z —iy) = |z +iy]* = 22 + y?. Indeed, if
a,b € Z[i] and b # 0, we can write a/b = u + v and take ¢ = z + iy € Z[i], where = (resp. y) is
the closest integer to u € Q (resp. to v € Q). In this case |u — z|, |[v — y| < 1/2, which implies that
la/b —q|?> = Ju—z|> + v —y*> < (1/2)® + (1/2)? = 1/2 < 1, hence a = bg + r with r € Z[i] and
o(r) =|r|?> = |a — gb|® < |b]* = (b), as required.

(iv) A = Z[iv2] = {x +iyv2 | 7,y € Z}, p(z + iyv2) = |z +iyv/2|? = 22 + 2y%. The argument from (iii)
applies, since (1/2)% +2(1/2)? =3/4 < 1.

(v) However, this argument breaks down for A = Z[iv/d] and o(a) = |a|? for integers d > 3, since (1/2)2 +
d(1/2)? > 1. This is no accident — none of these rings is a UFD.

(vi) Exercise: modify (iii) to show that the rings Z[(1 + ivd)/2] = {x + y(1 +iVd)/2 | z,y € Z} with
¢(a) = |a|? are euclidean for d = 3,7,11.

(5.4) Proposition. A euclidean ring A is a PID.

Proof. Let I C A be an ideal. If I = 0, then I = (0). If I # (0), then there exists b € I \ {0} with minimal
value of ¢(b) > 1. We have (b) = bA C A. Conversely, if a € I, then there exist ¢, € A such that a = ¢b+r
(thus r = a —¢b € I) and ¢(r) < (b). Minimality of ¢(b) implies that r ¢ I \ {0}, hence » = 0 and
a = qr € (b). It follows that I C (b), and so I = (b).

(5.5) Definition. Let A be an integral domain.

(i) For a,b € A\ {0} we say that b divides a (notation: b | a) if there exists ¢ € A (in fact, ¢ # 0) such that
a = be (equivalently, a € (b) < (a) C (b)). [Note that (b|a and a | b) <= a = bu for some u € A*.]
(ii) An element a € A is irreducible if a ¢ A* U {0} and whenever a = bc with b,c € A, then b € A* or
c € A* (but not both). Equivalently, a ¢ A*U{0} is not irreducible if there exist b,c € A\ A* with a = be.
[In A = Z, irreducible elements are of the form n = +p, where p is a prime number.]

(5.6) Definition. A unique factorisation domain (UFD) is an integral domain A such that

(i) Each element a € A\ {0} is of the form a = uzy ...x,, where u € A*, each z; is irreducible and r > 0;
(ii) If uxy ... &, = VY1 ... Ys, where u,v € A*, each x; and y; Is irreducible and r, s > 0, then r = s and there
are invertible elements uy,...,u, € A* and a permutation o € S, such that v; = w;y,(;) for alli =1,...,r.

(5.7) Proposition. An integral domain A is a UFD <= it satisfies 5.6(i) and the condition
(ii’) If an irreducible element x € A divides ab (a,b € A), then x divides a or b (“Euclid’s lemma” in the
case A =17).

Proof. “=” This implication is immediate: write ab = zc, factor each element a,b, ¢ as in 5.6(i) and use
5.6(ii) to conclude that x coincides (up to an invertible element) with an irreducible factor of a or b.

“«<=" Assume that, in the situation of 5.6(ii), r < s. If r = 0, then s = 0. If » > 1, then z; | vy . ..ys, hence
x1 divides some y;, by (ii’). After renumbering, we can assume that j = 1. As y; is irreducible, we have y; =
uyx, with u; € A*. We can divide both sides by z; and repeat the same procedure several times, obtaining
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(after renumbering the y;’s) equalities y; = wjz; (j =1,...,7r, u; € A*) and u = vuy ... UpYr41 . .. Ys, Which
implies that r = s.
(5.8) Example. Let A = Z[iv/5] = {z +iyV/5 | 2,y € Z}. The norm map N : A — N given by
N(z +iyV/5) = |z +iyV/5|> = 22 + 5y? is multiplicative in the sense that N(ab) = N(a)N(b) and N(1) =1,
which implies that A* C {a € A | N(a) = 1}. However, 2? +5y% = 1 with x,y € Z is possible only if z = 41
and y = 0, hence A* C {£1}, and so A* = {£1}.

There are no elements a € A with norm N(a) = 3 or N(a) = 7. It follows that the elements 3,7, 44i/5 €
A are all irreducible. The equality

21=3-7=(4+1iV5)(4 —iV5)
then shows that A is not a UFD.
(5.9) Theorem. A PID is a UFD.

Proof. We must check that the conditions 5.6(i) and 5.7(ii’) hold in any PID A.

If a € A\ {0} cannot be written as in 5.6(i), then a ¢ A* U {0} is not irreducible, hence a = a1b; with
a1, by ¢ A* and (a) € (a1). Moreover, at least one of a; and by (say, a1) cannot be written as in 5.6(i), either.
We can continue this procedure and obtain factorisations a,, = a,,+1b,4+1 with the same properties for all
n > 1. As a result, we obtain an infinite chain of ideals (corresponding to divisibilities --- | a3 | as | a1 | a)

(a) € (a1) S (a2) S (a3) & ---

The union of this chain of ideals is again an ideal, necessarily of the form (c¢) for some ¢ € A. The element
¢ is contained in (a,) for some n > 1, which implies that (a,,) = (an+1), which is not true, by construction.
This contradiction shows that 5.6(i) holds.

It remains to check 5.7(ii’). Assume that x is an irreducible element of A dividing ab. The ideal (x,b) is of
the form (c), where ¢ € A\ {0} (morally, c is the greatest common divisor of z and b). By definition, ¢ | z,
hence x = ¢d for some d € A. Irreducibility of  implies that either d € A* (= z | ¢ |b), or ¢ € A* (=
(x,b) = (1), hence 1 = zu + bv for some u,v € A, which implies that a = azu + abv is divisible by x).
(5.10) Greatest common divisor. Let A be a UFD. Fix a set of representatives P of prime elements of
A modulo A*. Any a € A\ {0} can then be written uniquely as

azuHx”'”(a), u € A", vy(a) €N
zeP

(where all but finitely many exponents v, (a) are equal to 0). Uniqueness of this factorisation implies that

bla <= Vz € P wuy(b) <uyla).

It follows that, for any a,b € A\ {0}, the element

. H pMin(va(a),v2(b)) 4 \ {0}
zeP

divides both a and b (¢ is a common divisor of a¢ and b). In addition, any common divisor of a and b
divides c. Note that ¢ depends on the chosen set of representatives P; however, the class of ¢ in (A\ {0})/A*
does not — we denote this class by ged(a,b) (the greatest common divisor of a and b).

Alternatively, one can denote by ged(a,b) the principal ideal generated by (c) (this is again independent
on the choice of P). If A is a PID (but not for a general UFD) the ideal (a,b) coincides with (c).

(5.11) Exercise. (i) Let A be a UFD. Assume that a,b,c € A\ {0} satisty ged(a,b) = 1 and ab = "
(n > 1). Show that a = uc} and b = vcly for some u,v € A* and ¢1,¢2 € A.

(ii) If A is a PID and a = ua(' - --x;*, where u € A* and x1,...,x) are distinct irreducible elements of A,
then Corollary 3.5 applies, yielding a canonical ring isomorphism

Af(a) = Af(@]') x - x A (23").
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(iii) If K is a field and aq, ... ,a, are distinct elements of K, then the evaluation maps ev,, : K[X] — K
(9 — g(a;)) induce a ring isomorphism

KIX]/(X—a1) (X —a,) —= Kx-xK, g (mod (X —a1) (X —an)) — (g(ar),...,g9(an))-

(iv) Under the isomorphism (iii), the idempotent e; corresponds to f(X)/((X — a;)f'(a;)) (mod f), where
f=X—-a1) (X —ayp).

(5.12) A diophantine equation. Let us determine all solutions z,y € Z of the equation

y: 42 =3

Firstly, if z is divisible by 2, so is y, but then 2 = 2% — 42 is divisible by 4, which is impossible. Thus 2 { zy.
Secondly, we factorise the original equation

(y+iV2)(y —iv2) = 2

in the ring Z[iv/2], which is a UFD by Example 5.3(iv) + Proposition 5.4 + Theorem 5.9. We claim that
ged(y +iv/2,y —iv/2) = 1. If not, then there exists an irreducible element 7 € Z[iv/2] dividing both y #+iv/2,
hence also dividing their sum 2y and difference 2i+/2. It follows that its norm N(7) = 77 € N divides (in Z)
both (2y)? and (2iv/2)(—2iv/2) = 8, hence their gecd = 4 (since y is odd). However, 4 = (iv/2)* and iv/2 is
irreducible in Z[iv/2] (consider its norm); thus 7 = wiv/2 for some u € Z[iv/2]* = {£1} (the argument from
Example 5.8 applies). However, iv/2 does not divide y + iv/2, since y is odd. This contradiction proves that
ged(y +iv/2,y — iv/2) = 1, as claimed.

Exercise 5.11(i) then shows that y + iv/2 = ud® for some u € {£1} (hence u = u*) and d € Z[i\/2]; thus

y+iv2 = (a+biv2)?

for some a,b € Z, which is equivalent to

y = a(a® — 6b?), 1 = b(3a® — 2b%).
The only possibilities are b = +1, hence 3a® =202+ 1=2+1,andsob=1,a = £1, y = F5, = = 3.
Conclusion: the only solutions z,y € Z are z = 3, y = +5.
(5.13) Exercise. Find all solutions x,y € Z of the equation y*> + 11 = 2 (resp. of y?> + 28 = z3).
(5.14) Exercise. What happens if we try to solve y*> +y + 1 = 2 (z,y € Z) by the same method?
(5.15) Exercise. Find all solutions x,y € C[T] of the equation y* = 2® + T? (resp. of y> = 23 +T).

6. Prime ideals and maximal ideals

Property 5.7(ii’) can be reformulated by saying that, for any irreducible element x of a UFD A, the quotient
ring A/(z) is a domain.

(6.1) Definition. Let I be an ideal of a ring A. We say that I is a prime ideal (resp. a maximal ideal)
if A/I is a domain (resp. a field). The set of all prime ideals (resp. maximal ideals) of A will be denoted by
Spec(A) (resp. by Max(A) = Specm(A) = Specmax(A)). Of course, Max(A) C Spec(A).

(6.2) Examples. (i) (0) € Spec(A) <= the ring A is a domain.

(ii) If A = K is a field, then Spec(K) = Max(K) = {(0)}.

(iii) Max(Z) = {(p) | p = prime number}, Spec(Z) = {(0)} U Max(Z).

(iv) More generally, if A is a PID, then Max(A) = {(z) | 2 = irreducible element}, Spec(A4) = {(0)}UMax(A).
(v) In particular, Max(C[X]) = {(X —a) | a € C} and Spec(C[X]) = {(0)} UMax(C[X]). If we interpret
C[X] as the ring of regular functions on a complex line L, then (X — a) (resp. (0)) is the ideal of functions
vanishing at the point a € L(C) (resp. of functions vanishing at all elements of L(C)).

15



(vi) More generally, consider C[X,Y] as the ring of regular functions on a complex plane. We shall see
in IV.6 below that Max(C[X,Y]) = {(X —a,Y —b) | a,b € C} and Spec(C[X,Y]) = {(O)} U{(f) | f €
C[X,Y]\C, f irreducible} UMax(C[X,Y]). Geometrically, for each prime ideal P € Spec(C[X,Y]), the set
of complex points of the plane at which all elements of P vanish is an irreducible algebraic subvariety
of C2%: the full plane if P = (0), the irreducible curve {(x,y) € C? | f(z,y) = 0} if P = (f), and the point
(a,b)if P=(X —a,Y —b).

(vii) Exercise: describe Spec and Max of R[X] (and guess the answer for R[X,Y]).

(6.3) Proposition. An ideal I of A is maximal <= [ # A and I is maximal among ideals with this
property (i.e., the only ideal J satisfying I C J # Ais J =1).

Proof. Let pr: A — A/I be the projection. I # A has the maximality property as in the proposition iff

Vegl I+(x)=A <= Vzgl (pr(z))=A/] < Va &1 pr(z)e€ (A/I)* < (A/I)* = A/I\{0}.

(6.4) Functoriality. (i) Any ring homomorphism f : A — B induces a map f* : Spec(B) — Spec(A)
given by f*(Q) = f~1(Q) (note that A/f~1(Q) is a subring of B/Q via f, hence is also a domain).

(i) If f is surjective, then f* injective, A/f~1(Q) = B/Q for any Q € Spec(B), Im(f*) = {P € Spec(4) |
P > Ker(f)} and f*(Max(B)) = {m € Max(A) | m D Ker(f)} (we can assume that f =pr: A — A/I, in
which case the last sentence in 2.8 applies).

(iii) In general, f*(Max(B)) ¢ Max(A) (consider the inclusion f : Z < Q: (0) € Max(Q), but f~1((0)) =
(0) ¢ Max(Z)).

(6.5) Reduced and non-reduced rings. Let A be a ring. The set of all nilpotent elements of A

V0)={zeA|aIn>1 z" =0}
is an ideal, called the nilradical of A. The ring A is reduced if 1/(0) = (0). In general, A™! = A/,/(0) is
the biggest reduced quotient ring of A. For any ideal I of A we have (A/I)*? = A/+/I. For example, in the
geometric situation considered in 4.5, O(Z’) = C[z,y]/(y?) and O(Z')*4 = C[z,]/(y) = O(Z).
The nilradical \/@ is contained in any prime ideal of A, which implies, by 6.4(ii), that the canonical
projection pr: A — A9 induces bijections

pr* : Spec(A™9) =5 Spec(A), Max(A™) =5 Max(A).
(6.6) Theorem. If the ring A is non-zero, then Max(A) # (.
Proof. The set S of all ideals I # A is non-empty ((0) € S), partially ordered by inclusion and inductive
(every totally ordered subset {I,} C S admits an upper bound in S (namely, the union of all I,,)). By Zorn’s

Lemma — which is equivalent to the axiom of choice, and therefore can be considered mostly harmless — the
set S contains a maximal element.

(6.7) Corollary. Let A be a ring. (i) If I # A is an ideal, then there exists a maximal ideal m D I.
(11) A \ AT = UmGMax(A) m.

Proof. (i) Take m = pr—*(m), where pr: A — A/I # 0 is the projection and m € Max(A/I).
(ii) If z € A*, then we have, for each m € Max(A), z (modm) € (4/m)* = (A/m) \ {0}, hence z ¢ m.
Conversely, if © € A*, then (z) # A, hence there exists m € Max(A) containing (z).

(6.8) Proposition. Let A be an integral domain, let z € A\ {0}.
(i) If (z) € Spec(A), then x is an irreducible element of A.
(ii) If A is a UFD and x is an irreducible element of A, then (z) € Spec(A).

Proof. (i) Exercise. (ii) This is 5.7(ii’).
(6.9) Example. As noted in 5.8, the ring Z[iv/5] is not a UFD, since 21 can be factored

3.7=21=42+5-12= (4+iV5)(4 —iV5)
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in two distinct ways into products of irreducible elements. However, these factorisations admit a common
“refinement”, which was already alluded to in 2.7.

The morphism “evaluation at iv/5” induces a ring isomorphism

Z[X]/(X2+5) =5 A=2Z[iV5],  g(X)— g(iV5),
which implies that the ring A/3A is isomorphic to

Z[X]/(3, X% +5) = F3[X]/(X? +5) = F3[X]/(X? - 1) = F3[X]/((X = 1)(X +1)) = F3 x F3, (6.9.1)

where the last isomorphism is induced by the evaluation maps X — 1 and X — —1, as in 5.11(iii). In
particular, (3) is not a prime ideal of A.
Consider the projections pr; and pry on the two factors in (6.9.1). The surjective ring homomorphisms

ar: A" Z[X]/(X? +5) — Z[X]/(3, X% +5) =5 Fs x F35F,
as: A5 ZIX]/(X?+5) — Z[X]/(3, X? +5) = F3 x F3—F;
are given by the formulas

a+biv/5 — a+bX — a+b (mod3)
a+biv5— a+bX — a—b (mod3),

which implies that
Py :=Ker(a;) = {a+bivV5|a,b € Z, a+b=0 (mod3)} = (3, iv/5 — 1)
Py :=Ker(as) = {a + bivV5|a, b€ Z,a—b=0 (mod3)} = (3, iv5 + 1).

The isomorphisms A/P; =+ F3 induced by a1 and ay show that P, P, D (3) are maximal ideals of A.
They are not principal (since there are no elements of A of norm 3) and their product is equal to

PPy = (3,iV5—1)(3, V5 + 1) = (9, 3iv5 + 3, 3iv5 — 3, —6) = (3, 3iV5) = 34 = (3).
In other words, 3 is an irreducible element, but the principal ideal (3) admits a non-trivial factorisation.

A similar calculation with 7 replacing 3 yields (exercise!) two non-principal maximal ideals Q1,Q2 D (7)
such that A/Q; — F7 and

(7) = @1Q2, Q1= (7,iV5+3), Q2 = (7, iV/5 — 3).
Computing the products

PiQ1 = (3,iV5 —1)(7, iV5+3) = (21, 3ivV/5 + 9, 7iv/5 — 7, 2iv/5 — 8) = (21, 3iv/5 + 9, 2iv/5 — 8) =
= (21, iV5 + 17, 2iV/5 — 8) = (21,iV5 — 4) = (iv/5 — 4)

PyQy = (3, V5 +1)(7, ivV5 — 3) = (21, 3iv/5 — 9, 7iv/5 + 7, 2iV5 + 8) = (21, 3iv/5 — 9, 2iv/5 +8) =
= (21, iv/5 — 17, 2iv/5 + 8) = (21,iV5 + 4) = (iV5 + 4),

we obtain a refinement of the factorisation (6.9.1):

(3) = PP, (7) = Q1Q2, (iV5 +4) = P,Qo, (iv5 —4) = PiQn, (21) = PLPQ1Q2.

The above calculations are a special case of the Kummer-Dedekind theorem.
(6.10) One can show that the ring A = Z[iv/5] has the following properties.
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Non-zero ideals of A admit unique factorisation into products of maximal ideals (A is a Dedekind ring)
and the square of any ideal of A is principal (exercise: compute P2, Q%). More precisely, if I is a non-principal
ideal of A, then IP; is principal (the ideal class group of A has two elements).

One can deduce from these properties that the equation y? +5 = 23 (x,y € Z) has no solution (cf. 5.12).

In fact, one can easily determine the factorisation of any prime number p # 2,5 in A, as follows. The
quadratic reciprocity law implies that for p = 1,3,7,9 (mod20) the polynomial X2 + 5 has two distinct
roots in Z/pZ = F,, hence (p) = PP’ with A/P — A/P’ — F,, as in the case p = 3 or 7. For
p = —1,-3,-7,—9 (mod20) the polynomial X? + 5 is irreducible in F,[X], hence (p) € Max(A4) and
A/(p) = Fp[X]/(X?+5) — F,2. The ideal classes are distributed as follows: P and P’ (resp. PP; and
P'Py) are principal <= p =1,9 (mod 20) (resp. if p = 3,7 (mod 20)), which implies that

Jaz,y€Z p=2*>+5y° < p=1,9 (mod20),
Jz,y€Z p=2x>+2zy+3y* < p=3,7 (mod?20).

(6.11) Exercise. Let A be a UFD in which every non-zero prime ideal is maximal (“A has dimension < 17).
(i) If x is an irreducible element not dividing a € A, then (a,z™) = (1), for all n > 1.

(ii) For every a,b € A\ {0} the ideal (a,b) is principal, generated by ged(a,b).

(iii) Every non-zero ideal I of A contains the greatest common divisor of all elements of I \ {0}.

(iv) A is a PID.

7. Irreducibility of polynomials

In this section we show, following Gauss, that A[X] is a UFD for any UFD A. In particular, Z[z1, ..., 2]
(and Klz1,...,x,], for any field K) is a UFD.

(7.1) Definition. Let A be a UFD with fraction field K = Frac(A). The content of a non-zero polynomial
f € A[X]\{0} is the greates common divisor of its coefficients, denoted by ct(f) € (A\{0})/A*. The content
of f € K[X]\ {0} is defined as ct(f) = ct(af)/a € (K \ {0})/A*, for any a € A\ {0} such that af € A[X].
Note that ct(f) € (A\ {0})/A* < f e A[X]\ {0}

(7.2) Lemma (Gauss). For any f,g € K[X]\ {0} we have ct(fg) = ct(f)ct(g).

Proof. After replacing f by f/ct(f) and g by g/ct(g) we can assume that f,g € A[X]\ {0} and ct(f) =
ct(g) = 1. We must show that ct(fg) = 1; in other words, that for each prime element 7 of A there exists
a coefficient of fg not divisible by 7. Write f = Y a; X% g = > b;X7 and fg = Y ¢, X*. If i > 0 (resp.
j > 0) is the smallest index for which 7 does not divide a; (resp. b;), then ¢;1+; = a;b; + wd for some d € A.
The product a;b; is not divisible by 7 (since neither of b; and ¢; is, and A is a UFD), which implies that
does not divide ¢;4;, as required.

(7.3) Corollary. (i) If f € A[X]\ {0} is a product f = gh with g,h € K[X]\ K, then there exist
g1, h1 € A[X]\ A such that f = g1hy [This is false, in general, for domains which are not UFD].

(ii) If f € A[X]\ {0} and ct(f) = 1, then fK[X]| N A[X] = fA[X]. Equivalently, the canonical ring
homomorphism A[X]/(f) — K[X]/(f) is injective.

Proof. (i) We have f = g1hy, where g1 = g/ct(g) and hy = hct(g). Both g1 and hy are non-constant and lie
in A[X], since ct(¢g1) =1 and ct(hy) = ct(g)ct(h) = ct(f) € (A\ {0})/A*.
(i) If g € K[X]\ {0} satisfies fg € A[X], then ct(g) = ct(f)ct(g) = ct(fg) € (A\ {0})/A*, hence g € A[X].

(7.4) Proposition. If A is a UFD with fraction field K, then the irreducible elements of A[X] are as follows.
(i) Irreducible elements of A.
(ii) Non-constant polynomials f € A[X]|\ A with ct(f) = 1 which are irreducible in K[X].

Proof. Firstly, the fact that A is a domain implies that so is A[X] and that A[X]* = A*. Assume that f is
an irreducible element of A[X].
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If deg(f) = 0, then f is necessarily an irreducible element of A. Conversely, for any irreducible f € A
the quotient ring A[X]/(f) = (4/(f))[X] is a domain, since A/(f) is, hence f is irreducible in A[X] (use
both parts of Proposition 6.8).

If deg(f) > 0, then ct(f) = 1 (otherwise there would be a non-trivial factorisation f = ct(f) (f/ct(f)))
and f is irreducible in K[X], by Corollary 7.3(i). Conversely, if f € A[X]\ A has ct(f) = 1 and is irreducible
in K[X], then K[X]/(f) is a domain by Proposition 6.8(ii) (since K[X] is a UFD), hence so is A[X]/(f), by
Corollary 7.3(ii). It follows that f is irreducible in A[X], by Proposition 6.8(i).

(7.5) Theorem. If A is a UFD, so is A[X].

Proof. We must check that A[X] satisfies 5.6(i) and 5.7(ii’). The second condition was verified in the course
of the proof of Proposition 7.4, so it is enough to check that any non-zero element f of A[X] is a product of an
invertible element and finitely many irreducible elements. If f € A, then 5.6(i) holds in A and we conclude by
Proposition 7.4(i). If f & A, write f = g1 - - g», where each g; is an irreducible non-constant element of the
UFD K[X] (K = Frac(A)). The rescaled polynomials h; = g;/ct(g;) satisfy ct(h;) = 1, thus h; € A[X]\ A
and h; is irreducible in A[X], by Proposition 7.4(ii). Writing f = ct(g1)---ct(gr) h1---hr = ct(f) h1-- - hy
and factoring ct(f) € A\ {0} into a product of irreducible elements of A we obtain the desired factorisation
of f in A[X].

(7.6) Theorem (Eisenstein’s irreducibility criterion). Let A be a domain, let P € Spec(A). Any
monic polynomial f = X" + a, 1 X" '+ ...+ ag € A[X] such that ag,...,a,_1 € P and ay ¢ P? is an
irreducible element of A[X].

Proof. If f = gh with g,h € A[X]\ ({0} U A*), then g,h ¢ A and we can assume that both ¢g and h
are monic polynomials. Denote by g (resp. h) the image of g (resp. h) in (A/P)[X] C (Frac(A/P))[X].
As gh = f = X", unique factorisation in (Frac(A/P))[X] implies that § = X" and h = X"~" for some
1 <r <n. Inother words, g = X" +b, 1 X" '+ 4+bgand h = X" "+ cprp 1 X" "L 4o 4 ¢ with
bj,c,, € P for all j, k. It follows that ag = bocp € P2, which contradicts our assumptions.

(7.7) Corollary. If, in addition, A is a UFD with fraction field K, then f is irreducible in K[X].

Proof. Apply Corollary 7.3(i).

(7.8) Exercise. Let a(Y) € C[Y]\ C be a polynomial which has at least one simple root. Show that, for
any n > 1, the polynomial X" + a(Y') is an irreducible element of C[X,Y].
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I1I. Modules
1. Basic concepts

Modules (in particular, ideals) are linear objects. As a result, they are easier to study than rings themselves.
On the other hand, modules over rings other than fields tend not to have a basis (i.e., are not free in general).
(1.1) Let R be aring (commutative and unital, of course). Recal that an R-module is an abelian group M
equipped with multiplication by elements of R (R x M — M, (r,m) — rm) satisfying the usual properties
(r(m+m')y=rm+rm’, (r+r"Ym =rm+r'm, r(r'm) = (rr')m, Im = m for all r,7’ € R and m,m’ € M).
In particular, if R = K is a field (resp. if R = Z), then M is a K-vector space (resp. an abelian group).

The standard concepts of a submodule, quotient module and the submodule (S) C M generated by a
subset S C M work analogously as in the case of vector spaces.

The multiplication in the ring itself makes R into an R-module; its submodules are the ideals of R.

For any ideal I of R the set of elements of M killed by I

M[Il:=={meM|VYael am=0}
is a submodule of M. If I = (x) is principal, then M[(z)] = Mz] :== {m € M | am = 0}. If I’ is another
ideal, then M[I|NMI[I'] = M[I + I'].
We denote by IM C M the submodule generated by the products am, where a € I and m € M.

(1.2) A homomorphism of R-modules is a homomorphism of abelian groups f : M — N satisfying
f(rm) = rf(m), for all » € R and m € M. The set of all such homomorphisms Hompg(M, N) is an
abelian group with respect to addition (f + f/)(m) = f(m) + f'(m), in fact an R-module for the operation
(rf)(m) = f(rm) = rf(m) (this is true only for modules over commutative rings). The kernel of f

Ker(f)={me M| fim)=0}C M

is a submodule of M, the image of f

Im(f) ={f(m)|meM}CN
is a submodule of N and the cokernel of f, Coker(f) = N/Im(f), is a quotient module of N.

(1.3) Change of the ring. If f: R — R is a ring homomorphism, then any R-module M becomes an
R’-module via f, with multiplication given by r'm := f(r")m.

In particular, an R/I-module (for an ideal I of R) can be identified with an R-module M such that
M = M|I] (via the projection pr : R — R/I). This implies that a Z/nZ-module is an abelian group M
such that nM = 0 (for any n € Z).
(1.4) Direct sums and products. Let J be a non-empty set. Assume that we are given, for each a € J,
an R-module M,. The direct product of these modules is the cartesian product

H Mo = {(ma)aecs | ma € Mo}
acJ
with the R-module structure given by

(ma) + (my,) = (ma +myg,), r(ma) = (rma).
For each 8 € J the projection map ps : [[,c; Ma — Mg, pg((Ma)acs) = mgp is a (surjective) module
homomorphism. The direct product is the “smallest” module with this property: for each R-module N
equipped with module homomorphisms fg : N — Mp there exists a unique module homomorphism f :
N — [[aes My such that fg = pgo f for all 8 € J, namely, f(n) = (fo(n))acs-

f
N == Ilaes Ma

<

Mpg
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Dually, the direct sum of the modules M, is the submodule

@ My = {(ma)acs € H M, | mq = 0 for all but finitely many o € J} C H M,
acJ aeJ acJ

(in particular, it coincides with the direct product if the set J is finite). For each 8 € J the inclusion
ig: Mg = @ocy Ma, ig(x) = (ma) with m, = 2 for a = 3 and m, = 0 otherwise is an (injective) module
homomorphism. Again, the direct sum is the “smallest” module with this property: for each R-module
N equipped with module homomorphisms gg : Mgz — N there exists a unique module homomorphism
g : @,y Mo — N such that gz = goig for all g € J, namely, g3 5_1 %5, (xk) = >r_1 95, (Tk).
This uses the fact that each element of the direct sum admits a unique decomposition as a finite sum
ig, (1) + -+ +ig, (zs) for distinct f1,...,0s € J, z € Mg, and s > 0.

l%\\\\ii\\
Boes Mo~ ->N

The previous discussion can be summed up by saying that the maps f — (po© f)acs and g — (goia)acs
induce bijections of sets (in fact, isomorphisms of R-modules)

Homp(N, [[ Ma) = [] Homg(N,M,),  Homp(E) Ma, N) = [ Homp(M,, N). (1.4.1)
acJ acJ aeJ acJ

If J is empty, it is useful to define the corresponding direct sum and product to be the zero module 0 = {0}.
In the special case when M, = M for all a € J we are going to use the notation

MY =PMc [ M=M’
acJ acJ

The direct sum (= the direct product) of n copies of M will be denoted by M™. In another special case
when each M, is a submodule of a fixed R-module M there is a canonical morphism

@ M, — M, (my) — Z M, (a finite sum!). (1.4.2)
acJ acJ

Its image is the submodule } . ; M, C M generated by the M,,. If the morphism (1.4.2) is injective (which
is equivalent to Mg N} e\ (53 Ma = 0 for all B € J), it identifies B, ; Mo with -, ; Mo C M.

(1.5) Free modules. The free R-module on a set J is the R-module R) = @ _, R. Its elements
are finite linear combinations ) ;roe(a) (with only finitely many r, € R non-zero), where e(c) are the
elements of the “canonical basis” of R(): e(a)s = 1 if 8 = «a (resp. e(a)s = 0 if B # a). There is no
R-linear relation between the e(a): for any R-module N and any collection of elements n(«a) € N (a € J)
there is a unique homomorphism of R-modules f : R(Y) — N such that f(e(a)) = n(a) for all a € J,
namely, f(>°,c;rae(®)) =, c;ran(a) (this is a special case of (1.4.1) for M, = R).

(1.6) Proposition-Definition. Assume that the ring R is non-zero. An R-module M is free if there exists
an isomorphism of R-modules f : R“) = M for some set J. A basis of M is the image of the canonical
basis of R") under any such f. The rank of the free module M is the cardinality of J; it depends only on
M. [In the special case R = Z we obtain the notion of a free abelian group.]

Proof. Assume that there exists an isomorphism of R-modules f : R -~ R/, We must show that J and
J’ have the same cardinality. According to Theorem 1.6.6 there exists a maximal ideal I of R; the quotient
ring R/I = K is then a field. The isomorphism f induces an isomorphism (R/I)(Y) = R()/TR() =
RYD/TRVY) = (R/T)") of R/I-modules, hence an isomorphism K) = K(/) of K-vector spaces. The
statement follows from the fact that two bases of any vector space have the same cardinality.

21



(1.7) Examples. (i) For a field K, all K-modules (= K-vector spaces) are free.
(ii) Exercise: the additive group of Q is not contained in any free abelian group.

(1.8) Generators and relations. Let N be an R-module. If we are given elements n(a) € N (a € J)
which generate N (a set of not necessarily distinct generators of N), then the module homomorphism
f:RY) — N constructed in 1.5 is surjective. Its kernel consists of finite linear combinations Y acy Tat(a)
for which ) . ;7an(a) =0 € N, in other words, of R-linear relations between the generators n (o).

(1.9) Definition. An R-module N is finitely generated (or is an R-module of finite type) if it admits
a finite generating set (<= there exists a surjective homomorphism of R-modules f : R* — N for some
a € N). It is finitely presented if there exists f as above for which the module of relations Ker(f) is also
finitely generated (<= N is defined by finitely many generators and finitely many relations). [These two
properties are equivalent if the ring R is noetherian; see Proposition 3.6 below.] N is cyclic if there is a
surjective homomorphism of R-modules f : R — N (<= N is isomorphic to R/I, for some ideal I of R).

(1.10) Modules over a product. Let R = R; x --- X R, be a product of rings, let e, € R be the
corresponding idempotents (Ry = exR) as in 1.3.2. Proposition 1.3.3 has an obvious analogue for modules:
any R-module M defines Ri-modules My, := e, M C M with respect to the product (exr)(epm) := ex(rm)
and the map

M-—M® - ®M,, m— (exm, ..., e,m)

is an isomorphism of R-modules (with each M}, considered as an R-module via the projection pg : R — Ry).
The inverse map is the sum of the inclusions My < M, as in (1.4.2).

(1.11) Torsion modules. Assume that M is a module over a domain R. An element m € M is torsion if
there is a € R\ {0} such that am = 0. The union of all torsion elements is the torsion submodule of M:

Miors = U M[a] = U M[I] C M,
a0 10

where I runs through all non-zero ideals of R. We say that M is a torsion module (resp. a torsion-free
module) if M = Mo (resp. if Mios = 0). For any M the module M /M, is torsion-free. Any free
module is torsion-free.

The structure theorem for finitely generated abelian groups (= Z-modules) proved in Algebra 1 implies
that a finitely generated torsion-free abelian group is free. Example 1.7(ii) shows that this is no longer true
for abelian groups which are not finitely generated.

(1.12) Proposition-Definition (Primary decomposition for torsion abelian groups). Let X be a
torsion abelian group. For every prime number p denote by X (p) :=={z € X |Ja > 1 p*z =0} = J,>, X [p"]
the p-primary component of X.

(i) If X = X|[n], where n = p{* ---p%, r >0, a; > 1 and p; are distincts prime numbers, then the inclusions
X[pi'] — X[n] = X give rise — as in (1.4.2) — to an isomorphism of abelian groups

Xpile e Xprr]=X(p) @ & X(pr) — X = X[n] = X[pf* - ppr].

In particular, X (p) = 0 for every prime number p not dividing n.
(ii) If X is arbitrary, then the inclusions X (p) — X give rise to an isomorphism

Proof. (i) This is a consequence of 1.10 for the isomorphism Z/nZ — Z/p{*Z x --- x Z/p® Z. (ii) Every
element of the left hand side (resp. right hand side) is contained in some X[py*]@®---@® X [p] (resp. in some
X[p{*---p2]); the statement (i) implies injectivity (resp. surjectivity) of the corresponding map (1.4.2).
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(1.13) Exercise. State and prove a generalisation of 1.12 for torsion modules over a PID.

(1.14) Exercise. Let A be a finite abelian group. The set {m € Z | mA = 0} is a non-zero subgroup of Z;
its positive generator is called the exponent of A. Show that:

(1) The exponent of A divides the order of A.

(2) The exponent of A is equal to the product of the exponents of the p-primary components of A.

(3) There exists an element of A whose order is equal to the exponent of A.

(1.15) Exercise (Duality and the structure theorem for finite abelian groups). Let A be a finite
abelian group. A character of A is a homomorphism of abelian groups x : A — C*. Show that:

(1) The characters of A form an abelian group A (the dual group) with respect to multiplication : (xx’)(a) =
v(@)X(a). -

(2) The exponent of A divides the exponent of A.

(3) If A is cyclic of order n, so is A.

(4)IfA=B®C, then A=BaC.

[If one admits (9) below, deduce from (3) and (4) that A is isomorphic to A, for every Al

(5) Every homomorph1sm of abelian groups o : B — A defines a dual homomorphism & : A — B,
a(x) =xoa: B A% C*.

(6) « is surjective = @ is injective.

(7)* « is injective = @ is surjective.

(8) Let a € A be an element whose order is equal to the exponent of A (see 1.14(3)); denote by B the cyclic
subgroup generated by a and by o : B — A the inclusion. Thanks to (3) and (7) there exists x € A for
which the order of x(a) is equal to the order of a. Show that A = B & Ker(x).

(9) Every finite abelian group is a direct sum of cyclic groups.

(10) The biduality homomorphism A — A, as (x — x(a)) is an isomorphism.
(11) Let B C A be a subgroup; set C = A/B. Show that C is a subgroup of A and B = A/C.
(12) The map B — B defines a bijection between the set of all subgroups of A and the set of all quotient

groups of A.
(13) Every subgroup of A is isomorphic to a quotient group of A.

(1.16) Exercise. Let A be a finite abelian group. For every integer d > 1 denote by sq(A) (resp. qa(A))
the number of subgroups (resp. of quotient groups) of A of order d. Let s(A) = ), 54(A) (resp. q(A) =
>-a4d(A)) be the number of all subgroups (resp. of all quotient groups) of A.

(1) Determine s4(A) and qq(A) if A is a cyclic group of order n.

(2) Show that sq(A) = sq(A[d]) and qq4(A) = qq(A/dA).

(3) Show that, if de = |A|, then sq(A) = q.(A). Deduce from this the equality s(A) = q(A).

(4) If the order of A is relatively prime to the order of B, then s(A ® B) = s(A)s(B).

(5) Show that s(A) = [],,, s(A(p)), where n = |A|.

(6) Let p be a prime number. Determine, for every i > 0,
$pi(Z/pZ & Z/pZ), $pi(Z/pZ & Z/p°Z), $pi(Z/pZ S Z/p"Z)  (n>2).

(7) Determine all finite abelian groups A for which s(A) =4 (resp. s(A) =5).
(8) Show that s4(A) = qa(A) = qq(A), where A is the dual group (see 1.15).

2. The language of exact sequences

(2.1) Definition. A sequence of homomorphisms of R-modules
My — - _>Mi_1fi_71>Mii>Mi+1 — - — M,

is exact at the term M; if Im(f;_1) = Ker(f;) (which implies that f;f;_1 = 0 and Coker(f;_1) — Im(f;));
it is exact if it is exact at M; for all a < i < b. A morphism (resp. an isomorphism) between such an
exact sequence and another exact sequence

Ny — - — N, 1 23N, 25Ny — - — N,
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is given by homomorphisms (resp. isomorphisms) of R-modules u; : M; — N; (a < i < b) such that
giou; =u;yq0 f; foralli =a,...,b—1.

(2.2) Examples. (1) 0 — M -L5 N is exact <= Ker(f) =0 <= f is injective.

(2) M— N — 0isexact < Im(f) =N <= Coker(f) =0 <= f is surjective.

(3) 0— M — N — 0is exact <= f is an isomorphism.

(4) If M is a submodule of N, then 0 — M —+ N 25 N/M — 0 is exact, where i and p denote the
inclusion and the canonical projection, respectively.

(5) Any short exact sequence 0 — M — N 4P —0is naturally isomorphic to a sequence of the
form considered in (4), namely, to the sequence 0 — f(M) — N — N/f(M) — 0.

(6) For any morphism f: M — N, the sequence 0 — Ker(f) — M — N — Coker(f) — 0 is exact.
(7) For any short exact sequence 0 — M ——+ N -2 P — 0 the following conditions are equivalent (if they
are satisfied, we say that the sequence is split):

(a) there exists a morphism s : P — N such that gs = idp;

(b) there exists a morphism r : N — M such that rf = idy;

(c) the 7-tuple (M, N, P, f,g,r,s) is isomorphic to (X1,X; & Xa, Xo,i1,p2,p1,42), where p;(z1,22) = x;,
il(xl) = (.1'170) and ig(&')g) = (0,1‘2).

In concrete terms, a splitting s is equivalent to a choice of submodule M’ C N complementary to f(M) C N
in the sense that f(M) @ M’ = N (M’ = Im(s) and s is the inverse of the isomorphism M’ < N -2 P
composed with the inclusion M’ < N).

(8) An exact sequence from Definition 2.1 can be cut into short exact sequences

OHPZiMZi}PZJrl — 0 ((L<’L.<b—].)7 PZ:Im(fZ,l):Ker(fz), ai+1ﬁi:fi,

and vice versa.
(2.3) Remarks. (1) In particular, an R-module M is finitely generated <= there exists an exact sequence
R"— M — 0.

It is finitely presented <= there exists an exact sequence

R — R" — M — 0.

It is useful to continue this process and consider exact sequences of the form

R — ... — R" — R* — M — 0

(“relations between relations between relations...”). An important result of Hilbert states that for R =
K[z1,...,x,] (where K is a field) every finitely generated R-module M sits in an exact sequence

0—R" — .-+ — R" — R —M-—0

(M admits a “free resolution of length n”).
(2) Exercise 1.15(6),(7),(11) implies that the “duality functor” which associates to a finite abelian group A
its dual group A = Homz(A, C*) is exact: for any exact sequence of finite abelian groups
0—A-LBL0—0
the sequence
0—C0-%BL A0
is also exact.

(3) In fact, this property holds for exact sequences of arbitrary abelian groups (C* is an “injective abelian
group”), but a proof of 1.15(7) in the general situation requires a use of Zorn’s Lemma.
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(2.4) Snake Lemma. Let

0—) A 4 B L ¢ —o0

N
0— Ao I B oo (o
be a commutative diagram with exact rows. Then there is an exact sequence
(0 —) Ker(a) N Ker(8) <% Ker(y) 2, Coker(a) iR Coker(3) LN Coker(y) (— 0),
in which the non-obvious morphism A : Ker(y) — Coker(«) is given by “A = f'~18g=1".

Proof. We only give a definition of A and leave the verification of exactness as an exercise. Let ¢ € Ker(7).
As g is surjective, there exists b € B such that g(b) = c. As ¢’8(b) = vg(b) = v(¢) = 0, there exists a’ € A’
(unique, since f’ is injective) such that f’(a’) = B(b). We wish to define A(c) := a’ + a(A) € Coker(«). In
order to check that this definition makes sense we must analyse what happens if we take two different elements
b1, be € B satisfying g(b;) = ¢. As by —bs € Ker(g) = Im(f), we have by —by = f(a) for some a € A; thus the
corresponding elements a; € A’ (where f'(a}) = B(b;)) satisfy f/(a}] — ab) = B(by — b2) = Bf(a) = fala),
hence af — ah = a(a) € a(A) (since f' is injective), which implies that A(c) := a} + a(A) = ah + a(A4) €
Coker(«) is, indeed, independent of the choice of b. As A is a composition of possibly multivalued R-linear
maps, it is also R-linear.

(2.5) Exercise. For any homomorphisms of R-modules X L) Y %5 Z the following sequence is exact.
0 — Ker(f) — Ker(g o f) N Ker(g) — Coker(f) - Coker(g o f) — Coker(g) — 0.

(2.6) Exercise. If 0 — M L>N 2P —» 0 is an exact sequence, then every module homomorphism
h : RY) — P is of the form h = g o I/ for some homomorphism h' : RY) — N (“free modules are
projective”).

(2.7) Exercise. (i) Let 0 — M — N — P — 0 be an exact sequence. If M and P are R-modules of
finite type, so is N.

(i) If M is an R-module of finite presentation, then for every surjective homomorphism g : R® — M (with
b € N) the kernel Ker(g) is an R-module of finite type.

(iii) Why did we wait with (ii) until §27

3. Noetherian (after Emmy Noether) rings and modules

(3.1) Definition. An R-module M is noetherian if it satisfies the following equivalent conditions.

(i) Every submodule N of M is finitely generated.

(ii) Ascending chain condition. Every ascending chain of submodules My C My C -+ C M of M
stabilises: there is an index j such that My = M; for all k > j.

(iii) Every non-empty set S of submodules of M contains a maximal element P € S with respect to inclusion
(i.e., there is no P’ € S such that P C P’).

Proof (of the fact that the three conditions are equivalent). (i) = (ii) The union N = (J;=, M; is a submodule
of M, hence generated by a finite set of elements nq,...,n, € N, by (i). If j > 1 is large enough for M; to
contain all ny,...,n,, then N = M; and My = M, for all k > j.

(ii) = (iii) There exists My € S, since S is non-empty. If S does not have a maximal element, then there
exist My € S such that My C Ms, M3 € S such that My C Ms etc., hence a strictly increasing chain of
submodules M7 C My C Ms--- C M, in contradiction with (ii).

(iii) = (i) Let .S be the set of finitely generated submodules of a fixed submodule N of M. It is non-empty,
since 0 € S, hence it contains a maximal element P, by (iii). If P # N, then there exists n € N \ P. The
submodule module P + Rn C N generated by P and n is again finitely generated, hence P + Rn € S. On
the other hand, P C P + Rn, which contradicts the maximality of P. It follows that P = NN, hence N is
finitely generated.
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(3.2) Proposition. If M is an R-module and N a submodule of M, then M is noetherian <= both N
and M/N are noetherian.

Proof. Denote by pr: M — M/N the canonical projection. If M is noetherian, so are N (by 3.1(i)) and
M/N (indeed, for any submodule X C M/N the submodule pr=!(X) C M is finitely generated, hence so
is X = pr(pr~1(X))). Conversely, if N and M/N are noetherian and M; C My C --- C M is a chain of
submodules, then the chains of submodules

MiNnNCM;NNC---CN, pr(My + N) Cpr(My+ N)C---C M/N

must stabilise: there exists j such that My NN = M; N N and pr(Mj + N) = pr(M; + N) for all & > j.
Lemma 3.3 below then implies that M = M; for k > j. Thus M is noetherian, by 3.1(ii).

(3.3) Lemma. If X CY C M are submodules such that X "N =Y NN and pr(X + N) = pr(Y + N),
then X =Y.

Proof. Let y € Y; we must show that y € X. The condition pr(X + N) = pr(Y 4+ N) implies that there exist
2 € X and n € N such that y = z+n. It follows that n =y—x € NNY = NNX, hencey = z+(y—z) € X.

(3.4) Definition. A ring R is noetherian if R is noetherian as an R module, i.e., if the following equivalent
conditions are satisfied.

(i) Every ideal I of R is finitely generated.

(ii) Ascending chain condition. Every ascending chain of ideals Iy C Iy C --- C R of R stabilises: there
is an index j such that I, = I; for all k > j.

(iii) Every non-empty set S of ideals of R contains a maximal element I € S with respect to inclusion (i.e.,
there is no I' € S such that I C I').

(3.5) Examples. (i) Any PID (in particular, any field) is a noetherian ring.

(ii) The polynomial ring R = Clz1,2,...] = U, Clz1,...,2,] in an infinite number of variables is not
noetherian, since the ideal I = (x1,x2,...) is not finitely generated (in other words, M = R is a finitely
generated R-module which is not noetherian). Note that R is a UFD.

(iii) According to a theorem of I.S. Cohen ([Ma, Thm. 3.4]), a ring R is noetherian <= every prime ideal
of R is finitely generated.

(3.6) Proposition. Let R be a noetherian ring. An R-module M is noetherian <= M is finitely
generated. In particular, every finitely generated R-module is finitely presented.

Proof. The implication “==" is automatic. Conversely, the isomorphisms of R-modules R"/R —~ R"~!
imply, by induction and Proposition 3.2, that each R™ (n > 1) is a noetherian R-module. A finitely generated
R-module is of the form R™/N for some n > 1, hence is noetherian, again by Proposition 3.2.

(3.7) Proposition. Let f: R — R’ be a surjective ring homomorphism. If R is noetherian, so is R'.

Proof. For any chain of ideals J; C Jy C --- C R’ of R’ the chain f~1(J;) C f~!(J2) C --- C R of ideals
of R must stabilise: there exists j such that f=1(J,) = f~1(J;) for all k > j. Surjectivity of f then yields
Jo = F(f~1(JR) = f(f71(J;)) = J; for all k > j, which means that R’ is noetherian.

(3.8) Theorem (“Hilbert’s basis theorem”). If R is a noetherian ring, so is Rz, ...,z,] (n > 1).

Proof. By induction, we can assume that n = 1. We must show that any ideal I C R[z] is finitely generated.
For any ¢ > 0 consider

Li={a€R|3az’+a;,13" ' +---ap €I} CR.

This is an ideal of R and these ideals form a chain Iy C Iy C --- C R. The noetherian assumption on R
implies that there exists » > 0 such that I = I, for all £k > r. Moreover, Iy, ..., I, are finitely generated
ideals of R. As a results, there exist f;; € I (0 < i < r, 1 < j < m, deg(f;;) < i) such that, for each
i =0,...,r, the ideal I; is generated by the coefficients at x’ of the polynomials f;i,..., fim. Denote by
J C I the ideal generated by the (finite set of) polynomials f;; (0 <i <7, 1 < j <m). It is enough to
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show that any f € I'\ {0} is contained in J (= I = J is finitely generated). If d = deg(f), then there exist
C1,...,Cm € R such that the polynomial gg = (c1fr1 + - - - Con frm)2™¥E@=70) € J satisfies deg(f — gq) < d
(or f—gq =0). By decreasing induction on d we obtain, after at most d+ 1 steps, g € J such that f—g =0,
hence f € J.

(3.9) Corollary. If R is a noetherian ring, so is R[x1,...,x,]/I, for any ideal I of R[x1,...,2y].

Proof. Combine Theorem 3.8 with Proposition 3.7.
(3.10) Exercise. If R is a noetherian ring, so is the power series ring R[[X]].

(3.11) Proposition. In an noetherian ring R, every ideal I contains a suitable product Py --- P, (r > 0)
of prime ideals (in particular, the zero ideal (0) is a product of prime ideals).

Proof. Let S be the set of all ideals of R which do not contain any product of prime ideals. If S is non-empty,
then it contains a maximal element I. By definition of S, I is not a prime ideal, hence there exist x,2’ € R
such that z, 2" ¢ I and za’ € I. As I C J = I+(x) and I C J' = [+ ('), there exist prime ideals P;, P; such
that J D Py---P. and J' D Pj--- P., which implies that I > JJ' D P,--- P.P|--- P.. This contradiction
shows that S is empty, as claimed.

(3.12) Proposition. The condition 1.5.6(i) is satisfied in any noetherian integral domain A.

Proof. As in the proof of Theorem 1.5.9, if 1.5.6(i) does not hold, then there exists an infinite chain of
principal ideals (a1) € (a2) € (a3) € --- C A contradicting the noetherian assumption.

(3.13) Corollary. A noetherian integral domain A is a UFD <= the principal ideal generated by any
irreducible element of A is a prime ideal.

Proof. Combine Proposition 1.5.7 with Proposition 3.12.

4. Finitely generated modules over principal ideal domains

(4.1) Matrices. Let R be a ring. If we write elements of R™ as column vectors with entries in R, then a
module homomorphism f : R™ — R™ can be identified with a matrix A € M,,xm(R): f(z) = Az for any
r € R™.

The morphism f is invertible <= m = n (by Proposition 1.6) and the matrix A is invertible, i.e.,
there exists a matrix B € M,,(R) such that AB = BA = I,,. The latter condition implies that det(A4) € R*.
Conversely, the identity

A-adj(A) =adj(A) - A =det(A)I,

(“Cramer’s rule for solving a system of linear equations”) satisfied by the adjoint matrix adj(A) € M, (R)
(where (—1)""Jadj(A);; is the determinant of the matrix obtained by removing from A the i-th column and
the j-th row) shows that A is invertible if det(4) € R*, with inverse B = det(A4)~'adj(A). To sum up,
isomorphisms R™ — R™ correspond to matrices in GL,,(R) = {A € M, (R) | det(A) € R*}.

(4.2) Submodules of R™. Let R be a noetherian ring, let X be a free R-module of finite rank n. Any
submodule Y C X is finitely generated, by Proposition 3.6. Choose an isomorphism a : X — R" (i.e., a
basis of X) and a surjective homomorphism R™ — Y (i.e., a system of m generators of Y'). The composite
homomorphism (where i is the inclusion of Y into X)

A=qoiof:R™" —Y <X 5 R", A€ Muxn(R)

is identified with a matrix A, as in 4.1. In concrete terms, the columns of A are the coordinates of the fixed
set of generators of Y in the fixed basis of X. A choice of another basis of X is equivalent to replacing « by
o/ = Poa for P € GL,(R). Similarly, if we replace 8 by 8/ = S0 Q with Q € GL,,(R), then we obtain
another system of m generators of Y. The matrix A is then replaced by

A= PAQ, P e GL,(R), Q € GL,(R). (4.2.1)
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(4.3) If R = K is a field, the Gauss elimination method yields, for any A € M,,x,(K), matrices P and @
(obtained as a composition of elementary row and column operations, respectively) such that

I. 0
A'=PAQ = , r =r1k(A).
0 0
It was shown in the course Algebra 1 that a variant of this method works for R = Z (in fact, for any euclidean

ring) and yields, for any A € M,,«m(Z), matrices P € GL,(Z) and Q € GL,,(Z) such that

di 0 i 0 e 0
0 dy -+ 0 -oonn 0
A=pPaQ=| . (4.3.1)
0 0 - dp -ooee- 0
0 0 «oi 0 eeen- 0
where dy | --- | d, are positive integers depending only on A (and 0 < r < min(m,n)). The structure

theorems for subgroups of Z™ and for finitely generated abelian groups are immediate consequences of this
statement.

We are going to show that an analogue of (4.3.1) holds if R is an arbitrary PID (but the matrices P
and @ cannot be expressed as products of elementray operations, in general).

(4.4) Theorem. Let A € M, xm(R), where R is a PID.

(i) There exist matrices P € GL,(R) and Q € GL,,(R) such that A’ = PAQ is of the form (4.3.1), where
dy,...,d, are non-zero elements of R such that dy | --- | d, (and 0 < r < min(m,n)).

(ii) The integer r and the ideals (d1), ..., (d,) depend only on A: r is the rank of A (considered as a matrix
with entries in the fraction field of R) and d - - - dj, is the greatest common divisor of all k x k minors of A.

Proof. (i) We can assume that A # 0. By induction, it is enough to transform A into

dy 0

( ) ) B e Mn—l,m—l(R) (*)
0 diB

by applying row operations A — gA, g € GL,(R) (resp. column operations A — Ah, h € GL,,(R)). In

particular, we can permute the rows (resp. the columns).

We use the following observation: if a column C' (resp. a row L) of A contains a,b € R\ {0}, then there
exists a row (resp. a column) operation which replaces the couple a,b by d,0 (d = ged(a, b)), but which does
not change the remaining elements of C' (resp. of L).

Indeed, there exist u,v € R such that au + bv = d (= ged(u,v) = 1 = there exist u’,v" € R such

u v

that = 1), which yields the following row operations

u v a d 1 0 d d
« o) \o) \a)’ ~a/da 1) \a) \o
(d' = au' + b’ is divisible by d).
This observation allows us (after permuting the columns) to replace the first column by

u v

d

0
= |, d#o
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If d divides all elements of A, it is easy to obtain (x) by subtracting from each column a multiple of Cy. If
d does not divide all elements of A, we must distinguish two cases:

(a) there exists an element of the first row L; which is not divisible by d;

(b) d divides all elements of Ly, but does not divide an element of the i-th row L;.

After replacing Ly by L; + L; we can assume (a). After applying the above observation to L; and then to
the first column, we replace C7 by

dl
0

0

where d’ | d is a proper divisor of d (d/d" ¢ R*). If d’ does not divide all elements of A, we repeat the
same procedure. Since d has only finitely many divisors (up to elements of R*), we obtain (x) after a finite
number of steps.

(ii) We have r = rk(A’) = rk(A). The set of all k& x k minors of A (up to elements of R*) does not change
if we replace A by A’ = PAQ. For A’ as in (4.3.1) with dy | --- | d,- the ged of the k x k minors is equal to
dy---dg, for all k <r.

(4.5) Theorem on elementary divisors. Let R be a PID, let X be a free module of rank n over R and
Y C X a submodule.

(i) Y C X is free of rank r < n.

(ii) There exist non-zero elements dy, . ..,d, of R such that dy | --- | d, and a basis ey, ..., e, of X such that
die1,...,dye, is a basis of Y.

(iii) The quotient module X /Y is isomorphic to R* " "®R/(d1)®---® R/(d,). [Of course, if dy,...,d; € R*,
then R/(d1) ®---® R/(d;) = 0 and we can remove these terms.]

(iv) The ideals (dy), ..., (d,) depend only on the pair Y C X.

Proof. A choice of a basis of X and of a (finite) system of generators of Y yields a matrix A € M, «m(R), as
in 4.2. Theorem 4.4(i) implies that there is another basis ey, ..., e, of X and non-zero elements dy, ..., d,
of R such that dy | --- | d; (and r < n) for which YV is generated by dies,...,d.e,. There is no R-linear
relation between these r elements of X, hence they form a basis of Y (which is then free of rank r). This
proves (i) and (ii). The statement (iii) is an immediate consequence of (ii). The remaining statement (iv)
follows from Theorem 4.6 below (the reader may check that our reasoning is not circular).

(4.6) Theorem. Let R be a PID, let M be a finitely generated module over R. There is an isomorphism
M -~ R*®R/(d)®---®R/(d,), where dy,...,d, (r > 0) are non-zero non-invertible elements of R such
that dy | -+ | dr. The integer a € N and the ideals (d),...,(d,) depend only on the isomorphism class of
M. [One can use 5.11(i) to further decompose each term R/(d;).]

Proof. By assumption, there exists a surjective homomorphism of R-modules f : X — M, where X is a
free R-module of finite rank. Thus M — X/Y, where Y = Ker(f) C X. Applying Theorem 4.5(iii) we
obtain the desired isomorphism.

We have Miors — R/(dy) @ -+ @® R/(d,) and M/M;s — R®, which implies that a depends only on
the isomorphism class of the R-module M (by Proposition 1.6). In order to prove the uniqueness of the
ideals (dy), ..., (d,) we must analyse, for each irreducible element x of R, the sequence of exponents

0 <wy(dy) <+ <we(dy) (4.6.1)

with which x occurs in dy,...,d,.. The goal is to show that they are determined by M;os. For k > 0 set
ri(z) = {i | va(d;) > k}| (in particular, ro(xz) = r). In other words, the sequence (4.6.1) contains each
integer k > 0 with multiplicity rg(z) — rg4+1(z). The sequence of submodules

Mlz] D aM[2*] D 2*M[z%] D - (4.6.2)
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is isomorphic to

(R/(2))" ™) > (R/())*™) > (R/(x))**) > -, (4.6.3)

which implies that the non-zero exponents in (4.6.1) depend only on the isomorphism class of M.

As d; is not invertible, it is divisible by some irreducible element xy, which means that r = r1(zg) =
max(ry(z)). This determines the value of r, hence also the number of exponents equal to zero in (4.6.1),
namely 7 — r1(z). Theorem is proved.

(4.7) In the special case R = Z, Theorems 4.4-4.6 were proved in the course Algebra 1.

We are now going to discuss another important special case R = K|[T'], where K is a field. An R-module
M is the same thing as a K-vector space M equipped with a K-linear endomorphism f: M — M (= the
action of T'). A general polynomial P(T') € K[T] acts on M as P(f).

If M # 0 is finite-dimensional over K, then it is finitely generated as a K[T]-module. According to
Theorem 4.6 it is isomorphic to a direct sum

M =5 K[T)/(P) & - K[T]/(P)), (4.7.1)

where r > 0 and Py | --- | P, are non-constant monic polynomials (the integer a in Theorem 4.6 is equal to
zero, since R = K[T] has infinite dimension over K). We have

> deg(Py) =Y dimg (K[T]/(P,)) = dimg (M) = m.
i=1 i=1

We can choose a K-basis of M and consider f € M,,(K) as a matrix. The uniqueness statement in Theorem
4.6 then says that two matrices f, f’ € M,,(K) give rise to the same sequence of polynomials Py | --- | P.
< f'=gfg~! for some g € GL,,(K).

The formula (4.7.3) below implies that the characteristic polynomial of f is equal to det(X - I — f) =
Py --- P.. On the other hand, the minimal polynomial of f (the monic polynomial P € K[T] of smallest
degree such that P(T)M = 0) is equal to P,. In particular,

M = K[T]/(P)) <= the minimal and the characteristic polynomials of f coincide. (4.7.2)

Let us consider a special case when M # 0 is a cyclic R-module (which we assume until the end of 4.7):
M = K[T1/(Q) for some non-constant monic polynomial Q = T9 + aq T4 ' +--- +ag (d > 1) and
L,T,..., 791 (mod Q) is a basis of M over K. The matrix of f : M — M (= multiplication by T') in this
basis is equal to

0 0 0 —ap
1 0 0 —ai
c@ =101 0 —as
0 0 ... 1 —Qad—1

and the characteristic polynomial of f is equal to

det(X - T — C(Q)) = Q. (4.7.3)

Write Q@ = Q7" --- Q)*, where n; > 1 and Q; are distinct irreducible non-constant monic polynomials; then

M —= K[T]/(Q{") & & K[T]/(Q;*)

and the matrix of f in the union of the bases 1,T),...,T™ 9°8(Qi)~1 (mod Q") is given by a block matrix
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c@ny 0 0
0 C@) - 0

If the field K is algebraically closed, then Q; = T — \; for some \; € K. In the basis 1,(T — \;),..., (T —
i)™t (mod (T — \;)™) multiplication by T has matrix

A 0 0 -~ 0 O
1 X 0 -+ 0 0
o 1 X -~ 0 0
0 0 0 -~ XA O
0 0 0 -+ 1 N\

and we recover from Theorem 4.6 the existence and uniqueness of the Jordan normal form of a matrix over
an algebraically closed field.

(4.8) Exercise. For any square matrix A € M,,(Z), the index of the subgroup AZ™ C Z™ (= the subgroup
generated by the columns of A) is equal to
00, det(A) =0

(Z" : AZ") = {
| det(A)], det(A) # 0.

(4.9) Exercise (Subgroups of finite index of Z?). For an abelian group A and an integer n > 1 denote
by S(A,n) the set of all subgroups X C A of index (A: X) =n.

(i) If (A: X) =n, then nA C X.

(ii) There is a natural bijection between S(A,n) and S(A/nA,n).

(iii) If m > 1 and ged(m,n) = 1, then there is a natural bijection between S((Z/mnZ)™,mn) and
S((Z/mZ)N,m) x S(Z/nZ)N,n), for all N > 1.

(iv) S(Z?,2) has three elements, namely

Lo)ox ) 2= ) #0) ()

(v) For each positive divisor a | n there exist exactly a elements X € S(Z?,n) such that X N(Z®0) = aZD0;
describe them explicitly. Deduce that
5(Zn)| = a

aln
(vi) Give an explicit formula for the generating series
doIS@ T, Y IS(Z )
r=0 n=1

where p is a prime number.
(vii) What happens if Z? is replaced by Z3 (or by Z™)?

(4.10) Exercise (Hecke operators and the Bruhat-Tits tree). Let X = Z2, let p be a prime number.
(1) There exist precisely p + 1 subgroups Y C X of index (X : Y) =p (<= X/Y = Z/pZ). [Hint:
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consider Y/pX C X/pX.]

(2) If Y C X is a subgroup of index (X :Y') = p™ for some n > 0, then there exists a unique integer a > 0
such that Y = p®Y"’ and X/Y" is a cyclic group (in fact, isomorphic to Z/p™~2*Z).

(3) Consider the graph with vertices {Y subgroup of X | X/Y =+ Z/p™Z for some m > 0}, with vertices
Y,Y’ joined by an edge <= Y/Y' "% Z/pZ or Y'|Y — Z/pZ. Show that this graph is an infinite tree,
in which each vertex has degree p + 1.

(4) For each n > 1 determine the number of subgroups Y C X such that X/Y — Z/p"Z (resp. such that
(X:7) = p").

(5) Let A be the free abelian group on symbols [Y], where Y C X runs through all subgroups of X of
index p™ (for all possible values of m € N). For each n > 0 consider the homomorphisms of abelian groups
T(p™),S(p™) : A — A defined on the basis elements as follows.

T : Y] Y Y] SE)=5SE":[Y]= pY].

Show that
Yn>1  T(p)T(p") =TE" ) +pSE)TE" ).

(6) Deduce that all homomorphisms T'(p™) (n > 0) commute with each other (and with S(p)) and that there
is an equality of formal generating series

> T u = (1—T(p)u+pS(p)u?)

where u is a formal variable.
(7)** What happens for subgroups of Z3?
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ITI. Field extensions and Galois theory
1. Solving equations of degree 2, 3 and 4
(1.1) Consider a polynomial equation

2" a4 a, =0 (1.1.1)

of degree n > lwith complex coefficients ay,...,a, € C. According to a fundamental result of Gauss, the
equation (1.1.1) has n complex roots z1,...,z, € C (not necessarily distinct) for which the polynomial
(1.1.1) splits as

" o an = (-2 (- 2) (1.1.2)
in C[z]. After comparing the coefficients of both sides of (1.1.2) we obtain

ay = —01q, a2 = 02 NN Ay — (71)’”0’”, (113)
where
01:x1+"’+$n:2$i
i
02 =X1T2 + X1T3 + -+ + Tp_1Tp = Zﬂiiﬂ?j
i<j
(1.1.4)
Ok = Z Lig =+ Ly
1<iy < <ip<n
Op =1 Ty
are the elementary symmetric functions of the roots x1,...,x,. In other words, solving the equation
(1.1.1) amounts to solving the system of equations (1.1.4) for o = (—1)%ay.
The expressions (1.1.4) are symmetric functions of the roots z1,...,z, in the sense that they do not
change if we permute the roots. A fundamental idea of Lagrange was to try to solve (1.1.4) by breaking this
Symimetry.

In this section we recall the classical approach to solving equations of degree n < 4. After that we
reformulate it using Lagrange’s idea of resolvents and show that this method does not permit to solve
equations of degree n > 5. The history of the subject can be found in [Ti 2].

(1.2) Quadratic equations. A quadratic equation

2+ pr+q=0, (1.2.1)

is solved by completing the square:
P2 P\?
T+ 2 +q 5
Equivalently, one can write x = u + v, which yields

0= (u+v)*+plu+v)+q=1*+u2v+p) +v°>+pv+q. (1.2.2)
For v such that 2v + p = 0 the equation (1.2.2) simplifies as

2 2
0=u2+(—]3) +p(—£)+q=u2+q—(£) . (1.2.3)
2 2 2
The solutions 1, 2o of (1.2.1) can be written in terms of the solutions wy,us = —uy of (1.2.3) as
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xlz—g—kul, $2=—g+u2=—§—ul~ (1.24)
Conversely,
2U1 =1 — X9, 2U2 =T — 1. (125)

(1.3) Cubic equations. A general cubic equation

2 4ar+br+c=0

can be transformed to a simpler equation

2 +pr+qg=0 (1.3.1)

by completing the cube, i.e., by replacing  + a/3 by x. In order to solve (1.3.1) one writes x = u + v (as in
1.2), which gives

0= (u+v)®+plut+v)+q=1®+0>+ Buv+p)(u+v)+q. (1.3.2)

If 3uv + p = 0, then the equation (1.3.2) simplifies as

w403+ q=0,

hence

3 3
ub + qu® — (g) =0, 0% 4+ qu® — (2) = 0.

In other words, the two roots T7,T> of an auxiliary quadratic equation

12 qr - (2) <o (133)

are equal to u? et v3 (of course, Ty T» = (—p/3)3 = u3v?).

If p = 0, then the roots of 1.3.1 are the cubic roots of —q. If p # 0, then each cubic root w1, us = puq,
uz = p?uy of Ty # 0 (where p = €*™/3) determines a unique cubic root v; = —3p/u; of Tp (vo = p*uvy,
v3 = puy) for which z; = u; + v; is a root of (1.3.1):

T = uy + vy, xo = puy + puy, x3 = p2uy + puy, (1.3.4)
hence
3ui = 1 + p’re + prs, 3v, = x1 + pxa + pias. (1.3.5)
(1.4) Quartic equations. Let us consider a general quartic equation

2t +axd +b2? +cx+d=0.

As above, it can be transformed to a simpler equation

2 p?4+qgr+r=0 (1.4.1)

by replacing = + a/4 by x. The trick used in 1.2 and 1.3 (z = w + v) does not lead to a significant
simplification of (1.4.1). Instead, one can try to write the quartic polynomial in (1.4.1) as a product of two
quadratic polynomials:
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ot pr? g+ = (2% 4 ax 4+ b)(2® + cx + d)

r
= (2® + ax +b)(2® —az + 3) (1.4.2)
=2t + (b+%fa2)x2+a(% —b)err,

which is equivalent (under the assumption that ab # 0; the case ab = 0 is left to the reader) to

2
C—I—b:p—&—a2, Top=1 — 2b=p—|—a2—g, —T:p—i—aQ—i-g,
b b a a b a
where
2 4 2, 4 oo O
dr = . Iy = - L 1.4.3
r=(p+a a)(p—i—a +a) (p + a®) 3 ( )

After multiplying (1.4.3) by a? we obtain an auxiliary cubic equation for a?:

(a®)® + 2p(a®)? + (p* — 4r)a* — ¢* = 0. (1.4.4)

Conversely, each root a of (1.4.4) gives rise to a factorisation as in (1.4.2), with b = 1(p+ a® — %).
Let us investigate the relationship between the roots tay, *as, +as of (1.4.4) and the roots x1,...,24
of the original equation (1.4.1). The two quadratic factors

2’ tar+b = (r—x;)(r — ;) = 2?

— (@ + zj)x + z335
P rex+d=(x—ap)(x—x) =22 — (zp + )z + 211y

correspond to a choice of indices such that {1,2,3,4} = {i,j}U{k, [} (of course, 1 + 2+ x3+ x4 = 0, hence
T + a1 = — (i + 7))
In particular, the three roots a3, a3, a2 of the cubic equation

T3 +2pT% 4+ (p* — 47T — ¢* = 0 (1.4.5)
are equal to
a] = (xl +x2)2 = —($1 +$2)($3 +$4) = Y2 —-Ys=y1—p
a3 = (z1+x3)° = —(z1+a3)(T2a+a4) = —Yy1 —Ys =y2 — p
a3 = (w14 24)? = — (21 + 24) (22 + 73) = —y1 — Y2 = Y3 — P,
where
Y = 12 + T34, Yo = T1T3 + ToT4, Yz = 14 + ToX3. (146)
Note that y1,y2, y3 are the roots of the cubic equation
0=(y—p°+2p(y—p)°+ @ —4r)y—p) — ¢ =y* —py® — dry + (4pr — ¢*). (1.4.7)

In order to determine the roots x1, o, 23, x4 one must first solve (1.4.4) and then use the following relations:

1+ 2o+ 23+24=0

{*ai1,+as,*as} = {z1 + 22,21 + 3,21 + x4, T2 + T3, T2 + g, T3 + T4}
The formulas

(1'1 +f£2) =+ ((El —+ 1’3) + (1'1 —+ QC4) = 2%1

(X1 +22) + (21 + 23) + (w2 + 23) = 224 (1.4.8)
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show that the sum +a; & ag + a3 is equal, for any choice of the signs, to +2z; (i =1,...,4).
We have (ajaza3)? = ¢* and

—q = 1102%3 + (122 + 2123 + Tax3) Ty = 10273 — (T122 + 2123 + x223) (21 + T2 + X3)

= -2 1T9T3 — (37%.1?2 4t mgmg) = (21 + z2)(x1 + x3) (21 + 24) = — (21 + 22) (21 + 23) (22 + T3),

which allows us to distinguish between the two cases in (1.4.8): for an arbitrary choice of square roots
a1, az,as of the roots T; = a? of the cubic equation (1.4.5) there exists a root x; of (1.4.1) such that

2x;, if ajagasz = —q
a1 +ag+asg = (149)

—2x;, if ajasaz = q.

(1.5) Let us now reconsider equations of degree n < 4 from a more scientific point of view. All coefficients
ar = (—1)¥oy, of the equation
" +ax" M+ a, =0

are symmetric functions of the roots x1,...,x,. The idea of Lagrange was to break this symmetry step by
step, by considering expressions which are slightly less symmetric.

(1.6) Quadratic equations. In order to solve the system
T+ T2 = —aq, T1To = a2 (1.6.1)

we consider the function

Y= o — 1, (1.6.2)

which is not symmetric in z; in x5, but its square is:

y? = (z1 — x2)2 = x? + xg —2z1x9 = (21 + x2)2 —4dxix9 = 0% — 409 = af — 4ao, (1.6.3)

which gives the standard formulas

1 1
y = +4/a? — 4as, x1,Te = 5((x1+x2)j:y) = 5(—a1:|:q/a%—4a2). (1.6.4)

(1.7) Cubic equations. A general cubic equation

224+ az? +ax+az3=0 (1.7.1)

is equivalent to

01 =21 +Zg+2x3 = —ay, 09 = X1X2 + T1T3 + T2X3 = asg, 03 = X1X2x3 — —Aas. (172)
It is natural to try to generalise (1.6.2) by considering “Lagrange’s resolvents”

=21+ pro + 2%
U1 1 P22 P I3 (1.7.3)
Y2 =21 + p T2 + pT3,

where

2mi/3 _ —14iV3 1 _ 6727”‘/3 _ —1—-iV3 _ 1
= —Tive = = =S =

p=e N —p

are as in 1.3. What are the symmetries of the functions y1,y2? If we permute x; and o (resp. x2 and x3),
the transformation rules are
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Y1 > To + pT1 4 pPT3 = pya, Yo > Do+ pPT1 + pas = PPy

resp.

Y1 = X1+ pTs 4+ pPT2 = Y2, Yo = X1+ pPas + pr2 = Y1

It follows that the functions y;y» and y$ + 3 are symmetric en xy, o, 73:

Y1Y2 = z% =+ x% =+ :17% — X1X2 — T1T3 — To2X3 = So — 09
v 4 ys = 2(2d + b + a) + 12012003 — 3(22xy + 123 + 2223 + 122 + w3 + 10ad) (1.7.4)
= 2s3 + 1203 — 382,1

We wish to express them (equivalently, the functions ss 1 and s = z¥ + 25 + 2% for k = 2 and 3) in terms
of 01,09 and o3. This can be done as follows:
0’% =(r1 + 22+ x3)2 = m% + mg + x% + 2(xz129 + 21273 + T2T3) = S2 + 209
0102 = (551 + 2+ -773)(551172 + 2173 + 932563) =S2.1 + 3z1T003 = S2.1 + 303 (175)
0182 = (X1 + 22 + 1:3)(3:% + x% + x%) = (x‘f + x?j + :z:g) + 821 =583+ 521,

which implies that

So :0'%—20'2, 521 :0'10'2—30'3, §3 = 0182 — 82,1 :O'%—30'10'2+30'3 (176)

and

_ 2 3,.3_9o.3
Y1Yya = o7 730’2, Y1 +y2 —201 790’10’24’270’3 (177)
(we shall see in Theorem 2.7 below that any symmetric polynomial F(z1,...,2,) can be written in terms
of o1,...,04).
To sum up, the cubes 33, y3 are the roots of an auxiliary quadratic equation

(t—yd)(t —y3) =t* — (205 — 90109 + 2703)t + (07 — 302)> =0 (1.7.8)

and
y1y2 = o1 — 302. (1.7.9)

The roots of the original equation (1.7.1) are given by

3r1 =y1 + Y2 + 01, 3wy = p*y1 + py2 + 01, 33 = pyr + p*y2 + 01 (1.7.10)
In the special case of the equation (1.3.1) we recover the formulas (1.3.4) and (1.3.5).
(1.8) Quartic equations. Consider the simplified quartic equation (1.4.1)
zt +pr? g+ =0, (1.8.1)
for which
o1 =0, 09 =D, o3 = —q, o4 =T. (1.8.2)
Let us try to generalise (1.7.3). A natural guess would be to consider the following linear expressions
T, + 1T — T3 — x4, T1 — To + X3 — X4, T1 — ixo — x3 + iT4. (1.8.3)

We must study their behaviour under all permutations of the roots x1, ..., z4.
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The first and the third polynomial in (1.8.3) do not behave well, even if we raise them to the fourth
power: they give rise to six different expressions. On the other hand, the second polynomial in (1.8.3) works:
the set of the following three polynomials

Uy = T1 + T2 — XT3 — Ty, Uy = X1 + T3 — Tg — Ty, U3 =21 +T4— T2 — T3

is preserved — up to a sign — by arbitrary permutations of the roots. As a result, the coefficients of an
auxiliary cubic polynomial

(u—u3)(u—u3)(u—u3) (1.8.4)

are symmetric in z1, s, x3, x4 and one can write them down explicitly by a calculation similar to that in
(1.7.5). The resulting auxiliary cubic equation is given, up to rescaling the variable, by the formula (1.4.4),
since uf = 4a§ for all j =1,2,3.

Alternatively, one can consider the cubic polynomial whose roots are given by the expressions (1.4.6)

Y1 = 2129 + 1374 = p + (u1/2)?, Yo = 2123 + Tow4 = p + (u2/2)?, Y3 = 2124 + 2273 = p + (u3/2)>.

These three expressions are permuted under arbitrary permutations of the roots x1,zs,x3, 24 and we can
again compute the coefficients of

(v —y)(y —y2)(y — v3)
in terms of p,q and r as in (1.7.5), arriving at the formula (1.4.7).

(1.9) The general mechanism should now be clear. Given an equation (1.1.1), the goal is to choose in an
intelligent way an auxiliary polynomial g(x1,...,2,) = ¢1 in the roots x1,...,z, (a “resolvent”) which will
be a root of a new polynomial equation (the “resolvent equation”)

(y—91)-(y—9a) =0, (1.9.1)

hopefully simpler than the original equation. The distinct roots of (1.9.1) are obtained from ¢ by applying
to it all possible permutations of the roots x1, ..., z, (but keeping each expression obtained in this way only
once, disregarding multiplicities with which they appear). The coefficients of (1.9.1) are symmetric under
all permutations of x1,...,x,, and therefore expressible in terms of the coefficients of the original equation
(1.1.1).

For n = 2,3,4 we can take, respectively, g1 = (z1 — 22)%, (1 + pz2 + pr3)® and z179 + w324 (OT
(r1 + 22 — x3 — 24)?), obtaining resolvent equations for g; of respective degrees d = 1,2 and 3.

(1.10) Question. What happens for n > 57

2. Symmetric functions and resolvents

In this section we first show that any polynomial in 1, ..., z, which is symmetric (in the sense of 2.3 below)
can be expressed as a polynomial in o4, ...,0,. After that we briefly discuss Lagrange’s theory of resolvents
and answer Question 1.10.

(2.1) The symmetric group. Recall that a permutation of a set X is a bijection o : X — X. The
permutations of X form a group Sx with respect to composition o7 = o o 7, (07)(x) = o(7(z)). For an
integer n > 1 the symmetric group S, is defined to be S, = Sx for X = {1,...,n}. The sign of a
permutation o € S, (n > 2) is defined as

sgn(o) = (=1)HED 1si<isn, o (>0 ()}
The map
sgn: S, — {£1}
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is a group homomorphism. Its kernel is the alternating group A, = Ker(sgn) C S,,. We have |S,| = n!,
|An| =nl/2.
There are two types of notation for elements of S,,. One can write o € 5,, either as

1 2 .
o1) o2) - on))’
or as a product of disjoint cycles (= orbits under the action of o on {1,...,n}). For example, the element
1 2 3 4 5 6
o= € Sg
4 5 3 6 2 1
is a product of the following disjoint cycles:

1—4—6—1, 252, 33,
hence
o = (146)(25)(3).

(2.2) Definition (Action of S, on polynomials). Let R be a ring (commutative and unital, as usual).

The polynomial ring R[x1,...,%,] has a natural left action of S,,, given by
(- )1, 20) = f(To@), - To(n)) (c €8y, f €R[z1,...,24]).
If R = K is a field, the same formula defines an action of S,, on the field of rational functions K (x1, ..., z,) =

Frac(K|[z1,...,zy]).

(2.3) Definition. A polynomial f € R[x1,...,xy] (resp. a rational function f € K(x1,...,xy,), f R=K
is a field) is symmetric if Yo € S, o-f = f. They form a subring R[zy,...,z,]°" (resp. a subfield
K(xy,...,2,)%") of R[xy,...,7,)] (resp. of K(x1,...,7,)).

(34) Eéample. The polynomials z179z3 and z! + 27 + 27 € R[ry, 72, 73] are symmetric, but z?xy +
T5x3 + x371 is not.

(2.5) Symmetrised monomials. For any set I = (i1,...,4,) of integers i; > iy > -+ >4, > 0 we define

ST = Sy, iy, = Z f € R[zy,...,x,]5", where Ap={o- (2 ---zin)|o € S,}.
feAr

We often omit the values i, = 0. For example,
51 =01, 51,1 = 02, $1,1,1 = 03,
are the elementary symmetric functions from (1.1.4) and
Sk = x]f + -+ xfm S9.1 = x%xz + xlxg + !E%.’L‘g + J;lajg +--- 4+ xifla:n + xn,lmi.
For I = (i1,...,i,) and J = (j1,...,Jn) (where iy >is > -+ >4, > 0and j; > j2 > -+ > j, > 0) we define

I+J=>G014J1,-sin+Jn)

If I # J, we say that I < J (vesp. I > J) if iy = j1,...,ip = jx and ig11 < jro1 (vesp. and igy1 > jr1),
0<k<n.
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S

(2.6) Proposition. (i) Each symmetric polynomial f € R|z1,...,2,]°" can be written as a finite sum

f=>crsr,cr €R.
(ii) For every I,J as in (2.5) we have

SISy = Sr+J + E CKSK (CKER).
K<I+J

Proof. (i) If f contains a monomial cz’'---zi (with exponents not necessarily ordered), it contains all
monomials cx?(l) e xf:(n).

(ii) This is a general version of (1.7.5).

(2.7) Theorem on symmetric functions. We have R[oy,...,0,] = R[z1,...,2,]°" and there is no
polynomial relation between the elements o1,...,0,. In other words, every symmetric polynomial over R

can be written in a unique way as a polynomial over R in 01,...,0,.

Proof. Existence: one can generalise the calculations in (1.7.5), as follows. Thanks to Proposition 2.6(i)
it is enough to show that (VI) s; € Rloy,...,0n]. As so..0 = 1, we can assume, by induction, that
I'=(i1= i >igy1 > >ip >0 (1 <k <n)and that we already know that sx € Rloy,...,0,] for
all K < I. We can write I = I’ + J, where I’ = (1,...,1,0,...,0) (and 1 appears k times). It follows from
Proposition 2.6(ii) that

S]ZJkSJ+ZCKSK (CKER)7
K<I

which lies in R[oy,...,0y], by the induction hypothesis.
Uniqueness: for every set of exponents A = (aq,...,ay), a1,...,a, > 0, we have

o ::Uill"'O',?ln:S[‘i‘ZCJSJ, I=I(A) = (a1+Han, a2+ - +an,...,a,), (c; € R). (2.7.1)
J<I

9W1 - Yn) = D Gayan ¥ ye =Y gay®
A

be a non-zero polynomial. The set {I(A)]|ga # 0} contains the biggest element (necessarily unique!) with
respect to the order “<” I = I(A) (for a unique valued of A, g4 # 0). It follows from de (2.7.1) that
g(o1,...,0n) contains the monomial g4sy, hence g(o1,...,0,) # 0.

2

2 in terms of oy,...,0,. As

(2.8) Example. Let us write spo = z323 + 2323+ -+ 22 _ 1z

o3 = 5%,1 = (x120 + 2123 + -+ Ty 17,)% = (2325 4+ ) + 2(2woxs + ) + 6(wy0T3TY + ) =

= 892 + 259,11 + 604,
o103 = 518111 = (21 + -+ 2p)(T120223 + -+ 1) = (2zaws + ) + d(z1@22304 + -+ ) =

= 89,1,1 + 404,
we have

52111 2010'3—404, 52,2 203—2010'3+20'4.
(2.9) Corollary. If K is a field, then K (o1, ...,0,) = K(z1,...,2,)°".

Proof. If f g € K[z1,...,2,] (9 #0) and f/g € K(x1,...,2,)%", then
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= ] (0-9) € Klar,... 2] \ {0} = Ko, 0] \ {0}

gESy

and
ho:=hiflg=f H (0-9) € K[x1,...,2,)%" = Koy, ..,04],
oceS,\{1}
hence f/g = ha/h1 € K(o1,...,04).

(2.10) Exercise (Newton’s formulas). The polynomials s = z¥ + - - + z¥ satisfy recursive relations
sp— 01551+ + (=D top_151 + (=1)*koy, = 0 (k>1)
(of course, o, = 0 for k > n).

(2.11) Discriminant. Let n > 2. The polynomial
A= I_I(ZEZ —x;) € Llxy,. .., xy]
i<j
is not symmetric, since
VrelS, 7-A=sgn(r)A,
but its square
A’ =[] = 2))* € Zly, ..., 20)5" = Zon,..., 0]
i<j

is. Writing A2 in terms of the coefficients az = (—1)*oy, of the polynomial

f=a"+az" '+ tapn=(r—21) (. —x) € Zag, ..., a,][t],
we obtain the discriminant disc(f) € Z[aq,. .., ay] of f.

(2.12) Exercise. (i) Compute the discriminants disc(z™ + ax + b) for n = 2,3,4.  [Hint: relate the
discriminant of a cubic (resp. quartic) polynomial to the discriminant of its quadratic (resp. cubic) resolvent

(1.7.8) (resp. (1.4.7)).]
(ii) What happens for general n > 27

(2.13) Exercise. Let K be a field such that 2 € K*. Show that, for any n > 2, the field of rational
functions invariant under A, is equal to

K(xla"'axn)An = {f+gA | fvgeK(Ula"'van)}'

(2.14) Resolvents revisited. Fix a base field K and consider (1.1.1) as a “generic equation”, i.e., let
Z1,...,Tn be variables. Fix a polynomial u = u(xy,...,z,) € Klz1,...,2,] (a “resolvent”). Its orbit
O(u) = {7-u |1 €S,} under the action of the symmetric group is in a canonical bijection with the coset
space Sy, /H, where H = {1 € S,, | 7-u = u} is the stabiliser of u (TH € S, /H corresponds to 7 - u).

Let y be a new variable. The polynomial
U(y) = H (yiv) = H (yiv(xlv"'vl’n)) = H (yiu('r‘r(l)aa‘TT(n)))
v€O(g) vEO(u) THES, /H

lies in



In other words, u(zy,...,2,) is a root of the polynomial U(y) = U(y; o1, ...,0n), whose coefficients can be
written in terms of the coefficients of the original polynomial f(z) = (x — z1)--- (z — x,). The degree of
U(y) is equal to

deg, (U) = [O(u)| = (Sn : H).
The resolvents studied in 1.6-1.8 correspond to the following polynomials.

(214.1) n=2, K D Q, u = (z1 — 22)%, H = S,.
(2142) n=3 KD Q(p), u = (IEl + pxg + pzl’g)s, H= A3 C S;s.
(2.14.3) n=4, K D Q, u = 129 + 2374 (0r (1 — 22 + 23 — 14)?), H = Dg C S4.

More generally, Lagrange’s resolvents are given by u = (2?21 (jxj)m7 wherem |nand (™ =1. lf m=mn
and ¢ is a primitive m-th root of unity (i.e., if (* # 1 for 0 < a < m), then H = C,, is the cyclic group
generated by (12---n). If m | n is arbitrary and ¢ is a primitive m-th root of unity, then H is a semi-direct
product H = (S, /p,)™ % Cp. The case n = m = 3 (resp. n = 4, m = 2) corresponds to (2.14.2) (resp. to
the second resolvent in (2.14.3)).

If we take u = A = [[,, <, (% — 2;) (assuming that 2 € K* and n > 2), then H = A, and
O(A) = {A, —A}, which implies that

Uly) = (y = D)y +A) =y = A = y* — disc(f).
Conversely, Exercise 2.13 implies that A is, essentially, the only resolvent for which H = A,,.

(2.15) Question. If n > 5, is there a resolvent u (apart from u = A) for which 1 # deg, (U) < n?

(2.16) Answer (Lagrange and his followers): no. This follows from the discussion in 2.14 and
Proposition 2.17 below.

(2.17) Proposition. Let H C S,, be a subgroup.

(i) If (Sy, : H) = 2, then H = A,

(ii)) If n > 5 and H < S, is a normal subgroup of S,,, then H = {e}, A,, or S,,.
(iii) If n > 5 and H # A, Sy, then (S, : H) > n.

(iv) If n > 5 and H C A, then (A, : H) > n.

Proof. (i) Exercise. (ii) We use the fact that A4, is a simple group for n > 5 ([De 1], Thm. I.5.1), which
implies that H N A, is equal to 4,, (= H = A,,S,) or to {e} (= H — S, — S, /A, — {£1} is
injective = |H| < 2; a subgroup of order two is never normal in S,,, hence H = {e}).

(iii) The action of S, on X = S,,/H gives rise to a group homomorphism « : S,, — Sx. We claim that this
action is faithful (i.e., that « is injective). Indeed,

Ker(a) = m THT™' <8, Ker(a) C H # Ay, Sy,
TESH

which implies, by (ii), that Ker(a) = {e}. It follows that n < |X| = (S, : H).
(iv) The same argument as in (iii) shows that the action of A, on Y = A, /H is faithful, hence |A,| =
nl/2 < |Sy| = (A, : H)!, which implies that (A4,, : H) > n.

3. Field extensions (basic properties)

We saw in §1 classical formulas for solving cubic and quartic equations discovered in the 16th century
and in §2 Lagrange’s reformulation (and generalisation) in terms of symmetric functions. This theory covers
general equations (1.1.1), in which the coeflicients a; appear as independent variables. Galois realised that it
was possible — and extremely useful — to study symmetries of the equation (1.1.1) even in the case when the
coefficients have numerical values. In somewhat vague terms, the Galois group of the equation (1.1.1) is the
subgroup Gal(f) C S,, which preserves all polynomial relations between the roots of f. For example, for the
equation z" — 1 = 0 (“division of the circle in n parts”) there are many relations between the roots, which
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impose rather severe restrictions on Gal(f). This group was implicitly computed by Gauss (in the case when
n = p is a prime number) before Galois was even born. The corresponding problem for the division of the
lemniscate was also considered by Gauss (unpublished) and Abel.

The “modern” formulation of what we call Galois theory is due to E. Artin. One considers the equation
(1.1.1) for a polynomial f with coefficients in an arbitrary field K. The fundamental object is not the set
of roots aq,...,ay of (1.1.1) (whose existence somewhere in the mathematical universe needs to be proved
first — see Theorem 3.26 below), but the set of all expressions such as a; /(a3 — 5asas), in other words, the
field L = K(ay, ..., a,) generated over K by the roots of f. The Galois group in this context depends only
on the extension of fields K < L (strictly speaking, this works in full generality only for fields containing
Q; for fields containing F,, one needs to be more careful; see §6 below). The fundamental objects of study
will be, therefore, field extensions K < L of finite degree.

(3.1) Fields. Let K be a field. The kernel of the canonical ring morphism i : Z — K (see 1.4.3) is a
principal ideal Ker(i) C Z.

If Ker(i) = (0), then K contains i(Z) = Z, hence also Frac(Z) = Q. We say that K is a field of
characteristic zero (notation: char(K) = 0).

If Ker(i) = (n) for some n > 1, then n = p is a prime number, since Im(i) — Z/nZ C K is a domain.
We say that K is a field of characteristic p (notation: char(K) = p). The field K then contains the finite
field F, = Z/pZ with p elements.

(3.2) Homomorphisms (= embeddings) of fields. Let K and L be fields. A ring homomorphism
f: K — L is called a homomorphism of fields. Its kernel Ker(f) # (1) is an ideal of K, hence equal
to (0), which means that f is automatically injective. We consider, therefore, f as an embedding of fields
f+ K — L (equivalently, we say that f : K — L is a field extension). Note that, for fixed K and L, there
can be many different field embeddings K < L (example: the identity map and the complex conjugation
C — C). In general, the subfield f(K) C L depends on f, not just on K and L (see Example 3.12(iv)
below). We say that the field extension f : K < L (sometimes denoted simply as L/K) is of finite type if
there exist finitely many elements aq,...,a, € L such that L = K(a1,...,a,). A simple extension is a
field extension generated by one element: L/K = K(«a)/K.

(3.3) Proposition. Let K be a field. Any finite subgroup A C K* of the multiplicative group of K is
cyclic.

Proof. We can assume that |A| = p7*---plr
part of A is isomorphic to

> 1. Fix a prime number p = p; dividing |A|. The p-primary

Alp) = Z/p“Z x --- x Z/p™*Z (a; > 1),

which implies that

PP =z e Alp)|a? =1} < {z € Ala? =1} < [{z € K |aP — 1 = 0}| < deg(X” —1) =p,
hence k = 1, which means that the group A(p) = A(p;) — Z/p!"Z is cyclic. As a result, the group
A= Ap) e Alpy) — Z/pVZ & - Z/prZ — Z/|A|Z is cyclic, too.

(3.4) Definition. Let K < L be a field extension. A basis (resp. the degree) of this extension is any
basis of L (resp. the dimension [L : K| := dimg (L) € N U {oo} of L) considered as a K-vector space. If
[L: K] < oo, we say that K — L (or L/K) is a finite extension.

(3.5) Examples. [C:R]=2and {1,i} (or {2 —3i,7+ 17}, for example) is a basis of C/R. On the other
hand, [C: Q] = oo and [K(X) : X] = oo, for any field K.

(3.6) Proposition (multiplicativity of the degree). Let K — L — M be fields, let {{;};cr (resp.
{m;}jes) be a basis of L/K (resp. of M/L). Then S = {{;m;}; j)erx is a basis of M /K. In particular,

M :K]=|IxJ = |J]=[L:K]|[M:L]
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Proof. The set S generates M as a K-vector space, since each m € M can be written as

m=>y;m; (yj € L)
JjeJ
and each y; as
Y = injéi (zi; € K),
il

which yields

m = Z inj&mj ({,Cij S K)

i€l jeJ

Conversely, the set S is linearly independent over K, since any relation

Zzwzjfimg‘ = Z (Z wij&) m; =0 (zi; € K),

i€l jeJ jeJ \iel

implies

(V]EJ) Zl’ij&:o
il
(since the m; are linearly independent over L), hence x;; = 0 for all 4, j (since the ¢; are linearly independent
over K).

(3.7) Corollary. The extension M/K is finite <= both extensions L/K and M/L are finite.

(3.8) Definition. Let K — L be a field extension. An element o € L is algebraic over K (resp.
transcendental over K) if there exists a non-zero polynomial f € K[X] such that f(a) = 0 (resp. if
f(a) # 0 for all non-zero f € K[X]). The extension L/K is algebraic if all elements of L are algebraic
over K.

(3.9) This definition has a useful reformulation in terms of the map “evaluation at o”:

evy : K[X] — L, 9(X) — g(a). (3.9.1)

This is a homomorphism of K-algebras, whose image Im(ev,) — K[X]/Ker(ev,) is equal to K[a] C
K(a) € L (hence is a domain).

If « is transcendental over K, then Ker(ev,) = (0) and the map (3.9.1) induces isomorphisms of K-
algebras K[X] — K[a] and K(X) —» K(«). In particular, [K(a) : K] = co in this case.

(3.10) Proposition. If a € L is algebraic over a subfield K < L, then:

(1) Ker(evy) = (f), for a unique non-constant monic polynomial f € K[X] of minimal degree satisfying
f(a) = 0. We say that f is the minimal polynomial of o over K and its degree n = deg(f) > 1 is the
degree of o over K.

(2) The map (3.9.1) induces an isomorphism of K-algebras ev,, : K[X]/(f) — K|[a].

(3) The K-algebra K[a] is a domain of dimension dimg K[a] = n. The elements 1,q,...,a" ! form a basis
of K|a] as a K-vector space.

(4) The polynomial f is irreducible in K[X] (conversely, if g(a) = 0 for an irreducible monic polynomial
g € K[X], then g = f).

(5) The K-algebra K|a] is a field; thus K[a] = K(«) and [K(a) : K| = n.

(6) Conversely, if f € K[X] is an irreducible monic polynomial of degree n > 1, then the K-algebra
L = K[X]/(f) is a field extension of K, the element o = X (mod f) € L is algebraic over K, its minimal
polynomial over K is equal to f and L = K[a] = K(«) (in particular, [L : K| = n).

Proof. The statement (1) (resp. (2)) follows from the fact that K[X] is a PID and (1) # Ker(ev,) # (0)

(resp. is automatic). The statement (3) is a consequence of (2) and the fact that the elements 1, X, ..., X
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(where X = X (mod f) € K[X]/(f)) form a basis of K[X]/(f) as a K-vector space, since &v,(X) = o and
K[X]/(f) = K[X]. The statement (5) (resp. the first part of (4)) is a special case of Lemma 3.11 below
(resp. of Proposition 1.6.8(i)). The second part of (4) follows from the fact that f | g, hence g is a constant
multiple of f (since both are irreducible). In (6), K[X]/(f) is a field, by Lemma 3.11 below, of degree deg(f)
over K (as in (3)). Finally, the element « satisfies f(a) = f(X) = f(X) = 0, so we conclude by the second

part of (4).

(3.11) Lemma. If R is a PID and f € R is an irreducible element, then R/(f) is a field. [This was used
implicitly in 1.6.2(iv).]

Proof. A non-zero element of the domain R/(f) can be written as g = g (mod f), where g € R, g & (f). We
must show that g is invertible. The ideal (f,g) = (h) is principal, with h | g and h | f. Irreducibility of f
implies that h = uf or h = u, for some u € R*. If h = uf, then f | h | g, which contradicts our assumptions;
thus h € R* and (f,¢g) = (1). In particular, there exist a,b € R such that af + bg = 1, which implies that
b="b (mod f) is a multiplicative inverse of g in R/(f).

(3.12) Examples. (i) For each n > 1, the polynomial X™ — 2 is irreducible in Q[X], thanks to Eisenstein’s
criterion (Corollary 1.7.7 for A = Z and P = (2)). Let /2 be its unique positive real root. Then

Q(V2)=Q[V2 = {ap+ a1 V24 +a,_1(V2)" | a; € Q}

is a subfield of R of degree [Q(%/2) : Q] = n over Q.

(i) The quadratic polynomial f = X2 + X + 1 € Fy[X] has no root in Fy (since f(0) = f(1) = 1 € Fy),
hence Fo[X]/(X? + X + 1) is a field with 4 elements (namely, 0,1, a,  + 1, where o = X (mod f)).

(iii) According to Proposition 3.15(4) below, the set of algebraic numbers

Q = {a € C| «a is algebraic over Q}

is a subfield of C. The example (i) shows that [Q : Q] = co. On the other hand, the set of polynomials
Q[X] is countable, which implies that Q is countable, too. In other words, “most” complex numbers are
transcendental (over Q).

(iv) The polynomial f = X? — 2 € Q[X] has three distinct complex roots, namely, a = a; = V/2 € R,
as = pay and as = p?aq, where p = e2™/3,

The three subfields Q(a;) C C are physically distinct, but they are all isomorphic to the abstract field
Q[X]/(X3 — 2), via the evaluation map &Vq,. In particular, [Q(a;) : Q] = 3 for each j = 1,2,3. The field
L = Q(aq,a9,a3) C C is equal to Q(ay, p), hence [L: Q] = [L : Q(a1)][Q(a1) : Q] =2 -3 = 6 (the degree
of the first extension is equal to 2, since p € L satisfies a quadratic equation p? + p+ 1 = 0 over Q(a), but
p&Qa1) C R).

(3.13) Exercise (Liouville’s Theorem). Let o« € Q C C be an algebraic number of degree n > 2 (over
Q). Show that there exists a constant ¢ > 0 such that

a—=—| >

Vp/q € Q qu

(p,q€Z).

p‘c

Deduce that the number Y ;- ,107*" € C is transcendental (over Q).  [Hint: consider f(p/q) = f(p/q) —
fla) = (p/q— a)g(p/q), where f is the minimal polynomial of  over Q and g(X) = f(X)/(X — «a).]

(3.14) For n > 3 the exponent n in Liouville’s theorem was first improved by Thue to n/2 + 1+ ¢ (for any
e >0 and ¢ = ¢(e) > 0 depending on €). Thue’s result implies, among other things, that equations such as
™ — 2y™ = ¢ have only finitely many solutions z,y € Z, for fixed n > 3 and ¢ € Z \ {0} (exercise: explain
the relevance of Thue’s theorem to 1.5.14). The exponent n/2 + 1 + € was subsequently improved by Siegel
and others; the optimal exponent 2 + ¢ was obtained by K. Roth (Fields medal).

(3.15) Proposition. Let K < L be a field extension.
(1) L/K is a finite extension =—> L/K is algebraic and of finite type.
(2)If L = K(ay,...,an), where each «; is algebraic over K, then the extension L/ K is finite, hence algebraic.
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(3) The implication “=” in (1) is an equivalence.
(4) K’ ={a € L | « is algebraic over K} is a subfield of L.

Proof. (1) If ay,...,aq is a basis of L/K (d =[L : K] < o), then L = K(a1,...,aq); thus L/K is a field
extension of finite type. If 3 € L, then the d + 1 elements 1,3, ..., 3¢ are linearly dependent over K, which
implies that there exist ay,...,aq € K (not all zero) such that ag + a18 + --- + agB% = 0.

(2) Consider the tower of simple extensions

K:KOCKlzK(al)C~--CK¢_1CKi:Ki_l(ai):K(al,...,ai)C--~CKn:K(a1,...,an).

Let f; € K[X] (resp. g; € K;—1[X]) be the minimal polynomial of a over K (resp. over K;_;), for each
i=1,...,n. The divisibility g; | f; in K;_1[X] implies that
(K Kioa] = [Ki—1(og) : K] = deg(g;) < deg(fi) = [K () : K],

hence

[L:K}:ﬁf( Kllgﬁ L K] < oo.

(3) The implication “«<=" was proved in (2).
(4) For any a, 8 € K’ the subfield K(«,8) C Lis a ﬁnlte extension of K, by (2), hence is algebraic over K,
by (1). In particular, the elements a & 3, a3 and a3~! (if B # 0) also lie in K.

(3.16) Corollary. Let K — L — M be field extensions. The extension M /K is algebraic <= both
extensions L/K and M/L are algebraic.

Proof. The implication “=—" is automatic. Conversely, if both L/K and M/L are algebraic, then each
B is a root of a suitable polynomial f = X" + a; X" '+ --- +a, € L[X] (n > 1). The subfield L’ =
K(ai,...,a,) C L is a finite extension of K, by (2). Moreover, [L'(3) : L'] < deg(f) < oo, since f € L'[X].
It follows that

[K(B): K] <[L'(B): K|=[L'(B): L'|[L' : K] < o0,
hence ( is algebraic over K.

(3.17) Computing the inverse. The ring K[X] is euclidean for any field K, which means that the proof
of Proposition 3.10(5) can be made completely algorithmic. As an example (for K = Q), let us compute the
inverse of

B=3-2V2+Vi=g(V2), g(X)=X?-2X+3.
An application of Euclid’s algorithm to the polynomials f(X) = X? — 2 and g(X) yields
X?—2=(X?-2X+3)(X+2)+ (X -38)
X% -2X +3= (X —8)(X +6)+51,
hence
51 = (X2 +8X +13)(X? —2X +3) — (X +6)(X* - 2) = h(X)g(X) — (X +6)f(X).
For X = {/2, we obtain

Bh(V2)=g(V2)h(V2) =51 = B! = h(f) = 13+8§/1§+ \‘ﬂ.

(3.18) Explicit equations and characteristic polynomials. The proof of Proposition 3.15(1) does not
give an effective method for finding a polynomial equation for § € L. Instead, one can proceed as follows.
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If L/K is a finite extension and aq,...,q, is a set of generators of L as a K-vector space, then we can
write, for each j = 1,...,n, fa; = Z?:l M;ja;, where M;; € K. This system of equations can be written
in matrix terms as

Bl « |=M| : |, M = (Mij)1<ij<n € Mu(K),
an an

which means that § is an eigenvalue of the matrix M. In particular, it is a root of the characteristic
polynomial det(X - I — M) € K[X] of M.

(3.19) In the special case when a,...,a, is a basis of L/K (hence n = [L : K]), the matrix M = M(5)
is the matrix of the K-linear map

m(B): L — L, T — Bx

given by multiplication by § in the basis «ay, ..., a,. The characteristic polynomial

Py p(X) = det(X - T — M(8)) € K[X]

does not depend on the choice of a basis. As a result, we obtain a canonical polynomial equation of degree
n = [L : K] with coefficients in K (for any 8 € L):

Pk 5(8) = 0. (3.19.1)
The matrices M (8) € M,,(K) (S € L) have the following properties:

M(a)+M(B) = M(a+p), M(a)M(B) = M(ap), Vae K M(a)=a-1, B#0= M(B)#0

(3.19.2)
(since (a + B)x = ax + Bz and a(Bz) = (af)z for all x € L). In other words, we have constructed an
injective homomorphism of K-algebras (“the regular representation of L over K”)

L M,(K), B+ M(8) (3.19.3)

(the matrix ring M, (K) is the only non-commutative ring appearing in this course; the structure map
K — M, (K) identifies K with the set of scalar matrices {\I | A € K}).

(3.20) Definition. Let K < L be a field extension of degree n = [L : K| < co. The norm (resp. the
trace) of an element 5 € L is defined as

Np/k(B) = det(M(B)) € K, Trp k(B) = Te(M(B)) € K.

(3.21) Example. If L = K(\/d), where d € K \ K?, then [L : K] = 2 and 1,V/d is a basis of L/K.
Multiplication by 8 = a+ bv/d (a,b € K) in this basis is given by

1—»B = a-1+b-Vd
" i VA= db-1+a- Vi,

hence
a db

M(a+bVd) = (b

> , Prixp(X) = X?—2aX + (a® — db?*) = (X — B)(X — B'),

where 8 = a+ bVd and 8’ = a — bV/d. In particular,
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NL/K(aer\/g):andbz:ﬁﬂ/, TrL/K(aer\/g):Qa:BJrﬂ/.

(3.22) Theorem (minimal polynomial and the characteristic polynomial). Let K — L be a finite
extension, let 3 € L. Denote by f € K[X] the minimal polynomial of 3 over K; then Pr kg = fIE@)]

Proof. Let aq,...,aq (resp. wi,...,wn) be a basis of K(8)/K (resp. of L/K(f3)). The matrix M () in the
basis a;w; of L/K is a block matrix

A0 0

0 0
M(B) = ,

0 0 ... A

where A is the matrix of multiplication by § with respect to the basis aq, ..., aq of K(8)/K. In particular,

Pr i p(X) = Pggyr,s(X)™

Both polynomials Pk gk s(X), f(X) € K[X] are monic, have the same degree [K(f) : K] and satisfy
Prsy/k,8(B) = f(B) = 0. It follows that Px gy x s(X) = f(X), by uniqueness of the minimal polynomial.

One can also compute explicitly the matrix A for aq,...,aq = 1,4,...,3%; in the notation of 11.4.7
we have A = C(f) and a short calculation shows that det(X - T — C(f)) = f(X).

(3.23) Exercise. Under the assumptions of 3.20,

(1) Ya,8 € L T‘I‘L/K(Oé + /8) = ’I‘TL/K(Q) + ’I‘rL/K(B)v NL/K(Oé,B) = NL/K(a)NL/K(ﬂ) In other words,
the trace (resp. the norm) is a group homomorphism Try, i : L — K (resp. Ny g : L* — K*).

(i)Va e K,VB e L Tryx(af)=aTryk(B), Nipx(af)=alKINg (B).

(iii) If M/ L is a finite extension, then Ny jx o Najr = Ny, Trpjg o Tragyp = Try k.

(3.24) We are now ready to make sense of the statement “let L be the field generated over K by the roots
of a given polynomial f € K[X]".

(3.25) Definition. Let K be a field, let f € K[X] be a polynomial of degree n > 1. A splitting field
of f over K is a field extension K — L such that f splits in L[X] as f(X) = ¢(X — a1) - (X — an)
(where ¢ € K* and ay,...,a, € L) and L = K(ay,...,a,) (according to Proposition 3.15(2), L/K is a
finite extension).

(3.26) Theorem. A splitting field of any non-constant polynomial f € K[X] exists. Two splitting fields of
f are isomorphic as K-algebras. [As a result, we can use the terminology “the splitting field of f over K”.]

Proof. Existence: fix an irreducible factor g | f, g € K[X]. The quotient ring K; = K[X]/(g) is a field
containing K and K; = K(a1), where a3 = X (modg) € K; satisfies g(a1) = 0, hence f(a1) = 0. This
means that f(X) = (X — a1)f1(X), f1 € Ki[X]. After replacing (K, f) by (K71, f1) and repeating this
procedure we obtain a tower of simple extensions

K:K()CKl:K(O[l)C"'CKi,lCKi:Kifl(Oéi):K(Oél,...7ai)C"'CKn:K(Oll,...,Oén>

such that f(X) =¢(X —a1) (X — ay) € K,[X]. The field K,, is then a splitting field of f over K.

Uniqueness: let K — L and K < L’ be two splitting fields of f over K. Fix an irreducible factor g | f,
g € K[X]. By definition of a splitting field, the polynomial g splits both in L and L', which means that
there exist o € L and o’ € L’ such that g(a) = 0 and g(a’) = 0. The evaluation morphisms ev,, and ev,
give rise to isomorphisms of K-algebras

~

Vo K[X]/(g) =5 K(a) = K) C L, Va0 : K[X]/(9) = K(o/) = K] C I/
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and 0 = &vy o (ev,) ! : K1 — K/. Consider K; as a subfield of both L (via the inclusion) and L’ (via
o and the inclusion K] C L'). As above, f = (X — «)f1, where f1 € K1[X] and L, L’ are splitting fields of
f1 over K. After replacing (K, f) by (K1, f1) and repeating this procedure we obtain two towers of simple
extensions

K:K()CKl:K(Otl) - CK;_ 1CK‘*Ki_l(ai):K(Oél,...,Oéi)C"'CKn:K(Oél,...,Oln)CL
K=KyCK|=K(a})C---CK/_{CK,=K, () =K(a},...,a}) C---CK| =K(a,...,a),) C L

such that f = e¢(X —ay)- - (X —ay,) € Kp[X] and f = ¢(X — o)) - (X — o) € K/ [X] (which implies
that L = K, and L' = K,), and field isomorphisms o; : K; — K/ satisfying o;|x, , = 0;_1. In particular,
n : L — L' is an isomorphism of K-algebras.

(3.27) Proposition-Definition. Let K — L be a field extension, let « € L. The derivative of a
polynomial f =3 " ja; X" € K[X] is defined to be f' =3 ia; X"~ € K[X] (where ia; = (i - 1x)a;).

(1) The polynomial f(X) — f(a) — (X — «)f'(«a) € L[X] is divisible in L[X] by (X — «)?.

(2) « is a simple root of f (i.e., (X —a)| f and (X —«)?1 f in L[X]) < f(a) =0# f'(a).

(3) All roots of a non-zero polynomial f (in its splitting field) are simple < (f, f’) = (1) in K[X].

Proof. (1) By linearity, it is sufficient to consider the case K = L and f = (X —a)" (n € N), when everything
is explicit.

(2) This is an immediate consequence of (1).

(3) The ideal (f,f") = (9) € K[X] is principal. If deg(g) > 1, then g has a root a in some extension
L D K; thus f(a) = f'(a) = 0. If deg(g) = 0, then (f, ") = (1) and there exist a,b € K[X] such that
a(X)f(X)+b(X)f(X)=1. It follows that b(« )f () =1 (= f'(a) # 0) for each root « of f.
2.

(3.28) Exercise. Let K be a field of characteristic char(K) #

(1) If [L : K] =2, show that L = K(y/a) for some a € K \ K?.

(2) Ifa € K\ K2, then K (va) N K* = K*2 U ak*2.

(3) Ifa,b € K\ K2, then K(\/a) = K(vVb) < a/be K>

(4) Ifa,b € K, then [K(\/a,Vb) : K| =4 <= a,b,ab ¢ K?. If this is the case, then 1, \/a, /b, /ab is a basis
of K(y/a,/b)/K and the only intermediate fields K C L C K(y/a,Vb) are L = K(\/a), K(v/b), K (v ab).

(3.29) Exercise. Let K be a field of characteristic char(K) # 2, let a,b,c € K*, ¢ ¢ K*2. Consider the
fields K1 = K(y/c) and L = K(a) (= K(\/a + b\/c)), where a? = a + by/c.

(1) Show that L = K; <= there exists d € K* such that a*> — b*c = d? and 2(a + d) € K*2.

(2) Show that there exists 3 € L such that 8% = a — by/c < a® —b*c € K** UcK*?.  [Hint: consider
KinL*2]

(3) Determine K* N L*2.

(4) Show that there is ¢ € K* such that L = K(y/c,/d) <= a® —b*c € K*2. Explicitly, if a*> — b*c = d?
with d € K*, then (a + 8)? = 2(a £ d), hence L = K(\/¢,/2(a +d)) = K( /¢, /2(a — d)).

[Example: V253 = (14 V3)/v2]

(3.30) Exercise. Let K < Ly < M, K < Ly < M be fields such that the only subfield of M containing
both Ly and Lo is M itself. If d; = [L; : K] < oo for i = 1,2 and if ged(dy,ds) = 1, then [M : K| = did>.

4. Finite felds

(4.1) Proposition. (1) A field K has finitely many elements <= char(K) =p > 0andn = [K : F)] < 00
If this is the case, then |K| = p™ = q and each element of K* (resp. of K) is a root of the polynomial
X971 —1 € Fp[X] (resp. of X1 — X € F,[X]).

(2) For each n > 1 the polynomial X?" — X € F,[X] has simple roots.

(3) If K is a field with |K| = p™ = q elements, then K is a splitting field of the polynomial X?" — X over
F,. [In particular, it is unique up to isomorphism, by Theorem 3.26.]
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4) If f € F,|X] is an irreducible polynomial of degree n > 1, then the ring K = F,[X|/(f) is a field with
P P

|| = p™ elements and the polynomial f divides X?" — X in F,[X].

(5) Every finite field is isomorphic to a field obtained by the construction in (4).

Proof. (1) If char(K) = p and n = [K : F},] < oo, then K is isomorphic to F} as an F-vector space, hence
|K| = |[Fp|" = p". If char(F) = p and [K : F,] = oo (resp. if char(K) = 0), then K contains F}; for all
n > 1 (resp. K contains Q), hence |K| = 0.

If |[K| = ¢ < oo, then K* is a finite group of order ¢ — 1, hence Va € K* a?~! =1 (= a? = a). If
a€ K\ K* thena=0= a?=a.
(2) The polynomial g(X) = XP" — X € F,[X] has derivative ¢/(X) = p"X?" ™! — 1 = —1 € F,[X]; thus
(9,9") = (1). The statement follows from Proposition 3.27(3).
(3) It follows from (1) and (2) that the elements of K are precisely the p™ distinct roots of the polynomial
g(X) = XP" — X € F,[X] in its splitting field L over F,. As L is generated over F, by these roots, it
coincides with K.
(4) The ring K = F,[X]/(f) is a field and [K : F,] = n, by Proposition 3.10(6). If we denote by X the
image of X in K, then (1) implies that X" —X =0, which is equivalent to the divisibility fl(x?" - X).
(5) According to Proposition 3.3, the multiplicative group K* is cyclic of order ¢ — 1, where ¢ = |K|. If « is
any generator of K*, then K = F,(a) — F,[X]/(f), where f € F,[X] is the minimal polynomial of a over
F,, by Proposition 3.10(2),(5).

(4.2) Definition (Frobenius morphism). Let p be a prime number, let R be any Fp-algebra ( <=
p-1=0in R). The formula
¢:R— R, o(x) = 2P

defines a homomorphism of F,-algebras (p(1) = 1, p(zy) = ¢(z)e(y), o(z £ y) = p(z) £ ¢(y) for all
z,y € R, p(a) = a for each a € F,), called the Frobenius morphism. For n > 1 set ¢ = p™ and
¢q:<pn:<po..-o¢ZR—>R; thengoq(x):xq_

N——

n—times

(4.3) Proposition. Let p be a prime number, let E D F, be any field containing a splitting field of the
polynomial g = X9 — X € F,[X] over F,,.

(1) If K is a field with |K| = p™ = ¢ elements, then K — E¥+=! = {a € E | (p, — 1)(a) = 0} (above, “1”
denotes the identity map E — E, © — x).

(2) Conversely, E¥s=' = {a € E | (¢, — 1)(a) = 0} is a field with q elements.

Proof. (1) This was already observed in the course of the proof of Proposition 4.1(3).

(2) If z,y € E satisfy p4(x) =z and ¢4(y) =y, then p4(z £ y) =z Ly, pqs(zy) = zy and p,(z/y) = z/y (if
y # 0), since ¢, : E —> E is a homomorphism of fields. As a result, E¥s=1 is a subfield of E. By definition,
its elements are precisely the roots of the polynomial g contained in E; there are ¢ = deg(g) of them, since
E contains a splitting field of g and g has no multiple roots, by Proposition 4.1(2).

(4.4) Theorem. Let p be a prime number. (1) For each n > 1 there exists a field with p" elements; it is
unique up to isomorphism. It is usually denoted by Fyn (or GF(p")).

(2) Let m,n,r > 1 be integers, let ¢ = p”. There exists a field homomorphism o : Fym — Fyn <= m|n. If
this is the case, then o(Fym) = {x € Fyn | 29" = z}.

Proof. (1) The uniqueness (resp. the existence) of F,» was proved in Proposition 4.1(3) (resp. in Proposition
4.3(2)).

(2) If m | n, then (¢™ — 1) | (¢" — 1), hence the polynomial X9" — X divides X9" — X. In particular,
the splitting field of X9 — X contains that of X?" — X. Conversely, if there exists a field embedding
o :Fym < Fyn, then K = 0(Fm) is a subfield of Fyn and ¢" = |Fyn| = |K|? = ¢™¢, where d = [Fyn : KJ;
thus n = md. The equality o(Fym) = {z € Fyn | 29" = z} follows from Proposition 4.3(1) applied to
K=0Fym)and E =Fgn.

(4.5) Corollary. (1) If f € F,[X] is an irreducible polynomial of degree m > 1, then f divides X" — X
in F,[X] if and only if m | n.
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(2) For m > 1, denote by A,, the set of monic irreducible polynomials f € F,[X] of degree deg(f) = m.
The set A,, is non-empty and

Vn>1 an—X:H H f q”:Zm|Am|.

min fEAm m|n

Proof. (1) Let f € Ay, (m >1). If m | n, then f | (X?" —X) | (X?" — X), by Proposition 4.1(4). Conversely,
if £ (X9 — X), then K = F,[X]/(f) = Fyn is contained in the splitting field of the polynomial X" — X
over F, (i.e., in Fyn), hence m | n, thanks to Theorem 4.4(2).

(2) The factorisation of X" — X follows from (1) and the fact that the polynomial X" — X has no multiple
roots; one concludes by counting the degrees.

(4.6) Example. Ifp=¢=n=2,then X1-X = X(X-1)(X?+X+1) € Fo[X], Fo[X]/(X?+ X +1) = F4.
(4.7) Factorisation in F [X]. A combination of the Frobenius morphism with the Chinese remainder
theorem leads to an efficient factorisation algorithm for polynomials with coefficients in finite fields. The
main idea is very simple:

(4.8) Proposition. Let f € F,[X]| (where g = p") be a non-constant monic polynomial without multiple
roots, f = fi--- fi, where f; € F,[X] are distinct irreducible non-constant monic polynomials. The map
g — 1 F[X]/(f) — Fy[X]/(f),  h (modf)— h?—h (mod f)

is Fy-linear and

F, C Ker(p, —1) = (F[X]/(f))*~",  dimp, Ker(p, — 1) =k,
f is irreducible <= Ker(p, — 1) = Fy.

Proof. For each a € Fy we have ¢q(a) = a? = a, which implies that the map ¢,—1: F [ X]/(f) — Fq[X]/(f)
satisfies (¢, — 1)(ah) = (ah)? —ah = a(h? — h) = a(py — 1)(h), for each a € F, and h € F,[X]/(f). The
Chinese remainder theorem 1.5.11(ii) then yields

Fo[X]/(f) = B[ X]/(f1) x - x F[X]/(fr) = Fyar x - x Fyay (di = deg(fi)),

(R X]/(1)7= 5 (B )= oo x (B )0~ = [[ Ry,

hence dimg, Ker(p, —id) = k.

(4.9) Corollary (Berlekamp’s algorithm). Let f € F,[X] be a monic polynomial without multiple
roots of degree n > 1.
(1) Compute the matrix A € M, (F,) of the Fy-linear map ¢, — 1 : F,[X]/(f) — F4[X]/(f) in the basis
1,X,... ,Yn_l, where X = X (mod f).
(2) Solve the system of linear equations Au =0 (u € F7).

1

0
(3) If the space of solutions is equal to F - e then f is irreducible in F,[X].

0
(4) If; on the other hand, there exists another solution u € Fy, it corresponds to a non-constant polynomial
h € Fy[X] of degree deg(h) < n such that h? — h (mod f) = 0. In other words, f | h? — h = Haqu(h —a).

(5) The polynomials h—a (a € F) in the above product are pairwise relatively prime and satisfy deg(h—a) <
deg(f), which implies that the factorisation

f = H ha, he = ngd(f7 h— a’)v deg(ha) < deg(f)
a€F,
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is non-trivial.

(4.10) Example. Let us factor the polynomial f = X%+ X + 1 € Fo[X] by working in the ring

4

FoX]/(f) =Fy 1+Fy X +Fy X +Fy X +Fy- X (X = X (mod (X° + X +1))).

The formulas

imply that

We find a non-constant solution

(- DX +X°+X)=0 = f|R2—h=h(h—1), h=X"+X+XecF,X]
Euclid’s algorithm in Fy[X] yields

hO:ngd(fvh):Xg—’_XQ—’_lv hlngCd(f7h_1>:X2+X+1a
X+ X4+1=(X*+X*+1)(X?+ X +1) € Fo[X].

(4.11) Exercise. What if the polynomial f € F4[T| does have a multiple root?

(4.12) Exercise. Let p # 2,3 be a prime number, let L D F), be a field.

(1) The polynomial ®3(X) = X? + X + 1 € F,[X] has aroot « € F, <= p=1 (mod3).
(2) a € L satisfies ®3(a) =0 < B =2a+1 € L satisfies 3 = -3 € L.

(3) There exists x € Z such that 22 = —3 (modp) <= p=1 (mod3).

(4.13) Exercise. Let p # 5 be a prime number. Denote by L a splitting field of the polynomial ®5(X) =
X4+ X3+ X2+ X +1€F,[X] over F,,.

(1) ®5(X) has no multiple root in L.

(2) a € L is a root of ®5(X) <= a® =1 and o # 1.

(3) The degree of L/F,, is equal to

1, p=+1 (mod5)
[L:Fy] =1 2, p=—1 (mod5)
4, p = =+2 (mod 5)

(4) Fix a root ¢ € L of ®5(X). Write down a polynomial g € F,[X] of degree deg(g) = 2 such that
g(¢ + ¢ = 0. Deduce that (26 +1)> =5 ¢ L.

(5) Show that 3 =C(+ ("t €F, < [L:F,] <2 < p==+1 (modbH).

(6) If p # 2, then there exists x € Z such that > =5 (modp) <= p =41 (mod5).

(4.14) Exercise. Let F be a field of characteristic p > 0, let k > 1 be an integer.
(1) If a € F satisfies (oF —1)(a) = o —a e F,, then o € Fprp.  [Hint: o € Fpm <= (¢™ —1)(a) =0.]
(2) Let c € Fy,. If the polynomial X?" — X — ¢ is irreducible in F,[X], then p* | kp.
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(3) Determine all values of p, k and ¢ € F, for which the polynomial X?" — X — ¢ is irreducible in F,[X].
(4) If k > 1 and a € F,», show that the polynomial X?" — X — a is reducible in F,.[X].

5. Algebraic closure

It is often useful to collect “all” finite extensions of a given field K in a common field extension of K, called
an algebraic closure of K. Strictly speaking, the whole theory of field extensions can be developed without
introducing this concept, replacing everywhere “an algebraic closure of K” by “a sufficiently large algebraic
extension of K”.

(5.1) Proposition. Let K(a)/K be a simple algebraic extension, let f € K[X| be the minimal polynomial
of a over K. For every field extension K — M the map

Homp a1 (K (), M) — {8 € M | f(B) =0}, A= A(a)
is a bijection; its inverse is given by
B (Aigla) »g(B),  geK[X]

Proof. This is a combination of the isomorphism of K-algebras &v,, : K[X]/(f) — K(a) with Proposition
1.4.4(iii). In concrete terms, the map is well-defined, since f(A(«)) = A(f(«)) = 0. It is injective, since
K(a) = Kla] and Ag(a)) = g(A(«)) for all g € K[X]. Conversely, if 8 € M satisfies f(8) = 0, then
the composite homomorphism of K-algebras evg : K[X] — M factors through the canonical projection
pr: K[X] — K[X]/(f) as K[X] — K[X]/(f) = K(a) — M, which proves the surjectivity.

(5.2) Definition. A field L is algebraically closed if each non-constant polynomial f € L[ X]| has a root
inL (< fsplitsin L[X] as f = ¢(X —a1) -+ (X — ay), where ¢ € L* and ay,...,a, € L). In other
words, the only algebraic extension of L is L itself. For example, the field C is algebraically closed.

(5.3) Definition. A field extension K < L is an algebraic closure of K if it is an algebraic extension
and L is algebraically closed.

(5.4) Proposition. If K — L is an algebraic extension and if every non-constant polynomial f € K[X]
splits in L[X] as f = ¢(X — 1)+ (X — ), where ¢ € K* and aq,...,a, € L, then L is an algebraic
closure of K.

Proof. Assume that « is alebraic over L; let f € K[X] (resp. g € L[X]) be its minimal polynomial over K
(resp. over L). The polynomial g divides f in L[X], which means that it splits in L[X] (since f does), and
so its root o must lie in L.

(5.5) Corollary. If K — L is a field extension and L is algebraically closed, then the subfield {a € L |
« is algebraic over K} is an algebraic closure of K. In particular, Q C C is an algebraic closure of Q.

(5.6) Theorem. Let K be a field. (1) An algebraic closure of K exists.

(2) If Q is an algebraically closed extension field of K, then for every algebraic extension K — L there exists
a morphism of K-algebras L — Q.

(3) Two algebraic closures of K are isomorphic as K-algebras (notation: a fixed algebraic closure of K is
usually denoted by K).

Proof. (1) If the field K is (at most) countable, so is the set P of irreducible non-constant monic polynomials
in K[X]. We define inductively K; = K and K,,11 D K, to be a splitting field of the n-th element of P
over K. The union L = |J,~, K, is an algebraic extension of K satisfying the assumptions of Proposition
5.4. Therefore, L is an algebraic closure of K.

For a general field K, we begin by showing that there exists an algebraic field extension K — E(K)
with the property that each f € P has a root in E(K). This field is defined as a quotient of two monstrously
big objects; the key point is to show that the quotient is non-zero.

Let A = K[z y]sep be a polynomial ring in variables x s, one variable for each element f € P. Let I C A
be the ideal generated by f(xy), for all f € P.
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(5.7) Lemma. The ideal I C A is not equal to A.

Proof of Lemma. If I = A, then there exists a relation

Zai filzg) =1 (a; € A), (5.7.1)

where fi1,...,f, € P are distinct elements of P. Let L be a splitting field of f;--- f,, over K; for each
i =1,...,n fix aroot B; € L of f;. Define a morphism of K-algebras A : A — L sending each xy,
(¢ =1,...,n) to B; and each zy (f # fi,...,fn) to 0. Applying A to (5.7.1) we obtain 0 = 1. This
contradiction proves the lemma.

We can now continue the proof of Theorem 5.6(1). There exists a maximal ideal m € Max(A) containing
I, by Corollary 1.6.7(ii). The quotient ring A/m = E(K) is a field extension of K, via the composite
homomorphism

K—A— A/l — A/m = E(K).

For each f € P, the image oy = ¢ (modm) € E(K) of zy satisfies f(ay) = 0. It follows that E(K) =
Klay]sep is an algebraic extension of K and that each non-constant polynomial in K[X] has a root in E(K).
Iterating this construction, we obtain a sequence of algebraic field extensions

K < E(K) = B*(K) = E(BE(K)) < --- = E*(K) = | E"(E) = Q.

n>1

Any non-constant polynomial g € Q[X] lies in some E™(K)[X]; therefore it has a root in E"T1(K) C Q. It
follows that € is algebraically closed.

(2) (a) If L = K(«) is a simple algebraic extension of K, then the minimal polynomial f € K[X] of « over
K has a root in , which implies that Homg _ a1 (L, ) # 0, by Proposition 5.1.

(b) If L D K is an arbitrary algebraic extension of K, then the set of pairs (M, o), where M is an intermediate
field K ¢ M C L and 0 € Homg_a1g(M, ), has a natural partial order ((M,o) < (M',o’) ift M C M’
and ¢’|p; = o). This partially ordered set is non-empty (it contains M = K and the inclusion K — ) and
inductive (given a totally ordered subset, its union gives an upper bound). Zorn’s Lemma implies that it
contains a maximal element (M, o). If M # L, then o can be extended to a bigger subfield M («), for any
a € L\ M, as in (a), which contradicts maximality. It follows that M = L, as required.

3) f K — Qand K — Q' are algebraic closures of K, the statement (2) implies that there exists a morphism
of K-algebras o : ' < Q. The field Q is an algebraic extension of K, hence also of o(Q2'). However, the
field o(€') is isomorphic to €, which means that it is algebraically closed; thus o(£2') = Q and o is an
isomorphism of K-algebras.

6. Separable extensions

(6.1) Question: when is a finite extension L/K simple (L = K(«))? Here are a few examples.

(i) For K = Q and L = Q(V/2,v/3) the element o = v/2++/3 € L satisfies o™ = v/3—v2, V2 = (a—a™1)/2
and v/3 = (a + a~1)/2, which implies that L = K(a).

(ii) If K = F; and L = Fyn are finite fields, then L = K («) for any generator « of the finite cyclic group L*.
(iii) If L = Fy(a,b) and K = F,(a?,b?) (where a,b are independent variables), then the elements a’b’
(0 < i,j < p) form a basis of L/K, [L : K| = p? and o? € K for each o = > ¢;;a'b? € L (since
aP =y cf;aP"bP7). Tn particular, [K () : K] < p, hence K(a) # L.

What is the difference between (i) and (ii) on one hand, and (iii) on the other hand? The key point in (iii)
is that the minimal polynomial of a € L over K is equal to X? —a? = (X — a)? € L[X]; in particular, it
has a multiple root (and similarly for the minimal polynomial of b € L over K)! This can never happen in
characteristic zero, by Proposition 6.4(2) below. Let us investigate this phenomenon in more detail.
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(6.2) Definition. Let K be a field. A non-constant polynomial f € K[X] is separable if it has no multiple
root (in its splitting field). According to Proposition 3.27(3), this condition is equivalent to (f, f') = (1).
If K — L is a field extension and a € L is algebraic over K, we say that « is separable over K if its
minimal polynomial over K is separable. An algebraic extension K < L is separable if each element o € L
is separable over K. The field K is perfect if each algebraic extension of K is separable over K ( <
every irreducible polynomial f € K[X] is separable).

(6.3) Proposition. If K is a field of characteristic p > 0 and if a € K \ KP? is not a p-th power, then the
polynomial f = XP" —a € K[X] (n > 1) is irreducible. If o is a root of f, then f(X) = (X —a)?" € K(a)[X].
The extension K («)/K is not separable and [K(«) : K] = p™.

Proof. Consider first the case n = 1. If ¢ € K[X] is a non-constant polynomial dividing f, then g =
(X —a)™ = X™ —maX™ ! +... for some 1 < m < p. In particular, ma € K. If m < p, then m € K*,
hence o € K and a = of € KP, which is false. Therefore m = p and f is irreducible.

For general n > 1 define a; = o (0<i<n)and K; = K(a;); then K = K and K; = K;_1(a;) with
a? =a;_1 € K;_1, hence K C K,;_; (as in 6.1(iii)). By assumption, a = ag ¢ K? = K}. If a; € K?, then
a;—1 =af € (KP)? c K? |; thus a; ¢ K? for all i = 0,...,n, by induction. In particular, [K; : K;_1] = p
by the case n = 1 proved earlier, hence [K(a) : K] = [K, : Ko] = p” = deg(f), which shows that f is
irreducible.

(6.4) Proposition. Let K be a field.

(1) A non-constant irreducible polynomial f € K[X] is separable <= f' # 0. This is always true if
char(K) = 0. If char(K) = p > 0, then f is separable <= f(X) # g(XP?) for all g € K[X].

(2) If char(K) = 0, then K is perfect.

(3) If char(K) = p, then the field K is perfect <— K = KP.

(4) Every finite field is perfect.

Proof. (1) The ideal (f, f') € K[X] is principal, equal to (h) for a monic polynomial h € K[X] dividing
both f and f’. If f/ = 0, then h = f and f is not separable, by Proposition 3.27(3). If f/ # 0, then
deg(h) < deg(f’) < deg(f), which implies that h = 1, by irreducibility of f; thus f is separable, again by
Proposition 3.27(3). If char(K) = 0, then f’ # 0 for every non-constant polynomial f. If char(K)=p > 0,
then f' =0 < f(X) = g(XP) for some g € K[X].

(2) This is an immediate consequence of (1).

(3) If K # KP, then K admits non-separable extensions constructed in Proposition 6.3. Conversely, if K =
KP and if g(X) = Y1 ja; X" € K[X], then there exist b; € K such that a; = b? for all i = 0,...,n, hence
g(XP) = S0 JWPXPT = h(X)P for h(X) = Y1 (b; X" € K[X]. In particular, an irreducible polynomial
f € K[X] cannot be of the form g(X?), hence f is separable, by (1), and K is perfect.

(4) If K = Fpn = F, then each element a € K satisfies a = a9, hence is a p-th power: a = b for

b=a"""" €K.

(6.5) Theorem on the primitive element. Let K be a field, let L = K(«, 1, ..., 8n) be a finite extension
of K. If all elements (1, ..., 3, are separable over K, then there exists v € L (a “primitive element”) such
that L = K (7).

Proof. If |K| < oo, then L = K(v) for any generator v of the finite cyclic group L*. We can assume,
therefore, that | K| = co. By induction on n, it is enough to treat the case L = K(«, 3), where (3 is separable
over K. Denote by f € K[X] (resp. g € K[X]) the minimal polynomial of a (resp. of 8) over K. We have

m

fXO)=][X-a)), g(x)= H(X —B)),

i=1

with a; and 5, contained in a fixed splitting field of fg. Moreover, & = a1, 8 = 81 and the roots §; of g(X)
are distinct.

We want to choose ¢t € K for which v = e+t € L will satisfy L = K(y). The idea is to try to express
B in terms of v using the two relations f(y —¢8) = 0 = g(8). The polynomial h(X) = f(y—tX) € K(v)[X]
has roots (v — a;)/t = B+ (@ — ;)/t. If t € K is chosen in such a way that t(8 — ;) # a; — a for all
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t=1,...,mand all j = 2,...,n (which is possible, since the field K is infinite and 8 — §; # 0 for j > 1),
then the only common root of g and h will be 8, with multiplicity one. Both polynomials g and h have
coefficients in K (v), which implies that their ged(g, h) = X — 8 also has coefficients in K (v); thus 8 € K (7).
It follows that o = v —¢8 € K(), too, hence L = K(a, ) = K(7v).

(6.6) Theorem. Let K C L be a finite extension. There exists v € L such that L = K(v) <= there are
only finitely many intermediate fields K C M C L.

Proof. The statement is clear if | K| < oo, by Theorem 4.4(2) and Proposition 4.1(5). Assume that |K| = co.

Proof of “=": let f € K[X] be the minimal polynomial of v over K. For a field M such that
K C M C Llet fyy € M[X] be the minimal polynomial of v over M and let M’ C M be the subfield
generated over K by the coefficients of fj;. The polynomial fj is irreducible in M[X], hence also in M'[X],
which implies that [L : M] = [M(vy) : M] = deg(fa) = [M'(y) : M'] = [L : M']; thus M = M'. There
are only finitely many possibilities for fy; (they all divide f in K[X]) and each fj; determines M, by the
previous discussion.

Proof of “<=": the extension L/K is of finite type, L = K(a1,...,a,). By induction, it is enough
to show that for any «, 5 € L there exists v € L such that K(a, ) = K(v). The field K is infinite, but
there are only finitely many possibilities for the fields K € K(a +t8) C L (t € K). Therefore there exist
t #t' € K such that K(a+t8) = K(a+¢'8) = M. In particular, a + tf,a+t/8 e M = (t -t )8 e M
= pfeM = a=(a+t8)—t8 € M, hence K(a,8) = M = K(a+t8).

(6.7) We would like to formulate a numerical criterion of separability. The idea is to use Proposition 5.1,
which implies thst, for every field extension K < K’ and every element « algebraic over K (with minimal
polynomial f € K[X] over K), we have

[Homp —a1g(K (), K')| = {8 € K | f(B) = 0}] < deg(f) = [K(a) : K]. (6.7.1)

Moreover, we have an equality for a suitable (finite) extension K’ of K <= all roots of f are distinct <=
« is separable over K.

We need to investigate analogues of (6.7.1) for more general finite extensions L/K, which are not
necessarily of the form K(a)/K.

(6.8) Proposition-Definition. Let K — L be a finite extension, let K be a fixed algebraic closure of K.
The separable degree of the extension L/K is defined to be

[L:K]s:= B [Hom g —a1g(L, K')| = |[Homg —a1g(L, K)| .

The discussion in 6.7 can be reformulated as [K(«) : K]s < [K(«a) : K|, with equality <= « is separable
over K.

Proof. Every finite extension K’ of K admits an embedding K’ < K (a homomorphism of K-algebras),
by Theorem 5.6(2); this proves the inequality “<”. Conversely, if L = K(a1,...,a,) and if K/ C K is
the splitting field of the product of the minimal polynomials of ay,...,a, over K, then the image of every
homomorphism of K-algebras ¢ : L — K is contained in K’, which proves the opposite inequality “>”.

(6.9) Proposition. If K < L < M are finite extensions, then [M : K|; = [M : L|;[L : K], and
[L:K]s <[L:K].

Proof. The restriction map

res : Homp — a1 (M, K) — HomK,Alg(L,F), o~ ol|L

is surjective, by Theorem 5.6(2). For fixed 7 € HgnK,Alg(L,F), the fibre of res above 7 is equal to
res”!(7) = Homp,_a14(M, L), where we consider L = K as an L-algebra via 7. In particular,

|H0mK,A1g(M,F)| = Z |res*1(7')| = |HomL,A1g(M,f)| |H0mK,Alg(L,F)| .
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Wrriting K < L as a tower of simple extensions

K:KQCKlzK(Oq)C~-~CKZ-,1CKi:Ki,l(ai):K(al,...,ozi)C---CKnZK(Oq,...,an):L,

(6.9.1)
we obtain
[L . K:Ig = H[Kl : Ki—l]s = H[Kl_l(al) : Ki—l]s § H[Ki_l(()éi) : Ki—l] = H[K1 : Ki_ﬂ = [L : K]
=1 1=1 =1 =1 (692)

(6.10) Proposition. Let K < L be a finite extension. The following properties are equivalent:
(i) L = K(au,...,an), where each «; Is separable over K.

(ii) [L : K]s = [L : K].

(iii) The extension L/K is separable.

(iv) L = K(«), where «a is separable over K.

Proof. The implication (iii) = (i) is automatic.

(i) = (ii): consider the tower (6.9.1). Each «; is separable over K, hence over K, i; it follows that
[K;:Ki_1]s =[K;: K;—1] foralli=1,...,n, hence [L: K]s = [L : K] (cf. (6.9.2)).

(ii) = (iii): if there is a € L which is not separable over K, then the tower of extensions K C K(«) C L
satisfies [K(«) : K|s < [K(«) : K] and [L : K(a)]s < [L: K(«)], hence [L: K|s = [L : K(a)]s[K(@) : K]s <
[L: K()][K(x): K]=[L:K].

The implication (iv) = (i) is automatic.

(i) = (iv): Theorem 6.5 implies that L = K («) for some a € L; « is separable over K by (iii).

(6.11) Corollary. Let K < L < M be algebraic extensions.

(1) If [M : K] < oo, then the extension M /K is separable <= M/L and L/K are separable.
(2) If L/K is a separable extension and « is separable over L, then « is separable over K.

(3) The extension M /K is separable <= M /L and L/K are separable.

Proof. (1) M/K is separable <— [M : K]; = [M : L|s[L : K]s = [M : K] = [M : L][L : K] <
[M:Lls=[M:Ljand [L: K|, =[L: K] (since [M : L], <[M : L] and [L : K]s < [L: KJ).

(2) Let L' = K(ay,...,aq) C L be the subfield generated over K by the coefficients ay,...,aq € L of the
minimal polynomial of a over L. By assumption, L'/K and L'(«)/L’ are finite separable extensions, hence
L'(a)/K is also separable, by (1).

(3) The implication “=" is automatic. The converse implication follows from (2).

(6.12) Proposition. If K < L is a field extension, then {a € L | « is algebraic and separable over K}
is a subfield of L. In particular, K*** = {a € K | a is algebraic and separable over K} is a subfield of K,
called the separable closure of K. Of course, K*P = K if K is perfect (in particular, if char(K) = 0).

Proof. If o, € L are algebraic and separable over K, then the extension K(«,)/K is separable by
Proposition 6.10, hence its elements a £+ 8, a3, /B (if B # 0) are separable over K.

(6.13) Proposition. If L/K is a finite extension, then the field Ly = {« € L | « is separable over K}
(K < Ly — L) has the following properties.

(1) The extension Ls/K is separable.

(2) If B € L is separable over L, then 8 € L.

(3) Assume that char(K) = p > 0. For each a € L there exists n > 0 such that o®" € L (the extension
L/L; is purely inseparable).

(4) [L:Lg)ls=1and [Ls: K| =[L: K],.

Proof. The statements (1) and (2) follow from Proposition 6.10 and Corollary 6.11(2), respectively. In (3),
let f € K[X] be the minimal polynomial of o over K. There exists n > 0 such that f(X) = g(X?"), where
g € K[X] and g(X) # h(XP) for any h € K[X]. The polynomial g is irreducible in K[X] (since f is), hence
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separable, by Proposition 6.4(1). As a result, 3 = o?" € L lies in Ly, since g(8) = f(a) = 0. In (4) there
is nothing to prove if char(K) = 0 (when L, = L). If char(K) = p > 0, fix an embedding L, — L, = K.
Let 0 € Homp, alg(L, Ls). For any o € L and 3 = " € Ly as in (3) we have o(a)?” = 3, which uniquely

determines o(8) € Ls (cf. Proposition 6.3). It follows that o is unique, hence [L : Ls]s = 1. Finally,
[L:K]s=I[L:Lg)s[Ls : K|]s =1-[Ls: K] = [Ls : K], since Ly/K is separable.

(6.14) Exercise. Consider the tower of extensions K = Fy(a,b) C K(a) C K(B8) = L, where a,b are
variables, a® + aa +b = 0 and 3° = a.

(1) [L:K]|=4,[L: K]; =2 and L; = K(«).

(2) An element y € L satisfies 7> € K <= v € K.

(3) There is no intermediate field K C F C L purely inseparable over K.

(6.15) Exercise. Let K — L be a finite extension of fields of characteristic p > 0.
(1) o € L is separable over K <= K(a?) = K(«).
(2) Ls = nnzo ¢"(L).

7. Separability, norm, trace and discriminants

In this section we investigate in more detail characteristic polynomials for separable extensions.
(7.1) Example 3.21, in which we discussed the regular representation of L = K(v/d) over K in the basis

a db
{1,4/d}, can be reformulated as follows. For each 8 = a+bVd € L (a,b € K) the matrix M(3) = ( )
b a
has eigenvalues 3 = a + bv/d and 3’ = a — bV/d.
(i) If char(K) = 2, then the extension L/K is not separable and 8 = 4’. In particular, for each § € L\ K
the matrix M () is not diagonalisable.
(ii) If char(K) # 2, then the extension L/K is separable and for every field extension L < K’ there exist

two homomorphisms of If/—@lgebras 0,0 : L — K'; namely, o(8) = 8 and ¢/(8) = 3.
d —Vd
The eigenvectors > , ( of M(B) are the same for all 3 € L. As a result, we obtain a
1 1

simultaneous diagonalisation of all M (8) over any field K’ D L:

g 0 Vd —Vd
Ve L ST'M(B)S = , S =

0o g
(7.2) Proposition. Let K < L be a finite separable extension, let K — K’ be a field extension such that
|[Homg_a1g(L, K')| = [L : K] = n (for example, K' = K®°P). Then we have, for each § € L,

) € GLy(K"). (7.1.1)
1 1

n

Pk p(X) = H(X —0i(B)),  Trpx(B)= Zai(ﬁ), Np/k(B) = Hai(ﬁ)»
i=1 i=1

i=1
where {o1,...,0,} = Homg_a1g(L, K').

Proof. Let f € K[X] be the minimal polynomial of 8 over K. According to Theorem 3.22,

Pryi,p(X) = Prs)/k,6(X)" = f(X)7,
wheree = [L : K(B8)] = n/d, d = deg(f) = [K(5) : K]. The polynomial f has d distinct roots f1, ..., 84 € K’

J(X) = (X =pB1)--- (X = Ba),

where 8; = 7;(8), Homg_a1g(K(B), K') = {71,...,7a}. As in the proof of Proposition 6.9, the restriction
map res : Homg_ a1 (L, K') — Hompg a1 (K (8), K') is surjective and each fibre res ™! (7;) has cardinality e.
It follows that each root 5; (1 < j < d) appears with multiplicity e among the n = de values 01(8), ..., 0,(8),
hence
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n

Prikp(X) = (X = B1) (X = Ba) = [[(X —0u(B)) =

i=1

(7.3) The field embeddings o; : L < K’ in Proposition 7.2 can be described explicitly as follows. According
to Proposition 6.10 we have L = K («) for some « € L, separable over K. Let f € K[X] (deg(f) =n) be the
minimal polynomial of o over K. If K’ is any extension of K containing a splitting field of f over K, then

Hompg_aig(L, K') = {o1,...,00}, Vg(X) € K[X] o;:g(a) — g(a),
where f(X) =[[,(X — a;), &; € K'. In particular,

n n

Vg(X) € K[X]  Trp(g(a) =) gles),  Npxlg(e) =[] g(a). (7.3.1)

=1 i=1

(7.4) Proposition. Let K be a field, let f € K[X] be an irreducible separable monic polynomial of degree
deg(f) =n > 1, let a be a root of f. Then

Ni oy (£ (@) = (=1)""D72 disc(f).

Proof. Let K’ and Homp _a1s(L, K') = {01,...,0,} be as in 7.3. The formula (7.3.1) for g = f’ yields

Nicay/xc (F/(@)) = [T /(@) = [T T = @j) = (=" D2 [ [ (s = ay)® = (=1)"" =172 dise(f).

i=1 i=1 j#1i 1<j

(7.5) Example. Let a,b be variables, K = Q(a,b), f(X) = X® + aX +b € K[X], K(a) = K[X]/(f),
a = X (= the image of X). In the basis 1, a, a? of K(«a)/K, the matrix M (f'(a)) = M(3a? + a) is equal to

a =3 0
0 —2a¢ —3b |,
3 0 —2a
since
(Ba?+a)-1=a-14+0-a+3-a?
(30 +a)-a=3a>+aa=3(—aa —b) +aa=—-3b-1—-2a-a+0-a?
(3a2+a)-a*=0-1-3b-a—2a-a?
thus

a —=3b 0
disc(X? +aX +b) = (-1)*¥2]0 —2a —3b| = —4a® — 27H°.
3 0 —2a

(7.6) The trace form. Let K — L be a finite extension. The trace form attached to L/K is the symmetric
K-bilinear form

LxL— K, x,y — Trp g (zy). (7.6.1)

It is non-degenerate <= Try i : L — K is a non-zero map (if Trz,x (b) # 0, then Try ) (z - br~1) #0,
for any x € L*). In a fixed basis wy,...,w, of L/K, the matrix of (7.6.1) is equal to
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M = (Mlj) € MH(K), Mij = TrL/K(wiwj). (762)

The discriminant of wy,...,w, is defined as the determinant

D(wy,...,wy) :=det(M) € K.
The following result is very important (see Theorem IV.4.2 below).

(7.7) Theorem. Let K < L be an extension of degree [L : K] =n < co.
(1) If L/K is not separable, then Try  is the zero map and the trace form (7.6.1) is identically zero.
(2) If L/K is separable, fix o € L such that L = K(«) and let f € K[X] be the minimal polynomial of «
over K. Then
D(1,a,...,a™ 1Y) = disc(f) # 0.

In particular, the trace form (7.6.1) is non-degenerate.

Proof. (1) Fix a € L which is not separable over K. It follows from Proposition 6.13 that [K(a) : K(aP)] =p
and that 1,q,...,aP"1 is a basis of K(a)/K (a?). The transitivity rule

Trr/k = Trg(ar)/k © Trr(a)/K(ar) © TrL K (a)

(cf. Exercise 3.23(iii)) implies that it is enough to show that Trg(a)/k(ar)y = 0. Let 8 = ag +ara + -+ +
ap—10P~1 € K(a) (a; € K(a?)). The diagonal elements of the matrix M () (in the basis 1, a,...,aP~!) are
all equal to ag, hence Trg(a)/ K (ar)(B) = Pag = 0.

(2) Let K’ be as in 7.3; then f(X) = [[;_;(X — ax) € K'[X]. The entries of the matrix M from (7.6.2)
in the basis 1,a,...,a" ! are equal to Trp g (o' - of) = 31" af - al, by (7.3.1). As a result, M = A -4,
where A € M, (K') is the matrix with entries A;;, = aj ' (1 < i,k <n). The Vandermonde formula states
that

det(A) =+ H (ar — ay),

1<k<I<n

hence

det(M) = det(A)? = disc(f).

(7.8) Tensor products of K-algebras. Let K be a field. Recall from the course Algebra 1 the notion of
a tensor product A ® B of two K-vector spaces A and B. A general element of A ® B is a finite sum of
decomposable elements a ® b, where

AXxB— A®g B, (a,b) —»a®b

is a universal K-bilinear map. In particular, (Aa) ® b=a® (Ab) = AM(a®b) forall A\ € K, a € A and b € B.
If we write A =|J A, as a union of its finite-dimensional K-subspaces, then A @ x B = J(A, ®Kk B).
If A and B are (commutative) K-algebras, so is A® i B, with product given by (a®b)(a’®bV") = aa’ @bl'.

Note that A ® ¢ B is simultaneously an A-algebra via A — A ®g B (a — a ® 1) and a B-algebra via

B — A®kg B (b—1®Db). The two maps coincideon K = K-1®1,since A\®@ 1 =1® A for all A € K.
Our aim is to generalise the following isomorphism.

(7.9) Exercise. The map C®r C — C x C, a ® b — (ab,ab) defines an isomorphism of R-algebras.

(7.10) Tensor products of fields (the separable case). Let K < L be a finite separable extension.
Fix o« € L such that L = K(a) and let f € K[X] be the minimal polynomial of o over K (of course,
f is separable). We identify L = K(a) with K[X]/(f) via the evaluation isomorphism of K-algebras
&¥a : K[X]/(f) = K(a).

For any field extension K — K’ we obtain an isomorphism of K’-algebras
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L®KK7=(KM1®KKWKf®1%=KﬁXVU)$4IIK¢ﬂNﬂ% (7.10.1)

where we have decomposed f = [], fi € K'[X] into a product of at most [L : K] = deg(f) = n distinct
monic irreducible polynomials f; € K'[X]. Each quotient K'[X]/(f;) is a field, finite over K’. In particular,
the ring L ® g K’ is reduced.

If K’ contains a splitting field over K of f, then f; = X — «a;, where a1, ..., a, € K’ are the (distinct)
roots of f. Composing (7.10.1) with the evaluation isomorphisms ev,, : K'[X]/(X — ;) — K’ we obtain
an isomorphism of K’-algebras

L ®k K’ L)HKI, Vg(X) GK[X]VbEK/ g(a)@b»—> (g(ai)®b)15ign. (7102)
i=1
The latter isomorphism can be reformulated in terms of the embeddings {o1,...,0,} = Homg _a15(L, K')

from 7.3 (o;(a) = o) as

Log K =5 (K/)HomK_Alg(L,K')’ a®b (o o(a)b) (7.10.3)

(in the special case K = R and L = K’ = C we obtain the map from Exercise 7.9). The isomorphism (7.10.3)
gives a simultaneous diagonalisation of all matrices M (5) € M, (K) (8 € L) with respect to a fixed basis
w1, ...,wy of L/K. Indeed, if S € GL,(K’) is the matrix which interchanges the K'-basis w1 ®1,...,w, ®1
of L ® x K’ with the basis consisting of the idempotents e,,, ..., e, corresponding to the decomposition of
the R.H.S. of (7.10.3), then

oi(B) -+ 0
Ve L ST'M(B)S =

0 O—n(ﬂ)

(7.11) Tensor products of fields (the non-separable case). Let K — L be a non-separable finite
extension, p = char(K). As in the proof of Theorem 7.7(1), there exists @ € L such that K C K; =
K(a?) € K(a) C L. In concrete terms, o = a € K; \ KV and we identify K(«) with K;[X]/(X? — a),
a=X =X (mod (X? — a)).

The tensor product K (o) ® g K(a) is a subring of L ®x L and the canonical ring homomorphism
K(a) @k K(a) — K(o) @k, K(a) (a®b— a®b) is surjective. We have

p—1 y
K(a) 9, K(a) = Ki[X,Y]/(XP —a,Y? —a) = @D K1 - X'V,
i,5=0
where X = a® 1 (resp. Y = 1 ® «) is the image of X (resp. Y). In particular, X - Y =a®1-1®aisa
non-zero element of K(a) ®k, K(«) satisfying

(X-Y)P=(a®l-10a)f=a’®1-10c’=a®1-1®a=0;

thus X —Y is a nilpotent element and the ring K (o) ®x, K () is not reduced (which implies that L @ L
is not reduced, either).

(7.12) Proposition. Let K < L be an algebraic extension.

(1) If L/ K is separable, then the ring L ®y K’ is reduced for any field K' containing K ; it is a finite product
of fields of finite degree over K' if [L : K] < oo.

(2) If L/ K is not separable, then the ring L&y K’ is not reduced for any field K’ containing L (in particular,
for K' = K).

Proof. If [L : K] < oo, the statement (1) (resp. (2)) follows from 7.10 (resp. from 7.11). In general write
L = |JL, as a union of its subfields which have finite degree over K and use the fact that L @ K’ =
U(La 0k K7).
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8. Normal extensions

(8.1) We need an abstract characterisation of field extensions of the form K — K(a1,...,a,) = L, where
f(X)=(X—-—a1) - (X —ay) € K[X]\ K. The example we should keep in mind is that of 3.12(iv), when
K=Q,f=X%-2 a1 =v2€R, ay = pay, a3 = p*ay, p=€>™/3 and L = Q(ay, p). The three subfields
Q(a;) C L are distinct, but isomorphic to each other.

(8.2) Definition. Let K < L be a field extension, let o € L be algebraic over K. The conjugates of «
over K are the roots (in some splitting field of f) of the minimal polynomial f € K[X] of a over K.

(8.3) Examples. (i) If K = Q, L = C and o = v/2, then f = X* — 2 and the conjugates of v/2 over Q
are j:\“/i, :I:@'\“/i.
(ii) If K = Q(v/2), L = C and a = v/2, then f = X2 — /2 and the conjugates of v/2 over Q(v/2) are ++v/2.

(8.4) Proposition-Definition. A finite extension K — L is normal if the following equivalent conditions
hold.

(i) Any irreducible monic polynomial f € K[X] with a root « € L splits in L[X]: f = (X —aq) -+ (X —ay),
a; € L,a=a; [“L contains with each element all of its conjugates over K.”]

(ii) L is a splitting field over K of some polynomial g € K[X]\ K.

(iii) For any field extension K — K’ and any pair of homomorphisms o,7 € Homg_aig(L, K') we have
o(L) =7(L).

(iv) The same property for K' = K (a fixed algebraic closure of K ).

Proof. (i) = (ii): let ay,...,aq be a basis of L/K, let f; € K[X] be the minimal polynomial of «; over
K,let g = f1-- fq. The condition (i) implies that all roots of g are contained in L = K (a3, ..., aq), which
means that L is a splitting field of g over K.

(ii) = (iii): Assume that L = K (a1, ..., ), where (X —aq) - (X —ay) = g(X) € K[X] and n > 1 (note
that the roots «; are not necessarily distinct). If we apply o and 7 to g, we obtain

=

[IX —alay) =9(X) = g(X) = Tg(X) = [[(X - 7(ay)) € K'[X],

Jj=1 j=1

which means that the sets of roots (possibly with multiplicities) {o(a;)} € K" and {7(c;)} C K’ coincide.
As aresult, o(L) = K(o(a1),...,0(an)) = K(1(a1),...,7(an)) = 7(L).
The implication (iii) = (iv) is automatic, so it remains to prove that (iv) = (i). Let a € L; its minimal
polynomial f € K[X] over K splits in K[X] as f = H;.Lzl(X — o(a;)). For each of its roots a; € K there
exists a (unique) morphism of K-algebras o; : K(a) — K such that o;(a) = «;, by Proposition 5.1.
Furthermore, there exists a morphism of K-algebras 7; : L — K such that 7;] K(a) = 0i, by Theorem 5.6(2).
The condition (iv) implies that 7;(L) = 71(L), hence o; = 7;(a) € 71 (L) for all i.

(8.5) Proposition. If L is a splitting field over K of a polynomial f € K[X] of degree n > 1, then the
degree [L : K] divides n!.

Proof. We argue by induction on n, the case n = 1 being trivial. Assume that n > 1. If f is irreducible
in K[X], let & € L be a root of f. We have [K(«) : K] = n and L is a splitting field of the polynomial
f(X)/(X — a) over K(«). By induction, [L : K(a)] divides (n — 1)!, hence [L : K] divides n- (n — 1)! = nl.
If f = gh is reducible in K[X] (g,h € K[X], 1 < deg(g) =d < n), let F C L be a splitting field of g over K;
then L is a splitting field of h over F. By induction, [F' : K] divides d! and [L : F] divides (n — d)!, hence
[L : K] divides d!(n — d)!, which in turn divides n!.

(8.6) Proposition. Let K «— L < () be field extensions, with L/K finite and § algebraically closed. There
exists a finite extension of L contained in ) which is normal over K. The intersection of all such extensions

is the smallest finite extension of L in Q which is normal over K; it is called the normal closure of L/K
in Q.

Proof. If ay,...,aq is a basis of L/K and f; € K[X] is the minimal polynomial of «; over K, then the
subfield of 2 generated over K by the roots of g = f1--- f; in Q is a finite extension of L which is normal
over K. By construction, it is contained in any other finite extension of L inside €2 which is normal over K.
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9. Galois extensions

(9.1) Proposition-Definition. Let K — L be a field extension.

(1) The set of field automorphisms of L over K, Aut(L/K) = {¢ € Homg_aig(L,L) | 0(L) = L}, is a
group with respect to composition o7 = o o T.

(2) For any subgroup G C Aut(L/K) the set of fixed points LY = {a € L |Vg € G g(a) = a} is a subfield
of L containing K; we say that L is the fixed field of G.

(3) If K — L is an algebraic extension, then Aut(L/K) = Homg _a15(L, L).

(4) If K < L is a finite extension, then | Aut(L/K)| < [L : K].

Proof. (2) By definition, K C LY. If a,3 € LY and g € G, then g(a + ) = g(a) £ g(B) = a £ B,
g(a@ = g(a)g(B) = af and g(a/B) = g(a)/g(B) (if B # 0), hence o £ B, o (and «/8 if § # 0) all belong
to L*.

(3) We must show that any ¢ € Hompg_a1s(L, L) (which is always injective) is surjective. Let a € L, let
f € K[X] be the minimal polynomial of o over K. The set of roots S = {f € L | f(8) = 0} C L is finite
and o(S) C S. Injectivity of o implies that o(S) = S. Therefore a € o(L).

(4) Fix an embedding of K-algebras L — K; then

| Aut(L/K)| < [Homg (L, K)| = [L: K], < [L : K].

(9.2) Exercise. Let K be a field.
(1) The map
Homp a1 (K (X), K(X)) — K(X)\ K, A= A(X)
is bijective.
(2) For any A € Homg _a15(K(X), K(X)) we have

[K(X) : ME(X))] = [K(X) : K(A(X))] = max(deg(f), deg(g)),

where \(X) = f/g, f,g € K[X], g # 0, ged(f,g) = (1).
(3) A€ Awt(K(X)/K) < MX)=(aX+b)/(cX +d), a,b,c,d € K, ad —bc # 0.
(4) Aut(K(X)/K) —% PGLy(K) and K (X)AEX)/K) = .

(9.3) Proposition-Definition. A finite extension K < L is a Galois extension (with Galois group
Gal(L/K) := Aut(L/K)) if the following equivalent conditions hold.

(i) |Aut(L/K)| = [L : K].

(ii) The extension L/K is normal and separable.

(iii) L is a splitting field of a separable polynomial f € K[X].

(iv) There is an isomorphism of K-algebras L @y L —— LIFKI

(V) LAut(L/K) - K.

Proof. (i) <= (ii): as in the proof of Proposition 9.1(4), fix an embedding of K-algebras L < K. We have
an equality Aut(L/K) = Homg_a1g(L, L) (by Proposition 9.1(3)) and two inequalities

[Homycatg(L. L)| < [Homp—ig(L, )| = L : K, (a)

[L:K]s<[L:K], (0)

with (a) (resp. (b)) being an equality <= the extension L/K is normal (resp. separable), by Proposition
8.4 (resp. by Proposition 6.10).

(ii) <= (iii): combine Proposition 8.4 with Proposition 6.10.

(ii) <= (iv): the calculations in 7.10-7.11 show that the ring L @ x L is reduced <= L/K is separable.
If this is the case, then L — K[X]/(f) for an irreducible separable polynomial f € K[X] and we have
L&k L — T1, LIX]/(f:), where f; € L[X] are distinct monic irreducible polynomials in L[X] dividing f. In
particular, each L[X]/(f;) is isomorphic to L <= all roots of f lie in L <= L/K is a normal extension.
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(i) = (v): the field K’ = LAL/K) contains K and satisfies Aut(L/K) = Aut(L/K'). We deduce from

[L:K'] > |Aut(L/K")| = |Auw(L/K)| L [L: K] > [L: K]

that [L: K] =[L: K'], hence K = K'.
(v) = (i): Artin’s theorem 10.1 below (which does not use the implication (v) = (i)) states that
L/LAE/K) s o Galois extension.

(9.4) Galois groups as permutation groups. If we write a (finite) Galois extension as a splitting field
of a separable polynomial f, then the corresponding Galois group will have an old-fashioned description as a
group of permutations of the set of roots of f. However, such a description is not canonical (see 9.6 below).
The formal definition is as follows.

(9.5) Proposition-Definition. Let K be a field, let f € K[X]| be a separable polynomial of degree
deg(f) = n > 1. Fix a splitting field L = K(A) of f over K, where A denotes the set of roots of f in L:
f = ToealX —a) € LIX].

(1) L/K is a Galois extension; denote by G = Gal(L/K) its Galois group.

(2) Each element g € G maps A to itself. The assignement

G — Sa, g+ gla

given by the restriction to A defines an injective group homomorphism; denote its image by Gal(f) C Sa.
(3) A choice of a numbering of the set of roots of f (i.e., a choice of a bijection A — {1,2,...,n}) identifies
Sa with S,, and G with a subgroup Gal(f) C S,. If we choose another numbering of the set of roots,
Gal(f) C S, will be replaced by a conjugate subgroup o Gal(f)o~! C S,,, where o € S,, interchanges the
two numberings.

(4) The group Gal(f) C Sa acts transitively on A <= the polynomial f is irreducible in K[X].

Proof. (1) See Proposition 9.3. (2) If « € A and g € G, then 0 = g(f(a)) = 9f(g9(e)) = f(g(c)), hence
g(a) € A. The map g : L — L is injective, and so is its restriction g|4 : A — A; thus g| 4 is bijective (since
|A] < 00). Finally, (g o h)|a = g|a o h|a, which means that the restriction map is a group homomorphism.
(3) Any bijection 7 : A — {1,2,...,n} induces a group isomorphism Sx —+ S,,, g — Togor 1. If we choose
another bijection 7/ : A = {1,2,...,n}, then 7’ ogor’ ! =go70gor too™! wherec =7 0771 €83,.
(4) If f = gh, where g,h € K[X]\ K, then A= BUC and BNC = (), where B (resp. C) is the (non-empty)
set of roots of g (resp. of h) in L. According to (2) the action of each g € G satisfies g(B) = B and g(C) = C;
thus Gal(f) C Sp x S¢ C S4 does not act transitively on A.

If f is irreducible in K[X], we must show that for each «, 8 € A there exists g € G such that g(a) = 3.
The evaluation isomorphisms v, : K[X]/(f) — K(a) C L and &vs : K[X]/(f) — K(B) C L define an
isomorphism of K-algebras o = &v o (ev,) ! : K(a) — K(B). Fix an embedding L < K to an algebraic
closure of K. According to Theorem 5.6(2), the embedding K (o) -2+ K(8) C L — K can be extended to
an embedding 7 : L — K. The extension L/K is normal, which means that 7(L) = L C K. As a result,
7 € Homg_a1g(L, L) = G. By construction, 7| () = o, which implies that 7(a) = o(a) = 8.

(9.6) Examples. (i) K =Q, f = X® -2, n = 3. Fix a complex root a; = /2 € C of f and set
ay = pag = pV/2, az = pPa; = p*V/2 (p = €*™/3). The splitting field of f over Q inside C is equal to
L= Q(al’a27a3) = Q(Oél,p) = Q(\S)/i p) cC.

The Galois group Gal(L/Q) — Gal(f) C S3 has order dividing |S3] = 3! = 6. On the other hand,
[L: Q] = 6, by Example 3.12(iv). The equality |Gal(L/Q)| = [L : Q] then implies that Gal(f) = Ss.

Denote by

o= ()23,  oa=(2)13), 05— (3)(12)

the three elements of S5 of order 2 and by H; = {1,0;} C Ss the corresponding cyclic subgroups of Ss of order
two. For each j = 1,2,3 we have H; C Aut(L/Q(a;)) and 2 = |H;| < |Aut(L/Q(e;))| < [L : Q(oy)] = 25
thus L/Q(c;) is a Galois extension with Galois group Gal(L/Q(«;)) = H;. On the other hand, Q(«;)/Q is
not a Galois extension, since oy, & Q(e;)/Q for k # j. The formulas
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o1(p) = gi(az)/oa1(a1) = agfar = p*,  02(p) = o2(a2)/o2(a1) = as/az = p* = o102(p) = p

imply that the subgroup H = {1,7,72} = A3 C S3, where

T = 0109 = (123), 2 = 0901 = (132),

is contained in Aut(L/Q(p)). As 3 = |H| < |Aut(L/Q(p))| < [L : Q(p)] = 3, the extension L/Q(p) is also
a Galois extension, with Galois group equal to H = Gal(L/Q(p)). Moreover, Q(p)/Q = Q(v/—3)/Q is also
a Galois extension, being the splitting field of the polynomial X2 + X + 1 over Q.

(ii) Under the assumptions of (i), let 8; = /2 + p. The images

{9(B1) € L|g € Gal(L/Q) = S5} = {V2+p, V2+p*, pV2+p, pV2+p%, 0?2+ p, p* V2+p*} = {B1, ..., Be}

are distinct, which means that /5 has at least 6 = [L : Q] conjugates, hence [Q(81) : Q] > 6. It follows that
L = Q(f1), that h(X) = (X — f1)--- (X — Bs) is the minimal polynomial of §; (j = 1,...,6) over Q and
that L is its splitting field over Q. The action of G = Gal(L/Q) on the roots of h(X) gives a realisation of
G = Gal(L/Q) as a subgroup Gal(h) C Se; of course, Gal(h) is isomorphic to Ss, by (i )

(iii) K = Q, f = (X? — 2)(X? = 3), n = 4. The complex roots of f are a; = /2,0 = —V/2, a3 = V3, a4 =
—/3. The splitting field of f over Q is equal to L = Q(av, aa, a3, g) = Q(v/2, V/3). Exercise 3.28(2) implies
that [L : Q] = 4, hence |Gal(L/Q)| = 4. The action of any element g € Gal(L/Q) is determined by the
values g(\@) = ++4/2 and g(\/ﬁ) = ++/3; thus

Gal(L/Q) = {gap, |a,b € Z/2Z}, gapr(V2) = (—1)4V/2, gap(V3) = (—1)°V3.

The formulas gib =1 and gav9cd = Ga+c,b+a imply that the map

Gal(L/Q) =5 Z/2Z x Z)2Z,  gap — (a,b)

is a group isomorphism. Using the above numbering of roots we have Gal(L/Q) — S{1,2y X Stsay =
Sy X S9 C Sy and

goo = (1)(2)(3)(4), g10 = (12)(3)(4), gor = (1)(2)(34), g11 = (12)(34).
(iv) We saw in 6.1(i) that the same field L = Q(v/2,v/3) can be written as L = Q(v/2 + v/3). In other
words, L is the splitting field (over Q) of the minimal polynomial h(X) = X% — 10X2 + 1 (over Q) of 8, =
V243 € L we have h(X) = (X — B1) -+ (X — Ba), where B = —v2+v3 = 1/B1, fs = —/2— /3 = — 1,
B1=+2—3=—PBy =—1/B;. The formulas

gio : f1 +— Do, g10 : B3 <— Ba, g10 = (12)(34)
go1 : B1 +— Ba, go1 : B2 +— Ba, = (14)(23)
1:B1 +— B, gi1 : B2 +— By, g1 = (13)(24)

)

give another realisation of the Galois group Gal(L/Q) as a subgroup Gal(h) — S4. The two subgroups
Gal(f),Gal(h) C Sy are both isomorphic to Z/2Z x Z/2Z, but they are not conjugate inside Sy, since the
subgroup Gal(h) C Sy acts transitively on {1,2,3,4}, but the subgroup Gal(f) C Sy from (iii) does not, as
predicted by Proposition 9.5(4).

(9.7) Proposition. Let ' — K be an algebraic extension, let F be an algebraic closure of F. For any
0,7 € Homp_a1g(K, F) there exists g € Aut(F'/F') such that 7 = goo. In other words, Aut(F/F) acts
transitively on Homp_ a1, (K, F).

Proof. Theorem 5.6(2) for 0 : K — L = Fand 7 : K — Q = F tells us that _there exists a field
homomorphism g : F — F such that g o 0 = 7 (which implies that ¢ € Homp_a14(F, F) = Aut(F/F),
using Proposition 9.1(3)).
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10. The Galois correspondence

(10.1) Theorem (E. Artin). Let K — L be a field extension, let G C Aut(L/K) be a finite group of
field automorphisms of L over K. Then [L : L¢] = |G|, the extension L/LY is a Galois extension and
G = Gal(L/L%).

Proof. For any o € L consider its orbit O(a) = {g(a) | g € G}. The polynomial fo(X) = [[co(0) (X —B) €
L[X] is separable and lies in LY[X], since the action of any g € G permutes the elements of O(a). In
addition, f,(a) = 0 and deg(f,) = |O(a)| < |G|. In particular, L/LY is a separable algebraic extension
and [LY(a) : LY)] < |G| for every a € L. Lemma 10.2 below implies that L/L% is a finite extension, of
degree [L : LY < |G|. On the other hand, K C L%, hence G C Aut(L/L%) C Aut(L/K) and [L : LE] <
|G| < |Aut(L/L%)|. Proposition 9.1(4) yields | Aut(L/L%)| < [L : L%], which means that we have equalities
|G| = |Aut(L/LY)| = [L : L¢] and G = Aut(L/L%).

(10.2) Lemma. Let L/F be a separable algebraic extension. If n := max{[F(«a) : F]|a € L} € NU {c0}
is finite, then [L : F] = n.

Proof. Fix o € L such that [F(«) : F] =n. For each § € L there exists v € F(a, ) such that F(a, 8) = F(v)
(thanks to Theorem 6.5). It follows that [F(a,8) : F] = [F(v) : F] < n = [F(a) : F], hence 8 € F(«).
Therefore L = F(«) and [L : F] = n.

(10.3) Example (The general polynomial equation of degree n). Let K beafield, L = K(x1,...,2,)
the field of rational functions in n variables over K and G = S,, C Aut(L/K) acting on L as in 2.2. According
to Corollary 2.9 we have L = K(o4,...,0,). Theorem 10.1 implies that K(z1,...,2,)/K(01,...,0,) is a
Galois extension of degree |S,| = n! and its Galois group is equal to S,,.

(10.4) Proposition (Every finite group is a Galois group). Let K be a field. For every finite group
G there exists a Galois extension F < L with F D K and Gal(L/F) — G.

Proof. As observed by Cayley, the action of G on itself by left multiplication defines an injective group
homomorphism G < Sg — S, (where |G| = n). Asin 10.3, we let L = K(x1,...,7,) and F = LC.

(10.5) Main Theorem of Galois theory. Let L/K be a (finite) Galois extension, with Galois group
G = Gal(L/K).
(1) The formulas F + H = Gal(L/F), H — F = L* define mutually inverse bijections

{F field| K C F C L} <— {subgroups H C G}
(the “Galois correspondence”). In particular, L/F is a Galois extension.
(2) If F corresponds to H, then [L:F)=|H|, [F:K]=|G|/|H|=(G: H).
(3) If Fy (resp. F») corresponds to Hy (resp. to Hz), then

Fy C Fy, <= Hi D Hs.

(4) If F corresponds to H, then Vg € G g(F) corresponds to gHg™!.
(5) If F corresponds to H, then

F/K is a Galois extension <= H is a normal subgroup of G.
If this is the case, the map “restriction to F'” defines a surjective group homomorphism
G = Gal(L/K) — Gal(F/K), 9= gF
with kernel H = Gal(L/F), hence a group isomorphism
G/H = Gal(L/K)/Gal(L/F) =~ Gal(F/K).
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This can be summed up by the following diagramme:

G/H

Proof. (1),(2) If H C G is a subgroup and F = L then K = L ¢ L” = F C L. According to Theorem
10.1, L/F is a Galois extension, H = Gal(L/F) and [L : F] = |H|. Conversely, if F a field such that
K C F C L, then the extension L/F is separable and normal (since L/K is), so it is a Galois extension.
Its Galois group H = Gal(L/F) = Aut(L/F) C Aut(L/K) = G satisfies L¥ = F and [L : F| = |H|. The
degree [F': K] is equal to [L : K]/[L: F| =|G|/|H| = (G : H).

(3) This is clear.

(4) Let g,h € G. An element z € L is fixed by h <= g(x) is fixed by ghg™?!, since ghg~1g(x) = gh(z); it
follows that

1

Lo = g(LH).

(5) If F/K = L /K is a Galois extension, then it is normal, which implies that Vg € G g(F) = id(F) = F;
it follows from (4) that Vg € G gHg~! = H. Conversely, if H is a normal subgroup of G and F' = L then

for each g € G the restriction gp : ' — g(F) W F is an element of Aut(F/K). The map g — ¢g|r is a
group homomorphism 7 : G — Aut(F/K) with kernel Ker(r) = Aut(L/F) = H. Tt follows that

[F: K] > [Aut(F/K)| > [Im(r)| = |G|/| Ker(r)| = |G|/|H| = [F: K],
hence [F: K| =|Aut(F/K)|= |Im(r)|, which proves (5).

(10.6) Corollary. If F = L fix an embedding L < L = K and g1,...,9m € G (m = (G : H) =
|G|/|H| = [F : K]) such that G = gtH U ---U g, H; then

Homp_a1g(L, L) = Homp_a1g(L, L) = H, Homp—a1g(F, L) = Homg—a1g(F, L) = {g1]F,- - -, gm|F}

and

VBeL  Tryp(B) =Y h(B), NyrB)=]] 8

heH heH

Vo e F TrF/K(cu):Zgi(a)7 NF/K(a):Hgi(a).
i=1 i=1

Proof. Combine Theorem 10.5 with Proposition 7.2.

(10.7) Examples. (i) According to Example 9.6(i), the subgroups of Ss
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1}

{ \
/ {1,01} Hy = {1,092} Hs; ={1,03}
H = A;

Ss

correspond to subfields Q C F C Q(¥/2, p):

Q(V2,p)
Hlx Hs
" Q(V?2) Q(pV/2) Q(p*V2)
Q(p)
{£1}
Q

We have H = A3 <1 S3, but H; 4 S3 (j = 1,2,3); the map sgn : S3 — {£1} induces a group isomorphism
Gal(Q(p)/Q) = S3/H = S3/A3 — {£1}.

(i) Let L/K = Q(v/2,v/3)/Q. The subgroups of G = Gal(Q(v/2,v3)/Q) = {900, 901, 910, 911} — Z/2Z x
Z/2Z (cf. Example 9.6(iii)) correspond to subfields Q C F' C Q(v/2,V/3):

/ {1} \ Q(v2,V3)
{1,901} {1,910} {1,911} Q(v2) Q(V3) Q(+6)

(10.8) Galois groups and fundamental groups. There is a close analogy between Galois theory and
theory of coverings in topology:
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Algebra Topology
field K “nice” connected topological space X
separable field extension K — L covering m: Y — X
G =Aut(L/K) G = Aut(Y/X)
Galois extension: K = L% Galois covering: G\Y = X
Galois correspondence: K «— F =LH « [ Y — H\Y — X, H C G subgroup
separable closure K — K*°P universal covering X—X
absolute Galois group G = Aut(K*P/K) fundamental group m (X) — Aut(X/X)

Recall that a covering is a continuous map between topological spaces 7 : Y — X such that Y is locally a
product of the base with a discrete topological space: there exist open subsets U, C X such that X = |J U,
and (771 (Uy) — U,) — (pr : U, x (discrete space) —+ U,). The automorphism group of a covering
m:Y — X is the group Aut(Y/X) of all continuous maps f : Y — Y satisfying wo f = .

A typical example of a covering is the “infinite staircase” exp : C — C*, which is a universal covering
of C*. Its automorphism group is equal to {z — z +a | a € 2miZ} — 27iZ.

(10.9) Exercise. Let n > 2 be an integer.

(i) There are no intermediate subgroups S, 2 H 2 S,_1 = {0 € S,, | o(n) = n}.

(ii) If K is a field and f € K[X] is a separable polynomial of degree deg(f) = n such that Gal(f) = S,,, then
there are no intermediate subfields K C F C K(«), for any root « of f.

(iii) Does the same result hold if Gal(f) = A,?

(10.10) Proposition (R = R(i) = C). (1) Any polynomial f € R[X] with 2 {deg(f) has a root a € R.
(2) If L/R is a finite extension with 21 [L : R], then L = R.

(3) Any polynomial g € C[X] with deg(g) = 2 has a root 8 € C.

(4) If L/C is a finite extension, then [L : C] # 2.

(5) The field C = R(i) is an algebraic closure of R.

Proof. (1) We can assume that f is monic. In that case f(t) < 0 (resp. f(t) > 0) if t << 0 (resp. t >> 0);
the existence of « follows from the fact that f : R — R is a continuous function.

(2) There exists v € L such that L = R(y), by Theorem 6.5. The minimal polynomial f € R[X] of v over
R has odd degree deg(f) = [L : R], hence has a root in R, by (1). Irreducibility of f in R[X] implies that
deg(f) =1; thus L = R.

(3) (<= (4)) This follows from the fact that any z = a + bi € C has a square root in C, namely

Vie+a)/2+isgn(b)\/(c —a)/2, c=+va?+ b2

(5) The following argument is due to E. Artin. Let « (lying in some field containing R) be algebraic over
R, let f be its minimal polynomial over R, let L D C = R(i) be a splitting field of (X2 + 1) f(X) over R.
The extension L/R is a Galois extension; let G = Gal(L/R) be its Galois group. Let H C G be a 2-Sylow
subgroup of G. The fixed field L¥ C L satisfies 2 { [L¥ : R] = (G : H), hence L = R = LY, by (2).
Therefore G = H is a 2-group, and so is G; = Gal(L/C) C G. If |G| # 1, then there exists a subgroup
G2 C Gy such that (G : G2) = 2 (see Corollary 14.4 below), which gives an extension C = L% C L% of
degree [L%2 : C] = (G} : Gg) = 2. This contradiction with (4) implies that |G1| =1 and o € L = C.

(10.11) Proposition. Let K < L be finite extension.
(1) The restriction map res : Aut(L/K) — Aut(Ls/K) is injective.
(2) | Aut(L/K)| divides [L : K]s.

Proof. (1) If g € Ker(res) and o € L, then o?” € L, for some 7 > 0, hence (g(a) — @)?" = g(a)?" —a?" =
g(a?") — aP" = 0; thus g acts trivially on L.

(2) The fixed field K C F = LY C L, of G = Aut(L,/K) satisfies [L, : F] = |G|, by Theorem 10.1. Tt
follows that [L : K], = [Ls : K] is divisible by |G|, hence by | Aut(L/K)|.
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(10.12) Proposition. Let K < L be a finite normal extension.

(1) For every field K — F < L and every o € Aut(F/K) there exists 7 € Aut(L/K) such that 7(F) = F
and T|p = o. In particular, if F/K is normal, then the restriction map res : Aut(L/K) — Auwt(F/K) is
surjective.

(2) L, is a Galois extension of K.

(3) The restriction map Aut(L/K) — Gal(L,/K) is an isomorphism.

(4) | Aut(L/K)| = (L K],.

(5) |Aut(L/K)| =1 <= the extension K — L is purely inseparable.

(6) The extension K — F = LA"L/K) js normal and purely inseparable, while F < L is a Galois extension.
[Cf. Exercise 6.14.]

Proof. Fix an algebraic closure K and a homomorphism of K-algebras L — K.

(1) For each o € Aut(F/K) the composite map F-%F — L — K extends to a homomorphism of K-
algebras 7 : L < K, by Theorem 5.6(2). As L/K is normal, 7(L) = L, hence 7 € Homp _a1g(L, K) =
HomK,Alg(L,L) = Aut(L/K). By definition, 7|p = o. Conversely, if F/K is a normal extension, then
7(F) = F for each 7 € Aut(L/K) = Homg_a1g(L, K); thus res is well-defined (and surjective, by the
previous argument).

(2) It is enough to show that L/K is a normal extension. As in (1), each 0 € Homp —a14(Ls, K) extends to
7 € Homg_a1g(L, K) satisfying 7(L) = L. The separable extension K — o(Lg) = 7(Ls) is a subextension
of K < 7(L) = L, hence o(Lg) C L, and o(Ls) = Ly (by comparing the degrees).

(3) Injectivity (resp surjectivity) was proved in Proposmon 10.11(1) (resp. in (1)).

(4) (resp. (5)) is an immediate consequence of (3) (resp. of (4)).

(6) As above, each 0 € Homg_a1q(F, K) extends to 7 € Homg_a1s(L, K) satisfying 7(L) = L. As 7 €
Aut(L/K), it acts trivially on F. In particular, o = id and ¢(F) = F, implying that K — F' is a normal
extension. By definition, the image of the restriction map res : Aut(L/K) — Aut(F/K) is equal to {id}.
The statement (1) (resp. (5) applied to F)/K) shows that Aut(F/K) = {id} (resp. that K < F' is purely
inseparable). The remaining statement follows from Theorem 10.1.

(10.13) Exercise. Let K < L; — M, K < Ly < M be finite field extensions. Denote by LiLy the
intersection of all subfields of M containing both L1 and Ls; it is again a field.

(1) If L1 /K is a Galois extension, so is Ly La/ Lo and the restriction map g — g, defines an injective group
homomorphism Gal(L;La/Ls) < Gal(Ly/K) with image equal to Gal(Ly/L; N La).

(2) If both L1 /K and Ls/K are Galois extensions, so is L1 Lo /K and the restriction maps g — ¢g|r, define
an injective group homomorphism Gal(Ly1Ly/K) — Gal(L;/K) x Gal(Le/K).

11. Examples of Galois groups

(11.1) Theorem (Extensions of finite fields). Let ¢ = p", where p is a prime number and r > 1.

(1) For every integer n > 1 the extension F» /F, is a Galois extension. Its Galois group is cyclic of order n,
generated by the Frobenius morphism ¢g(z) = 29: Gal(Fgn /Fy) = {@q, ¢2,..., 0 = 1}.

(2) Every subgroup of Gal(Fgn/F,) is cyclic, of order n/m (where m is a divisor of n) generated by
O = pgm c x> a1 . Its fixed field is equal to Fgm and Gal(Fgn /Fgn) = {@, @2, ..., o™ =1}

Proof. (1) For each m =1,...,n — 1 we have
Hx € Fon | ' (x) = x}| = [{roots of X" — X in Fyn}| < deg(X7" — X) = ¢™ < ¢,
which implies that g, @2, ..., 00! # 1 € Aut(Fgn /F,). It follows that

n=H{gq¢q g = B <[ Aut(Fgr /Fy)| < [Fgn - Fy)] =n,

which yields equalities {¢g, 02, ..., @0 =1} = Aut(Fgn /Fy) = Gal(Fgn /F,).
(2) It is well-known that any subgroup H of the cyclic group of order n generated by ¢, is also cyclic,
generated by ¢p* (for some m | n). According to Theorem 4.4(2), the fixed field of H is equal to

70



Fgl ={z€Fp|a? =z} =Fym,
hence Gal(Fyn /F,m) = H, thanks to Theorem 10.1.

(11.2) Corollary. Let g = p" be as in Theorem 11.1. For each n > 1, the norm map Ny ,.p, : Fopn — F
is given by the formula Ny, /g, (7) = gltat+a""" = 2(a"=D/(@=D_ [f 3 is a generator of the cyclic group
F}., then its norm Ny _,/r,(z) is a generator of F;. In particular, the norm map N . /r, : Fon — F} is
surjective.

Proof. The formula for the norm follows from a combination of Corollary 10.6 with Theorem 11.1. If the
order of x € F}. is equal to ¢" — 1, then the order of 2(@"=D/(a=1) ig equal to ¢ — 1.

(11.3) Question: when is Gal(f) C H ? Given a subgroup H C S,, it is natural to ask under what
conditions the Galois group of a separable polynomial f € K[X] of degree deg(f) = n is contained in a
conjugate subgroup cHo~ !, for some o € S, (the conjugation is necessary, since Gal(f) C S, itself is
defined only up to conjugation). We first give the answer for H = A,, and then apply the machinery of
resolvents (see 2.14) to treat the general case.

(11.4) Proposition. Let K be a field, let f € K[X] be a separable monic polynomial of degree n > 2.
(1) If Gal(f) C A, then disc(f) € K*2.

(2) If char(K) # 2 and disc(f) € K*2, then Gal(f) C A,.

(3) If char(K) = 2, then disc(f) € K*2.

Proof. Let L = K(ay,...,ay) be a splitting field of f over K, where aq, ..., a, are the (distinct) roots of f
in L. We have

disc(f) =d?,  d=]J(ai—a;) €L*,  VgeGal(f) g(d)=sgn(g)d. (11.4.1)

1<J

(1) If Gal(f) C A, then (11.4.1) implies that d € (L*)%*(f) = K* hence disc(f) = d> € K*2.

(2) Conversely, if disc(f) € K*2, then d € K*. However, if char(K) # 2 and g € Gal(f) \ A,, then
g(d) = —d # d, which contradicts the fact that d € K*. Therefore Gal(f) C A, in this case.

3) If char(K) =2, thend=]],_;(a; + o ) € € (L*)%1() = K*_ hence disc(f) = d? € K*2.

(
(11.5) Let us consider the general case. Let K be a field, let

fX)=X"+a X" '+ +a, € K[X]

be a monic separable polynomial of degree n > 1. Denote by L = K(a,...,a,) a splitting field of f over

K, where aq, ..., a, are the (distinct) roots of f in L.
Fix an auxiliary polynomial v = u(x1,...,z,) € K[z1,...,x,]. Its stabiliser
H={reS,|txu=u}CS, (11.5.1)

is a subgroup of S,,. Conversely, a polynomial u satisfying (11.5.1) exists for any given subgroup H C S,
thanks to Theorem 6.5 applied to the extension K(z1,...,2,)% /K (x1,...,2,)%".

As in 2.14 we have a polynomial U(y;o1,...,0,) € K[o1,...,0,][y] which splits in K[xy,...,2,][y] as
follows:

U(y;ala"'agn) = H (y_u(x‘r(l)aaxT(n))) : (1152)
THeS,/H

After applying to (11.5.2) the morphism of K-algebras
A Klxy, ..., x] — L, AMP(x1,...y2n)) = Plag,...,an)

which sends each z; to o; (hence each o; to A(o;) = (—1)%a; € K, i = 1,...,n), we obtain the “resolvent
polynomial of f”
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Rf(y) = U(y7 _alaa2a"'7(_1>nan) = H (y_p(u(x‘r(l)a7x'r(n))))
THEeS,/H

- H (y —ularr), - army)) € K[yl
THES, /H

(11.5.3)

This polynomial does not depend on the numbering of the set of roots of f. Its coefficients lie in K, its degree
is equal to deg(Ry) = |O(u)| = (S, : H) and its roots are equal to (7 *u)(a1,...,0an) = u(arqy,. .., 0r@m))
(TH € S, /H). Note that the roots of Ry are not necessarily distinct.

(11.6) Proposition. Let K be a field, let w € K[z1,...,x,] (n > 1) be a fixed auxiliary polynomial as in
11.5; let H C S,, be its stabiliser as in (11.5.1). Let f € K[X] be a monic separable polynomial of degree n.
(1) If Gal(f) C oHo ™! for some o € S,,, then the resolvent polynomial Rs(y) has a root 3 € K.

(2) If Ry(y) has a simple root 3 € K, then Gal(f) C cHo~! for some o € S,, (which is equivalent to the
existence of a numbering of the set of roots of f for which Gal(f) C H).

Proof. (cf. the proof of Proposition 11.4). (1) After renumbering the roots of f we can assume that
Gal(f) C H. In this case 8 = u(as, ..., ) is a root of R;(y) and

Vg € Gal(f) C H C S, 9(B) = ulagay, - agm)) = (g*u)(a,...,an) = ulag,...,an) =,

hence 3 € LG) = K.
(2) Again, after renumbering we can assume that the simple root of Ry in question is 8 = u(ay,...,a,) € K.
As before, we have

Vg e Gal(f) € Sp B =g(B) =ulagn),---0gm)) = (gxu)(a1,...,an).

On the other hand, if g € S, but g ¢ H, then u(ay),...,0qm)) = (9 * u)(a1,...,a,) is a root of the
polynomial R;(y)/(y — /), hence is different from /S, since f is a simple root of Ry, by assumption. As a
result,

Vge So\H  u(agay,---agm)) # B,
which means that S, \ H C S, \ Gal(f), hence Gal(f) C H.
(11.7) Examples. (i) Ifn > 2, char(K) # 2andu = A =[], _;(zi—z;), then H = Ay, R¢(y) = y?—disc(f)
and we recover Proposition 11.4.
(ii) f n = 4 and uw = z122 + w324, then H = Dg C Sy and disc(Ry) = disc(f). Proposition 11.6 then states
that, for any separable polynomial f(X) = (X —aq)--- (X — aq) € K[X], the Galois group Gal(f) C Sy is
conjugate to a subgroup of Dg C Sy <= the cubic resolvent

(y — (cno2 + azau))(y — (13 + azau))(y — (10 + azas)) € Ky
has a root g € K.
(11.8) Exercise (Lagrange). If uj,us € Klxy,...,x,] are two auxiliary polynomials with respective

stabilisers H; = {r € S,, | 7 *x u; = w;}, then we have

H, D Hy, <— U1€K(O'1,...,O'n)(u2).

(11.9) In practical calculations of Galois groups one applies Proposition 11.6 to irreducible polynomials, in
which case Gal(f) acts transitively on {1,...,n}, by Proposition 9.5(4) (we say that Gal(f) is a transitive
subgroup of S,). What is required is a list of transitive subgroups H C S,, (up to conjugation), for each
H an auxilary polynomial u with stabiliser H and an explicit formula for the corresponding resolvent R in
terms of f. See [Co, ch. 13] for examples.

72



(11.10) Exercise. (1) Every transitive subgroup of Sy is conjugate to Sy, A4, Dg, Cy or to Cy x Cy from
Example 9.6(iv).

(2) A subgroup G C S,,, where p is a prime number, is transitive <= the order of G is divisible by p <=
G contains a p-cycle.

(3) If p is a prime number and G C S, is a subgroup containing a p-cycle and a transposition (= 2-cycle),
then G = S,. (cf. [De 1], Ex. 1.2.7).

(11.11) Proposition. Let p be a prime number, K a subfield of R and f € K[X] an irreducible polynomial
of degree p. Let L = K(o1,...,ap) C C, where ay, ..., a, € C are the complex roots of f. If oy, a2 ¢ R and
as,...,a, € R, then Gal(f) = Gal(L/K) = S,. [This applies, for example, to K = Q and f = X°—6X+2.]

Proof. The action of Gal(f) on {1,...,p} is transitive, since f is irreducible; the group Gal(f) C S, contains
a p-cycle, by 11.10(2). As K C R, the complex conjugation c(a + bi) = a — bi (a,b € R) is an element
of ¢ € Homg_a1g(L,c(L)) = Homg_a1g(L, L) = Gal(L/K) = Gal(f) (¢(L) = L, since L/K is a normal
extension). The assumptions on the roots of f imply that ¢ = (12) C S, acts on {1,...,p} as a 2-cycle; we
conclude by 11.10(3).

(11.12) Theorem (Dedekind). Let f € Z[X] C Q[X] be a monic polynomial of degree n > 1. Let
p be a prime number; denote by f = f (modp) € F,[X] the reduction of f modulo p. Assume that f
is separable (<= p t disc(f)) and write f = f,---f,, where f,...,f. € F,[X] are distinct monic
irreducible polynomials of respective degrees n; (n1+---+mn, =n). The polynomial f is then separable and

Gal(f) C S,, contains an element c; - - - ¢, where c1,. .., ¢, are disjoint cycles of lengths ny,...,n,.

Proof. Later.

(11.13) Example. Let K = Q, f(X) = X° — X + 1 € Q[X]. The factorisation established in 4.10
f (mod2) = (X2 + X +1)(X? + X? + 1) € Fo[X] shows that G = Gal(f) C S5 contains an element of the
form g = (ab)(cde), hence a 2-cycle g = (ab). One can check that the polynomial f (mod3) € F3[X] is
irreducible (for example, by computing ged(f (mod 3), X? — X) = 1, which implies that f has no irreducible
factor of degree 1 or 2, by Corollary 4.5). It follows from 11.12 that G contains a 5-cycle, hence G = S5, by
11.10(3). One can also check that f (mod5) € F5[X] is irreducible:

(11.14) Exercise. Ifp is a prime number and a € F}, then the polynomial f(X) = X?— X —a is irreducible
in Fp[X].  [Hint: if f(o) = (¢ — 1)(a) —a =0, then (¢™ —1)(a) # 0, for all 0 <m < p.]

(11.15) Exercise. Interpret Exercise 3.29 in terms of Galois theory: determine the normal closure M over
K of the field L = K(+/a + by/c), the Galois group G = Gal(M/K) and all intermediate fields K C F C M.

(11.16) Exercise. Let K be a field of characteristic char(K) # 2, let L/K be an extension of degree
[L : K] = 2. Show that: there exists a Galois extension M /K such that M D L and Gal(M/K) — Z/AZ
<= —le& Np/g(L*).

(11.17) Exercise. Let p be a prime number.

(1) Let G C S, be a subgroup; for each i = 1,...,p denote by G; = {g € G | g(i) =i} C G its stabiliser. If
G is a transitive subgroup of S, for which G1 C Ga, then G = C), is a cyclic group generated by a p-cycle
and |G;| =1 for each i.

(2) Let K be a field, let f € K[X]| be an irreducible separable polynomial of degree deg(f) = p, let
L = K(ay,...,qp) be its splitting field, where aq, ..., a, are the roots of f in L. Show that: a2 € K(o)
< L=K(n) < Gal(L/K) is cyclic of order p.

12. Roots of unity

Historically, the equation X™—1 = 0 (“division of the circle in n parts of equal length”) played an extremely
important role in the development of both Galois theory and arithmetic. The first systematic treatment of
this equation (for n = p a prime number) was given by Gauss.

(12.1) For each n > 1, the set of complex n-th roots of unity
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mn(C)={¢eC|{" =1}

is a cyclic subgroup of C*, generated by (, = €2™/™. The polynomials
xt-1=][(x-0
CEpn

are highly reducible in Q[X]. For example,

X2 1=(X-DX+D)X2+ X+ DX =X+ D)X= X2 4+1) = &, DyD3DD 5.

The general pattern is as follows. The set of generators of p,,(C) (= the set of primitive complex n-th roots
of unity) is equal to

pn(C) ={¢) [ a € (Z/nZ)"} (12.1.1)

and we have
pn(C) = [ J (). (12.1.2)
d|
(12.2) Proposition-Definition. For n > 1 define the n-th cyclotomic polynomial to be

o, (X)= ] (X -¢ eclx].

CEMY,

These monic polynomials have the following properties.
(1) deg(®n) = @(n).

(2) Igjn ®a(X) = X" = 1.

(3) ®,(X) € Z[X].

(4) If p is a prime number and k > 1, then

O, (X)= (X —1)/(X —1) = X" 4 XP2 441, @(X) =0, (X" ) = 1)/ x” T —1).

Proof. (1) and (2) follow from (12.1.1-2). The Mobius inversion formula 12.3(3) applied to (2) shows that
the complex polynomial

@,(X) = [J(x"/4 - 1yt
d|n
is a quotient of two monic polynomials with coefficients in Z, proving (3) and (4).

(12.3) Exercise (The Mobius inversion formula). Let f,g: N\ {0} — C be functions related by

Vn>1 g(n)=>Y_ f(d).
d|n

(1) The generating functions Zs(s) = Y oo, f(n)/n® and Zy(s) = >.,—, g(n)/n® are related by Zy(s) =
Z§(s)C(s), where ((s) = >0 1/n".
(2) 1/¢(s) = 11,1 = 1/p*) = >0 u(n)/n®, where p is the Mébius function: p(py---p,) = (=1)", if r >0
and p; are distinct primes; p(n) = 0 if n is divisible by the square of a prime.
(3) The function f is given by

Va1 f(n) = u(d)f(n/d).

dln
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(12.4) Let K be an arbitrary field. For every integer n > 1 denote by

oK) = {a € K | a" = 1}

the set of all n-th roots of unity lying in K. If char(K) = p > 0 and n = p¥ - m, p f m, then the formula
X" —1=(X"m—-1)"" € K[X] shows that i, (K) = pi(K).

We are going to consider the cyclotomic polynomials ®,,(X) € Z[X] as elements of K[X]; the formula
12.2(2) still holds in K[X]:

vn>1 J[®u(X)=X"-1¢€K[X]. (12.4.1)
d|n
Fix a splitting field K (u,,) of the polynomial X™ — 1 over K and set g, = pn (K (n))-

(12.5) Proposition. Let K be a field and n > 1 an integer such that char(K) { n.

(1) The polynomial f(X) = X™ —1 € K[X] is separable.

(2) For every field F D K (u1,,) the group pu,, (F) is cyclic of order n; denote by ul (F) the set of its generators.
For any ¢, € p2(F) we have

p2(F) ={¢* | a € (Z/nZ)*} = {roots of ®,,(X) in F}.

(3) The field K(u,) is equal to K((,), for any generator (, of u,. Moreover, it is a splitting field of the
polynomial ®,,(X) over K.
(4) K(un)/K is a Galois extension. There is a canonical injective group homomorphism

X = Xn,x : Gal(K(u,)/K) — (Z/nZ)" = GL1(Z/nZ)
(the cyclotomic character) such that

V¢ € pn Vg € Gal(K (1n)/K)  g(¢) = X9,
(5) The Galois group Gal(K (uy)/K) is abelian.

Proof. (1) The assumption char(K) { n implies that n € K*, hence 1 = X"—(X"—1) =n" X f'(X)—f(X) €

(f, 1)
(2) The group u,(F') is cyclic, by Proposition 3.3. It follows from (1) that the roots of f are distinct, hence
lpin (F)| = deg(f) = n. If ¢, € pl(F), then we deduce from (12.4.1) that

Ym=1,....n—=1 ('—1#0 =Vm=1,....,n—1  @,,(¢,) #0;

thus ®,,(¢,) = 0. We have just shown that uO(F) = {¢% | a € (Z/nZ)*} is contained in the set of all roots
of ®,(X) in F; these two sets have the same cardinality | (F)| = ¢(n) = deg(®,,), hence they are equal.
(3) The equality g, = {Cn,C2,...,¢" = 1} implies that K(u,) = K(¢,) = K(u); the latter field is a

splitting field of ®,,(X) by K, by (2).
(4) The field K(u,,) is a splitting field over K of a separable polynomial X™ — 1, which means that K (u,)/K
is a Galois extension. Fix ¢, € u¥ (= a root of ®,,(X) in K(u,)). For each g € Gal(K(u,,)/K) we have

@,(9(¢n)) = 9(Pn(¢n)) = g(0) =0,

hence there is a unique a € (Z/nZ)* such that g((,) = ¢%. Each element ¢ € p, is of the form ¢ = ¢
(1 <b < n); it follows that

9(¢) = g(¢h) = g(¢a)? = ¢20 = ¢*.

In particulier, the exponent

x(g) == a € (Z/nZ)
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does not depend on the choice of ¢, € uO. The map

x: Gal(K (1) /K) — (Z/nZ)*

is a group homomorphism, since

(99")(Q) = 9(d'(Q)) = g(¢X9)) = g(¢()X\9) = (X&) = XX — y(gg") = x(9)x(g")

holds for all g, ¢’ € Gal(K (p,)/K) and ¢ € p,.

If g € Ker(x), then ¢(¢,) = ¢, which implies that g(a) = a for all & € K((,) = K(uy,). As a result, x
is injective.

One can reformulate the above argument in more scientific terms by saying that the restriction map

Aut(K (pn)/K) — Homz (K", K*) — Homgz(tin, pin) = Homz /pz(tin, fin) = (Z/nZ)*

is a group homomorphism for trivial reasons. It is injective, since u,, generates K (u,,) over K.
(5) Gal(K (py)/K) is isomorphic to a subgroup x(Gal(K (uy,)/K)) of an abelian group (Z/nZ)*.

(12.6) The key point in Proposition 12.5 is the group homomorphism x : Gal(K (uy,)/K) — GL1(Z/nZ).
Historically, this was the first example of a Galois representation.

(12.7) Proposition. If K = Q and n > 1, then:

(1) The polynomial ®,,(X) is irreducible in Q[X].

(2) The homomorphism x,,q : Gal(Q(¢n)/Q) — (Z/nZ)* is an isomorphism.
(3) For any m|n the map x» q induces a group isomorphism

Gal(Q(pn)/Q(im)) — {a € (Z/nZ)" |a =1 (modm)}.

Proof. (1) If n = p* (p prime), then @, (1+X) = (1+X)P" —1)/((14+X)?" " —1) is an Eisenstein polynomial
with respect to p. In general, assume that f(X) € Z[X] is an irreducible monic factor of ®,,(X) = f(X)g(X)
(deg(f) > 1); fix aroot ¢ € Q(un) of f(X). Let p { n be a prime number; we are going to show that f(¢?) = 0.
Indeed, if f(¢P) # 0, then ¢g(¢P) = 0 (since ®,,(¢P) = 0). Consider h(X) = g(X?) € Z[X]; then f divides h
in Q(X), since hA({) = 0 and f is the minimal polynomial of ¢ over Q. The polynomial f € Z[X] is monic,
which implies that f divides h in Z[X]. As a result, the reduction modulo p f = f (modp) € F,[X] divides
h(X) = g(XP) = g(X)? in F,[X]; in particular, if » € F,[X] is an irreducible non-constant factor of de f,
then r2 | fg = ®,, € F,[X], which contradicts the separability of ®,, € F,[X].

If a > 1is an integer prime to n, then a = p; - - - py, is a product of prime numbers p; { n, hence f({*) = 0,
by induction on k. This shows that each element of 1 is a root of f, hence f = ®,,.
(2) According to (1), ®,,(X) is the minimal polynomial of ¢,, over Q. The homomorphism X, q is an injective
map between two sets of the same cardinality

[(Z/nZ)*| = ¢(n) = deg(®n) = [Q(Cn) : Q] = [Qun) : Q] = [Gal(Q(1n)/Q);
which means that it is bijective. The statement (3) follows from (2).

(12.8) Example (Gauss sums). For any prime number p > 2 the Galois group G = Gal(Q(up)/Q) is
cyclic of order p — 1, which implies that there is a unique subgroup H C G of index (G : H) = 2, hence a
unique field Q C F C Q(u,) such that [F : Q] = 2, namely F = Q(u,). Fix a generator g € G; then H is
generated by g%. Write ¢, = e?™/P and consider the following quadratic Gauss sum

=2 (17 () = (=17 ) € Q) (a = xpl9) € (Z/p2)")

(it is easy to see that 7, does not depend on the choice of g). The formula

76



g(Tp):Z( 1)7 g+ (¢ Z k k (Cp) = —7p

j=1 k=2

implies that

92(Tp) =Tp = Tp €& Q(NP)H =F
g(p) =70 = 1, €Q(uy)° = Q.

For example, one can compute by brute force the values

T3 =G — (3 =iV3, 5 =10(5— (G — 3+ (3 = V5, =G+ G -G+G -G - =iVT

In fact, it is relatively easy to show that 7'1? = (=1)®»=1/2p but much more difficult to determine the exact
square root. This was done by Gauss, who proved that

B +/P p=1 (mod4)
" {—I—z\f p =3 (mod4).

Quadratic Gauss sums can be used to give an elegant proof of the quadratic reciprocity law.
More generally, if | (p — 1) and o € p2, one can consider the sum

Za] E Q(/-Lpa/h) = Q(:u;vr)'
The same computation as before shows that

(v, 9)" € Qur).

(12.9) Exercise (quadratic subfields of cyclotomic fields). (1) Letp > 2 be a prime number. Compute
the discriminant disc(®,) and use the fact that Q(y/disc(®,)) C Q(up) to show that the unique subfield
F C Q(up) with [F: Q] =2 is equal to F = Q(/p*). where p* = (—1)(P=1/2p,

(2) Show that Qus) = Q(i,v2).

(3) If [K : Q] = 2, then there is a unique square-free integer d € Z (d # 0,1) such that K = Q(v/d). Write
|d| as a product of distinct primes and use (1)-(2) to show that K C Q(pp|), where D = d if d =1 (mod 4)
(resp. D =4d ifd # 1 (mod4)).

(4) Show that K ¢ Q(uy,) if n < |D|.

13. Euclidean constructibility

X

We identify the Euclidean plane R? with C in the usual way (the point ( ) corresponds to x + iy).

Y
(13.1) Definition. A complex number z € C (= the corresponding point) is constructible (by ruler and
compass) if it can be obtained from the points 0 by 1 by applying successively the following constructions:
drawing a line through two already constructed points; drawing a circle whose centre and one point have
already been constructed; intersecting two lines (resp. a line and a circle, resp. two circles) which have
already been constructed.

(13.2) Proposition. (1) The set E C C of constructible complex numbers is a field.
(2) z€ E <= Re(z), Im(z) € E.
(3) ze E = +\/z € E.

Proof. Exercise in elementary geometry.
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(13.3) Theorem. Let o € C. The following properties of a are equivalent.

(1) a € E.

(2) There exists a tower of field extensions Q = Ko C K1 C --- C K,, such that Vj [K;y1 : K;] =2 and
ae€K,.

(3) There exists a tower of field extensions Q = Ko C K1 C --- C K,, = Q(«) such that Vj [K;1: K;] = 2.
(4) « is an algebraic number and [Q(az1,...,ax) : Q] = 2™ for some m > 0, where aq,...,qy are the
conjugates of a = a1 over Q.

Proof. (1) <= (2): Exercise in elementary geometry.

(2) = (4): For each «; there exists a field embedding 7; : Q() — C such that 7;(a) = ;. If we put
the towers Q = 7;(Ko) C 7;(K1) C -+ C 75(K,) 2 a5 (for j = 1,...,k) on top of each other, we obtain a
bigger tower Q = Lo C L1 C -+ C Ly in which [La4q : Lg] < 2 for each a and ay,...,a; € L. As a result,
[Q(ai,...,ar) : Q] divides [Ly : Q] = 2".

(4) = (3): L/Q =Q(aq,...,ax)/Q is a Galois extension and the order of G = Gal(L/Q) is a power of 2.
According to Proposition 14.7 below, for each subfield Q # K C L there exists a subfield K/ C K such that
[K : K') =2 (if K = L7, then K’ = L7"). We take K = Q(a) = K,, (where [K : Q] = 2") and obtain, by
induction, a chain of subfields K, D K,_1 D --- D K¢ = Q such that [K,; : K;] =2 for all j.

(3) = (2): This is automatic.

(13.4) Corollary (Gauss). All vertices of a regular polygon with n > 3 sides inscribed to the unit circle are
constructible <= (, = e*™/" is constructible <= there exists m > 0 such that [Q((,) : Q] = p(n) = 2™
<= n=2%; - pi, where p1,...,py are distinct prime numbers such that p; = 2" +1 (m; > 1).

(13.5) Exercise. Ifp = 2™ + 1 is a prime number, then m = 2°, hence p = 922" 4 1= Fy (“Fermat’s prime
number”). At present (April 2014) the only known Fermat’s prime numbers are Fy = 3, Fy = 5, F» = 17,
F5 =257 and Fy = 65537 (for example, F5 is divisible by 641, as discovered by Euler).

(13.6) Example: constructibility of a regular 17-gon (Gauss).
The Galois group G = Gal(Q(u17)/Q) — (Z/17Z)* is cyclic of order 16 = 2%, generated by g : ¢ — (3
(¢ € p17)- The lattice of all subgroups of G
G:HQDH13H23H33H4:{1},

where H; = {g;,9, ... ,g]2-47j = 1} is generated by g; = g2, corresponds to a tower of fields as in Theorem
13.3:

Q=Ko C K C Ky CKjzC Ky=Qur) =Q((),
where K; = Q(u17)™ and ¢ = (17 = €2™/17. If we write

a—j

[N~}

3(k-2%)
@ = Trieym, () = Y o) = 2 ¢,
o€H; k=1

then K; = Q(a;) and [K; : K;_1] = 2. The conjugates of a; over K;_1 are a; and a} = g;_1(a;), since
Hj,1 = Hj U gj*lHj' EXphCltly,

ag=—1 ag = —1

0 =CHCHCTTH TR G = CHCTHC T

az=C¢+ ¢+ (T ay =+

a3 =C(+( ' =2cos 32 ay = ¢+ ¢

ag = ay = ¢

In particular, a; + a;» = aj_1; one can compute explicitly the products b;_; = ajag € Kj;_1, hence obtain

the minimal polynomial (X —a;)(X —a}) = X* —a; 1 X +b;_; of a; over K; 1 (see [Es], p. 149-150). The
final result states that
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16 cos 22 1+ﬁ+\/342m+\/68+12ﬁ4\/34Qms\/MHﬁ.

14. Basic properties of p-groups
Let p be a prime number. In this section we recall basic properties of p-groups (i.e., of finite groups of
p-power order).

(14.1) Proposition. If a finite group G of order |G| = p" (r > 0) acts on a finite set X, then
| X| =X (modp).

Proof. The stabiliser of any x € X \ X is a proper subgroup G, C G, which implies that the cardinality
of the orbit of x is a non-trivial power of p: |O(z)| = (G : G;) = p® (a > 1). The set X \ X is a disjoint
union of such orbits; as a result, its cardinality is divisible by p.

(14.2) Corollary (Cauchy). If the order of a finite group H is divisible by p, then H contains an element
of order p.

Proof. Consider the action of G = Z/pZ by cyclic permutations on X = {(h1,...,h,) € HP | hy---h, = e}.
The fixed point set X¢ = {(h,...,h) | h € H, h? = e} contains (e,...,e) and
HheG|hP =e#h} =|XC—-1=|X|-1=|HP"' —1=—-1%0 (modp).

(14.3) Corollary. The centre Z(G) = {h € G |VYg € H gh = hg} of a finite group G of order |G| = p"
(r > 1) is non-trivial.

Proof. The centre Z(G) = X is the fixed point set of the action of G on X = G by conjugation: g * h =
ghg™!. Therefore |Z(G)| = |G| = 0 (mod p).

(14.4) Corollary. For every finite group G of order |G| = p™ (n > 1) there exists a chain of subgroups
G=Gy2 G122 G, ={e} such that each G; < G is a normal subgroup of G and each quotient group
G;/Giy1 Is cyclic of order p.  [In particular, G is a nilpotent group.]

Proof. We define, inductively, G,,—1 to be any subgroup of order p of Z(G), then G, _5 to be the inverse
image in G of any subgroup of order p of Z(G/Gy-1) C G/Gp—1, etc.

(14.5) Definition. Let H be a subgroup of a group G. The normaliser of H in G
Ne(H) ={g€ G |gHg™" = H}

is the biggest subgroup of G' in which H is a normal subgroup.

(14.6) Proposition. Let H, H' be subgroups of a group G. Consider the usual action of G on X = G/H.
(1) The fixed point set of H' is equal to

(G/H)Y' ={gH | g€ G, H C gHg™'}.

(2) If |H| = |H'| < o0, then
(G/H)" ={gH |ge G, H' =gHg '}.
(3) If H= H' and |H| < oo, then
(G/H)" = N/H, N = Ng(H).
Proof. (1) The group H' fixes gH € X <= H'gH =gH += g 'H'gH=H <= g 'H'gCH.
(2) The equality |[H'| = |H| = |gHg ™| implies that the inclusion H' C gHg~! is equivalent to H' = gHg™ .
(3) This is a special case H' = H of (2).
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(14.7) Proposition. If G is finite group and H C G is a subgroup such that |H| = p” (r > 0) and
p | (G: H), then there exists a subgroup H < H' C G such that (H' : H) =p (<= H'/H — Z/pZ).

Proof. Let N = Ng(H). According to Proposition 14.6(3) and 14.1 we have

IN/H| = [(G/H)"| = |(G/H)| = (G : H) = 0 (modp).

Furthermore, Corollary 14.2 implies that there exists n € N whose image nH € N/H in N/H has order p.
The subgroup H' of N generated by H and n has the required property.

(14.8) Definition. Let G be a finite group whose order is divisible by p. A subgroup H C G is a p-Sylow
subgroup of G if |H| =p" (r > 1) and p t (G : H) (in other words, if |G| = p"m, pt m and |H| = p").
[Example : Dg is a 2-Sylow subgroup of Sy.]

(14.9) Theorem (Sylow). Let G be a finite group whose order is divisible by p.

(1) A p-Sylow subgroup H of G exists.

(2) Two p-Sylow subgroups H, H' of G are conjugate: there exists g € G such that H' = gHg~*.
(3) The number d of p-Sylow subgroups of G divides |G| and satisfies d = 1 (mod p).

Proof. (1) According to Corollary 14.2 there exists a subgroup Hy; C G of order p. Proposition 14.7 implies,
inductively, that there exist subgroups Hy C Hy C --- C H, C G such that |H;| = p’ and pt (G : H,.). The
last group H,. is a p-Sylow subgroup of G.

(2) According to Proposition 14.6(3) and 14.1, the set {gH | g € G, H' = gHg™'} = (G/H)™" is non-empty,
since

(G/H)™| = |(G/H)| # 0 (mod p).
(3) If we let G act by conjugation on the set Y of all p-Sylow subgroups of G, we deduce from (2) that Y is
in bijection with G/N, where N = Ng(H). In particular, d = |Y| = (G : N) divides |G|. The congruence
used in the proof of (2) states (for H' = H) that
(N : H)=|(G/H)"| = |(G/H)| = d(N : H) (modp).
The index (N : H) | (G : H) is prime to p, which implies that 1 = d (mod p).

15. Kummer theory

Kummer theory describes explicitly Galois groups of all extensions K(/ay,..., {/a,)/K, where a; € K*,
tn C K and char(K) 1 n.

(15.1) Example. The isomorphism

G = Gal(Q(VZ,V3)/Q) ™ {£1} x {1}, o <J<ﬂ> 0W3>>

V2 V3B
from Example 9.6(iii) can be succinctly reformulated by saying that G is dual to the group A C Q*/Q*?

generated by the images of 2 and 3. Main theorem of Kummer theory (Theorem 15.7 below) is a generalisation
of this fact.

(15.2) The general setup. Fix an integer n > 2 and a field K such that |u,(K)| = n (this condition
implies that char(K) {n). We abbreviate p, = p,(K).

Given ay,...,a, € K*, let L be a splitting field over K of the polynomial

(15.1.1)

(T" —ay) - (T" — a,) € K[T).

For any fixed root o; = {/a; € L of the polynomial 7™ — a; we have

™ — a; = H (T*<Oél)

CEpn
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In particular, this polynomial is separable, which implies that L/K is a Galois extension. Denote by G =
Gal(L/K) its Galois group. Note that
L=K(oq,...,an) = K({/a1,..., ¥/a,) for any fixed root a; = ¥/a; € L.
(15.3) Two finite abelian groups. For a € K* denote by @ its image in K*/K*".
Let A C K*/K*™" be the subgroup generated by ay,...a,.
In Example 15.1 we have n = 2, K = Q, a; = 2 and ap = 3; therefore A = {1,2,3,6} C Q*/Q*2.

In general, A is a subgroup of

A" =Ker (K*/K*™ — L* /L) = (K* N L*)/K*".
The key point of the whole theory is the following generalisation of the map (15.1.1).
(15.4) Proposition-Definition (Construction of a pairing). (1) The formula

o xar (0,3) = (: "%?) € i,

where 0 € G,a € K*,;ae A', a € L*, o™ = a (« is any n-th root ¥/a € L*) defines a map

(,):GxA — p,.

(2) Linearity in the second argument: (o,ab) = (o,a)(o,b).

(3) Linearity in the first argument: (o7,a) = (0,a)(T,a).

(4) Non-degeneracy on the left: let o € G. If (o,a) =1 for alla € A, then o = id.
(5) Non-degeneracy on the right: let a € A'. If (0,a) =1 for all 0 € G, thena = 1.

Proof. (1) The value of (o,a) lies in iy, since (o(a)/a)" = o(a™)/a™ = o(a)/a = 1. We must show that
o(a)/a depends only on ¢ and @. If a,b € K* and @ = b € A’ then there are o, 3 € L* and ¢ € K* such
that a = o™, b= ™ and a = be™. Tt follows that a/fBc € p,, and o/ € K. In particular,

o) _o(B) ola/B) _ o(pB)

a B o/ B
(2) If a = o™ and b = 8", then
o) _ ola) o(B)

af a p
(3) We have o(¢) = ¢ for all { € uy,, hence

dﬂ@):dwa(ﬂ®>:o@)ﬂ®.

(0% « « « «

(4) If o(oy) /ey =1foralli=1,...,r, then 0 =id on K(ay,...,a,) = L.
(5) If a = @™ and o(a)/a =1 for all ¢ € G, then a € (L*)¥ = K*, hence a € K*" and @ = 1.

(15.5) Corollary. (1) For fixed 0 € G the map @ — (0, @) is a homomorphism of abelian groups A" — pu,,.
(2) The map o — (a +— (0,a)) is goup homomorphism G — Homgz (A, uy,).

(3) The group homomorphism G —— Homg (A, j1,,) ~— Homgz (A, p,,) is injective.

(4) G is a finite abelian group satistying G = G|n].

(5) For fixed a € A’ the map o — (o,a) is a homomorphism of abelian groups G — piy,.

(6) The map @+ (0 — (0,a)) is a homomorphism of abelian groups A" — Homgz (G, iy,).

(7) The homomorphism (6) is injective.

Proof. (1) and (6) (resp. (5) and (2)) are consequences of Proposition 15.4(2) (resp. of Proposition 15.4(3)).
(3) (resp. (7)) is a consequence of Proposiiton 15.4(4) (resp. of Proposition 15.4(5)). Finally, (4) follows
from (3).
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15.6. Duality (see Exercise I1.1.15). Let A be a finite abelian group satisfying A = A[n]. Its dual
group D(A) = Homgz (A, uy,) is a finite abelian group having the same property. If A is cyclic of order d | n,
so is D(A). Combined with the additivity property D(A & B) = D(A) @ D(B), this implies that D(A) is
isomorphic to A, for any A (since A is isomorphic to a direct sum of cyclic groups). The evaluation map
D(A) x A — p,, is non-degenerate on both sides (since the statement holds for A cyclic).

(15.7) Main Theorem of Kummer theory. We have A’ = A and the pairing defined in Proposition
15.4 gives rise to isomorphisms of finite abelian groups

G — Homgz(A, u,), A =5 Homgz (G, ).
In particular, G = Gal(L/K) is (non-canonically) isomorphic to A and |A| = |G| = [L : K].

Proof. Putting together Proposition 15.5(3) and 15.5(7), we obtain

Gl < [DA) =14l |A< DG =Gl

However, A C A’, which implies that there are equalities everywhere: A = A’ and |G| = |A|. As a result,
the injective homomorphisms in Proposition 15.5(3) and 15.5(6) are both isomorphisms.

(15.8) Exercise. Show that any (finite) linear relation

> ul@)va=0 (u(a) € Q)

0<aeqQ

is a sum of tautological relations
uVb2c —ubyv/c =0 (u,b,c € Q; b,c > 0).

(15.9) Theorem. Assume that K is a field such that |u,(K)| = n. Let L'/K be a Galois extension with
Galois group G' = Gal(L'/ K).

(1) For each group homomorphism x : G' — i, = pn(K) there exists o € L'* such that o™ = a € K* and
x(o) =oc(a)/o for all o € G'.

(2) If G’ is abelian and satisfies G’ = G'[n], then there exist a1, . ..,a, € K* (where r is the minimal number
of generators of G') such that L' = K(/ay,..., {/a,).

Proof. (1) For each 8 € L’ the “Lagrange resolvent”

a= Y x(r)'r(Bel

TEG!

satisfies

Voe@ o)=Y x(n) " en)B)= Y x(e ') (B) = x(0) D x(7)'(8) = x(0)a,
T'eG!

TEG! e

hence a = ™ € (/)¢ = K. It follows from Corollary 15.11 below that there exists 3 € L’ for which « # 0,
which concludes the proof.

Note that the homomorphism y factors through G’/ Ker(x) < p, which means that we could have
replaced right at the beginning of the argument L’ by (L/)¥¢*X) and Gal(L'/K) = G’ by Gal((L")¥*X¥) /K) =
G’/ Ker(x), hence assume that G’ is abelian and satisfies G’ = G’[n]. However, this was not necessary.

(2) Fix an isomorphism G =% G @---@®G,., where each G; is a cyclic group, of order d; | n. Fori=1,...,r
denote by pr, : G — G the projection and fix an injective group homomorphism x; : G; < p,. According
to (1) there exists a; € L™ such that o = a; € K* and x;(pr;(0)) = o(a;)/c, for each o € G'.

We claim that the field L = K(aq,...,a,) C L’ coincides with L'. Indeed, if o € Gal(L’'/L) C G’, then

Xi(pr;(0)) = 1, which means that pr;(c) = 0 for each 4; thus ¢ = id, Gal(L'/L) = {id} and L' = L.
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(15.10) Proposition (Linear independence of characters). For any abelian group A and any field M,
any finite set of (distinct) homomorphisms of abelian groups xi,...,xn : A — M* is linearly independent
over M. In other words, if A1,..., A\, € M and

Vae A Z/\iXi(a) =0,

i=1
then \y =--- =X\, =0.

Proof. Induction on n. The case n =1 is trivial. If n > 2, then we have, for all a,b € A,

D o Aixaab) =0, xa(a) > Aixa(b) =0,
i=1 i=1

hence

n—1
> Ailxi(a) = xn(a@)) xi(b) =
i=1

The induction hypothesis implies that

Vac AVi=1,...,n—1 X\(xi(a) —xn(a)) =0.

The homomorphisms x; are distinct, which means that for each ¢ < n there exists a € A such that x;(a) —
Xn(a) # 0, hence A; = 0.

(15.11) Corollary (Linear independence of field embeddings). Let L O K C M be fields. Any finite
set of (distinct) homomorphisms of K-algebras o1, ...,0, € Homg_a1s(L, M) is linearly independent over
M. In other words, if A1,..., \, € M and

VyeL Y Noi(y) =0,

i=1
then \y =--- =\, =0.

Proof. Apply Proposition 15.10 to A = L* and x; = o;|p+.

(15.12) Representations of finite groups. Let K be a field, let G be a finite group. Recall that a
representation of G over K is a group homomorphism p : G — Autg(V'), where V is a finite-dimensional
K-vector space. After choosing a basis of V, this becomes a group homomorphism p : G — GL,,(K), where
m = dimg (V).

The group ring of G over K is the unital K-algebra K[G] = {}_ c;a49|ay € K} with operations

Dagg+d byg=> (ag+by)g, (D ag9) (D bnh)= > (aghn)gh.
geG geG geG geG heG g,heG

It is commutative <= G is an abelian group.
A representation p : G — Autg (V') defines on V a structure of a (left) K[G]-module

(Z Qg g)v = Z Qg p(g)v
g€eqG geqG

and vice versa: p(g) € Autx (V) C Endg (V) is given by the action of the invertible element 1 - g € K[G].
In particular, V' = K[G] with action given by left multiplication is a representation of G over K, called
the regular representation of G.
If char(K) t |G|, then everything works very much as in the classical case K = C:
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(15.12.1) each representation of G over K is isomorphic to a direct sum of irreducible representations (“complete
irreducibility”);

(15.12.2) each irreducible representation of G over K is isomorphic to a subrepresentation of the regular repre-
sentation K[G];

(15.12.3) if K = K is algebraically closed, then each irreducible representation of G over K occurs in K[G] with
multiplicity equal to its dimension dimg (p).

(15.13) Kummer theory and Galois module structure. Let K, L = L' = K({/ay,..., {/a,;) and
G =G’ = Gal(L/K) = G[n] be as in Theorem 15.9(2). In this case char(K) t |G|, since char(K) { n.

The group G is abelian, which means that its irreducible representations over K are one-dimensional,
given by group homomorphisms x : G — K . As G = G [n], the image of y is contained in p,,(K) = i, C
K*; in particular,  is defined over K. As a result, all representations of G over K are defined over K and
irreducible representations are precisely the elements of D(G) = Homgz(G, pi,). The statement (15.12.3)
implies that there is an isomorphism of K[G]-modules

K[G] = @ X-
X€D(G)
On the other hand, the K[G]-module L is isomorphic to
L= @ &)
x€D(G)

for suitable multiplicities m(x) > 0, by (15.12.1). Theorem 15.9(1) states that m(x) > 1 for all x € D(G).
As dimg (L) = |G| = |D(G)| = dimg (K[G]), it follows that m(x) = 1 for each x. Therefore we obtain an
isomorphism of K[G]-modules

K[G] ==L (15.13.1)
(which is, essentially, equivalent to Theorem 15.9(1), by the previous discussion). As we shall see in Theorem

18.4 below, the isomorphism (15.13.1) holds for arbitrary Galois extensions, even if char(K) | |G|.

(15.14) Exercise. Let n > 2, let K be a field such that |u,(K)| = n, let a € K* be an element for which
the field L = K(%/a) satisfies [L : K] = n. Show that: there exists a Galois extension M /K such that
M > L and Gal(M/K) — Z/n*Z <= p, C Np (L")

16. Generalised Kummer theory

In this section we investigate splitting fields of polynomials X™ — a over fields of characteristic not dividing
n, without assuming that the base field contains all n-th roots of unity.

(16.1) Fix an integer n > 2. Let K be a field such that char(K) {n. Fix a € K* and let L be a splitting
field over K of the polynomial f = X™ — a. The assumption n € K* implies that f is separable, since
(f,f)=(X"—a,nX" 1) = (X" —a,X" ') = (a) = (1). For any root a € L of f, the polynomial f splits
in L[X] as

FX)=x"—a= [ (X -<a),

CE€pn,

where p, = pn (L) (with |u,| = n, by Proposition 12.5(2)). It follows that there is a tower of extensions

K < K(pn) = K(C) = L = K(pin, @) = K(Gn, @),

for any generator (,, of the cyclic group p,.
(16.2) Denote by G = Gal(L/K) = Gal(f) the Galois group of f. The intermediate Galois groups

H = Gal(L/K(1),  G/H = Gal(K (,)/K)
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were studied, respectively, in §15 and §12. The cyclotomic character x = x,,x from Proposition 12.5(4)
defines a canonical injective group homomorphism

X G/H — (Z/’ILZ)*, VC € ln g(C) = CX(Q)

into the multiplicative group of the ring Z/nZ, while the pairing 15.4 gives rise (after fixing a group
isomorphism p,, — Z/nZ, i.e., after fixing a generator ¢, € y, corresponding to 1 € Z/nZ) to an injective
group homomorphism

H < u, (— Z/nZ), h— h(a)/a

into the additive group of the ring Z/nZ.
How do these two homomorphisms fit together? The action of any g € G on L is determined by its
action on the generating elements ¢, and a:

e a {g o Y X(g) € (2/n2)”
gra— all?, c(g) € Z/nZ.

The transitivity rule g(¢’(z)) = (g¢’)(x) amounts to checking, for all g, ¢’ € G, that the action of g o ¢’

gog :Cn s C;lc(g') — (C%(g))x(g’) _ Cﬁ(g)x(g’)
gog iam acz(g/) = (a C;(H))(C%((g))c(g’) _ agéc(g)C(g')Jrc(g)
coincides with the action of gg’
{gg' o C;f(gg/)
99" s> a G,

which is equivalent to
Vg, € G x(99') = x(9)x(g"),  clg9') = x(9)elg’) + c(g)- (16.2.1)
These formulas can be written in a matrix form in terms of the following injective map

x(g9) c(g) >

p:G— GLy(Z/nZ), g <
0 1

as

sag') = <x(£(1)9) 0(99)> _ (x(g) 0(9)> (x(g) 0(9)> — o)old).

1 0 1 0 1

In other words, p is an injective group homomorphism! As in 12.5, the Galois group G admits a natural
Galois representation (depending on our choice of (), this time into the Z/nZ-valued points of the subgroup

* ok
GA1 = C GLQ;
0 1

p: G = Gal(K (i, Va)/K) = GA1(Z/nZ), g ( (16.2.2)

0 1

x(g9) c(g) )

What kind of a subgroup is GA;? It is the affine group in dimension one.
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(16.3) Definition. Let R be a (commutative) ring, let m > 1 be an integer. The affine group of R™ is
the group

A a
GAn(R) = {(0 1) |A€GLy(R), a eRm} C GLpmy41(R).

It acts faithfully on R™ by affine automorphisms x — Az +a (x € R™). The group of translations x — x+a
is a normal subgroup <1 R) < GA,(R), with the quotient group naturally isomorphic to GL,,(R) via
the map GA,,(R) — G%m(lR) given by (x — Az +a) — A.

(16.4) In particular, the affine group

GAL(Z/nZ) =

((Z/nZ)* Z/nz>
1

occurring in (16.2.2) acts faithfully on Z/nZ by

U a
T = ur 4 a;
0 1

this gives a natural injection GA;(Z/nZ) < S,,. Note that |GA1(Z/nZ)| = np(n).
If n > 3, then {£1} C (Z/nZ)* and the (normal) subgroups

+1 Z/nZ 1 Z/nZ
GA1(Z/nZ) > ( ) D < ) (16.4.1)
0 1 0 1
are isomorphic to GA1(Z/nZ) O Dy, D C,, with
GA,(Z/nZ)/C, — (Z/nZ)*, GA(Z/nZ)) Dy, — (Z/nZ)* ) {%1}. (16.4.2)

For n = 3,4 and 6 we have (Z/nZ)* = {£1}, hence GA1(Z/nZ) = Dy,

(16.5) Example. If p is a prime number and a € Q*, a € Q*P, then the polynomial f(X) = X? —a
is irreducible in Q[X] (exercise!), hence [Q(¥/a) : Q] = p, for any fixed p-th root ¢/a € C. The splitting
field of f inside C is equal to L = Q((,, ¢/a), where ¢, = ¢*""/?. As the degrees [Q((,) : Q] = p — 1 and
[Q(/a) : Q] = p are relatively prime, the full degree [L : Q] is equal to [L : Q] = p(p — 1) = |GA1(F)p)| (cf.
3.30). It follows that the injective group homomorphism (16.2.2) is an isomorphism in this case:

p: Gal(f) = Gal(Q(Gy, ¥/a)/Q) 2+ GA(F,).

(16.6) Exercise. Let a € Q*, a ¢ Q*?, —4a ¢ Q**.

(1) Show that the polynomial X* — a is irreducible in Q[X].

(2) Assume, in addition, that —a ¢ Q*?. Show that X* — a is irreducible in Q(i)[X]. Deduce that (16.2.2)
induces an isomorphism

p:Gal(Q(i, va)/Q) — GA1(Z/AZ) = Ds.
Give a list of all subgroups of Dg and of all subfields of Q(i, ¥/a).

(16.7) Exercise. (1) Determine all integers n > 1 for which the field Q(u,) C C (resp. Q(un) NR CR)

is of the form Q(\/a1, ..., /a,), for some a; € Q.
(2) Given n > 1, determine the number of subfields F' C Q(uy,) satisfying [F : Q] = 2.

(16.8) Proposition. Let K be a field, n > 1 an integer such that char(K) tn and L/K a Galois extension.
The Galois group Gal(L(p,)/K (pr)) is then canonically isomorphic to a subgroup of Gal(L/K).

Proof. This is a special case of Exercise 10.13(1), but we give a full argument here. According to Propo-
sition 9.3, L is a splitting field over K of a separable polynomial f € K[X]. The field L(u,) is then
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a splitting field of f over K(uy). In particular, L(p,)/K(u,) is a Galois extension. The restriction
of any ¢ € Gal(L(un)/K(un)) to L is an element of Gal(L/K); this defines a group homomorphism
res : Gal(L(pn)/K(pn)) — Gal(L/K). Let ay,...,a,. € L(u,) be the roots of f in L(uy,); then L =
K(ai,...,ap) and L(pn) = K(pn)(a1,...,ap). If g € Ker(res), then g|g(,,) = id and g(a;) = a; for all
j=1,...,r; thus g = id. As a result, the restriction homomorphism res is injective, as claimed.

17. Solvability by radicals

In this section we prove a celebrated result of Galois characterising those polynomial equations which can
be solved by taking iterated roots a.

(17.1) Definition. A group G is solvable if there exists a finite chain of subgroups G =Gy > G1 D -+ D
Gr = {e} (k < o0) such that G;11 < G; and G;/G;y1 is an abelian group for alli = 0,...,k—1. If G is
finite, this is equivalent to an apparently stronger condition requiring each quotient G;/Giy1 — Z/p;Z to
be a cyclic group of prime order.

(17.2) Examples. (1) An abelian group is solvable: G D {e}.

(2) For any commutative ring R, the affine group G = GA;(R) is solvable: G D G; = (R,+) D {0},
G/G; = R*.

(3) G = S5 is solvable: S3 D Az D {e}.

(4) G = Sy is solvable: the action of Sy on the polynomials 41, y2,ys from 1.4.6 defines a surjective group
homomorphism 7 : Sy — S3, whose kernel is isomorphic to Cy x C5. This yields a chain of subgroups
S4 D Ay D Cy x Cy D {e} (see [Es|, 10.8).

(5) A simple non abelian group is not solvable (recall that a group G is simple if G has no normal subgroup
H # G, {e}).

(6) Any subgroup H C G of a solvable group G is solvable (take H; = H N G;).

(7) The image of a solvable group G by any group homomorphism f : G — K is solvable (take f(G); =
£(G)).

(8) For n > 5 the group A, is simple ([De 1], Thm. 1.5.1). It follows from (5) (resp. from (6)) that A,, (resp.
Sp) is not solvable for n > 5.

(9) Any group of order p" (where p is a prime number and n > 0) is solvable (see Corollary 14.4).

(17.3) Definition. Let K be a field.
(1) A finite extension L/K is a radical extension if there exists a tower of extensions

K:KoC"'CK]‘:K(Oél,...,aj):Kj_l(O[j)C"'CKm:L

such that, for each j = 1,...,m, K; = K;_1(«a;) with oz?j = a; € K;_, for some integer n; > 1 satistying
car(K){n;. [Note that L/K is a separable extension, since each layer K;/K;_1 is separable.]

(2) Let f € K[X] be a non-constant separable polynomial. The polynomial equation f(X) = 0 is solvable
by radicals over K if there exists a radical extension L of K containing a splitting field of f ( <
containing all roots of f).

(17.4) Example. Ky = Q C K; = Q(v/5) C Ko = Q(+/2+ v/5) (for a fixed choice of cubic and quartic
roots).

(17.5) Proposition. Fach radical extension of K is contained in a radical extension L/K with the following
properties.

(i) L/K is a Galois extension.

(ii) K1 = K(uy), where char(K) t n.

(iii) For each j = 1,...,m, K; = K; _1(a;) with o} = a; € K;_,.

Proof. For example, the extension from Example 17.4 is contained in the following radical extension: L =
Q(p12, PP V2 +ikv/5; 5 =0,1,2, k = 0,1,2,3). In general, one proceeds recursively in the same manner; the
details are left to the reader.

87



(17.6) Theorem (Galois). Let K be a field, let f € K[X] be a non-constant separable polynomial.

(1) If the equation f = 0 is solvable by radicals over K, then the Galois group Gal(f) (over K) is solvable.
(2) Conversely, if the group Gal(f) is solvable and its order is not divisible by char(K), then the equation
f =0 is solvable by radicals over K.

Proof. (1) Let F be a splitting field of f over K. According to Proposition 17.5, there exists a radical
extension K = Ky C --- C K,;, = L satisfying (i)—(iii) for which L D F. Denote the corresponding Galois
groups by G = Gal(L/K) and G; = Gal(L/K;) (j = 0,...,m). For j = 0 (resp. for j =1,...,m — 1)
the extension K; — Kjy1 = K;(/a;11) is a Galois extension (hence Gj11 < G;) and its Galois group
Gal(K;1+1/K;) = Gj/G,41 is abelian, by Proposition 12.5(5) (resp. by Corollary 15.5(4)). In particular, G
is a solvable group, hence its quotient Gal(f) = Gal(F/K) = G/Gal(L/F) is also solvable, thanks to 17.2(7).
(ii) Let n = |Gal(f)|, let F' be a splitting field of f over K; then F(u,) is a splitting field of f over K (u,)
and Gal(f(un)/K (ur)) is a solvable group, being a subgroup of Gal(f) = Gal(F/K) (by Proposition 16.8).
The extension K (p,)/K is radical, which means that we can replace K by K(p,) and assume that p,, C K.
There exists a chain of subgroups Gal(f) = G = Hy D --- D H; = {e} such that Vj = 0,...,1—1
H;i1 < Hj and H;/H;41 is an abelian group of order dividing n. The fixed fields K; = F form a tower
of extensions Ky = K C Ky C --- C K; = F with Gal(K;4+1/K;) = H;/H;+1. Theorem 15.9(2) implies
that each layer K;11/Kj is of the form Kj1 = K;({/by,... ¥/by) for some b; € K, hence F//K is a radical
extension.

(17.7) Example. The equation f(X) = X5 — X +1 = 0 is not solvable by radicals over Q, since the group
Gal(f) = S5 (see 11.13) is not solvable.

(17.8) General polynomial equation of degree n. Let F be a field, L = F(x1,...,z,) the field
of rational functions in n variables x,...,z, and K = L = F(oy,...,0,) the subfield of symmetric
rational functions. We know (see 10.3) that L/K is a Galois extension and Gal(L/K) = S,,. More precisely,
L=K(x1,...,z,) is a splitting field over K of the separable polynomial

fX)=(X—x1) (X —2,) = X" =0 X" ' 40 X% — .. 4 (=1)"0, € K[X].

As S, is not solvable for n > 5, it follows from Theorem 17.6(1) that the “general polynomial equation of
degree n”

X" o X" oo X2 — o 4 (=1)"0, =0
over K = F(o1,...,0,) is not solvable by radicals for any n > 5.

(17.9) Proposition. (1) A subgroup of Ss is transitive <= it is conjugate to S5, A5, GA1(F5),GA1(F5)N
A5 = DlO or 05.

(2) A transitive subgroup of Ss is solvable <= it is conjugate to a subgroup of GA;(Fs) (namely, to
GAl(ng),Dlo or 05)

Proof. The statment (2) follows from (1) and the fact that S5, As are not solvable, but GA;(Fs5) is.
(1) It is sufficient to prove “=". If G C S5 is a transitive subgroup, then it contains a 5-cycle. After
conjugation we can assume that G contains C5 (a 5-Sylow subgroup of G) in the form (16.4.1). Let N =
N¢(Cs) be the normaliser of C5 in G.

If N =G, then G C Ng (Cs) = GA;(F5), which implies that G = GA;(F5), D1g or Cs.

If N C G, then the number of subgroups of G conjugate to C; is an integer d > 1. As d | |G| and
d =1 (mod5) (by Theorem 14.9), d = 6. If C # C’ C G are distinct subgroups conjugate to Cs, then
CNC" = {e} and all elements of C'\ {e} are 5-cycles. It follows that G contains at least 4d = 24 5-cycles,
hence all 5-cycles in S5. As (ijklm)(ijmlk) = (ikj), G contains all 3-cycles; but the 3-cycles generate As,
so G D As, which implies that G = S5 or As.

(17.10) A suitable resolvent u(xy,...,xs) for which H = GA;(F5) can be used to decide whether a given
irreducible separable polynomial of degree deg(f) = 5 has a solvable Galois group, at least if char(K) # 2.
See [Co, §13.2] for details.
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(17.11) Theorem (Galois). Let p be a prime number, let K be a field such that char(K) 1 p!, let f € K[X]
be an irreducible polynomial of degree deg(f) = p (it is automatically separable). Let L be a splitting field
of f over K. The following conditions are equivalent:

(1) The equation f = 0 is solvable by radicals over K.

(2) The Galois group Gal(f) is solvable.

(3) The Galois group Gal(f) C S, is conjugate to a subgroup of GA;(F)).

(4) For any pair of distinct roots o # 8 of f we have L = K(«, 3).

(5) There exist distinct roots o # 8 of f such that L = K(a, f3).

Proof. The equivalence (1) <= (2) follows from Theorem 17.6. The implications (3) = (2) and (4) =
(5) are automatic.

(2) = (3): see [De 1], Ex. 1.5.18. This implication was proved by Galois.
(3) = (4): we can assume that Gal(f) C GA1(F,). If

o= <Z j) C Gal(L/K(«, ) C Gal(f) C GA1(F)),

then the affine transformation x — ux + a fixes both o, 8 € F,:

ua+a = a, up+a=p = (u—1)(a—p)=0 = u=1 = a=0 = o=id

As a result, Gal(L/K («, 8)) = {id}, hence L = K(«, §).

(5) = (3): in the tower of fields K C K (o) C K(«,8) = L we have [K(«) : K] =pand [L: K(8)] =m < p.
In particular, G = Gal(f) C S, is a group of order |G| = pm with m < p. According to Corollary 14.2 there
exists a subgroup H C G of order |H| = p. The number of subgroups of G conjugate to H is an integer
d =1 (modp) dividing |G| = pm (by Theorem 14.9), which implies that d =1 and H =C, < G C S,,. It
follows that G C Ng,(Cp) = GA1(F,).

18. Complements

(18.1) Theorem (Algebraic independence of field embeddings). Let L D K C M be fields. If
|K| = oo, then any finite set of (distinct) homomorphisms of K-algebras o1,...,0, € Homg_a15(L, M) is
algebraically independent over M. In other words, if I C N" is a finite subset and if a,, € M (n € I) satisfy

Vy e L Zany(n)zo (y(n)zo—l(y)nl"'ar(y)nr7n:(nla-“vnr))v (*)
nel

then a,, = 0 for alln € I.

Proof. Assume that (x) holds, with some a, # 0. After throwing away zero terms, we can assume that
an # 0 for all n € I # (). Furthermore, we can assume that I is chosen in such a way that its cardinality
|I] > 1 is minimal, among all non-zero relations (*).

Fix z € L and m € I and consider, for each y € L, the following linear combination of (x) for yz and y:

VyeL 0= a,(y2)(n)— (D anyn)z(m)= > an(z(n)—2(m))y(n), (18.1.1)

nel nel nel\{m}

which is a relation of the type (x) with fewer terms than the cardinality of I. It follows that each coefficient
in (18.1.1) must be zero:

YnelVzeL z(n)=z(m). (18.1.2)
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Fixn € I, n# m and set Iy = {i | sgn(m; —n;) = £1} C {1,...,7}. The relation (18.1.2) can be rewritten
as

veelL [[eiz) =] oix)7, (18.1.3)

i€l jel_

where ¢; = m; — n;. For z = ¢ € K we obtain

Vee K a2t =27 ¢ (c+ = Zci)7

Iy

hence ¢y = —c_ > 0 (since | K| = c0). The relation (18.1.3) for z = x + y with € K and y € L reads as
follows:

Vee KWyeL [[@+ai@)s =[] @+oi) .

i€l jel_

After expanding both sides as polynomials in x, we obtain, for each y € L,

va S K ZL'C+ +IC+71 Z Ci Jz(y) + o= xic* +I7C*71 Z 7Cj a—j(y) —+ e
i€l Jjel_

Again, the assumption |K| = oo implies that the coefficients must match, hence

Yye L Zci oi(y) =0.
iel
Corollary 15.11 tells us that ¢; = 0 for all ¢ € I, which is a contradiction. Theorem is proved.

(18.2) Corollary. For any Galois extension K — L of infinite fields the elements of Gal(L/K) are alge-
braically independent over any field M D L.  [See [La, Thm. 12.1-2] for Artin’s original proof.]

(18.3) Dedekind’s determinant. Let G be a finite group. Let X, be variables indexed by elements
g € G. Consider the matrix M = (X -15,) (its rows and columns again indexed by elements of G). A study
of the determinant of M was at the origin of the theory of representations of finite groups.

For example, for G = Z/2Z and G = Z/3Z we have, respectively,

Xo X3
= (Xo + X1)(Xo — X1),

X1 X
and

Xo X1 Xo
Xy Xo Xq|= (Xo + X1+ XQ)(XO + (3X1 + C§X2)(X0 + C:?Xl + <3X2) (CS — 62ﬂi/3),
X1 Xo Xo

In general, det(M) = XiGl + - € Z[X,] is a non-zero polynomial with integral coefficients which factors in
C[X,] as a product

[ [ det(az(p]) e, (18.3.1)

where p runs through all irreducible complex representations of G and

Mlp] =" X,p(9)-
geG

~

This follows from the decomposition (15.12.3) C[G] = @,p®4m() and the fact that M is the matrix of
left multiplication C[G] — C[G] by > 5 X9 € C[G].

90



(18.4) Theorem (Normal basis theorem). Let K < L be a Galois extension with Galois group G =
Gal(L/K). There exists « € L with the following equivalent properties.

(1) The elements g(a) € L (g € G) are linearly independent over K.

(2) The elements g(a) € L (g € G) form a basis of L/ K.

(3) The map K[G] — L sending ) aqg to Y a4 g(e) is a surjective homomorphism of (left) K[G]-modules
(i.e., L is a cyclic K[G]-module).

(4) The map from (3) is an isomorphism of K[G]-modules (i.e., L is a free K[G]-module of rank one).

Proof. The equivalences (1) <= (3) and (2) <= (4) hold by definition and (1) <= (2) holds since
[L: K] < 0.

Assume first that |K| = oo. For o € L denote by My = ((g7'h(a))g,nec) € Mig|(L) the image of the
matrix M from 18.3 under the ring homomorphism Z[X,],ec — L sending each X, to g(a).

The polynomial det(M) € Z[X ]sec from 18.3 is non-zero in K[X,]4eq. Theorem 18.1 implies that
there exists o € L such that det(M,) # 0. We claim that such an « has property (1). Indeed, if

Z ap h(a) =0

heG

with ap € K, then we have a system of linear equations for ay

VgeG 0= g Hanh(a)) =Y an(g”"h)().

heG heG

As the determinant of this system det(M,) # 0, all values ap, = 0 must vanish. Therefore « satisfies (1).
Assume now that K = F, is a finite field; then L = Fyn, where n = [L : K]. The group G is
cyclic of order n, generated by the Frobenius map ¢, : a — a?. The group algebra K[G] is isomorphic to
K[X]/(X™—1), with ¢, corresponding to the image X of X in K[X]/(X™ —1).
Consider L as a K[X]-module, with X acting as . We have X" —1 = ¢}’ =1 =0on L. On the other
hand, if P(X) = X" +a; X™ ! + .-+ a,, € K[X] is a monic polynomial of degree m < n, then

{a€ L|Plpga=0}=HaeLla® + - +an=0} <q" <q"

which means that X™ — 1 is the minimal polynomial of ¢, € Endg (L). If we write

L= K[X]/(P)&---K[X]/(P)

as in I1.4.7, with non-constant monic polynomials P; € K[X] satisfying Py | Py | --- | P, then deg(P;) +
.-+ +deg(P;) = [L : K] =n. On the other hand, P, is the minimal polynomial of ¢4; thus P, = X™ — 1.
This implies that » = 1 and L is a cyclic K[X]-module, hence a cyclic K[X]/(X™ — 1)-module, proving (3).

(18.5) Theorem (Hilbert’s theorem 90). Let K — L be a Galois extension with cyclic Galois group
G = Gal(L/K) of order n; let o € G be a generator. Then: 3 € L* satisfies Ni, /i () =1 <= there exists
a € L* such that f = a/o(a).

Proof. We have Ny, (a/o(a)) = 1, since Nk (8) = Bo(8)---o"H(B). Conversely, if Ny x(8) =1, fix
~v € L and consider the following expression:

n—1

=2 (Ba(B)---07(8) o’ (v) = By + Bo(B)o(r) + -+ Niyx(B)o" ' () € L.

J=0

We have

o(a) =y +a(B)o(y) + - +a(B)--a" (B (),

hence a = Bo(a). Linear independence of field embeddings 0/ € Homy —a14(L, L) proved in Corollary 15.11
implies that there exists v € L for which o # 0. Therefore 8 = a/o(a).
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(18.6) Rational points on the unit circle. Hilbert’s Theorem 90 for the quadratic extension Q(7)/Q
states that « 4+ iy € Q(i) satisfies (z + iy)(x — iy) = 1 <= there exists u + iv € Q(¢) such that
r+iy = (u+iv)/(u—iv) = (u+iv)?/(u? +v?). We can assume that u + iv € Z[i]; this leads to an explicit
description of all Pythagorean triples, i.e., of positive solutions a,b,c € Z of a® + b? = c2:

(241)% =3+ 4i, (3 +2i)% =5+ 12i, (4+i)>=15+8,
3% 442 =52, 52 +12%2 = 132, 152 + 82 = 172,

(18.7) Theorem (additive version of Hilbert’s theorem 90). Under the assumptions of Theorem
18.5, B € L satisfies Try, i (8) = 0 <= there exists a € L such that 3 = a — o(a).

Proof. Again, Tr(a — o(a)) = 0, since Trp/x(8) = B+ a(B) +--- + o"~1(B). Conversely, if Trr/x(B) =0,
fix v € L and consider

n—1
5= (B+aB) +-—+0(B)?(7)=By+ (B+a(B)o(y)++ Trp k(B (v) € L.
j=0
We have
o(8) = o(B)a(7) + -+ (@(B) + -+ 0" (B) " (),
hence

§—0(0)=B(y+o(y) +-+--0""() = BTrr k(7).

According to Theorem 7.7(2) there exists v € L such that a := Trp k() # 0. The element a = a~'§ then
satisfies @ — o(a) = B.

In the special case when char(K) | n (which is sufficient for 18.8 below) one can construct « directly as

n—1
a=>Y jol(B).
j=1

Here is another proof of the general case of Theorem 18.7 based on Theorem 18.4(4). The group algebra
K|[G] is isomorphic to K[X]/(X™ —1) and Try /i corresponds to multiplication by (14 X +---+ X =
(X™—=1)/(X —1). The statement we wish to prove is equivalent to saying that a polynomial g € K[X]
satisfies

(X" 1) | A+ X 4+ +X"Hg(X)

if and only if g(X) is divisible by (X — 1), which is immediate.

(18.8) Artin-Schreier extensions. Artin-Schreier theory describes explicitly Galois extensions L/K of
fields of characteristic p > 0 whose Galois groups G(L/K) are isomorphic to (Z/pZ)". Such extensions are
of the form K(aq,...,q,)/K, where a; is a root of X? — X — a; = 0, for suitable a;, € K. The algebraic
formalism is analogous to that of Kummer theory, as explained in the following table. Proofs are the same
as in §15.

If we modify Definition 17.3 by allowing certain layers K; /K;_; to be Artin-Schreier extensions K («)/K,
aP —a € K (if char(K) = p), then Theorem 17.6 still holds for these generalised radical extensions, with no
restriction on char(K).
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Kummer theory

Artin-Schreier theory

char(K)tn

char(K) =p

—% —%
K 5K,z 2"

o—1: K —K, zr52P — 2

fin = Ker(K* 5 K') c K*

F, =Ker(p —1: K — K) C K (automatic)

K" — K*/K™, a—a

K—K/(p—1K, a—a

ai,...,a, € K* ay,...,a, € K
filX) = X" —a; = [[¢e,, (X — Cay) filX) =XP = X —a; = [[ep, (X —a; = b)
filei) =0 fila;) =0
L=K(oq,...,ap) L=K(ay,...,a)
G = Gal(L/K) G = Gal(L/K)
A" = Ker(K*/K*" — L*/L*™) A =Ker(K/(¢—1)K — L/(¢—1)L)
A= {(ay,...,a) CA A= (ay,...,a.) C A
(,):GxA"— pu, (,]:GxA"—F,

(0,6) =0(a)/a, a=a", a € L*

(o7,a) = (o,a)(7,a)

(o,ab) = (0,a)(c,b)

(o,ab) = (0,a] + (o,b]

G — Homgz (A, uy,)

G — HOIIlz(A7 Fp)

G = G[n] finite abelian group

G = GJ[p] finite abelian group

A" < Homz (G, uy,)

A’ — Homgz(G,F))

A=A = Homgz(G, 1)

A = A" = Homgz(G, F))

x:G =Gal(l'/K) — up,

x:G =Gal(l'/K) —F,

=%, co T (B BEL

0= ot (B, Bel

x:o—ola)/a

xX:omola) —a

G =G'n=L=K(a,...,q,),

G =GPl =L =K(ay,...,a),

a e K*

(p—D(a;)=af —a; €K

More generally, Galois extensions of fields of characteristic p with abelian Galois groups of p-power order
can be described in terms of the operator ¢ — 1 acting on Witt vectors (see [La, Ex. VI.50]).

(18.9) Exercise. Let K be a field, char(K) =p > 0,a € K, a € (p — 1)K. Artin-Schreier theory tells us
that L = K(«) with a = (¢ — 1)(a) = of — « is a Galois extension of K of degree [L : K| = p. Show that
aP~t & (p—1)L. As a result, M = L(B) with a = (¢ — 1)(B) is again a Galois extension of L of degree p.

(18.10) Exercise. Let K be a field, a € K, r > 1 an integer and p a prime number.

(1) Assume that p # 2 or char(K) = p or p" = 2. Show that the polynomial X?" — a is irreducible in K[X]
<~ a ¢ KP.

(2) Assume that p = 2, char(K) # 2 and r > 2. Show that the polynomial X?" — a is irreducible in K[X]
<= a¢ K? and —4a ¢ K*. [Note that X* + 4b* = (X2 +2bX? + 2b?)(X? — 2bX? + 2b%) ]

(18.11) Exercise. Assume that K C L is a non-trivial finite extension, with L = L algebraically closed.

(1) L/K is a separable (= Galois) extension.  [Hint: if not, consider K(»/a).]

(2) If [L : K] = p is a prime number, then char(K) # p.  [Hint: use 18.9.]

(3) If [L : K] = p is a prime number, then L = K(¢/a) for some a € K \ KP.

(4) If [L : K] = p is a prime number, then p = 2 and L = K (i), where i*> = —1. [Hint: consider K(»/a).]

(5) L = K(i), where i*> = —1.

(6) char(K) =0. [Hint: if char(K) = £, consider Fo(pan) C L and its intersection with K, for large n.]

(18.12) Galois (and non-Galois) descent. Let K < L be a Galois extension, with Galois group
G = Gal(L/K). Galois descent is a general principle which states that an object defined over K is the same
thing as an object defined over L which is invariant under the action of G.
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For example, if Z is an algebraic variety defined by a system of equations with coefficients in K, then
an L-valued point of Z is defined over K <= it is fixed by G:
Z(K)=Z(L%) = Z(L)“.
The isomorphism K = LY can be reformulated in more abstract terms as follows. The formula (7.10.3)
defines an isomorphism of K-algebras
Lok L= [[L.  a®b- (g(a)h)gec- (18.12.1)
geG

Composing (18.12.1) with the maps

do:L— Lok L, dola)=a®l, di:L—L®kL, difa)=1®a

we obtain

a— (g(a))g€G7 a = (a)QEGa
which means that the sequence

0—IL¢ L% o, L

is an exact sequence of K-vector spaces.
It turns out that

0— K — L% 1oL

is an exact sequence of K-vector spaces, for an arbitrary finite extension L/K. This is a beginning of
non-Galois descent, which works for suitable (“faithfully flat”) extensions of rings.

(18.13) Infinite Galois extensions. An infinite algebraic extension K < L is a Galois extension if
the following equivalent conditions hold:

K = [AWL/EK) ey T = UK'J“ K, /K finite Galois extension.

[e%

Every element g € G of the Galois group G = Gal(L/K) := Aut(L/K) defines, by restriction, a com-
patible system of elements of the finite Galois groups G, = Gal(K,/K): there are (surjective) restric-
tion homomorphisms res,g : Gg — G, whenever K, — Kz and the automorphisms g|x, € G, satisfy
resqas(9|Ks) = 9K, - As aresult, the collection of all restriction homomorphisms

Gal(L/K) — [[ Gal(Ko/K) = [[Ga: 9+ glx., (18.13.1)
factors through the subgroup

fm Go = {(ga)a | go € Ga, resas(gs) = ga} C HGQ, (18.13.2)

called the projective limit of the finite groups G,.
It turns out that this recipe defines a group isomorphism

G = Gal(L/K) = lim Go.

Moreover, the projective limit (18.13.2) has a natural (“pro-finite”) topology, as a closed subgroup of the
product group (18.13.1) equipped with the product topology (each finite group G, having the discrete
topology). This makes G into a compact Hausdorff group, with basis of neighbourhoods of the neutral
element given by the open normal subgroups Gal(L/K,) = Ker(G — G,).
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The Galois correspondence in this case (due to Krull) is a bijection

{F field | K < F < L} <— {closed subgroups H C G}, F=1", H = Aut(L/F).

Note that open subgroups of G are precisely closed subgroups of finite index; they correspond to fields F’
which are finite over K.

(18.14) Examples of infinite Galois extensions. (i) Let p; < ps < ps < --- be an increasing sequence
of prime numbers. Consider the fields

Q=KC- CKn=Q(/p1, - vPn) CL=|J Kn=Q(/Pn |n>1).
n=1

Theorem 15.7 gives, for each n > 1, an isomorphism G,, = Gal(K,,/Q) — [Tj=,{£1}. When put together,
these isomorphisms induce a group isomorphism

G = Aut(L/Q) == H{il}, 9+ (9(vP5)/v/Dj)jz1-

Which subgroups of G correspond to subfields F' C L of degree [F : Q] = 2? Such a field is necessarily
contained in K, for suitable n > 1, which means that H = Aut(L/F) D U, = Gal(L/K,) — [[;2,, is an

open subgroup and G/H = G,,/Im(H) —~ Z/2Z.
Note that the group G is a vector space over the field Fs. The kernel of any non-zero linear map

~

G — Fy is a subgroup H' C G satisfying G/H' — Z/2Z, and vice versa. However, H' is a closed

subgroup of G <= it is open, which is equivalent to H' containing U,, for some n > 1. In this case
LH = F is a field of degree [F': Q] = 2. If H' is not closed, then L7 =Q.
(i) Let K =F, C L=Fy =, F¢». In this case Fym C Fgn <= m|n and

Gal(Fy/F,) = lim (Z/nZ,+) = (Z,+) = ][] 2.

¢ prime

(iii) Let K = Q C L =U,>; Q(un) = Q(pes). We have

Gal(Q(rex)/Q) = lim (Z/nZ) = 2" = ][ 7.

¢ prime

For a fixed prime number ¢, consider Q(se=) = U,~; Q(uer); then

Gal(Q(u~)/Q) = lim (2/0'Z)" = Z;.
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IV. Commutative algebra: a geometric perspective

This chapter treats more advanced topics in commutative ring theory, especially those related to algebraic
geometry. We continue to follow the conventions of I1.1.1 and I.1.4.

1. Finiteness conditions for rings

(1.1) The finiteness conditions for field extensions defined in II1.3.2 and III.3.4 have obvious analogues for
rings.

(1.2) Definition. Let i : A — B be a ring homomorphism (in other words, B is an A-algebra via i).

We say that B is a finite A-algebra if it is finitely generated as an A-module, i.e., if there exists an integer
n € N and by,...,b, € B such that B = i(A)by + --- + i(A)b, (<= the A-module B is isomorphic to a
quotient of A™ by some submodule). Similarly, B is an A-algebra of finite type if there exists an integer
n € N and by,...,b, € B such that B = i(A)[b1,...,b,] (< the A-algebra B is isomorphic to a quotient
of the polynomial ring A[X,...,X,] by some ideal).

(1.3) Examples. (i) For field extensions K < L these notions coincide with those introduced in I11.3.4
and III.3.2, respectively.

(i) If K is a field, then any intermediate ring K C B C K|[z] is a K-algebra of finite type (exercise!).

(iii) This is no longer true if we consider subrings of the polynomial ring in several variables. For example,
B = Kly, 2y, 2%y, 2%y, ...] C K[z,y] is not a K-algebra of finite type (exercise!).

(iv) On the other hand, K[zy,...,z,]°" = K|o1,...,0,] is a K-algebra of finite type. A more general result
of this kind (due to Hilbert and E. Noether) will be proved in Corollary 2.11 below.

(v) Corollary 11.3.9 can be reformulated by saying that any algebra of finite type over a noetherian ring is
noetherian.

(1.4). In the next section we are going to generalise the concept of an algebraic element and an algebraic
field extension defined in II1.3.8.

2. Integral and finite ring extensions

(2.1) Historically, integrality was first studied in number theory. It was observed that various finite exten-
sions of Q contain natural subrings generalising Z C Q. Typical examples included

Z[Vd] c QWVd),  Z[G] € Q)
where d € Z \ {0,1} is square-free and ¢, = e*™/". However, (3 = (—1 + iv/3)/2, which implies that

QWV=3)=Q(;). ZWV-3=Z-1+Z-V-3CZ 1+Z (3=Z[Gs].
Which of the two subrings Z[v/—3] and Z[(3] of Q(v/—3) = Q((3) is the right analogue of Z?

(2.2) More generally, given a field K D Q of finite degree [K : Q] < oo, what can we say about subrings
B C K of the form B = Zby + - - - Zb,y, for some m > 1 and b; € B?
The key observation is the following. If b € B, then all products bb; are integral linear combinations of

b1,...,bm, which means that there exists a matrix with integral coefficients U € M,,(Z) such that
b1 b1
bl - | =0 : | cK™.
bm bm

As a result, b is an eigenvalue of U, hence

F0) =0,  f(X)=det(X-I—-U) e Z[X].

Note that f is a monic polynomial with integral coefficients, which justifies the following definition.
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(2.3) Definition. Leti: A — B be a ring homomorphism. An element b € B is integral over A if there
exists a monic polynomial f € A[X] such that f(b) = 0 € B (this is a slight abuse of language; purists
would have written (i(f))(b) = 0, where i(f) € i(A)[X] C B[X] is the image of f in B[X]). We say that B
is an integral A-algebra if each b € B is integral over A.

(2.4) Definition. A ring extension is an injective ring homomorphism A < B.

(2.5) Remarks. (i) A field extension K < L is algebraic <= K < L is an integral ring extension.

(ii) We know (Prop. II1.3.15(3)) that a field extension is finite <= it is algebraic and of finite type. An
analogous result for ring extensions is proved in Proposition 2.8(6) below.

(ili) B € C is integral over Z <= f is an algebraic integer. The discussion in 2.2 suggests that one
should consider, for any field K algebraic over Q, the set O = {8 € K | § integral over Z}. According to
Proposition 2.8(4) below, Ok is a subring of K, called the ring of integers of K. See Example 3.7 and
Corollary 4.4 for more results on Og.

(2.6) Proposition. Let A — B be a ring extension, let b € B. The following properties are equivalent:
(1) b is integral over A.

(2) A[b] is a finite A-algebra (<= Alb] is a finitely generated A-module).

(3) There exists a faithful A[b]-module M which is finitely generated as an A-module.  [Recall that an
R-module M is faithful if for each r € R\ {0} there exists m € M such that rm # 0.]

Proof. (1) = (2): if b + a1b" ' + .-+ + a, = 0 for some a; € A, then an easy induction shows that
VE>0 btk e Apnl 4.+ Ab+ A; thus A[b] = Ab"~! + ... 4+ Ab + A is a finitely generated A-module.
The implication (2) = (3) is automatic (take M = A[b]), so it remains to prove that (3) = (1). If
M = Amy + - - - + Am,., then the inclusion bM C M implies that

my my

for a suitable matrix U € M,.(A) with coefficients in A. Its characteristic polynomial f(X) =det(X-I-U) €
A[X] is monic; the goal is to show that f(b) = 0. We have

mi m1 my
b-I-0U) : [=0 = f)| : | =adjo-I-U)p-I-U)| : | =0eM",
m, my my
hence f(b)m; =0¢€ M for each i =1,...,r; thus f(b)m =0 for all m € M. As M is a faithful A[b]-module
and f(b) € A[b], it follows that f(b) = 0, hence b is integral over A.
(2.7) Corollary. A finite ring extension A — B is integral.

Proof. Take M = B in Proposition 2.6(3).

(2.8) Proposition-Definition. Let A < B < C' be ring extensions.

(1) If the ring extensions A — B and B — C are finite, so is A — C.

(2) If by, ..., b, € B are integral over A, then Alby,...,b,] C B is a finite (—> integral) A-algebra.

(3) The ring extensions A — B and B — C' are integral <= A — C is integral.

(4) The set B’ = {b € B | b integral over A} is a subring of B containing A, called the integral closure (or
normalisation) of A in B.

(5) The normalisation C' of A in C' coincides with the normalisation C" in C' of any ring B" satisfying
A— B" — B'.

(6) The ring extension A — B is finite <= B is an integral A-algebra of finite type.

Proof. (1) If B = Aby + -+ + Aby, and C = Bey + -+ + Bey, then C' = 7, - Abic;. (2) Thanks to (1), this
follows by induction from the case n = 1, which was proved in Proposition 2.6(2). The implication “<=”
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in (3) is automatic. Conversely, if both ring extensions A < B and B < C are integral, then each ¢ € C
satisfies ¢ +b1c" "t + - +b, = 0 for some b; € B. In particular, c is integral over A’ = A[b, ..., b,], which
is a finite A-algebra by (2). It follows that M = A’[c] = A’c"™1 + ... + A’ is a finitely generated A-module,
hence c is integral over A, by Proposition 2.6(3). In (4), for any b,b’ € B’, the subring A[b,b'] C B is a finite
A-algebra by (2), which means that b+ b',bb’ € A[b, ] are integral over A, by Proposition 2.6(3) applied to
M = A[b,b']. The inclusion C’ D C” in (5) is a consequence of (3); the opposite inclusion is automatic. The
implication “=" in (6) is immediate; the converse “<=” follows from (2).

(2.9) Theorem (E. Artin-Tate). Let A — B < C be ring extension. Assume that A is a noetherian
ring, C is an A-algebra of finite type and C' is an integral B-algebra. Then B is an A-algebra of finite type.

Proof. By assumption, there exist integers m,n > 1 and elements ¢; € C, b;; € B (1<i<m,1<j<n)
such that C = Aleq, ..., ] and c?—&—bi’lc?*l +---4+b;n, = 0. In particular, each ¢; is integral over the subring
B’ = A[{b; ;}i,;] C B. Note that B’ is a noetherian ring, by Corollary I1.3.9. Moreover, C = B'[cy, ..., Cp]
is a finitely generated B’-module, by Proposition 2.8(2). The ring B is a submodule of a finitely generated
B’-module C, which implies that B is also a finitely generated B’-module, thanks to Proposition II.3.6:
B = B'by + - -- + B'b,. However, B’ is a ring, which means that B = B'[by,...,b,] = A[{b; j,bx}i k) is an
A-algebra of finite type.

(2.10) Corollary (E. Noether). If C is an algebra of finite type over a noetherian ring A and G a finite
group acting on C' by homomorphisms of A-algebras, then C¢ is an A-algebra of finite type.

Proof. We need to check that each ¢ € C is integral over B = C¢, which follows from the fact that c is a
root of the monic polynomial f(X) =[] ,c(X —g(c)) € CYX].

(2.11) Corollary (Hilbert, E. Noether). If K is a field and G a finite group acting on the polynomial
ring K[x1,...,r,] by homomorphisms of K-algebras, then K|z, ...,x,]% is a K-algebra of finite type.

(2.12) The abstract argument in the proof of Theorem 2.9 does not give any concrete information about the
set of generating elements of B (as an A-algebra). In the situation of Corollary 2.11, the ring of invariants
K[zy,...,2,])¢ is generated by invariant polynomials of degree < |G|, provided char(K) = 0 (E. Noether)
or, more generally, if char(K) 1 |G| (Fleischmann, Fogarty).

(2.13) Exercise. For each n > 1 (resp. n > 3) let the cyclic group C,, (resp. the dihedral group Ds,,)
act on C[xz,y| as follows: a fixed generator r of C, acts by x +— (.2, y — ¢, 'y (and a fixed element s of
Dy, \ C,, interchanges z and y). Determine the structure of the C-algebra C|xz,y|°" (resp. Clxz,y]P?").
[There are other interesting finite subgroups G C SU(2) C GLy(C), namely, two-fold coverings (via the
surjective homomorphism m : SU(2) = Spin(3) — SO(3)) of symmetry groups w(G) C SO(3) of regular
polyhedra. The corresponding algebras of invariants Clx,y|® are discussed in [KI]. The case of the icosa-
hedron group 7(G) — As is particularly interesting, as it is related to the problem of solving a general
polynomial equation of degree 5.]

(2.14) Hilbert’s 14-th problem asked whether Clxy, ..., z,]¢ is a C-algebra of finite type in the case when
G C GL,(C) is a matrix group (such as SL,(C) or SO(n)). It turns out that the answer is “yes” if G is a
reductive group, but “no” in general (a counterexample was found by Nagata).

3. Integrally closed domains

(3.1) Definition. A domain A is integrally closed (or normal) if it is equal to its integral closure (=
normalisation) in Frac(A).  [As we shall see, normal domains are “nicer” than non-normal ones.]

(3.2) Proposition. Any UFD is integrally closed.

Proof. Assume that A is a UFD and ab~! € Frac(A) is a root of f(X) = X"+ a; X" ' +--- + a, € A[X].
We can also assume that ged(a,b) = 1; the equality

a4+ a1a" b+ 4 a,b" =0
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implies that every irreducible element x | b divides a™, hence z | a, which contradicts the assumption
ged(a,b) = 1. Tt follows that b € A*, hence ab~! € A.
(3.3) (i) Assume that A is a domain with fraction field K = Frac(A4) and K — L is a field extension. If
a € L is algebraic over K, then there exist a; € A with ag # 0 such that aga™ 4+a,a" ' +---+a, = 0. After
multiplying this equation by ag_l, we obtain (aga)™ + aj(apa)” t + .-+ + anag_1 = 0. Therefore aga € L
is integral over K.

Applying this argument to each element of a basis of L/K we see that there exists a basis of L/K
consisting of elements integral over A.
(ii) If A — B is a ring extension and B is a domain, then (i) implies that any set of generators of B as an
A-module generates Frac(B) as a vector space over Frac(A). In particular, if B is a finite A-algebra, then
[Frac(B) : Frac(A)] < oc.

(3.4) Proposition. Let A be an integrally closed domain and K = Frac(A) < L be a finite field extension.
For o € L the following properties are equivalent.

(1) « is integral over A.

(2) The characteristic polynomial Pk o(X) € K[X] lies in A[X].

(3) The minimal polynomial f(X) € K[X] of o over K lies in A[X].

Proof. The implication (2) == (1) (resp. (3) == (2)) follows from the fact that Pr k() = 0 (resp.
from Pp o = fIEE@D). Tt remains to prove that (1) implies (3). If a is integral over A, write f(X) =
[I(X — ;) € M[X], where M is a splitting field of f over K and a; = «. By assumption, there exists a
monic polynomial g € A[X] such that g(a) = 0; then f divides g in K[X], which implies that g(o;) = 0
for all 4; thus each «; is integral over A, and so are all coefficients of f, since they lie in Z[a1,...,a,]. In
particular, each coefficient of f lies in K and is integral over A, hence is contained in the integrally closed
ring A.

(3.5) Note that the implication (1) = (3) does not hold if A is not integrally closed: it is enough to
consider an element o € K which is integral over A but does not belong to A; then f(X) = X —a ¢ A[X]
(example: A = Z[/=3], a = (3).

(3.6) Corollary. Under the assumptions of Proposition 3.4, Try, /() € A and Ny /i (o) € A for any a € L
integral over A.

Proof. Up to a sign, the trace (resp. the norm) of a is equal to one of the coefficients of Pk (X).

(3.7) Example. If A =7, then K = Q and L is a field of finite degree [L : Q] < oo over Q. Proposition 3.4

tells us that a € L lies in the ring of integers O, (= the normalisation of Z in L) <= Pp/q.(X) € Z[X].
In the simplest non-trivial case when L is a quadratic field (i.e., [L : Q] = 2), then L = Q(v/d) for

a square-free integer d € Z \ {0,1}. Writing @ € L as a = a + bVd (a,b € Q), we have Pp,/q o(X) =

X? —2aX + (a? — db?); thus a € O, <= 2a, a®> — db®> € Z. An easy calculation (exercise!) shows that

Vd, ifd=2,3 (mod4)
LYl if =1 (mod4).

If d < 0, then the arithmetic of Of becomes more and more complicated as |d] — oo. In particu-
lar, Oy is a euclidean ring <— d = —1,-2,-3,-7,—11; it is a UFD <= it is a PID <«—
d=—-1,-2,-3,-7,—-11,-19, —43, —67,—163. The latter property is related to the fact that, for each
d= —7,-11,-19,—-43,—67, —163, the quadratic polynomial n? + n + (1 — d)/4 with discriminant d takes
prime values for all n =0,1,...,(1 —d)/4 — 2.

(3.8) One can show that, if A is an integrally closed domain, so is A[X] ([De 2, Thm. 8.23]). However, we
are not going to use this fact in the sequel.

Ox =Z|=Z-1+25, 6={

4. Finiteness of normalisation and Noether’s Normalisation Lemma

(4.1) In §4 we are going to investigate the following question. Given a domain A with fraction field
Frac(A) = K and a finite field extension K < L, under what conditions is the integral closure B of A in L
a finite A-algebra (i.e., a finitely generated A-module)?
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(4.2) One can often use the following reduction steps. Assume that

A — Ay - B— B

are extensions of domains with respective fraction fields

K — Ky LT

satisfying the following conditions:

e A is a finite A;-algebra;
e B is the integral closure of A; (hence of As, by Proposition 2.8(5)) in L;
e B’ is the integral closure of A; (hence of As) in L'.

In this case the following implications hold.

(i) B is finite over A; <= B is finite over Ay (by Proposition 2.8(1));

(ii) if A; is noetherian and B’ is finite over Aj, then B is finite over A; (by Proposition 11.3.6).
(4.3) Theorem. If A is integrally closed and the extension K < L is separable, then:

(1) B is contained in a finitely generated A-module.

(2) If A is a noetherian ring, then B is a finitely generated A-module.
(3) If A is a PID, then B is a free A-module of finite rank (equal to [L : K]).

Proof. (1) Let n = [L : K|. As explained in 3.3(i), there exist elements Si,...,5, € B forming a basis
of L/K. Let b € B; write b = Z;L:1 AiBj (A; € K). For each 3; we have bf; € B, hence Trr x(bf;) =
Z?=1 Trr ik (BiBj)\; € A, by Corollary 3.6. This condition can be written in terms of the matrix M =
(TrL/K(ﬂiBj)lgi’an) S Mn(A) as follows:

A1

M| : [eArc K™

An
After multiplying this relation by the adjoint matrix adj(M) € M, (A), we obtain that det(M)\; € A for
each i =1,...,n. The separability assumption implies that det(M) € ANK* = A\ {0}, thanks to Theorem
7.7(2). Therefore \; € det(M)~tA, hence B C AB] + -+ + AB.,, where 8, = det(M)~15;.
(2) This follows from (1) and Proposition I1.3.6.
(3) By (2), B is a finitely generated A-module. It is torsion-free (since it is contained in a Frac(A)-vector

space), hence free of finite rank 7, by Theorem II1.4.6. The argument from 3.3(i) implies that a basis of B as
a free A-module is a basis of the field extension L/K; thus r = n.

(4.4) Corollary. If [L : Q] = n < oo, then there exists a basis aq,...,ay, of L/Q such that O =
Zoi + -+ Zay,.

Proof. This is a special case of Theorem 4.3(3) for A = Z.

(4.5) Example (F.K. Schmidt). Let k be a field of characteristic p > 0; fix a power series f € k[[T]]
which is transcendental over k(1) (for example, consider the universal case when k = F,(to,t1,...) and
f=to+t.T +t2T? + ---). The homomorphism of k-algebras

is then injective; it extends to a field embedding
af  k(X,Y) = k((T)) = Frac(k[[T]]).
The subrings
B=a ' (K[T]) Ck(X,Y)=L, A=BNkX,Y?)Ck(X,Y?)=K
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have the following properties: both A and B are integrally closed noetherian domains (in fact, discrete
valuation rings; see IV.14 below), Frac(4) = K, Frac(B) = L, L/K is a purely inseparable extension of
degree [L : K] = p, B is the normalisation of A in L and B is not a finitely generated A-module (see [BGR,
1.6.2] and an extended discussion in [Re, 9.4]).

This implies that A’ = A[Y] = AYP~! 4+ AYP~2 + ... + A C B is a noetherian domain for which
Frac(A’) = Frac(B), but whose integral closure in Frac(A’) is equal to B, hence is not a finitely generated
A’-module.

(4.6) The previous example is somewhat discourageing (there are even more sophisticated examples, in
which A is noetherian, but B is not). However, it turns out that all rings naturally encountered in algebraic
or arithmetic geometry are “excellent” (see [Gr, §7], [ILO, Exp. I]). In particular, Question 4.1 has a
positive answer for them. We are going to prove an important special case of this in Theorem 4.10, which
is indispensable for constructing normalisations in algebraic geometry. The main tool will be Noether’s
Normalisation Lemma 4.8 (proved by E. Noether under the assumption |k| = co and by Nagata in general).
See 5.12 below for a geometric interpretation of this statement.

(4.7) Definition. Let k be a field, let A be a k-algebra. Elements ay,...,a, € A are algebraically inde-
pendent over k if f(ai,...,a,) # 0 for each non-zero polynomial f € k[Xy,...,X,] (which is equivalent
to saying that the evaluation homomorphism

k[X17"'aXn]Hk[ala"'van]v fo(alv"'aan)

is an isomorphism of k-algebras).

(4.8) Noether’s Normalisation Lemma. Let k be a field, let A be a k-algebra of finite type. There
exist elements ay,...,aq € A which are algebraically independent over k and for which k[ay,...,aq] < A is
a finite ring extension.

Proof. We argue by induction on the number of generators of A = k[by,...,by,] as a k-algebra. If the
elements by,...,b,, € A are algebraically independent over k, then we take a; = b;. If not, we apply Lemma
4.9 below and the induction hypothesis to obtain finite ring extensions

k[al, .. .,ad] — A/ — A= A/[bm]7

with aq,...,aq algebraically independent over k. The extension k[aq,...,aq] < A is then finite, thanks to
Proposition 2.8(1).

(4.9) Lemma. Letk be afield, let A = k[by, ..., by,] a k-algebra of finite type. If the elements by, ..., by, € A
are not algebraically independent over k, then there exist u,...,Uy,_1 € A such that b,, is integral over
A" =Kuy, ..., um—1] and A = A'[b,,]. Moreover, we can take:

u; = b; — bN" for any sufficiently large integer N >> 0 (Nagata);

u; = by — A\;by, for suitable \; € k if |k| = co (E. Noether).

Proof. There exists a non-zero polynomial P € k[Xi,..., X;,] such that P(by,...,by,) = 0. Fix an integer
N > 1 and write P in terms of new variables V; = X; — XN (1 <i<m —1) and X,,,: P(X1,...,X;) =

QY1,...,Ym—1,Xm). We have Q(uy, ..., Um—1,bn) = 0. Each monomial ¢X]* --- X]™ is equal to

m—1

% . _ m—1

cXIm H (Y; + Xrlr\Lf )i = CY17’1 .-.Y7:L7111X’:rl,m NI CX;;{n-i-nN-&- +rm—1N )
i=1

The highest power of X, in this expression is equal to r,, + 1N + - - 4+ 71 N1,

If N is bigger than all exponents r; appearing in P, then the values of rq,...,r, for each monomial
occurring in P are determined by 7, + 71N + - - - +7,_1 N™ L. In particular, the coefficient gY1,..., Y1)
at the maximal power of X,, appearing in Q(Y1,...,Y,—1, X)) lies in k\ {0} C k[Y1,...,Y,—1] \ {0}. The
identity g7 'Q(u1, ..., Um_1,bm) = 0 then gives an integral equation for b, over k[uy, ..., upm_1]-

If |k| = oo we use new variables ¥; = X; — A\iby, (1 <@ < m —1) and X,,,; P(Xy,...,X,) =
Q(Y1,...,Y_1,X,). Denote by Py € k[X1,...,X,,] the sum of all monomials of degree d = deg(P)
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occurring in P; then deg(Q) = d and X% occurs in Q(Yi,...,Ym_1,Xm) with coefficient equal to ¢ =
Pi(A1,..., Am—1,1), which is non-zero for suitable \; € k. After dividing @ by ¢ we obtain an integral
equation of degree d for b, over k[uy, ..., Um—1].

(4.10) Theorem (E. Noether). Let k be a field, let A be a k-algebra of finite type which is a domain,
let K = Frac(A) < L be a finite field extension. Then the normalisation B of A in L is a finitely generated
A-module (in particular, it is again a k-algebra of finite type which is a domain).

[Note that we do not assume that A is integrally closed.]

Proof. First proof: there exist elements fi,...,5, € B which form a basis of L/K, by 3.3(1). An
application of 4.2(i) with Ay = A and Ay = A[fy, ..., 3,] implies that we can replace A by A[B1,..., Bl
hence assume that K = L.

According to Noether’s Normalisation Lemma, A is finite over a polynomial ring Ag = kla, ..., aq)-
Another application of 4.2, this time to A; = Ay and Ay = A shows that we can replace A by Ay (and K
by Frac(Ag) = k(ai,...,aq)), hence assume that A = kfay,...,aq] is a polynomial ring over k (but L is no

longer equal to K).

If it was possible to find Ag for which the field extension Frac(A)/Frac(Ag) was separable (which
is automatic if char(k) = 0), then we could conclude by Theorem 4.3(2) applied to the integrally closed
domain Ay and the field extension L/K = Frac(A)/Frac(Ap). If char(k) = p > 0, such Ay exists under
the assumption that the field k is perfect, but not in general. The argument requires an understanding of
(in-)separability for non-algebraic field extensions ([ZS1], 11.13 Thm. 31; V.4 Thm. 8). In particular, this
works if the field k = k is algebraically closed (|k| = oo in this case, which means that the original version of
Noether’s Normalisation Lemma, not Nagata’s refinement, is sufficient). The statement for a general field k
can be reduced to the case k = k rather easily ([ZS1], V.4 Thm. 9).

Second proof: we reproduce the argument given in [Ei, Cor. 13.13]. As above, we can assume that
A = Klaq,...,aq] is a polynomial ring over k. According to 4.2(ii), we are free to replace L by any finite
extension; we can assume, therefore, that L/K is a normal extension (by Proposition II1.8.6). In the tower
of fields K <« L1 = L < L, where G = Aut(L/K), the extension K < L; is purely inseparable (by
Proposition 10.12(6)) and Ly — L is a Galois (hence separable) extension, by Theorem 10.1.

It is enough to show that the integral closure By of A in L; is finite over A, since Theorem 4.3(2) will
then apply to By (and the extension L; «— L) and show that B is finite over Bj, hence over A. We can
replace, therefore, L by L; and assume that the extension L/K is purely inseparable. If K = L, then there is
nothing to prove. If not, then char(k) = p > 0 and there exists a power ¢ = p” such that L = K(y1,...,Ym)
and y! = f;/g; for some polynomials f;,9; € A = klay,...,aq4]. If ¢1,...,¢; € k are the non-zero coefficients
of these polynomials, then the field k' = k(/cy,..., ¢/c;) — L is a finite extension of k and there is a tower
of finite field extensions

L=KW{/fi/9:}) = KUV fi Yati) = K{ei, yaihig) = K (Yar, ..., Yag) = L.

According to 4.2(ii), we can replace L by L’. However, the integral closure B’ of A in L’ is equal to the
polynomial ring B’ = k'[¢/aq, ..., &/aq], which is finite over A = klaq, ..., aq).

5. Algebra and geometry

We are now ready to develop a dictionary between algebra and geometry based on the duality between points
and functions which was alluded to in the Introduction (and elaborated on in 1.2.6 and 1.4.4). The reader
is encouraged to consult [Re|, which gives a very readable account of the geometric intuition behind various
topics in commutative algebra.

In §5 we are going to work over an arbitrary base field K.

(5.1) For any point a = (ay,...,a,) € K™ the evaluation map
ev, : K[X4,..., X, — K, ffla)= flar,...,an) (5.1.1)
is a surjective homomorphism of K-algebras with kernel
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m, = Ker(ev,) = (X1 —a1,..., X, —a,) € Max(K[Xq,...,X,]).

In particular,

fla)=0 <= fem,

and ev, induces an isomorphism of K-algebras

v, K[Xq,...,X,]/m, = K, f (modm,) — f(a).
This example is a principal motivation for the following general definition.

(5.2) Definition. Let A be a ring, let P € Spec(A) be a prime ideal. The residue field of P is the field
k(P) = Frac(A/P). We use the functional notation and think of any element f € A as a function and of P
as a point. The value of f at P is then defined to be f(P) = f (mod P) € A/P C k(P). In particular,
f(P)=0 < feP.

(5.3) Note that, in this generality, a non-zero element f # 0 of A can have values f(P) = 0 at all
P € Spec(A). Example: A = Z/47Z, Spec(A) = {(2)}, f = 2 € A. This example is quite representative, as
the following general statement shows.

(5.4) Proposition. Let A be a ring, let I C A be an ideal. Then

N P=vo., () P=VI

PeSpec(A) Peipjei(A)

In other words, f € A vanishes at each P € Spec(A) <= f belongs to the nilradical of A.

Proof. 1t is enough to consider I = (0) (the general case follows from this special case for A/I). The inclusion
P> \/@ holds for any P € Spec(A), by definition of a prime ideal. Conversely, if f € A and f ¢ \/@7
then the ring A[1/f] = A[Y]/(Yf — 1) is non-zero, by Lemma 5.5 below. The inverse image under the
canonical morphism ¢ : A — A[Y]/(Yf — 1) of any m € Max(A[1/f]) (which exists, by Theorem 1.6.6) is a
prime ideal P = i~!(m) € Spec(A). As i(f) is invertible in A[1/f], it is not contained in m, hence f ¢ P.

(5.5) Lemma (inverting f). Let A be a ring, let f € A. The ring A[1/f] = A[Y]/(Y f — 1) is the zero
ring <= f € +/(0).

Proof. A[1/f] =0 <= there exists P(Y) = ap + a1Y + -+ a, Y™ € A[Y] such that (1 -Y f)P(Y) = 1.
The latter equality is equivalent to
Vi:07...,n al':fi, fnJrl:(];

therefore: A[1/f] =0 <= f is nilpotent.

(5.6) Returning back to the situation of 5.1, fix an ideal I C K[X1,...,X,]. Asin I.4.4, we can attach to
I an algebro-geometric object Z defined by the system of polynomial equations

Z:Nfel f=0 (5.6.1)

and the K-algebra O(Z) = K[X1,...,X,]/I of regular functions on Z. Conversely, any K-algebra of finite
type is obtained in this way. According to Hilbert’s basis theorem (Theorem I1.3.8), the ideal [ is finitely
generated I = (f1,..., fr), which means that

Zifi=-=f=0

is given by a finite system of polynomial equations. Similarly, for each K-algebra B, the set of B-valued
points of Z is equal to
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Z(B)={a€eB"|Vfel f(a)=0} ={a€ B"| fi(a) =--- = fr(a) =0}.
The discussion in 5.1 implies that a point a € K™ satisfies
a€Z(K) <= Vfel fla)=0 <= Vfel fem, < [ Cm,.
Furthermore, for each a € Z(K) the evaluation map (5.1.1) induces a surjective homomorphism of K-algebras
a:0(Z2) — K
with kernel
m, =my/I = Ker(ev,) = (X1 —ai1,..., X, —a,) € Max(0(2)).

(5.7) To sum up, we have

Max(O(Z)) = {m/I | m € Max(K[Xy,...,X,]), mD I} (5.7.1)
and the discussion in 5.6 defines an injective map

Z(K) — Max(0(Z2)), a— Ker(ev,) =m,/I. (5.7.2)

If the field K = K is algebraically closed, a version of Hilbert’s theorem on zeroes (see Theorem 6.5
below) states that

Max(K[X1,...,Xp]) ={my | a e K"},

which implies that the map (5.7.2) is bijective. In other words, classical points of Z correspond to maximal
ideals of O(Z).

(5.8) Morphisms. Given two K-algebras of finite type O(Z,) = K[Xi,...,X,]/I1 and O(Z3) =
K[Y1,...,Y,]/ Iz corresponding to

Zy:¥fel; f=0, Zy:Ngely ¢g=0,
any homomorphism of K-algebras

a O(Zl) — O(ZQ)

induces maps

Ozg : ZQ(B) = HOIHA_Alg(O(ZQ), B) — HOHIA_Alg(O(Zl), B) = Zl(B), b—bou
for all K-algebras B, by Proposition 1.4.4(iii). In concrete terms, write
a(X; (mod I)) = hi(Y1,...,Y,) (mod Is) (1<i<m).
The polynomials h; € K[Y7,...,Y,] satisfy
vfell f(hl(y)vahm(y))612

and the map a}; is given by the formula

i (b= (br,...,bn) € Zo(B)) = (hi(b),. .., k(b)) € Z1(B).

We consider the system of maps aj, which are compatible with respect to homomorphisms of K-algebras
B — B’, as being induced by a “geometric morphism”

O[*IZ2—>Z1.
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Note that « is determined by the collection of maps a’;, since o € Z1(0(Zz)) is the image of the tautological
point id € Homa_a1,(0O(Z2),0(Z2)) = Z2((O(Z2)) by a*o(Zz) (this is a special case of Yoneda’s lemma, an
elementary but useful statement from category theory).

Let us give a few examples of such morphisms.

(5.9) Vertical projection onto a horizontal line. The polynomial ring K[T] (resp. K[X,Y]) is the
ring of regular functions on an affine line A}, (resp. on an affine plane A% ) over K. The inclusion

a: K[T]— K[X,Y], 9(T) — g(X) (5.9.1)
corresponds to
aE:B2—>B, (bl,bg)’—)bl,
hence to the projection on the first factor
* _ A2 1
o =pr; Ay — Ay

(5.10) Inclusion Z — A7%.. The projection

pr: K[X;,...,X,]|=0(A%) — K[X3,...,X,]/I =0(2) (5.10.1)
corresponds to the tautological inclusion of Z to the n-dimensional affine space A’;, since

pry : Z(B) < B"™, (b1,...,bp) = (b1,...,by).

(5.11) Combination of inclusion and projection. Any non-constant polynomial f € K[X,Y] defines
a plane curve over K

C:f=0, C — A%.
Combining (5.9.1) with (5.10.1) we obtain morphisms

B:K[T] = K[X, Y] 5 K[X,Y]/(f) =0(C),  ¢(T)~ g(X) = g(X) = g(X) (mod f) (5.11.1)
and
B C s A2 25 AL (by,ba) — by,

which is given by projecting the curve C' vertically onto a horizontal line.
(5.12) Relation to finiteness. In the special case of 5.11 when f(X,Y) = XY — 1, then

C:XY—-1=0, C — A%
is a hyperbola and the morphism (5.11.1) can be rewritten using the isomorphism
OC)=K[X,Y]/(XY —1) = K[X,1/X] C K(X), X~ X, Y —1/X
as
g:K[T| — K[X,1/X], g(T) — g(X). (5.12.1)

Note that the ring extension (5.12.1) is not finite. Geometrically, this corresponds to the fact that the
induced map on points

B*:C—>A}<, (bl,bg)’—)bl

has finite fibres (in fact, 8% : C(B) — B* — B = AL (B) is injective, for any K-algebra B), but is not
proper (say, for K = B = C): the inverse image of a compact subset of A!(C) need not be compact in
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C(C). Indeed, if (8&) (b1, b2) = by remains bounded (“finite”) but tends to 0, then by = 1/b; is not bounded
(“goes to infinity”). This is the origin of the terminology “finite”.
In order to remedy this situation we can fix ¢ € K* and consider a slightly skewered projection

70— Ak
corresponding to
v: K[T] — K[X,Y]/(XY —1) = K[X,1/X], g(T) = g(X +c¢Y)=g(X +¢/X)

On the level of points,

’)/E : (b1,b2) — b1 +C/b2.

In this case 7y is a finite ring extension, since

K[X,1/X]=Im(y) - 1+ Im(y) - X

and the map

5 :C(C)=C* — ANC)=C, b+ b +c/bs

is proper.

Attentive reader will have noticed that we have been discussing here a very special case of Lemma
4.9. Noether’s Normalisation Lemma can be reformulated by saying that for any Z in (5.6.1) there exists a
morphism Z — A% which is “nice” in the sense that it has finite fibres (is “quasi-finite”) and is proper.

The ring extension (5.12.1) has various arithmetic analogues, the simplest one being the inclusion
Z — Z[1/2].

As we shall see in Proposition 11.4(2) below, finite K-algebra homomorphisms O(Z;) — O(Z2)
induce surjective maps Zy(K) — Z;(K). The lack of surjectivity of B = K" — K = AL (K) is related,
therefore, to the fact that (5.12.1) is not a finite ring extension.

(5.13) Normalisation in geometry (example). The plane curve

C:Y?-X3=0, CCA%

has a “singular point” O = (0,0) € C(K) at the origin. Intersecting C with the system of all non-vertical
lines passing through O

L,:Y—-tX=0 (t e K)
we obtain points (¢2,¢%) € C(K). The assignment

tes (12,1°), B — C(B)

makes sense for any K-algebra B and is compatible with K-algebra homomorphisms B — B’ which means
that it comes from a geometric morphism

ot Ay — C. (5.13.1)

The corresponding K-algebra homomorphism a : O(C) — O(AL) = K[T] must send X (resp. Y) to T2
(resp. to T®), hence is given by

0 0(C) = KIX,Y]/(V? - X%) — O(Ak) = KIT),  g(X,Y) (mod (V* — X*)) rs (T2, T)
Note that
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which implies that « is injective and

Im(a) = K +T?K[T] = K[T?,T? ¢ K[T).

We use « to identify O(C) with K[T?,T3]; the map (5.13.1) is then induced by the inclusion K[T?, T3] —
K[T).

What is the main difference between the two rings K[7%, 73] and K[T']? They have a common fraction
field Frac(K|[T?,T3]) = Frac(K|T]), but the element T € K[T] does not belong to K[T?,T3]. This implies
that O(C) = K[T?,T?] is not integrally closed and O(AL) = K[T] is its integral closure. Geometrically,
this corresponds to the fact that C' has a singular point O = «*(0) and the map o* : Ak, — Cis a
desingularisation of C.

This is not an accident. As we shall see in IV.15, any curve C for which O(C) is a domain can be
desingularised o : C — C by replacing O(C) by its integral closure O(C) in Frac(O(C)) (Theorem 4.10
will come handy at this point).

(5.14) Exercise. In the situation of 5.13, show that the map o, : K — C(K) is bijective, but there is no
homomorphism of K-algebras K[T] = O(AL) — O(C) for which B} : C(K) — K is the inverse of a’.

(5.15) Exercise. What happens if we replace C in 5.13 by C' : Y2 — X?(X +1) =07

(5.16) Arithmetic analogue. The rings appearing in 5.13 have the following arithmetic analogues. In
the table below, A is the integral closure of A in Frac(A).

Geometry Arithmetic
K[X] V7
Y2 — X3 =0 Y24+4=0
Y/X =T Y/2=T

T2 -X =0 T°+1=0
A=K[X,Y]/(Y? - X3) = K[T?, T3 A=1Z[Y]/(Y?+4) = Z[2i]
A=K[X,T|/(T? - X) = K[T| A=Z[T)/(T?+1) = Z]i]

Frac(4) = K(T) Frac(4) = Q1)

6. Hilbert’s Theorem on Zeroes (“Nullstellensatz”)

There are several versions of this fundamental result. We collect most of them in Theorems 6.5 and 6.8
below. As before, K is an arbitrary field.

(6.1) Example: the affine line. We know that

Max(K[T)) = {(f) | f € K[T]\ K monic irreducible}.
In particular, the map
C = Max(CIT)), a— (T —a)
is bijective and the map
C = Max(CIT]) — Max(RI[T]), a— (T —a) NR[T]
is surjective, with fibres given by Gal(C/R)-orbits in C, since
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(T —a) ifaeR

(T—a)ﬂR[T]z{
(T—a)(T—a) ifagR.

(6.2) More generally, for each a = (a1,...,a,) € K the image of the evaluation morphism

evy : K[X1,..., X, — K, e fla)

is the finite field extension K(aq,...,a,) of K and its kernel Ker(ev,) C K[Xq,...,X,] is a maximal
ideal of K[X1,...,X,]. As we shall see in Theorem 6.5(2) below, all maximal ideals are obtained in this
way. Moreover, if f(a) = 0, then f(co(a)) = 0, for all & € Aut(K/K). Therefore maximal ideals m C
K[X1,...,X,] correspond to Aut(K /K)-orbits in K .

(6.3) Exercise. Describe explicitly all maximal ideals m C R[X,Y].

(6.4) Lemma. Let A < B be an integral ring extension, with B a domain. Then A is a field <= B is a
field.

Proof. If A is a field, then A[b] is finite-dimensional A-vector space, for any b € B (since b is integral over
A). If b # 0, then multiplication by b is an injective (since B is a domain) A-linear endomorphism of A[b],
hence it is surjective. In particular, 1 lies in its image, which means that b is invertible.

Conversely, if B is a field, then each non-zero element a € A has an inverse b € B. As b is integral
over A, we have b + a;b" ' + .- + a, = 0 for some a; € A. Multiplying this equation by a"~! we obtain
b=—(a1 +aza+--+aa™ )€ A

(6.5) Theorem (Nullstellensatz). Let K be a field, let O(Z) = K[X1,...,X,)/I (with I = (f1,..., fr))
be a K-algebra of finite type (corresponding to Z :¥f € I f=0, Z — A}%).
(1) If O(Z) is a field, then [O(Z) : K] < 0.
(2) The map
Z(F) = HOInK_Alg(O(Z),F) — MaX(O(Z)), A= Ker()\)

is well-defined and surjective.

(3) The fibre of the map (2) above m € Max(O(Z)) consists of all homomorphisms A = g opr : O(Z) —
O(Z)/m = k(m) -~ K, where 0 € Hom_ 14 (k(m), K). In particular, the fibres of the map (2) are precisely
the Aut(K /K)-orbits in Z(K).

(4) If K = K is algebraically closed, then the map (2) is bijective.

(5) The following properties are equivalent:

i,
ZE)=0 < 0(2)=0 < 1€l < 3g,....g- € K[X1,....X,] Y gifi=1
=1
(6) f € K[X1,...,X,] satisfies f|, ) =0 <= feVI.

Proof. (1) Noether’s Normalisation Lemma 4.8 tells us that O(Z) is finite over a polynomial algebra
Klay,...,aq], for some d > 0. If O(Z) is a field, so is KJai,...,aq], by Lemma 6.4; thus d = 0 and
O(Z2) is finite over K.

(2) The image of any morphism of K-algebras A : O(Z) — K (which is isomorphic to O(Z)/Ker())) is
equal to K[A(X1),...,A(Xn)] = K(A\(X1),...,A(X,)) C K, hence is a finite extension of K, by Proposition
I11.3.15(2). Therefore Ker()) is a maximal ideal of O(Z). Conversely, for any m € Max(O(Z)) the residue
field k(m) = O(Z)/m is a K-algebra of finite type, hence [k(m) : K] < oo, by (1). According to Theorem
II1.5.6(2) there exists a homomorphism of K-algebras k(m) < K; the kernel of the composite morphism
A:O(Z) — k(m) — K then coincides with m.

(3), (4) The factorisation A = gopr of each A mapping to m by the map (2) is automatic. The homomorphisms
o € Homg _aig(k(m), K) form one Aut(K /K)-orbit, by Proposition II1.9.7.

(5) The only non-trivial implication is “O(Z) # 0 = Z(K) # 0, which follows from (2), since Max(O(Z))
is non-empty if O(Z) # 0.
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(6) If fm € I for some n > 1, then f(a)" = 0 € K for each a € Z(K), hence f(a) = 0. Conversely, if
f & /I, we must show that there exists @ € Z(K) such that f(a) # 0. The idea is to invert f by introducing
a new equation Y f — 1 = 0, which removes all zeroes of f and reduces (6) to the statement of (5). In
concrete terms, consider the ideal J C K[X;,...,X,,Y] generated by I and Y f —1 (cf. Lemma 5.5) and the
K-algebra of finite type O(Z’) = K[X;,...,X,,Y]/J corresponding to Z' — A}L(H defined by the equations
VgeJ g=0.

We have O(Z') = O(Z)[Y]/(Yf — 1), where f = f (modI) € O(Z). The assumption f ¢ /I implies
that f is not nilpotent in O(Z), hence O(Z') # 0, by Lemma 5.5. The statement (5) for Z’ shows that there

exists a point (ay,...,a,,b) € Z'(K). By definition of Z’,

flag,...;a,)b=1, Vgel glay,...,an) =0,

which means that @ = (a1, ...,a,) € Z(K) and f(a) # 0, as required.
(6.6) Corollary. For any ideal I C A= K[X,...,X,],

N n=vi O m=v
mEiI;J;(A) ﬁeMax(A/I)

[The intersection of all mazimal ideals of a ring B is called the Jacobson radical of B. The statement
above says that the nilradical and the Jacobson radical coincide if B is an algebra of finite type over a field.]

Proof. For f € K[Xy,...,X,], the condition f|Z(§) = 0 in (6) is equivalent to f € m for all m €
Max(K[X1,...,Xy]) satisfying m D I, by (2) combined with (5.7.1).

(6.7) Reduced and non-reduced K-algebras. As observed in 1.6.5, the set of maximal ideals does not
change if a ring is replaced by the corresponding reduced ring. In the situation of Theorem 6.5,

O(Z)red — K[le e ,Xn]/\/j = O(Zred);
where

Zred:VQE\/j g=20

is the reduced system of polynomial equations attached to I (for example, if I = (XVY,Y?) C K[X,Y],
then /T = (V). In this case Zeq(B) = Z(B) for any reduced K-algebra B (for example, a field) and the
canonical projection O(Z) — O(Z;eq) induces a bijection

Max(O(Zred)) 2 Max(O(Z)).

(6.8) Theorem-Definition (geometric version of the Nullstellensatz). Let K = K be an alge-
braically closed field. An algebraic set in K" is a subset of K™ of the form

V() ={ae K" |¥fel f(a)=0}=Vk(V]),
for some ideal I C K[X3,...,X,]. Conversely, for any algebraic set V. C K™ the set
IV)={feK[X1,...,X,] |VYaeV f(a)=0}=IV)
is an ideal of K[X1,...,X,]. The maps
Vi : {ideals of K[X1,...,X,]} — {algebraic sets in K"}

and
I : {algebraic sets in K"} — {ideals of K[X;,..., X,]}
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satisfy I1(Vi(I)) = VI and Vi (I(V)) = V. They induce mutually inverse bijections
{algebraic sets in K™} «= {ideals I C K[X1,..., X,] satisfying I = T}

(such ideals are called radical ideals).

Proof. The equality I(Vk(I)) = /T is a reformulation of Theorem 6.5(6). If V = Vi (I), then I(V) =
I(Vi(I)) = VT and Vg (I(V)) = Vi (VI) = Vi (I) = V. Finally, if I = /T, then I(Vik(I)) =1 = I.
(6.9) If the field K = K is algebraically closed and sufficiently large (i.e., containing arbitrarily large
finite sets of elements algebraically independent over Q or Fy,; for example, K = C), then it is easy to prove
that I(Vi (P)) = P for any prime ideal P € Spec(K[X1,...,X,]) ((Mu 2, Thm. 1.5]). As any radical ideal
I of K[X7,...,X,] is an intersection of finitely many prime ideals I = P; N---N P,, by Cor. 8.11(2) below,
it follows that I(Vx (1)) = I(Vk (P )U---UVk(P.))=1(Vk(P))N---NI(Vk(P)) =P N---NP. =1
(6.10) Does Z(K) determine Z,q if K = K? At first glance, Theorem 6.8 tells us that the answer is
“yes”, since O(Zyeq) = K[X1,...,X,]/VI and VI = I(Z(K)). However, this description is not intrinsic,
since it depends not only on Z,.q, but on its inclusion into the affine space A'%.

A more refined question is the following. If K = K and if a : O(Z;) — O(Z3) is a homomorphism of
K-algebras of finite type for which o : Zo(K) — Z1(K) is bijective, is a an isomorphism?

The answer to this question is “no” — we have already seen a counterexample in 5.13, in which Z5 is
the normalisation of a singular curve Z;. Another example is given by the relative Frobenius morphism if
char(K) =p > 0: take Z; = Zo = A}, and

a: K[ X] — K[X], g(X) — g(XP).

In this case Im(a) = K[X?] C K[X], but af; : K — K, a — a” is bijective.

It may come as a surprise that these are, essentially, the only two sources of possible counterexamples
to o being an isomorphism. Zariski’s Main Theorem [Mu 1, II1.9] implies that, if K = K D Q, O(Z;)
and O(Z,) are domains, O(Z;) is integrally closed and o’ : Zo(K) — Z1(K) is bijective, then « is an
isomorphism.

(6.11) Exercise. If A is a Z-algebra of finite type, then the residue field k(m) = A/m of each maximal
ideal m € Max(A) is finite.  [Hint: apply Theorem 6.5(1) to K = Z/Z Nwm and O(Z) = k(m), and then
show that ZNm # 0.]

(6.12) Zeta-functions and counting points over finite fields. Let A be a Z-algebra of finite type.
The zeta-function of A is defined as

o= 1 (-~

meMax

where N(m) = |A/m| is the cardinality of the finite field k(m) = A/m. For example, for A = Z we obtain
the Riemann zeta-function

o= 11 (1-) =3 L=

s
p prime p n=1

In general, if char(k(m)) = p, then m D pA and k(m) = k(m), where m = m/pA € Max(A/pA), which
implies that

¢(A,s) = H C(A/pA;s).

Fix a prime number p and replace A by A/pA (still to be denoted by A), which will be an F,-algebra of
finite type: A =F,[Xq,...,X,]/I = O(Z) (for K =F,). The zeta-function of A can be expressed in terms
of the action of the Frobenius map
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on the set

Z(Fp) = {a=(a1,...,a,) EFZ |[Vfel f(a)=0},
as follows: for each n > 1,
Z(Fp") = Z(Fp)@n:1

is a disjoint union of orbits of length d, for various divisors d | n, under the action of ¢. According to Theorem
6.5(3), the set of orbits of length d is in bijection with {m € Max(A) | deg(m) = d}, where N(m) = pdes(m),
As a result,

OO P kdeg(m)
log ((A,s) = Y —log(l—p*deem)=}" Z =
meMax(A) meMax(A) k=1

e (p—s)n > (p—s)n

S| deatm | T3 2,

n=1 meMax(A) n=1

deg(m)|n
In particular,
St d—s)n 1 -1
C(Fy[X1,..., Xa],s) = exp (Z ) <1—p5_d>
and
1 \!
(Z[Xy,.. ., Xal,s) = ]] <1ps_d> =((s—d).

p prime

(6.13) Exercise (back to circle one). Let K be a field of characteristic char(K) # 2. The aim of the
first two parts of this exercise is to describe the K-valued points of the circle C : X2 +Y? —1 = 0.
(1) If there exists i € K such that i + 1 = 0, then the map

C(K)— K*, (z,y) =z +iy

is bijective.
(2) If no such i € K exists, then L = K[T]/(T? + 1) = K(i) is a field, [L : K| = 2 and there is an exact
sequence

0— K* —>L*L>C(K) — 0,

where f(u+iv) = (z,y) <= (u+iv)/(u—iv) =x +iy.
(3) If p is a prime number and n > 1, then

R O R e

(4) The zeta-function of the Z-algebra A = Z[X,Y]/(X? 4+ Y? — 1) corresponding to the circle is equal to

C(A>S)=C(S—1)L(<_.1>7S)v L(<_.1>7S): 11 (1_<_p1)p15) Z ann11

p prime =
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(6.14) Exercise. Deduce Theorem 6.5(1) from Theorem 2.9, without using Noether’s Normalisation Lemma.]]
[Hint: if a field L is a K -algebra of finite type, Theorem 2.9 implies that K(X1,...,X,), wheren = tr.degy L,
is also a K-algebra of finite type.]

7. Zariski topology on Spec(A)

For any algebraically closed field K, the collection of all algebraic sets in K™ — Max(K[Xq, ..., X,])
satisfies the axioms of the system of all closed sets of a suitable topology — the Zariski topology — on K™
(it is much coarser than the usual topology of C™ if K = C).

The definition of this topology makes sense for Max(A), for any ring A. In fact, it is much better to
consider this topology on Spec(A), not just on its subset Max(A).

We should think of Spec(A) as being the geometric object on which A is the ring of regular functions. In

this section we consider Spec(A) only as a topological space, but it has an additional structure (see 10.16(ii)
below).
(7.1) Let A be any ring. It is useful to think in terms of the functional notation introduced in 5.2: f € A
is a “function”, P € Spec(A) is a “point” and the image f (mod P) € A/P C k(P) = Frac(A/P) of f is the
“value of f at P”. In particular, f(P) =0 <= f € P.

Using this dictionary, we can translate the definitions from 6.8 as follows: there are natural maps

V : {subsets of A} — {subsets of Spec(A)}, V(S) = {P e Spec(A) | S c P} =V (I) = V(VI),

where I = (5) is the ideal generated by S, and

I : {subsets of Spec(A)} — {subsets of A}, I(Ey={fe€eA|VPeFE feP}= ﬂ P.
PEE

Note that I(FE) is an ideal of A satistying I(E) = /I(E).

(7.2) Proposition-Definition. The map I — V(I) (where I is an ideal of A) has the following properties.
(1)IcJ=VI)DV({J).

(2)VICVJ < V(I)>V(J). In particular, V(I) = V(J) <= VI=+/J.

(3) V((0)) = Spec(A).

4 V(I) =0 < I=(1).

(5) For any collection of ideals I, C A, the intersection (|, V(I,) =V (>, Ia)-

(7) The sets V (I) form the system of closed sets of a topology on Spec(A), called the Zariski topology.
(8) The sets D(f) = Spec(A) \ V((f)) = {P € Spec(A) | f & P} (f € A) form a basis of open sets of this
topology. L

(9) The closure of a point P € Spec(A) is the set {P} = (;.p V(I) = V(P) = {Q € Spec(4) | @ D P}. In
particular, the point P is closed <= P € Max(A).

~—

Proof. (1) and (3) are immediate. (2) If v/ C V/J, then V(I) = V(T V(VJ) = V(J). Conversely,
the formula /I = Npev(r) P proved in Proposition 5.4 shows that V(I V(J) implies VT C v/J. (4)
is a special case of (2). The statement (5) is also clear, since P € (|, V(lo) <= Va I, C P <=

Yo la € P. (6) The inclusions I1Iy C I1 NIy C I; imply that V(I115) D V(I1 N1Iy) D V(L) UV (Iy). If
P e V(I11;)\ V(I), then there exists f; € I; such that f; & P. For each fo € Iy we have f1fy € 1 1o C P,
hence fo € P; thus I C P and P € V(I3), proving that V(I113) = V(I1) UV (I3). The statement (7) follows
from (1)-(6). For any ideal I we have V(I) = (;c; V((f)), by (5); thus Spec(A) \ V(1) = U;c; D(f).
Finally, (9) follows from the definition of the topology.

(7.3) Examples. (0) Spec(4) =0 < A=0.

(1) If K is a field, then Spec(K) consists of one point (0).

D
D

~—
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(2) If A is a domain, then 17 = (0) € Spec(A) and {n} = Spec(A) (n is dense in Spec(A); we say that 7 is a
(in fact, “the”) generic point of Spec(A)).

(3) Spec(C[T]) = {n} UMax(C[T]), where n = (0) and Max(C[T]) — C ((T — a) + a). The closed sets
in Spec(CIT]) are Spec(CIT)) itself and arbitrary finite subsets of C. This is a one-dimensional object (an
affine line over C).

(4) Spec(Z) = {n} UMax(Z), where n = (0) and Max(Z) = {(p) | p prime number}. Again, closed sets
are Spec(Z) itself and all finite subsets of Max(Z). This is also a one-dimensional object, but of arithmetic
nature.

(5) Spec(CIX,Y]) = {(0)}U{(f) | f € C[X,Y]\ C irreducible} U Max(C[X,Y]), where Max(C[X,Y]) =
{(X —a,Y —b) | (a,b) € C?}, (0) is the generic point of Spec(C[X,Y]) and (f) is the generic point of the
curve f(X,Y) = 0: the closure of (f) consists of (f) together with {(X —a,Y —b) | (a,b) € C?, f(a,b) = 0}
(the set of all closed points on this curve). This is a surface — an affine plane — over C.

(6) Spec(Z[Y]) = {(0)} U {(p) | prime number} U{(f) | f € Z[Y]\ Z, ct(f) = 1, f irreducible in Q[Y]} U
Max(Z[Y]), where (Z[Y]) = {(p, f) | p a prime number, f € Z[Y] monic, f (modp) irreducible in F,[Y]}.
See [Mu 1, I1.1] for a picture of this object (an “arithmetic surface” — it has one arithmetic and one geometric
dimension).

(7.4) Corollary. The maps from 7.1 have the following properties.
(1) For each subset E C A, V(I(E)) is the closure of E.

(2) For each ideal J of A, I(V(J)) =+/J.

(3) The maps V and I define mutually inverse bijections

{ideals I C A satisfying T = VT} <=~ {closed subsets of Spec(4)}.

(7.5) Exercise. (1) For any ring homomorphism « : A — B, the map o* : Spec(B) — Spec(A) defined
in 1.6.4 (a*(Q) = a=1(Q)) is continuous. More precisely, (a*)~1(V (I)) = V(a(I)B).

(2) The projection pr : A — A" induces a homeomorphism pr* : Spec(A™?) —= Spec(A).

(3) For any ideal I of A, the map pr* : Spec(A/I) — Spec(A) induced by the projection pr: A — A/I is
injective, with image equal to V(I). It induces a homeomorphism pr* : Spec(A/I) — V(I).

(4) In general, Im(a*) C V(I) <= a(I) C \/(0) <= I/VT C Ker(ayea : A™ — B™4). In particular,
Im(a*) is dense in Spec(A) <= ayeq IS injective.

(7.6) Examples. (1) If a: Z — Q, then the image of o* : Spec(Q) — Spec(Z) is the generic point (0) of
Spec(Z).

(2) Similarly for a: C[X] < C(X).

(3) Let K be a field. The ring A = K[X,Y]/(XY) is generated as a K-algebra by the elements X,Y
satisfying XY = 0. In particular, each P € Spec(A) contains X or Y, hence Spec(4) = V((X)) U V((Y)).
The projections A — A/(X) = K[Y] and A — A/(Y) = K[X] induce Spec(K[Y]) — V((X)) and
Spec(K[X]) — V((Y)). In particular, if K = K is algebraically closed, then V ((X)) = {(X)}U{(X,Y —b) |
be K} and V((YV)) = {(Y)}U{(Y,X —a) | a € K}, with V((X))NV((Y)) = {(X,Y)}. This is in line
with geometric intuition: the equation XY = 0 represents a union of the horizontal Y = 0 and the vertical
X =0 axes in the affine plane A%

(7.7) Proposition. Spec(A) is disconnected <= A = A; x Az is a product of two non-zero rings A; # 0.

Proof. If A = Ay x A3 and P € Spec(A), then P = I; x I for some ideals I; C A;, by Proposition 1.3.3. The
product ring A;/I; x Ay/I, = A/P is a domain, which is equivalent to either I; = A; and Iy € Spec(4s),
or Iy = Ay and I; € Spec(A1). Therefore the projections p; : A — A; induce a decomposition Spec(A) =
Spec(A1) U Spec(Asz) (disjoint union).

Conversely, if Spec(4) = V(I1) U V(I3) is a disjoint union of two non-empty closed subsets V(I;),
then I; # (1), I, + Iy = (1) and T, Iz = /(0), by Proposition 7.2(2),(3),(5). In particular, there exist
fi € I such that f1 + fo = 1. As fifo is nilpotent, we have (f1f2)" = 0 for some n > 1. We can write
L= (fi+ f2)" = fl'g1 + 592 = e1 + ea, Where e; € I;, e1 + ez = 1 and ejea = (f1f2)"g192 = 0. These
two idempotents define a decomposition A = A; x Ay with A; = e;A. Finally, A; # 0, since I; # (1) (=
€; # O)
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(7.8) Proposition. Spec(A) is (quasi-)compact (i.e., every open covering has a finite subcovering), for any
ring A.  [Note that, if Spec(A) # Max(A), then Spec(A) is not a Hausdorff topological space.]

Proof. Any open covering | JU, = Spec(A) is of the form U, = Spec(A) \ V(I,), where V(> I,) = (1), by
Proposition 7.2(4),(5). The element 1 € A lies in a finite sum I, +- - -+ I, ; thus Uy, U---UU,, = Spec(4),
by reversing the argument.

(7.9) Proposition. If A is an algebra of finite type over a field, then V N Max(A) is dense in V, for any
closed subset V' C Spec(A).  [Rings A having this property — which is equivalent to the fact that every
prime ideal of A is an intersection of maximal ideals — are called Jacobson rings.]

Proof. Write V = V/(J), where J = /.J is an ideal of A. The closure of VNMax(A4) = {m € Max(A) | m D J}
in Spec(A) is equal to V(I), where

I:nm.

meEMax(A)
m>DJ

However, Corollary 6.6 tells us that

/7= ®wm=VJ/J=(0),

meMax(A/J)
hence I = J.

8. Irreducible components and minimal prime ideals

(8.1) Thering A = K[X,Y]/(XY) from Example 7.6(3) is the ring of functions on the plane curve Z < A%
Z : XY =0, which is a union of two lines Z; : X =0 and Z; : Y = 0 (the irreducible components of 7).
This is reflected in the decomposition

Spec(4) = Spec(4/(X)) USpec(4/(Y)) = Spec(K[Y]) USpec(K[X]) = V(X)) UV((Y)),

where (X), (Y) € Spec(A) are the minimal prime ideals of A (with respect to inclusion).
The existence of a similar decomposition of Spec(A) for an arbitrary noetherian ring A will be established
by purely topological considerations in Proposition 8.10 below.

(8.2) Proposition-Definition. A non-empty topological space X is irreducible if the following equivalent
conditions hold.

(1) If X1, X2 C X are closed subsets, then X7 U Xy # X.

(2) If Uy,Us C X are non-empty open subsets, then Uy N U, is non-empty.

(3) Every non-empty open subset of X is dense in X.

[Note that a Hausdorff space is irreducible <= it consists of one point.]

Proof. (3) (resp. (1)) is equivalent to (2) by definition (resp. by taking U; to be the complement of X;, and
vice versa).

(8.3) Exercise. (1) An irreducible space is connected.
(2) The image of an irreducible space by a continuous map is irreducible.
(3) The closure of an irreducible subspace (in particular, of a point) is irreducible.

(8.4) What does this mean for the topological space Spec(A4) — Spec(A*d), where A is an arbitrary ring?
Recall from Proposition 7.2(9) that, for any P, Q € Spec(A),

{PA>{Q} <= Qe{P} «— PcCQ; thus {P}={Q} < P=Q. (8.4.1)

(8.5) Proposition. (1) Spec(A) — Spec(A™?) is irreducible <= A™! is a domain <= /(0) €
Spec(A).
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(2) If this is the case, then 1/(0) is the unique dense point (= the generic point) of Spec(A).
(3) The maps V and I from 7.1 induce mutually inverse bijections

{prime ideals P C A} <~ {irreducible closed subsets of Spec(A)}.

For each P € Spec(A), the point P is the unique dense point (= the generic point) of V(P) = {P} —
Spec(A/P).

Proof. (1) We can assume that A = A™? is reduced. Thanks to Exercise 8.3(3), the only non-trivial
implication to prove is that Spec(A) is reducible whenever A is not a domain. If a,b € A are non-zero
elements with ab = 0, then Spec(A) = V((ab)) = V((a)) UV ((b)). We claim that V((a)), V((b)) # Spec(A),
hence Spec(A) is reducible. Indeed, if V((a)) = Spec(A), then /(a) = 1/(0) = (0) (by Proposition 7.2(2)),
which contradicts the assumption a # 0 (and similarly for V((b))).

(2) Combine 7.3(2) with (8.4.1).

(3) According to (1), a closed subset V(I) = V(v I) — Spec(A/I) — Spec(A/v/T) of Spec(A) is irreducible
< (A/I)**? = A/V/T is a domain <= /T = P € Spec(A). The remaining statements follow from (2)
applied to A/P.

(8.6) Proposition-Definition. An irreducible component of a non-empty topological space X is a
maximal irreducible subset of X with respect to inclusion (it is closed, by Exercise 8.3(3)). Each point
x € X is contained in an irreducible component of X (hence X is the union of its irreducible components).

Proof. The set {A C X | A is irreducible, x € A} contains {z} and is inductive (exercise), hence contains a
maximal element, by Zorn’s Lemma.

(8.7) Proposition. Let A # 0 be a ring. L

(1) The irreducible components of Spec(A) are the subsets { P} = V(P) — Spec(A/P), where P € Spec(A)
is a minimal prime ideal of A (with respect to inclusion).

(2) For every @) € Spec(A) there exists a minimal prime ideal P C Q.

(3) The intersection of all minimal prime ideals of A is equal to the nilradical \/(T) .

Proof. (1), (2) This is a translation of Proposition 8.6, using the dictionary of Proposition 8.5(3). The
statement (3) follows from (2) and Proposition 5.4.

(8.8) Proposition-Definition. A topological space X is noetherian if the following equivalent conditions
hold.

(1) Every descending chain of closed subsets Zy D Zy D --- of X stabilises (there exists j such that Zi, = Z,
for all k > j).

(2) Every non-empty set of closed subsets of X has a minimal element.

(3) Every ascending chain of open subsets Uy C Uy C --- of X stabilises (there exists j such that Uy = U;
for allk > j).

(4) Every non-empty set of open subsets of X has a maximal element.

Proof. The equivalences (1) <= (3) and (2) <= (4) are immediate. The equivalence (3) <= (4) is
proved as in I1.3.1.

(8.9) Proposition. Spec(A) is a noetherian topological space <= every ascending chain I; C I C ---
of ideals of A satisfying I; = \/I; stabilises. In particular, Spec(A) is a noetherian space if A is a noetherian
ring.

Proof. This is a translation of the condition 8.8(1) using Corollary 7.4(3).

(8.10) Proposition. A noetherian topological space X has only finitely many irreducible components
X1,...,X,. These components satisfy X; ¢ X; if i # j and X = X; U---UX,. Conversely, if Xi,..., X,
are irreducible closed subsets of X with these properties, then they are the irreducible components of X.

Proof. We can assume that X is non-empty. Consider the set S of all closed subsets of X which cannot be
written as a union of finitely many irreducible closed subsets. If S is non-empty, then it contains a minimal
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element Y, which is not irreducible; thus Y = Y; U Y5 for some closed subsets Y; C Y. By minimality of Y,
each Y; is a union of finitely many irreducible closed subsets, hence so is Y. This contradiction implies that
S is empty; in particular, X = X; U---U X,., where each X; is an irreducible closed subset. After removing
several X; if necessary, we can assume that this decomposition is irredundant, i.e., that X; ¢ X; if i # j.

If Y is an irreducible component of X, then Y = (Y NX;)U---U (Y N X,). Irreducibility of Y implies
that Y N X; =Y for some i; thus Y C X, hence Y = X;, by maximality of Y.

Conversely, we must show that each X is an irreducible component of X. If X; C Z with Z irreducible,
then Z = (ZNX;1)U---U(ZnNX,) implies again that Z C X; for some j; thus X; C Z C X, hence i = j
and Z = X;. Therefore X; is a maximal irreducible subset.

(8.11) Corollary. (1) A noetherian ring A # 0 has only finitely many minimal prime ideals Py, ..., P, €
Spec(A). These prime ideals satisfy \/@ =PiN---NP. and P; p P; if i # j, and are characterised by
these two properties. The irreducible components of Spec(A) are the subsets {P;} = V(P;) — Spec(A/P;).
(2) Let I # A be an ideal of a noetherian ring A. There are only finitely many prime ideals Py,..., P, €
Spec(A) which are minimal among those prime ideals of A which contain I. These prime ideals satisfy
VI=PN---NP, and P, 5 P; if i # j, and are characterised by these two properties. The irreducible
components of V(I) — Spec(A/I) C Spec(A) are the subsets {P;} = V(P;) = Spec(A/P;).

Proof. (1) Combine Proposition 8.7 with Proposition 8.10 for X = Spec(A). The statement (2) is equivalent
to (1) applied to A/I.

(8.12) Examples. (i) If Ais a UFD and I = (f) is a non-zero principal ideal, then f =« []._; f"’, where
u€e A*, r>0,n; >1and f; € A are irreducible elements such that f; { f; for i # j. Each principal ideal
P, = (f;) is a prime ideal and

(f):(flfr):(fl)mm(fr)

(ii) If each ideal P; = m; € Max(A) in Corollary 8.11 is maximal, then m; + m; = (1) for ¢ # j, hence
mN---Nm,. =myq---m, and

(A/T) = A/NT = A/(miN---Nm,) = A/my x -+ X A/m,

is a finite product of fields, by the Chinese remainder theorem 1.3.5.

(iii) If A is a finite algebra over a field K (i.e., if dimg (4) < 00), then A is noetherian and each prime ideal P €
Spec(A) is maximal, by Lemma 6.4 applied to K < A/P. As a result, Spec(A) = Max(A) = {Py,..., B},
where P; are the minimal prime ideals of A. As in (ii), we obtain A™4 = k(P;) x --- x k(P,), where each
k(P;) = A/P; is a finite field extension of K. In fact, the following exercise shows that (P; - -- P.)™ = (0) for
some n > 1, which implies that A = A/PJ* x --- x A/P, again by Corollary 1.3.5.

(8.13) Exercise. Let A be an artinian ring, i.e., a ring satisfying the descending chain condition for
ideals: every descending chain of ideals I; D I D - -- of A stabilises.

(1) If A is a domain, then it is a field.

(2) A has only finitely many prime ideals my, ..., m,, all of which are maximal.

(3) The ideal my - - - m, is nilpotent: there exists n > 1 such that (my---m,)" = (0).

(4) A=A/mP x--- x A/mP.

(5) A™ = A/my x --- x A/m, is a finite product of fields.

(6) A is a noetherian ring.

(7) Conversely, a noetherian ring in which all prime ideals are maximal (e.g., the ring A/I in Example
8.12(ii)) is artinian.

(8.14) Exercise. Let A be an algebra of finite type over a field. Consider Max(A) C Spec(A) with the
induced topology. Show that the maps “intersection with Max(A)” and “closure in Spec(A)” define mutually
inverse bijections

{closed subsets of Spec(A4)} «— {closed subsets of Max(A)}

and
{irreducible closed subsets of Spec(A)} «— {irreducible closed subsets of Max(A)}.
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(8.15) Irreducibility and extension of scalars. Let K be a field. An affine K-variety Z — A’ is
given by a system of polynomial equations

Z:Nfel f=0,

where I € Spec(K[X1,...,X,]) is a prime ideal. In other words, the ring A = O(Z) = K[X1,...,X,]/I
of regular functions on Z is a domain ( <= A is reduced and Spec(A) is irreducible). The fraction field
Frac(A) is the field of rational functions on Z.

For any field extension K — L we can consider the extension of scalars of Z to L, i.e., the object
Z1, — A7 given by the same system of equations, but this time over L. If we write I = (f,..., f.), then

AL =O0(Zp) = LIX1, ..., Xl /(fis .. ) = A®x L.

When is Zj, an L-variety? The following examples are instructive.

(i) A=RI[X,Y]/(X?2+Y?), K =R, L=C. In this case Ac = C[X,Y]/((X +iY)(X —iY)) is reduced,
but Spec(Ac) is reducible: it corresponds to a pair of complex conjugate lines intersecting transversally.

Note that the element t = X /Y € Frac(A) satisfies t? + 1 = 0. In other words, the field of constants
of Z, namely, K NFrac(A) = R(t) — C, is a non-trivial separable extension of K.

(ii) Let K be a non-perfect field, char(K) = p, a € K \ KP. The K-algebra A = K[X,Y]/(Y? — a) is
a domain. If L is a field extension of K containing « such that o = a, then A;, = L[X,Y]/(YP —a) =
L[IX,Y]/((Y —«)P) is not reduced; it represents a line over L with multiplicity p. The corresponding reduced
ring (Az)™! = L[X,Y]/(Y — a) = L[X] is a domain, so Z7, is not an L-variety, but (Zy)? is.

The field of constants of Z is K N Frac(A4) = K(a), a non-trivial purely inseparable extension of K.

(iii) Let K = F,(a,b), where a,b are variables. Again, the K-algebra A = K[X,Y]/(Y? 4+ aXP? +b) is a
domain, but its extension of scalars to any field L. O K containing elements «, 8 such that o = a and
BP = b is a non-reduced ring A, = L[X,Y]/((Y + aX + 8)P) corresponding again to a line with multiplicity
p ((Ap)™d = L[X,Y]/(Y +aX +8) — L[X] is again a domain). Unlike in (ii), K NFrac(A) = K. However,
the elements X,Y,1 € Frac(A) which are linearly independent over K become linearly dependent in any
field extension of Frac(A) containing K (o, 3) = K'/P, since Y 4+ aX + 8 = 0 in such a field (“Frac(A) and
K'/? are not linearly disjoint over K”).

(8.16) What is going on? There exists a theory of (in-)separability for arbitrary field extensions ([Ei,
A.1.2-1.3], [ZS 1, I1.15]). In examples 8.15(ii) and (iii) the field extension Frac(A)/K is not separable (for
each element z € Frac(A) transcendental over K the extension Frac(A)/K (z) is a finite inseparable extension;
cf. the comments in the first proof of Theorem 4.10).

The general result is the following ([ZS 1, II1.15], [Mu 1, I1.4, Prop. 4]). If A is a domain of finite type
over K and L is an algebraically closed field extension of K, then:

A®k L is reduced <= Frac(A4) ®k L is reduced <= Frac(A)/K is separable (8.16.1)
and
(A®k L) is a domain <= +/(0) € Spec(Frac(A) @k L) <= K*? NFrac(A) = K. (8.16.2)

It follows that

A®p L is a domain < (0) € Spec(Frac(4) ®x L) <= Frac(A)/K is separable and K N Frac(A) = K.
(8.16.3)
Note that A @ K’ is contained in A @ L, for any algebraically closed field L containing K’; thus the
condition (8.16.3) is equivalent to A ® ¢ K’ being a domain for every field extension K — K’.
Note that the field of constants K N Frac(A) is always a finite extension of K, by Exercise 9.6(2).
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9. Dimension theory for affine algebras over a field

There are at least four different definitions of dimension in commutative algebra; the fact that they all agree
is a non-trivial (and very useful) theorem. This theory applies both in algebraic geometry and in arithmetic.
We are going to discuss two global definitions of dimension; a local definition will be mentioned in passing
in 13.8 below. Throughout §9, K is an arbitrary field.

(9.1) Our first goal is to define the dimension of classical algebro-geometric objects, namely

Z:Nfel f=0, Z<AnL,

where I C K[X;,...,X,] is the ideal of polynomial functions vanishing on Z.

We can visualise Z in at least three different ways: either as the set of classical points Z(K) —
Max(A ®x K), where A= O(Z) = K[X1,...,X,]/I is the ring of regular functions on Z, or as Spec(A) or
as Max(A) — Z(K)/ Aut(K/K). Each of these three sets is equipped with the Zariski topology.

What is the dimension of Z equal to? Geometric intuition suggests that we should first decompose
Z = Z1U---U Z, into a union of its irreducible components and then define

dim(Z) = dim(Z; 9.1.1

im(Z) = max dim(Z;), (9.1.1)
where dim(Z;) is the number of independent parameters defining Z;. We need to translate this intuition into
a purely algebraic language involving only the ring of regular functions A = O(Z). We use the decomposition
into irreducible components of Spec(A), which is equivalent to an analogous decomposition of Max(A), by

Exercise 8.14 (examples 8.15(1)-(iii) tell us that such a decomposition need not be preserved under extension
of scalars K — L, but it turns out that dim(Z;) = dim(Z); cf. Theorem 11.6 below).

(9.2) The first step is easy. Any K-algebra of finite type A # 0 has finitely many minimal prime ideals
Py,...,P. (r > 1), which correspond to the irreducible components {P;} = V(P;) — Spec(A4/P;) of
Spec(A), by Corollary 8.11(1). In line with (9.1.1), we impose

dim; (A) = nax dim; (A/F;) (9.2.1)

(we use the subscript “1” to distinguish this geometrically intuitive dimension from the abstract dimension
defined in 9.14 below).

In the second step we consider the domain A; = A/P; (which depends only on the reduced ring A™? and
which is again a K-algebra of finite type). According to Noether’s Normalisation Lemma 4.8, A; is finite over
a suitable polynomial ring K[aq,...,aq,] < A; (this inclusion corresponds to a “finite” geometric morphism
Zi — Afg, where Z; is the irreducible component of Z with the ring of regular functions O(Z;) = A;).
The corresponding extension of the fields of rational functions K (a1, ..., aq;) < Frac(A;) is again finite, by
3.3(ii).

Proposition 9.5 below shows that d; depends only on the field extension Frac(A;)/K: it is the maximal
number of elements of Frac(A;) that are algebraically independent over K (the transcendence degree of
Frac(A;) over K). We define, therefore,

dim; (A/P;) = tr.degy Frac(A/F;) (9.2.2)

and
dim; (A4) = Jnax tr.degy Frac(A/P;). (9.2.3)
As observed above, the collection of domains A/P; depends only on the reduced ring A™¢, hence
dim; (A) = dim; (A™9). (9.2.4)
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(9.3) Definition. A transcendence basis of a field extension K < L is a subset B C L such that L is
algebraic over K(B) and B is algebraically independent over K (i.e., every finite subset of B is algebraically
independent over K ).

(9.4) We can take, for example, B = {Xy,...,X,} (resp. B =10)if L = K(X1,...,X,,) (resp. if L is
algebraic over K). We are going to show that the cardinality of B depends only on the field extension L/K.
For our purposes, it will be enough to consider finitely generated field extensions (see [ZS 1, I1.12] for the
general case).

(9.5) Proposition-Definition. Let K < L be a field extension of finite type.

(1) If B (resp. S) is a finite subset of L such that B is algebraically independent over K (resp. L is algebraic
over K(S)), then |B| < |S|. In particular, |B| is bounded above by the number of generators of the field
extension L/ K.

(2) If |B| is maximal, then B is a transcendence basis of L/K and all transcendence bases of L/K have
cardinality |B|. We say that L/K has transcendence degree (notation: tr.degy L) equal to |B|.

(3) Any finite set S of generators of the field extension L/K contains a transcendence basis of L/ K.

Proof. (1) We can assume that B = {b1,...,b,} with n > 0. We claim that there exists s; € S which is
transcendental over K(by,...,b,). Indeed, if all s € S were algebraic over K(bs,...,b,), then the exten-
sion K(S)/K (ba,...,by), hence also L/K (bs,...,by,), would be algebraic, but b; € L is not algebraic over
K(by,...,b,). Therefore sq,bs,...,b, are algebraically independent over K. Repeating the procedure, we
obtain s1,...,s, € S, which are algebraically independent over K, hence distinct; thus |B| =n < |S].

(2) If B has maximal cardinality among algebraically independent (over K) subsets of L, then B is a
transcendence basis of L/ K, by definition. If B’ is another transcendence basis of L/K, then (1) for S = B’
yields |B| < |B’|, hence |B| = |B’|, by maximality of | B|.

(3) The proof of (1) applied to S and any transcendence basis B implies that S contains a subset S’ C S con-
sisting of algebraically independent elements (over K') which has cardinality |S’| = |B|; it is a transcendence
basis of L/K, by (2).

(9.6) Exercise. A field extension K — L is purely transcendental if L = K (B) for some transcendence
basis B of L/ K.

(1) If K — L — M are field extensions with K — L purely transcendental, then the minimal polynomials
over K and over L of any element o« € M which is algebraic over K coincide.

(2) If K — M is a field extension of finite type, then {o € M | « is algebraic over K} is a finite extension
of K.

(3) If K — M is a field extension of finite type, then for any intermediate field K — L < M, the field
extensions K — L and L < M are of finite type and tr.deg, M = tr.deg, L + tr.deg; M.

(9.7) Proposition. If A # 0 is a K-algebra of finite type, then:

dim; (A) =0 <= each minimal prime ideal of A is maximal <= Spec(4) = Max(A) <=
<= A™4 i a finite product of fields

Proof. Let Pi,...,P. be the minimal prime ideals of A. If dim;(A) = 0, then each A/P; C Frac(A/F;) is
a K-algebra of finite type consisting of elements algebraic over K, hence is a finite field extension of K, by
Proposition IT1.3.10 and II1.3.15. It follows that P; € Max(A), hence Spec(A) = Max(A) = {P1,..., P }.
As in Example 8.12(ii), A4 =5 A/P; x --- x A/P,. Conversely, if A*4 is a finite product of fields, then
each of these fields must be finite over K, by Theorem 6.5(1), hence A™? is as in Example 8.12(iii), which
implies that dim;(A™4) = 0.

If dim; (A) = d > 0, then at least one of the rings A/P; is finite over K[X;,..., X4, hence A/P; is not
a field and Spec(A) # Max(A).

(9.8) The key property of dimension is the following special case of Krull’s Principal Ideal Theorem (see
10.21 below for the general statement). It makes precise the geometric intuition according to which dimension
decreases by one if we impose one non-trivial condition f = 0.
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(9.9) Theorem (A special case of Krull’s Principal Ideal Theorem (Hauptidealsatz)). Let A be a
domain of finite type over K, let f € A, f # 0, let P € Spec(A) be minimal among the prime ideals containing
f (in other words, {P} = V(P) — Spec(A/P) is an irreducible component of V ((f)) — Spec(A/(f)), the
locus of the points where f =0). Then

tr.deg Frac(A/P) = tr.degy Frac(A) — 1.

[Note that the existence of P, which we assume, implies that f & A*.]

Proof. The following argument is due to Tate (see [Mu 1, .7. Thm.2]). Tt consists of three simple steps.
Step 1: reduction to the case when V(P) is the only irreducible component. This is done by
localising, i.e., by finding a function g € A which identically vanishes on the remaining irreducible components
(but not on V(P)) and then removing all zeroes of g by imposing a new equation Yg — 1 = 0 (cf. the proof
of Theorem 6.5(6)).

In concrete terms, let Pp,..., P, (with P; = P) be as in Corollary 8.11(2), for I = (f); then \/(f) =
PyN---NP.. For each i # 1 choose g; € P;\ P; then g = go---g, € Py--- P, \ P, which means that
V(P:)U---UV(F,) CV((g)), but V(P) ¢ V((g)). We remove the set of all zeroes V((g)) of g by replacing
A by the K-algebra of finite type

B =A[Y]/(Yg—1) = A[l/g] C Frac(A) = Frac(B).

Note that PB € Spec(B), since B/PB = (A/P)[1/g], g = g (mod P) € (A/P)\ {0}. On the other hand,
P,B=DBfori#1,sincel =g-Y € P;B; thus

(/AB=(PN--NP)BCc P\BN---NP.B=PB=PP,---P.BC(P.N---NP.)B=+/(f)B,

which implies that \/(f)B = PB is a prime ideal of B and Frac(B/PB) = Frac(A/P). As a result, we can
replace the triple (4, f, P) by (B, f, PB) and assume that \/(f) = P is a prime ideal.
Step 2: reduction to the case when A is a polynomial ring. This is done by combining Noether’s
Normalisation Lemma 4.8 with a norm argument. More precisely, there exists a polynomial subalgebra
Ap = K[X4,...,X4] C A such that A is finite over Ag. We want to replace all objects

V(f) =P C ACFrac(A) = L
by

Py=PnNAyC Ay :K[Xl,...,Xd] CFI"&C(Ao) = Lg :K(Xl,...,Xd).
As A is finite over Ay, so is L over Lo and A/P and Ag/Py; thus

tr.degy L = tr.degy Lo = d, tr.degy Frac(A/P) = tr.degy Frac(4o/P).
(9.10) Lemma. Py = +/(fo), where fo = Np,1,(f)

Proof of Lemma. According to Proposition 3.4, the minimal polynomial equation for f over the integrally
closed ring Ay is of the form f” 4 a,_1f" 14 +ag, with all a; € Ag. In particular, fo = iaLbL:L“(f)] € Ap.
Moreover, ag € Ag N fA C Ag N P = Py, which implies that fy € Py, hence /(fo) C Py. Conversely, if
h € Py, then h™ € fA for some m > 1, hence h™E:Lol = Ny ; (k) € Ny 1, (f)N1/1o(A) C foAo = (fo)
(using Corollary 3.6), which proves that Py C 1/ (fo). Lemma is proved.

Step 3: elementary verification of Theorem 9.9 in the case when A is a polynomial ring. Thanks
to Step 2 and Lemma 9.10 we can replace the triple (A4, f,P = \/W) by (Ao = K[X1,...,X4], fo,Po =
v/ (fo)). The condition /(fo)) = Py € Spec(Ap) implies, by Example 8.12(i), that Py = (foo), where
foo € K[X1,...,X4] is an irreducible element (non-constant). Theorem 9.9 is then a consequence of the
following elementary statement.
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(9.11) Lemma. Let foo € K[Xi,...,X4] be an irreducible non-constant polynomial. The ring R =
K[X1,...,X4]/(foo) is a domain and tr.degy Frac(R) =d — 1.

Proof of Lemma. The ring R is a domain, by Proposition 1.5.7. We can assume that the variable Xy occurs
in foo; its image X4 € R is then algebraic over K[X1,..., X4_1] C R, which implies that tr.deg, Frac(R) <
d — 1. Conversely, if X1,...,X4_1 were algebraically dependent over K, then there would be a non-zero
polynomial h € K[Xy,..., X4 1] such that h = 0, hence h € f-K[Xy, ..., X,4], which is impossible; therefore
tr.degy Frac(R) > d — 1.

(9.12) Corollary. If A is a K-algebra of finite type and Py C Py are prime ideals of A, then
dlml(A/Pl) S dlml(A/Po) — 1,
with equality if Py is minimal among the prime ideals # P, containing P;.

Proof. We can replace A by A/P,, hence assume that Py = (0) and A is a domain. Let f € P; be any
non-zero element and let @ C P;/(f) be a minimal prime ideal of A/(f); then Q = P/(f) for a prime ideal
P C P; of A which is minimal among prime ideals containing f. As A/P; is a quotient of A/P, we have
dim; (A/Py) < dim; (A4/P), with equality if P; is minimal among non-zero prime ideals (since P = P; then).
Applying Theorem 9.9 to the triple (A4, f, P), we obtain

dlml(A/P) = dlml(A/Po) — 1,

which concludes the proof.

(9.13) In view of Corollary 9.12, it is natural to study the lengths of chains of prime ideals of A

P,CP C---CP, (9.13.1)

which correspond to chains of irreducible closed subsets of Spec(A)

V(o) 2V(P) 2 2 V(P), V(P:) = {P:;} > Spec(4/P).

=

This makes sense for arbitrary rings A. Corollary 9.12 then serves as a motivation for the following general
definition.

(9.14) Definition. (1) Let X # 0 be a topological space. The Krull dimension of X is
dim(X)=sup{r>0|32Zy2 2, 2+ 2 Z,, Z; irreducible closed subset of X} € NU {+0c0}.
(2) Let A # 0 be a ring. The Krull dimension of A is
dim(A4) = dim(Spec(A4)) =sup{r >0|3I Py C PL C--- C P, P, € Spec(A)} € N U {+o00}.

(9.15) Examples. (i) dim(A) =0 <= Spec(A) = Max(A4). In particular, a domain of dim(4) =0 is a
field.
(ii) For A = K[X4,...,X,] the chain

(0)

has length n, hence dim(K[Xy, ..., X,]) >
is, in fact, an equality.

(iii) If A is a noetherian ring, then all chains (9.13.1) have finite length. However, this does not necessarily
imply that dim(A) < co. In fact, Nagata constructed an example of a noetherian ring of infinite dimension
(see [De 2, Ex. 6.7], [Re, 9.4(3), Ex. 9.2]).

(iv) Chains of prime ideals (9.13.1) with fixed Py are in bijection with the corresponding chains

N

(X1) < C(X1,...,Xy)
n = dim (K[X1,...,Xy]). Theorem 9.16 below implies that this

O Sh/BC-CP/R
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of prime ideals of the domain A/Py.
(v) Proposition 8.7 tells us that every Py € Spec(A) contains a minimal prime ideal @. Chains (9.13.1) with
Py containing a fixed minimal ideal @) then correspond bijectively to chains

R/QCh/QC--CP/Q
in the domain A/Q. As a result,

dim(A) = sup{dim(A4/Q) | Q minimal prime ideal},
which is analogous to (9.2.1).
(9.16) Theorem. Let A # 0 be a K-algebra of finite type.
(1) dim(A) = dim; (A).
(2) Let P C Q be prime ideals of A. If P =Py C P, C --- C P. = Q is a chain of prime ideals of A between

P and @), then
r < dim;(A/P) — dim; (A/Q) = tr.degpyac(a/q) Frac(A/P),

with equality if the chain is saturated (i.e., if it cannot be refined).  [Rings for which all saturated chains
between any fized pair P C Q of prime ideals have the same length are called catenary.]
(3) If P € Spec(A) and if If P =Py C P, C --- C P, is an increasing chain of prime ideals starting at P,
then

t < dim;(A/P) = tr.degy Frac(A/P),
with equality if the chain is saturated (i.e., if it cannot be refined nor extended beyond P;).

Proof. The statement (2) for P = (0) and @ € Max(A) implies (1) in the case when A is a domain (since
A/Q is a finite field extension of K, by the Nullstellensatz, hence dim;(A/Q) = 0). The general case of (1)
follows by combining (9.2.1) with Example 9.15(v).

Any chain in (2) has finite length, since A is noetherian. Corollary 9.12 tells us that

VizO,...,r—l dlml(A/PH_l)Sdlml(A/R)—l,
with equalities everywhere <= the chain is saturated. Taking the sum of these (in)equalities yields (2).
(3) There exists @ € Max(A) containing P;. Replacing P; with @ and applying (2) to this modified chain,
we obtain, as in the proof of (1),
t <dimy(A/P) — dim;(4/Q) = dim;(A/P),

with equality if the original chain was saturated.

(9.17) Nagata constructed a non-catenary local noetherian domain, which has saturated chains of prime
ideals (between (0) and the unique maximal ideal) of different lengths (2 and 3). See [Re, 9.4(2), Ex. 9.4].

(9.18) Theorem. Let A be a domain of finite type over K, let f1,..., f. € A. If thering A’ = A/(f1,..., fr)
is non-zero, then dim(A’/P’) > dim(A) — r, for every minimal prime ideal P’ of A’.

Proof. This follows from Theorem 9.9 by induction on r.

(9.19) Example. The union of the three coordinate axes in A3 is given by three equations

X1 Xo =X1X3=X2X3=0.

In this example A= K[.Xl,XQ, Xg], f1 = X2X3, fg = .le)(g7 f3 = X1X2, r = 3, dlm(A) = 3, dlm(A//P/) =1
for every minimal prime ideal P’ of A’. In fact, the ideal (f1, f2, f3) C A cannot be generated by two elements
(exercise!).

10. Localisation

We saw in 5.4-5.5 how to formally invert an arbitrary element f of a ring A, by passing to a new ring
A[l/f] = AlY]/(Y f — 1), in which (the image of) f has an inverse, namely, Y. However, the ring A[1/f]
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can sometimes be zero. In this section we are going to study rings obtained by inverting an arbitrary subset
of A.
(10.1) Let A be any ring. A subset S C A is multiplicative if 1 € S and st € S for all s,¢ € S.

Our goal is to construct a “universal” ring S~'A containing fractions a/s = % (a € A, s € S) satisfying
the usual relations. We want to imitate the classical procedure for constructing the fraction field of a domain
A (for S = A\ {0}), when a/s is the class of a pair (a,s) € A x S with respect to the equivalence relation

(a,8) ~(d',s') <= as’' —a's=0. (10.1.1)

The problem is that the relation (10.1.1) need not be transitive if A is not a domain. The correct general
definition is the following:

(a,8) ~ (d',s") <= Fte S tas’' —a's)=0. (10.1.2)

One checks that (10.1.2) is, indeed, an equivalence relation on A x S and that the set S~!A of equivalence
classes forms a ring with respect to the usual operations

a a as’ +sa aa aa’

s s ss’ r s’

where a/s = % denotes the equivalence class of (a,s). The zero (resp. the unit) of S~'A is 0/1 (resp. 1/1).

(10.2) Proposition. (1) ST'A=0 < 0€ 5.

(2) The canonical map o : A — S™'A, a(a) = a/1, is a ring homomorphism with kernel Ker(a) = {a € A |
dse€ S sa=0}.

(3) (Universal property) If 8 : A — B is a ring homomorphism such that 3(S) C B*, then there is a unique
ring homomorphism 3 : S~'A — B such that o a = 3, namely, 3(a/s) = B(a)B(s)"* .

(4) If S = {f™ | n > 0} for some f € A, then the map B: S™1A =5 A[Y]/(Y f —1) = A[1/f] corresponding
to the canonical morphism 8 : A — A[Y]/(Y f — 1) is an isomorphism of A-algebras.

(5) If A is a domain and 0 ¢ S, then S~'A = {a/s € Frac(A) | a € A, s € S} C Frac(A).

Proof. Easy exercise ([Re, 6.2]).
(10.3) S'A is a limit of A[1/f] (f € S). Note that, if A is a domain and 0 ¢ S, then

S~'A = [ A[1/f] C Frac(A).
fes

A similar relation holds in general, since S~! A requires inverting all elements of S. However, the rings A[1/f]
are no longer contained in a common big ring. Nevertheless, S™1A4 is the direct limit of A[1/f] (f € S):

S7tA = %A[l/ﬁ. (10.3.1)

(10.4) What is a direct limit? Assume that I is a non-empty ordered set with the property that for all
i,j € I there exists k € I such that i < k and j < k. In addition, assume that we are given sets X; (i € )
and maps «;; : X; — X, (i < j) which are transitive: a;; = a;j © a;;. The direct (or inductive) limit of
the X; is the set

X =limX; =[] X;/ ~
defined as the quotient of the disjoint union of the sets X; by the equivalence relation
Ty~ T; dk ’L<k,]<k, aik(xi):ajk(zj).

For each ¢ € I there is a natural map 3; : X; — X sending x; to the class of z; in X; these maps
satisfy B; o ay; = B;. The direct limit X is the universal object among sets having this property. If all
X, are contained in some set Y (which means that the maps c;; are the corresponding inclusions), then
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X =JX; CY. If all X; are groups (rings, modules ...) and all a;; are homomorphisms of groups (rings,
modules ...), then X is again a group (ring, module ...).
In (10.3.1), if f | f/, then ' = fg for some g € A and the ring homomorphism

a ag"

—

e (fe)r

depends only on f and f’, not on g. Moreover, these maps are transitive for f | f' | f”, hence give rise to
the direct limit lim A[1/f] (indexed by I = S with order f < f" <= f[[f').

(10.5) A construction similar to that in 10.1 works for an arbitrary A-module M. One checks that the
relation

AL/ f] — AlL/f],

(m,s) ~(m',s) <= 3FteS t(ms —m's)=0

on M x S is an equivalence relation and that the set S™'M of equivalence classes forms an S~ A-module
with respect to the operations

m m'  ms +sm’ am am

/ / ’ / 77

S S SS

where m/s = = € S~1M denotes the equivalence class of (m,s). Again,
S™IM = lim M[1/f],
iy (1/f]

where M[1/f] = {1, f, f?,...} 7' M. We leave it as an exercise to formulate an analogue of Proposition 10.2
for S™'M. One can show that S™'M = S™'A ®4 M, but we are not going to use this fact. The most
important property of the localisation for modules is the following exactness property.

(10.6) Proposition (M +— S™'M is an exact functor). If M-LsN 95 P is an exact sequence of
A-modules, then , ,

S—iv L sIN Ly 5-1p,
where f'(m/s) = f(m)/s and ¢'(n/s) = g(n)/s, is an exact sequence of S~! A-modules.
Proof. One checks that f’ (and ¢’) are well-defined homomorphisms of S~!A-modules. The condition
Im(f) = Ker(g) implies that g o f = 0, hence ¢’ o f/ = 0, which means that Im(f’) C Ker(g’). Conversely,
if g'(n/s) = g(n)/s = 0 € S™1P, then there exists t € S such that tg(n) = g(tn) = 0 € P, hence

tn € Ker(g) = Im(f), tn = f(m) for some m € M. It follows that f'(m/st) = f(m)/st = tn/st = n/s;
therefore Ker(g') C Im(f”).

(10.7) Corollary. If L C M is an A-submodule, then S~'L € S™'M and S~'(M/L) = S~'M/S~'L. In
particular, if I is an ideal of A, then S~1I is an ideal of ST A.

(10.8) Proposition (Localisation commutes with quotients). For any ideal I of A the image S

of S in A = A/I is a multiplicative subset of A and the canonical map S™'A/S7' — 5 A sending
a/s (mod S~I) to a/s is a ring isomorphism.

Proof. If we view A as an A-module, then STA =5 s canonically isomorphic to S™*A/S~!I as an
S~! A-module, by Corollary 10.7. It is easy to check that the map in question is a ring homomorphism.

(10.9) Definition. If P € Spec(A), then S = A\ P is a multiplicative set. The corresponding localisation
Ap (resp. Mp) is called the localisation of A (resp. of M) at P.

(10.10) Examples. (i) If A is a domain and P = (0), then Ap = Frac(A).
(ii) If A =Z and P = (p), where p is a prime number, then

Zy ={a/bla,beZ,pfb} CQ.
(iii) If A = K[X] for a field K and P = (X — ¢) (c € K), then
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K[X]x—o) ={f/g 1 f,9 € K[X], g(c) # 0} C K(X).

This is the ring of those rational functions on the affine line AL which are defined at the point ¢ € K.
(iv) Both rings in (ii) and (iii) are examples of discrete valuation rings (see §14 below), since

Zipy \ {0} = U " (Ze)", K[X]x-\{0} = JX - )" (K[X]x_0)"
n>0 n>0

As we shall see, discrete valuation rings are non-singular local objects of dimension one.
(v) If @ C P are prime ideals of A, then QAp € Spec(Ap) and one can check that the localisation of Ap
at QAp coincides with Ag. For example, if A = K[X,Y] (K a field), Q@ = (X) and P = (X,Y), then
Ap={f/g9| f,9 € K[X,Y], g(0,0) # 0} and Ag ={f/g| f.g € K[X,Y], X { g}. Geometrically, Ap (resp.
Ag) consists of those rational functions on the plane A% which are defined at the origin (0,0) (resp. which
are defined at sufficiently “generic” points of the line X = 0).
(vi) The ring A = K[X,Y]/(XY?) is generated as a K-algebra by X,Y, where XY~ = 0. We are going to
determine the localisations of A at the two minimal prime ideals (X), (Y) € Spec(A) of A. The localisation
A 5 contains 1 /Y, hence X/1=0¢ Ax)- It follows that

Agx) = (4/(X))0) = Frac(K[Y]) = K(¥).

hence 72/1 =0 € A5 ; thus

Similarly, 1/X € A Rt

)
=2
Ay = (/T g = (KX, Y]/ (YD) ) = K(X)Y]/(V?)
(the dual numbers over K(X)). Geometrically, A = O(Z), where Z : XY? =0 (Z — A%) is a union of the
vertical axis X = 0 with the double horizontal axis Y2 = 0, since (XY?) = (X) N (Y?).
(10.11) Geometric interpretation of Ap. For each f € A, the ring A[1/f] can be interpreted as the

ring of functions on D(f) = Spec(A) \ V((f)) = {P € Spec(4) | f ¢ P}. Indeed, the value of any element
a/f" € A[l/f] (a € A) at P € D(f) is equal to

i( - a (mod P)
fr 7 (f (mod P))"
which makes sense, since f(P) = f (mod P) #0 € A/P.

For fixed P € Spec(A), the sets D(f) for f ¢ P form a basis of open neighbourhoods of P in Spec(A),
which means that (10.3.1) for S = A\ P

€ Frac(A/P) = k(P),

Ap = lim A[l = 1l All 10.11.1
P = lin [1/f] po [1/1] ( )
identifies Ap with the ring of germs of functions on Spec(A) at P. In general, a germ at a point x
is represented by a function defined on some open set U > z; two functions define the same germ if they
become equal on some open neighbourhood of x contained in their common domain of definition. This is a
very general and very useful concept.

For example, we can consider continuous or differentiable or holomorphic functions. In the latter case,
the ring of germs at 0 € C is the ring C{X} of power series f € C[[X]] with positive radius of convergence.

(10.12) Ideals of S~!A. The canonical morphism o : A — S~1A induces the extension and restriction
maps

e : {ideals of A} — {ideals of S™'A}, e(l)=S"1A-a(l)=5"11

7 : {ideals of S™'A} — {ideals of A}, r(J)=a (J).

(10.13) Proposition. (1) e(r(J)) = J holds for all ideals J of S~ A.
(2) r(e(I)) ={a€ A|Is €S sa €I} (= the “S-saturation of I”) holds for all ideals I of A.
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(3) The maps r and e define mutually inverse bijections between the set of all ideals of S~*A and the set of
all S-saturated ideals
{ideals I of A such that [s € S, sa € ] = a € I|}

of A.

(4) If A is a noetherian ring, so is ST A.

(5) An ideal I of A satisfies e(I) = ST'A < r(e(I))=A < INS#0.

(6) For a prime ideal Q € Spec(A) the extension S™1Q = e(Q) is a prime ideal of S*A (resp. is equal to
S71A)if QNS =0 (resp. if not).

(7) The canonical homomorphism o : A — S™1A induces an injective map o* : Spec(S~1A) — Spec(A)
with image Im(a*) = {Q € Spec(A) | Q NS = 0}.

Proof. (1), (2) This is an easy calculation ([Re, 6.3]). (3) is a consequence of (1) and (2). If I = (fy,..., f),
then e(I) = (f1,...,fr) in ST1A. As every ideal of S7'A is of the form e([I), this proves (4). In (5),
ST =514 — 371(14/[) = 0 (by Proposition 10.8), which is equivalent to 0 € S <= INS # 0.
Similarly, in (6) we have S™1A4/S71Q = E_I(A/Q), which is a domain (resp. is the zero ring) if 0 € S (resp.
if not), where S is the image of S in A/Q. The map o* in (7) is given by 7; as eor = id, a* is injective. By
(3), Q € Spec(A) lies in Im(a*) <= @Q is S-saturated, which is equivalent to @ N S =0 (by (6)).

(10.14) Proposition-Definition. (1) Let P € Spec(A). The map Q — QAp = (A\ P)7'Q defines a
bijection {Q € Spec(A4) | Q@ C P} — Spec(Ap). In particular, the ring Ap has a unique maximal
ideal (rings having this property are called local rings), namely PAp. The residue field of Ap is equal to
Ap/PAp = Frac(A/P) = k(P).

(2) The semi-localisation of A at a finite set of prime ideals Pi,..., P. € Spec(A) is the ring S™1A
for S = A\ (P U---UP,). The map Q — Q- S~ 'A = S71Q defines a bijection {Q € Spec(A4) | Ji Q C
P;} =5 Spec(S~1A). In particular, Max(S~1A) = {S~1Py,...,S71P.}.

Proof. (1) Combine Proposition 10.13(7) with 10.8, which gives Ap/PAp = {A/P \ {0}}"1(A/P) =
Frac(A/P). In (2) we must check that a prime ideal @ € Spec(A) satisfying Q@ C P, U--- U P, is con-
tained in one of the P;, which is a special case of the following lemma.

(10.15) Lemma (Prime avoidance). Let J, I1,..., I, be ideals of A such that J C I U---UI, and that
at most two among Iy, ..., I, are not prime ideals. Then J C I; for some i.

Proof. By induction on n, we can assume that n > 2 and that J is not contained in U#j I; for any j; we
have, therefore, x; € J such that x; ¢ U#j I;, for all j =1,...,n. We can also assume that I; is a prime
ideal if n > 2. The element y = x1 + x5 - - - x, € J then satisfies y &€ I; U--- U I,,, which is a contradiction.

(10.16) Examples. (i) According to Proposition 10.14(1), chains of prime ideals P C P, € --- C P,
of A # 0 for which P, is contained in a fixed prime ideal P € Spec(A) correspond bijectively to chains
PyAp C PLAp C --- C P.Ap of prime ideals of Ap. In particular,

dim(Ap) =sup{r >0|3Ph C P C---C P. C P, P, € Spec(A4)},

dim(A) = sup dim(An)
meMax(A)

and, thanks to 9.15(iv),

dim(A) > dim(Ap) + dim(A/P).

(ii) For every f € A, the canonical morphism o : A — A[1/f] induces a bijection

a” : Spec(A[1/f]) = {P € Spec(4) | f ¢ P} = D(f) = Spec(4) \ V((f)) = Spec(A) \ Spec(4/(f)),

by Proposition 10.13(7) for S = {f™ | n > 0}. In particular, each open set D(f) C Spec(A) is naturally of
the form Spec(—).
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This is not true for more general open subsets. For example, the plane with one point removed,
A2\ {(0,0)} = Spec(K[X,Y]) \ {(X,Y)} is not of the form Spec(—). However, making this statement
precise requires some non-trivial foundational work. Here is a hint: the “true” Spec(A) is not just the
topological space we have been studying here, but it is equipped with rings of regular functions O(U) on
each open subset U C Spec(A). For example, O(D(f)) = A[l/f], and O(U) for general U is determined by
a glueing property.

In the special case U = Spec(K[X,Y])\{(X,Y)} we can write U = D(X)UD(Y"), where D(X)ND(Y) =
D(XY) (D(X) is the plane with the Y axis removed, D(Y) the plane with the X-axis removed). The ring
O(U) of functions regular on A% \ {(0,0)} should be the intersection of O(D(X)) = K[X,Y,1/X] and
O(D(Y)) = K[X,Y,1/Y] inside O(D(XY)) = K[X,Y,1/X,1/Y], which is equal to K[X,Y] = O(A%).

(10.17) Exercise. Assume that 0 ¢ S.

(1) If A is an integrally closed domain, so is S™1A.
(2) If A is a PID, so is STt A.

(3) If A is a UFD, so is ST1A.

(10.18) Exercise. The support of an A-module M is supp(M) = {P € Spec(A) | Mp # 0} (geometrically,
one should think of the collection {Mp} as a family of spaces living over Spec(A)).

(1) If P € supp(M), then V(P) C supp(M).

(2) M =0 <= VP € Spec(A) Mp=0 <= Vme Max(A) My=0.

(3) If0 — M — N — P — 0 is an exact sequence of A-modules, then supp(N) = supp(M ) Usupp(P).
(4) If T is an ideal of A, then supp(A/I) =V (I).

(5) If M is a finitely generated module over a noetherian ring M, then there exists a finite filtration 0 =
Mo C My, C---C M, =M (r>0) by submodules such that M;,/M; —~+ A/Q; for some Q; € Spec(A).
(6) In the situation of (5), supp(M) = U;_, V(Q:). [This is the beginning of the theory of primary
decomposition; see [Re, §7] and [Ei, ch. 3] for more details.]

(10.19) Proposition. Let A be a domain with fraction field K.
(1) Nmemax(a) Am = A (the intersection taken in K).
(2) If A,, is integrally closed for each m € Max(A), then A is integrally closed.

Proof. (1) For x € K the set I = {a € A | ax € A} is an ideal of A. Moreover, x € A, <= I ¢ m. In
particular, if x € mmEMax(A) An, then I = A, which means that x € A.

(2) If « € K is integral over A, then it is integral over each A, hence is contained in ﬂmeMaX(A) Ay = A.

(10.20) Theorem. If A is a domain of finite type over a field, then

VP € Spec(A)  dim(A) = dim(Ap) + dim(A/P).

Proof. Let m € Max(A) be any maximal ideal containing P. There exists a saturated chain (0) C P, C --- C
Py, = P of prime ideals of A between (0) and P of length & = dim(Ap) and a saturated chain of prime ideals
P=QyC - CQ =mbetween P and m of length [ = dim(A/P). Their concatenation (0) C P; C --- C
P C--- C Qis a saturated chain of prime ideals between (0) and m of length k4! = dim(Ap) + dim(A/P).
According to Theorem 9.16(3), the length of this chain is equal to dim(A).

(10.21) The general form of Krull’s Principal Ideal Theorem (Hauptidealsatz) is the case n = 1 of the
following statement ([Ei, Thm. 10.2], [M, Thm. 13.5], [De 2, Thm. 7.2]).

If A is a noetherian ring and f1,..., f, € A, then any P € Spec(A) which is minimal among prime
ideals containing (f1,..., fn) satisfies dim(Ap) < n.

We have proved this result in the case when A is an algebra of finite type over a field, by Theorem 9.18
and Theorem 10.20 (one can replace A by its quotient by a minimal prime ideal, hence suppose that A is a
domain).
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(10.22) Theorem. If A is a domain of finite type over a field, then A is a UFD <= every prime ideal
P € Spec(A) which is minimal among non-zero prime ideals ( <= dim(Ap) = 1) is principal. [In fact,
this result holds for arbitrary noetherian domains, but the proof requires Krull’s Principal Ideal Theorem.]

Proof. We know that a noetherian domain A is a UFD <= the principal ideal (f) generated by any
irreducible element f of A is a prime ideal, by Corollary 11.3.13. Assume that this condition holds. If
P € Spec(A) is minimal among non-zero prime ideals, take any a € P, a # 0. The element a is not invertible
in A, hence can be written as a non-trivial product a = f; - - - f,. of irreducible elements f; (r > 1). The ideal
P is prime, hence f; € P for some i; then (f;) C P is a non-zero prime ideal, hence (f;) = P, by minimality
of P.

Conversely, assume that the condition in the statement of the theorem holds. If f € A is irreducible,
let P € Spec(A) be minimal among prime ideals containing f; then dim(Ap) = 1, by 10.21 for n = 1
(dim(Ap) # 0, since P # (0)). Our assumtion then says that P = (g) is principal. The inclusion (f) C (g)
implies that ¢ | f, hence f = gu for some u € A* (g is not invertible); therefore (f) = (g) is a prime ideal.

11. Fibres of a morphism and theorems of Cohen-Seidenberg

(11.1) Given a ring homomorphism « : A — B, what can be said about the fibres of the induced map
a* : Spec(B) — Spec(A)?

For example, if A and B are algebras of finite type over a field K, then o* : Q — a~(Q) maps
Max(B) to Max(A) (since A/a~1(Q) C B/Q and B/Q is a finite field extension of K if Q € Max(B), by the
Nullstellensatz). If K = K is algebrically closed, then the map a* : Max(B) — Max(A) is just the map
between the classical points of the algebraic sets corresponding to B and A.

(11.2) Proposition. Let oo : A — B be a ring homomorphism. For any P € Spec(A) there is a natural
bijection between (a*)~'(P) C Spec(B) and Spec(Bp/PBp), where Bp = S7'B for S = a(A\ P) and
Bp/PBp = Bp/a(P)Bp.  [Ezercise: this bijection is, in fact, a homeomorphism.]

Proof. A prime ideal @) € Spec(B) satisfies

a*(Q)DP — @QDa(P)B < Qe V(a(P)B), a*(Q)C P < QCa(P) < Qna(A\P) = 0.

The statement then follows by applying 7.5(3) and 10.13.(7).

(11.3) From now on we concentrate on the case when « : A — B is injective, i.e., when A < B is a ring
extension. In this case a*(Q) = Q@ N A and Im(a*) is dense in Spec(A), by 7.5(4).

(11.4) Proposition. Let a: A < B be an integral ring extension.

(1) Q € Spec(B) lies in Max(B) <= P =QN A € Max(A).

(2) The map o* : Spec(B) — Spec(A) is surjective.

(3) The map a* : Spec(B) — Spec(A) is closed (i.e., the image of a closed set is closed).
(4) If @ C Q' are prime ideals of B such that QN A=Q N A= P, then Q@ =Q'.

(5) Moreover, if A — B is a finite ring extension, then the map «* has finite fibres.

Proof. (1) Apply Lemma 6.4 to the integral ring extension A/P — B/Q.

(2) We can assume that A # 0. Fix P € Spec(A) and consider the localised integral ring extension ap : Ap <
Bp, where Bp = S71B for S = A\ P. There exists n € Max(Bp) (since Ap # 0); then ap'(n) =nnNAp €
Max(Ap) = {PAp}, by (1); thus ap'(n) = PAp. If we denote by i : A — Ap (vesp. j : B — Bp) the
canonical maps, then the prime ideal Q = j~!(n) € Spec(B) satisfies QN A =a " 1(j71(n)) = (joa) t(n) =
(apoi)~'(n) =i~ Y ap'(n)) =i ' (PAp) = P.

(3) Let V(J) — Spec(B/J) C Spec(B) be a closed subset (where J is an ideal of B). If Q D J is a prime
ideal of B, then P = a*(Q) = QN A D> JNA = I; thus o*(V(J)) € V(I) — Spec(A/I). On the other
hand, the statment (2) applied to the integral ring extension A/I < B/.J tells us that the restriction of a*
to Spec(B/J) — Spec(A/I) is surjective, hence o*(V(J)) = V(I) is closed in Spec(A).

128



(4) As in the proof of (2) we localise at S = A\ P. We obtain an integral ring extension Ap < Bp and two
prime ideals QBp C Q'Bp of Bp whose intersection with Ap is the maximal ideal PAp of Ap. Applying (1),
we deduce that both QBp and Q' Bp are maximal ideals of Bp. They must coincide, since one is contained
in the other. The equality QBp = Q' Bp implies that (Q'/Q)p = 0 (by Corollary 10.7), hence for each
b € Q' there exists s € S (hence s € Q) such that sb € Q; thus b € Q, since @ is a prime ideal. This shows
that Q = Q'.

(5) If P € Spec(A) and B is finite over A, then Bp/PBp is finite over the field Ap/PAp = Frac(A4/P),
hence (a*)~(P) = Spec(Bp/PBp) is finite, by 8.12(iii).

(11.5) Theorem (“Going up”). Let A — B be an integral ring extension. Given prime ideals Py C Py
of A and Qo € Spec(B) such that Qo N A = Py, then there exists ()1 € Spec(B) such that Qo C Q1 and
QiNA=P.

Proof. Proposition 11.4(2) applied to the integral ring extension A/Py — B/Qq tells us that there exists
a prime ideal of B/Qo, necessarily of the form Q1/Qo for some @1 € Spec(B) containing @, such that
QI/QO ﬁA/PO = Pl/Po; thus Q1 N A= P;.

(11.6) Theorem. If0# A — B is an integral ring extension, then dim(A) = dim(B).

Proof. If Qo € Q1 € -+ € @, are distinct prime ideals of B, then QoNA C Q1 NAC --- C Q,NA are
distinct prime ideals of A, by Proposition 11.4(4); thus dim(B) < dim(A). Conversely, given distinct prime
ideals Py € P, € -+ € P, of A, we deduce from Proposition 11.4(2) and a repeated application of “going
up” that there exist prime ideals Qg C @1 C --- C @, of B satisfying Q; N A = P, for all 5. These prime
ideals are necessarily distinct, hence dim(B) > dim(A).

(11.7) Exercise. Use Theorem 11.6 together with Noether’s Normalisation Lemma to prove, inductively,
that diim(K[X1, ..., X,] < n. Deduce from this (and Noether’s Normalisation Lemma) the statement 9.16(1).
[However, this method is insufficient for proving 9.16(2). To do so, one must combine Noether’s Normali-
sation Lemma with the following result.]

(11.8) Theorem (“Going down”). Let A < B be an integral extension of domains, with A integrally
closed. Given prime ideals Py C P; of A and Q1 € Spec(B) such that Q; N A = Py, then there exists
Qo € Spec(B) such that Qo C Q1 and Qo N A = P.

Proof. The proof is more involved that that of “going up”. As we are not going to use this result, we refer
the interested reader to [De 2, III.13] or [Ei, Thm. 13.9].

12. Algebraic and analytic local rings

(12.1) Let K be a field, let Z < A% be the zero locus of polynomials f1,..., f, € K[X1,...,X,]:

Zifi=-=f =0

The ring of regular functions on Z

O(Z)=K[X1,....X:)/(f1,-- -, fr)

contains information about global geometry of Z. What can we say about local geometry of Z around a
given point?

In order to simplify the notation, write B = K[X1,...,X,], J = (f1,..., fr) and A=0O(Z) = B/J. If
we visualise Z as Spec(A), then a “point” means a prime ideal P € Spec(A); it is of the form P = Q/J,
where @) € Spec(B) and Q D J.

According to (10.11.1) we can interpret the localisation Ap as the local ring of Z at P — its elements
are represented by functions regular on a suitable open neighbourhood of P in the Zariski topology.

As localisation commutes with quotients, by Proposition 10.8, we have

Ap = Bg/JBo.
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In the special case when P = m € Max(A) corresponds to a K-rational point a = (a1, ...,a,) € Z(K) C K"
of Z, then Q = (X1 —a1,..., X, —a,), m= (X1 —ay,..., X, —ap) and

Am = K[Xla cee 7Xn}(Xl—al,...,Xn—an)/(fla ey fr)

(12.2) Unfortunately, it turns out that the local rings Ay, are not local enough. The problem is that
non-empty Zariski open sets are quite large (for example, on an irreducible curve they are just complements
of finite sets of closed points). They do not allow us to “zoom in” on truly small neighbourhoods of m. Here
is a typical example.

Let char(K) # 2,

Z:Y? - X*(X+1)=0, Z < A%

a=0=(0,0) € Z(K), Q = (X,Y). The polynomial Y? — X?(X + 1) is irreducible in both B = K[X,Y]
and Bg = K[X,Y](x,y), which means that both rings

A=B/(f), Am=Bq/(f)

are integral domains. However, the curve Z has two branches at the singular point O. This can be seen by
expanding everything in terms of power series in X and Y (the “local coordinates of A% at O”). In other
words, we replace the local ring Bg of the plane at the origin by the power series ring

B= ]{iTmB/Qk' = miK[X, Y]/(X,Y)* = K[[X,Y]]. (12.2.1)

Note that Bg = K[X,Y]x,y) is a subring of E, since any power series (in particular, a polynomial) of the
form 1+ h with h € Q has an inverse (1+ k)" =1—h+h>—h3+--- € B.
As observed in 1.4.11, there exists g € 1 + X K[[X]] such that g = 1 + X, which implies that

Y2 - X)X +1)=(Y - Xg)(Y + Xg) € K[[X,Y]]

is reducible in the power series ring K[[X,Y]]. The two local branches are given by Y + X¢g = 0.
It is natural to interpret the ring

KIIX,Y]/(f) = KX YI/(Y = Xg)(Y + Xg)) = K[X /(Y — X)(Yi + X)) v =yo),
as the analytic local ring of Z at m. Note that, after a non-algebraic change of coordinates Y = Yig,
the two branches become linearised: the equation (Y; — X)(Y7 + X) = 0 represents two lines intersecting
transversally. R

However, we must be careful in dealing with the ring (12.2.2). It is of the form B/JB, but it is not clear
that it depends only on Ay,. It is true that completions such as (12.2.1) commute with quotients (cf. 12.10
below), but the proof requires some work ([Ei, Thm. 7.2]). If we admit this result (which will be proved in
a special case in Theorem 13.11(1) below), then we can, indeed, identify the ring B/JB from (12.2.2) with
the m-adic completion of A (or of Ay):

B/JB < A=lim A/m" =lim Ay /(mAy)*. (12.2.3)
k k

These are special cases of I-adic completions, which generalise power series rings. We now prove a few basic
results about such rings.

(12.3) Definition. Let I be an ideal in a ring A, let M be an A-module. The I-adic completion of M
is the projective limit (see Definition 1.3.7)

M = lim M/T* M
k
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It is a module over the I-adic completion of A
A=1limA/I".
l<lT /

There are canonical homomorphisms M — M and A — A.

(12.4) Examples. (i) A = K[Xy,...,.X,], I = (X1 —a1,..., X — an) = m € Max(K[Xy,...,X,)]),
A = K[[X; — ay,...,X, — an]]. Any power scries g € A with non-zero constant term (in particular, any
polynomial that does not vanish at a) is invertible in A which implies that A, is naturally a subrlng of A.
(i) A=7Z, I = (p) = m € Max(Z) (p a prime number), A= Z,. Again, Ay = Z(;) is a subring of A= Z,.
(i) A = K[X,Y], I = (X) = P € Spec(A) \ Max(A), A = (K[Y])[[X]]. However, Ap is not a subring of A
(for example, 1/Y € Ap).

(iv) A= K[X Y]xy, I = (X) =m € Max(A), A= (K(Y))[[X]]. In this case Ay, = A is a subring of A.

(v) A=R[X], I = (X2 +1) =m € Max(A), A =5 CJ[[Y]] (this example appeared in the midterm).

(12.5) Exercise. If m € Max(A), then A/mF = Ay, /mFA, = A, /(mAy)F for all k > 1; therefore the
m-adic completion A of A coincides with ‘the mAy-adic completion of the local ring Ay. In particular, there
is a canonical homomorphism A, — A. [Hint: use exact sequences 0 — m¥/mFtl — A/mF+l
A/mF — 0 and induction on k.]

(12.6) In examples 12.4(i),(ii),(iv),(v), the canonical homomorphism Amn — lim An/(mAy)* was injective.
In general, we should think of the canonical homomorphism A — A as a power series expansion. What can
we say about functions with trivial expansion, namely, about

Ker(A — A)= (1" C A?
E>1

(12.7) Theorem (Krull). If I is an ideal in a noetherian ring A, then

m I* = (0) <= no element of 1+ I is a divisor of zero in A.
k>1

Proof. We use the notation I°° := (-, I*¥. If there exists a € I for which 1 — a is a divisor of zero, then
x = xa for some x # 0, which implies that 2 = za = za? = --- € I*®,

Conversely, assume that no element of 1+ I is a divisor of zero. It is enough to show that each element
x € I satisfies « € x1, since an equality x = za with a € I yields (1 — a)x = 0, hence x = 0.

The ideal I = (f1,..., f) is finitely generated, since A is noetherian. For each k& > 1 there exists a
homogeneous polynomial P, € A[X7,...,X,] of degree k such that @ = Py(f1,..., fr). The chain of ideals
(P1) C (P, P2)--- in the noetherian ring A[X1,..., X,] stabilises, which means that P,+1 € (P1,...,Pp)
for some n > 1. Writing P41 = QP + -+ + Q1 P, with Q; € A[X;, ..., X,] homogeneous of degree i, we
obtain zx = x((Q1+ -+ + Qn)(f1,-.-, fr)) € zl.

(12.8) Corollary. If A is a noetherian ring, then (5, I* = (0) in each of the following cases.

(1) I # A and A is a domain. B

(2) I CNnemax(aym  (since1+1C A\, m=A").

(3) I # A and A is a local ring  (since I C m, Max(A) = {m}).

(12.9) Proposition. If (A,m) is a noetherian local ring and J = (f1,...,fr) C A is any ideal, then
N1 (J +m k) = J and the m-adic completion A = LA/m satisfies J = AN JA. In particular, A/J is

naturally a subring of A/JA.

Proof. There is nothing to prove if J = A, so we can assume that J C m. Corollary 12.8(3) applied to the
local ring (A/J,m/J) tells us that (1,5, ((J + mk)/J) = J/J, but the L.H.S. contains (Mis1(J + mk))/J,
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which proves the non-trivial inclusion (,,(J + mk) C J. This implies that ANJA = {a € A | a =
S figis gi € A} C Nis1(J +m*) = J (writing each g; (modm*) as h;j, (mod m¥) for some h; j € A).
(12.10) If J # Ain 12.9, then J C m and there is a canonical ring homomorphism

AJJA — (A)I); (12.10.1)

where (A/J) denotes the m-adic (or m/J-adic, which amounts to the same) completion of A/.J.

Another general result of Krull ([Ei, Thm. 7.2], [M, Thm. 8.11]) implies that (12.10.1) is an isomorphism,
of which (12.2.3) (with A in 12.9 being equal to K[X1,..., X,](x,—as,...,X,,—a,)) 15 @ special case. In Theorem
13.11(1) below we prove that (12.10.1) is an isomorphism in the “smooth” case.

13. Local rings in the smooth case and regularity

(13.1) Implicit function theorem in real (resp. complex) analysis. Recall that, if f1,..., f, are C™
(resp. holomorphic) real-valued (resp. complex-valued) functions on some open set U C R™ (resp. U C C™)
containing a = (ay,...,a,) € R™ (resp. a € C") such that
afi
det((an) (@)1 <0 70, (13.1.1)

then there exists an open subset U’ C U containing a such that the projection

pr:Z={zeU]| fi(zx)=---= fr(x) =0} — R"™" (resp. C"7"), (1, zn) = (Tra1, o5 Tn)
is a diffeomorphism (resp. a biholomorphic map) between Z N U’ and the open neighbourhood pr(Z NU’)
of (@ry1,...,a,) € R* (resp. in C" 7). In other words, x,+1 — ayy1,...,2, — a, are “local coordinates
on Z at a”.

(13.2) We are going to study the condition (13.1.1) in the algebraic situation of 12.1, when K is a field,

flv“'vfreK[Xla'"vXn]:B7 Z:flz"':frzoa Z;)A?(a
A=0(2)=B/J, J=(fr,--5 fr)-

According to Theorem 9.18, the dimension of each irreducible component V(P;) (where P; is a minimal
prime ideal of A) of Spec(A) (= of Z) satisfies

dim(A/P;) > n—r. (13.2.1)

(13.3) “Definition”. We say that P € Spec(A) is a smooth point of Z over K if, after renumbering
of the coordinates X1, ..., X,

det((ﬁ%) (@)1 j<, # 0 € Frac(B/Q) = Frac(A/P), (13.3.1)

where P = Q/J, Q € Spec(B). In particular, if P’ C P and P is a smooth point of Z over K, so is
P'. [The attentive reader will have noticed that this “definition” is somewhat horrible, as it depends on
the presentation of A as A = B/J and on the choice of a set of generators fi,..., f. of the ideal J. The
true definition is suggested by the statement of Proposition 15.11 below.]

(13.4) Example. The simplest case is that of a plane curve

Z:f(X,Y)=0, Z < A%

smooth at the origin O = (0,0). In other words,
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of

Q=(X)Y), feK[X,)Y], £(0,0) =0, X

(0,0) # 0.

After multiplying f by a non-zero constant in K* we can assume that

f=X+cY + Z i j XYY
itj>2

An easy division algorithm for power series shows that

Vg € K[[X,Y]] 3h e K[[X,Y]] g—fheK[Y]];

moreover, h is unique. In algebraic terms, the composite map

K[Y]] = K[[X, Y]] — K[[X,Y]]/(f)

is an isomorphism of K-algebras. This a formal power series counterpart of 13.1: from an analytic point of
view, Z is isomorphic around O to a line with the coordinate Y. A general statement of this kind will be
proved in Theorem 13.11(1) below.

(13.5) Proposition (Smoothness at K-rational points and tangent spaces). Let Q = (X; —
ai,...,X,—a,) € Max(B), wherea = (a1,...,a,) € Z(K) C K", P=Q/J =m= (X,—ay,...,X,—a,) €
Max(A) (then A/m = B/Q = K).
(1) The dual of the tangent space T,Z to Z at the point a (see 1.4.6) is naturally isomorphic to the K-vector
space

Q/(Q*+J) =m/m? = mA, /m’ A, = mA,/(mA,)%

(2) dimg (T, Z) > n — r, with equality <= m Is a smooth point of Z over K.

(3) If (13.3.1) (= (13.1.1)) holds, then the elements X, 1 — ari1,...,Xpn — ap, (modm?) form a basis of
the K-vector space m/m? and mAy, = (X;41 — Gri1,---, Xn — an).  [This is an algebraic version of the
statement that X, 11 — ary1,..., Xy — an are “local coordinates” on Z at a.]

Proof. (1) By definition,

1.2 = (e K" [y =0}, M= (S (@) € Mo (K)

(we consider y as a column vector). The entries of the matrix M can be expressed purely in terms of Q D J,
as follows.

S

Q/Q* = @K j—a;) (mod@%),  fi (modQ?)

— a;) (mod Q?).

If we identify {(X; — a;) (mod @*)} with the dual basis of the standard basis of K", then we obtain that
T.Z CT,AY = K = Homg (Q/Q? K) is equal to

T.Z = Ker(Homg (Q/Q* K) — Homg (J/Q* K)) = Homg (Q/(Q* + J), K).

Alternatively, one can use the abstract description of T,Z given in 1.4.6. The point a € Z(K) corresponds
to A € Homg_a15(A, K) and the tangent space T, Z to the set

{\ € Homg _a15(A, K[e]) | pro A = A},

where pr : K[e] = K + Ke —» K is the canonical projection. In other words, A(c 4 z) = ¢ + p(z)e for all
c € K and = € m, for a certain map p: m — K. The fact that A commutes with products is equivalent to

Ve, € K Vo em  p(eimy + coms + x172) = crpu(z1) + cop(xa). (13.5.1)
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This condition implies that pu(ciz1) = cipu(xr), p(zize) = 0 and p(xi(1 + x2)) = p(xy). The universal
property 10.2(3) implies that A canonically extends to a homomorphism of K-algebras Ay, — Kle]. We
can replace, therefore, A by Ay. In this case 1 + mA,, C A% and the condition (13.5.1) implies that, for all

x1,To €M,

(1) + p(2) = p(zr) + p(r2(l +y)) = p(zr + 22(1 +y) + 2122(1 + y)) = p(x1 + 22),

ifwelet y = (1+x1)"1—1 € m. It follows that y is of the form p = fiopr, where pr : mA, — mAy,/(mAy)?
and /1 : mAy,/(mAL)? =m/m? — K is K-linear. Conversely, any such yu satisfies (13.5.1).

(2) dimg (T, Z) =n —rk(M) > n — r, with equality <= m is a smooth point of Z over K.

(3) By assumption, M = (M;|M;), where My € GL,(K) and My = M, (5, (K), which implies that the
projection

T,7 C K" x K" — K"™"

on the last n — 7 coordinates is an isomorphism. This is equivalent, by (1), to the fact that X,41 —

Qrg1y--y Xy — ap (modm?) form a basis of the K-vector space m/m? = mAy/(mAy,)%. The remaining
statement follows from Corollary 13.7 below applied to A, and N = mA,,.

(13.6) Nakayama’s Lemma. Let A be a ring, let J C A be an ideal contained in all maximal ideals of A.
If M is a finitely generated A-module satisfying M = JM, then M = 0.

Proof. Let M = Amy + - -- + Am,,. By assumption, there exists a matrix U € M,,(J) such that

mq mi
=U e M™,
My My,
which implies that
mq mi
det(I -U)| : |=adjI-U)I-U)| : | =0eM",
My, My,

hence det(I — U) - m = 0 for all m € M. However,

det(I-U)el+JCcA\ |J m=4ay
meMax(A)

therefore m = 0 for all m € M.

(138.7) Corollary. If (A,m) is a local ring, N is a finitely generated A-module and ny,...,n, € N are
elements whose images Ti1,...,n, € N/mN generate N/mN as a vector space over A/m, then ny,...,n,
generate N as an A-module.

Proof. M = N/(Anq + -+ 4+ An,.) is a finitely generated A-module satisfying M/mM = 0; thus M = 0 and
N =Any + -+ An,.

(13.8) Dimension of local noetherian rings. The first definition of dimension dim; (= the number of
independent parameters) has the following local variant.

Let (A, m) be a local noetherian ring. For every N > 1, the quotient ring A/m” is artinian, hence of
dimension zero. It is natural to consider, therefore, the following integer:

dimz(A) =min{k >0 |3zy,...,zx €m IN>1 (21,...,2,) DmV} €N
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(one should think of z1,...,z; as a system of “weak local coordinates”). Note that dimg(A) is bounded
above by the minimal number of generators of the ideal m, which is equal to dim 4 /m(m/mQ), by Corollary
13.7. Therefore

dim3(A) < dim g/, (m/m?). (13.8.1)

One of the main results of dimension theory states that

dimg(A) = dim(A), (13.8.2)

which is, essentially, a reformulation of Krull’s Principal Ideal Theorem in its general form 10.21; see [Ei,
Cor. 10.7] (in particular, all local noetherian rings have finite dimension!). As a result,

dim(A4) < dim 4/, (m/m?). (13.8.3)

In the situation considered in Proposition 13.5(1), (13.8.3) reads as

dim(Ay) < dimg (T, 2), (13.8.4)

with dim(Ay,) being equal to the maximum of dimensions of all irreducible components of Spec(A) (= of Z)
containing m (= a). Recall that (13.2.1) tells us that

n—r < dim(Ay). (13.8.5)

In particular, if we admit (13.8.2), then (13.8.4) becomes an equality <= m is a smooth point of Spec(A).
This observation leads naturally to the following definition.

(13.9) Definition. A noetherian local ring (A, m) is regular if dim(A) = dim 4/ (m/m?).

(13.10) Asobserved in 13.8, smoothness of a K-rational point is equivalent to regularity of the corresponding
local ring, provided we admit the fundamental equality dimz = dim. We are now going to relate smoothness
to regularity using power series expansions and completions. This methods yields directly the equality
dimg(Am) = dim(Ay) and the isomorphism (12.10.1) at smooth K-rational points.

(13.11) Theorem. Let Q = (X7 — a1,..., X, — a,) € Max(B), where a = (a1,...,a,) € Z(K) C K™,

P=Q/J=m=(X;—ai,...,X, —a,) € Max(A). Assume that (13.3.1) (= (13.1.1)) holds.

(1) (Formal implicit function theorem) The canonical maps o : K[[X,41 — Gyy1, ..., Xn — an]] — B/JB,
where B = K[[X1 —a1,..., X, —ay]] = @B/Qk = @BQ/Q’“BQ, and B : B/JB — A, where A =
k %

@A /mF = LjLnAm /mF Ay, are isomorphisms of K-algebras.
E E
(2) The ring Ay, is a domain.

(3) mAm = (y?”Jrl —Qp41y--- ,Yn — an),
(4) Spec(A) (= Z) has a unique irreducible component containing m (= a); its dimension is dim(Ay) = n—r.
(5) Aw is a regular local ring.

(6) Aw is a UFD. [In fact, one can show that every regular local ring is a UFD.]

Proof. (1) After a linear change of variables X1, ..., X, we can assume that 0f;/0X;(a) = d;; (1 <4,j <r).
This means that the power series expansion of f; — (X; — a;) in K[[X; — a1,...,X,, — a,]] contains only
linear terms involving X; — a; for j > r and terms of degree > 2. As in 13.4, an easy division algorithm
shows that every g € K[[X; — a1,...,X,, — a,]] can be written in a unique way as g = fih + g1, where
g1 € K[[Xy — as,...,X,, — a,]]. By induction, this implies that « is an isomorphism. The statement
about 8 follows from the fact that A/m* = B/(Q* + J) = B/(Q*B + JB), which is isomorphic (via a) to
K[[Xr—i-l — Q41 aXn - an”/(Xr+1 — Q41 7Xn - an)k~

(2) Proposition 12.9 applied to the local ring (Bg, @) and the ideal JBg tells us that A, = Bg/JBg is a

subring of B/JB, which is a domain, by (1).
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(3) The two ideals I = (X, 41— i1,y Xpn—an) C (X1—a1,..., Xpn—a,) = mAy C Ay generate the same
ideals of E/JE, since « is an isomorphism. Applying 5, we obtain that IA = (mAm)A\, hence I = mA,,, by
Proposition 12.9 applied to Ay,.

(4) Uniqueness follows from (2). The arguments in (1) and (2) show that, for each i < r,

B; = Bq/(f1,-..,[)Bq = B/(f1,.... [)B -5 K[[Xis1 — aig1, ..., X0 — ]

is a domain and the class of fi ; in B; (if i < r) maps to X;y1 — a;;1, which implies that it is neither
zero nor invertible in B;. Therefore dim(B; 1) = dim(B;/(fi+1)) = dim(B;) — 1, by Theorem 9.9 (strictly
speaking, we should work with the rings B, = B[1/h]/(f1,..., fr)B[1/h] of finite type over K, where h € B,
h(a) # 0 is chosen in such a way that V' (h) contains all irreducible components of Z not containing a; then
B! injects into B;), hence dim(A4,,) = dim(B,) = dim(By) —r =n —r.

(5) Combine (4) with Proposition 13.5(2).

(6) The mAy-adic completion A of Ay, is isomorphic to a power series ring over K, which is a UFD [ZS 2,
VII.1, Thm. 6]. To show that Ay, itself is a UFD one must check that the condition 1.5.7(ii’) for A implies
the same condition for Ap; see the arguments in ([Mu 1, II1.7, Lemma 2] and [Mu 2, Thm. 1.28]).

(13.12) The UFD property. (i) The statement of Theorem 13.11(6) can be reformulated geometrically,
using Theorem 10.20, as follows: any closed irreducible subset V (P) < Spec(A/P) C Spec(A) of dimension
dim(A/P) = dim(Ag)—1 containing m is given by a single equation g = 0, on a suitable open neighbourhood
of m € Spec(A) in the Zariski topology. Indeed, dim(A%) = 1, hence PAy = gAw for some g € Ap, which
gives already PA[1/h] = gA[1/h] for some h € A\ m and g € A[1/h].

(ii) This property can sometimes hold even in the non-smooth case. The following examples are discussed

in detail in [Mu 1, IIL.7, Ex. J]. Let K be a field of characteristic char(K) # 2, let f(X1,...,X,) be a
non-degenerate quadratic form over K in n > 3 variables. Then f is irreducible and the quadratic cone

Z:f=0, Z C A%

has ring of functions A = O(Z) = K[X,..., X,]/(f), Wthh is a domain. The origin O = (0,...,0) € Z(K)
(which corresponds to @ = (X1,...,X,) € Max(K[X1,...,X,]) and m = Q/(f) € Max(A)) is not a smooth
point of Z over K.

(iii) If n = 3 and f = X7 + X3 — X3, then the factorisations X; - X1 = (X3 + XQ)(Xg — X3) € A show
that A (in fact, even Ay, ) is not a UFD. Geometrically, this means that the prime ideal P= (Xl7 X3—X5)
defining a line L on Z passing through O cannot be defined by a single equation (the equation X3 — X5 = 0
defines a double line, since A/(X3 — X2) — K[X1, X2]/(X?); geometrically, the plane H : X3 — Xp = 0 is
tangent to Z and the intersection Z N H is the line L taken with multiplicity two).

(iv) Similarly, if n = 4 and f = X? + X2 — X2 — X2, then the factorisations (X; + X4)(X; — X4) =
(X3 + X2)(X3 — X2) € A show that A (in fact, even Ay) is not a UFD. The ideal (X; — X4, X3 — X2
defines a plane lying on Z which cannot be defined (locally around O) by a single equation.

(v) By contrast, A is a UFD for n > 5 ([Mu 1, IIL.7, Ex. J]).

(13.13) Proposition. If m € Max(A) corresponds to a K-rational point a € Z(K) and if Ay, is regular,
then m is a smooth point of Z over K in the following sense: there exist g1,...,gs € J and h € B such that
hia) #0 (<= h¢m), JB[1/h] = (¢1,...,9s)B[1/h] and, after renumbering of the coordinates X, ..., X,,

det((c’?}%) (@) 1< j<s # 0 (13.13.1)

[Geometrically, the equality JB[1/h] = (g1,...,9s)B[1/h] means that Z is given on the Zariski open neigh-
bourhood D(h) C Spec(B) = A’k of Q by the set of equations g1 = --- = gs =0.]

Proof. Choose a minimal set g1,...,9s € J C @ whose linear terms define the tangent space T,Z; then
n—s=dimg(T,Z) = dim(An),
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since Ay, is regular. Consider the ideal J' = (¢1,...,95) C J and the ring A’ = B/J D m' = Q/J'. By
construction, m’ is a smooth point of Z’ : gy = --- = g5 = 0, which yields (13.13.1), after renumbering of the
coordinates.

In Spec(B), we have V(J) C V(J'). Geometrically, V(J') contains a unique irreducible component
containing @, by Theorem 13.11(2); it has dimension n — s, by Theorem 13.11(4). As dim(Ay,) = n — s,
V' (J) also contains an irreducible component containing @ of dimension n—s. This suggests that V(J)NU =
V(J')NU for some open neighbourhood of m € Spec(A).

We can prove a more precise property algebraically. The previous statements can be rephrased by saying
that A7, is a domain and that there exists a minimal prime ideal P C Ay, such that

dim(Ap/P) =n — s = dim(A’,,). (13.13.2)

Consider the surjection a : A, — An /P between two domains of the same dimension. If o is not an
isomorphism, then any chain of prime ideals Py C - -+ C P, in Ay, gives rise to a longer chain (0) C Ker(«) C
a Y (Py) € -+ Cal(P,) in A, which contradicts (13.2.2). It follows that « is an isomorphism, which
implies that o/ : A}, — An and Ay — An /ﬁ are also isomorphisms (in particular, Ay, is a domain,
which means that Z has a unique irreducible component containing m). The fact that o’ is an isomorphism
is equivalent to JBg = (¢1,...,9s)Bg, which implies that JB[1/h] = (g1,...,gs)B[1/h] for some h & m,
since both ideals J and (g1, ...,gs) are finitely generated.

(13.14) Smoothness = regularity. We can sum up Theorem 13.11(5) and Proposition 13.13 by saying
that

VYm € Max(A) such that A/m = K m is a smooth point of Z over K <= A,, is a regular local ring.

This equivalence still holds if A/m is a separable extension of K (in particular, for all m € Max(A) if K is a
perfect field).

If A/m is an inseparable extension of K, then smoothness still implies regularity, but the converse need
not hold. Here is a simple example.

(13.15) Smoothness # regularity. Let K be a non-perfect field of char(K) = 3, let ¢ € K\ K3. Consider
the curve

Z:Y - (X?-0¢)=0, Z<— A%
with A = 0(Z) = K[X,Y]/(Y? — (X3 —¢)). The extension L = K(v), where y> = ¢, is a purely inseparable
cubic extension of K. The point a = (v,0) € Z(L) gives rise to maximal ideals @' = (X —v,Y) €
Max(L[X,Y]),Q = Q'NK[X,Y] = (X3—¢,Y) € Max(K[X,Y]) and m = Q/(Y?— (X3 —¢)) = (YB—C,?) =
(72,?) = (Y) € Max(A). In particular, mA,, = (Y) is generated by one element, which means that A, is a
regular local ring of dimension one. Its residue field is A/m = K[X,Y]/(Y,Y?— (X3 —¢)) = K[X]/(X3—¢) =
L.
On the other hand, the polynomial f = Y? — (X3 — ¢) satisfies

0 0
=L =0

which means that m is not a smooth point of Z over K. In fact, the same curve over L becomes

Zp:Y?— (X —9)=0,

as in 5.13. The localisation of O(Z) = L[X,Y]/(Y? — (X —~)3) at (X — ,Y) is not regular.

(13.16) Smoothness and dimension of intersections. The existence of the “local coordinates” X; —a;
(r <i<mn)on Z around a smooth K-rational point a € Z(K) established in Proposition 13.5 and Theorem
13.11 has the following important consequence ([Mu 1, I111.6, Prop. 4], [Mu 2, Prop. 3.28]).
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If we embed Z into Z x Z C A’ x A’ diagonally (A : b+ (b,b)) and if we denote by X; (resp. by X/)
the coordinates on the first (resp. on the second) copy of A%, then A(Z) C Z x Z is given, in a suitable
Zariski open neighbourhood of A(m), by n — r equations

., ]
X, —X,=0, r<i<n.

If Ji, Jo D J are ideals of K[X1,...,X,] containing Q, they define Z; C Z and Z5 C Z containing m. Their
intersection 7y N Zy C Z is equal to (Z1 x Z3) N A(Z). As a result, any irreducible component Y of Z; N Z,
containing m is obtained (in a Zariski open neighbourhood U of m) from Z; x Z5 by imposing n—r equations.
Theorem 9.18 applied to A = O(Z; X Zs)/ Py, for any minimal prime ideal Py, then yields

dim(Y) > dim(Z7) + dim(Z3) — (n — r) = dim(Z;) + dim(Z2) — dim(2) (13.16.1)

(we can shrink U so that Z becomes irreducible).

The inequality need not hold if m is not smooth. The following standard example ([Mu 1, IIL.6, Ex.
I]) coincides with the quadratic cone from 13.12(iv), after an obvious linear change of coordinates. Let
Z1,Zy < Z — A% be given by

ZZX()Xg—XlXQ:O, Z12X0:X1:0, ZQIX2:X3:0.
Then Y = Z; N Z, is the non-smooth point O = {0,0,0,0} of Z and

dim(Z) =2, dim(Z)=3,  dim(Y)=0. (13.16.2)

A proper understanding of this example involves projective geometry. If we consider (Xo : X7 : X5 : X3) as
homogeneous coordinates in the projective space P%., then Z (= the image of Z\ {O} in P%) is a projective
quadratic surface

Z:XoXs— X1 Xo=0, Z<P%

and each Z; (= the image of Z; \ {O} in P%) is a projective line on the quadric Z. Their intersection
Z1 N Zy = ) is empty.
In fact Z is isomorphic to the product Pk x P of two projective lines via the Segre embedding

P} x Pl — P3., (a:b),(c:d)— (ab:ac:bd: cd)

and Z, = {(0: 1)} x Pk = {0} x Pk, Zy = {(1:0)} x PL = {00} x Pk. In other words, this example is
a projective analogue of the fact that two parallel affine lines {0} x Al and {1} x A do not intersect in
AL x Al = AZ.

14. Discrete valuation rings

(14.1) Discrete valuation rings are the simplest one-dimensional rings, namely, regular one-dimensional
local rings. An archetypal example is provided by the local ring A = K[X](x) of a line Al over a field K
at the origin and by its completion A = K[[X]].

Both A and A are principal local domains. In particular, their maximal ideals are principal, generated
by X (a “local parameter”). Every non-zero element a of A resp. A can be written in a unique way as
a = X"u, where u is invertible and n = v(a) > 0 is the valuation of a (= the order of vanishing of a,
considered as a function on Al at the origin).

(14.2) Definition. A discrete valuation on a field K is a surjective map v : K — Z U {400} such that
(i) v(z) = +o0 <= z=0.

(i) Ve,y € A v(zy) =v(z) +v(y).

(iii) Vz,y € A v(x +y) > min(v(z),v(y)).

The valuation ring of v is the subring A = {x € K | v(z) > 0}. Its multiplicative group is equal to
A* = {z € A|v(x) =0}, which implies that A is a local ring with maximal ideal m = {x € A | v(z) > 0} =
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(t), where t € A is any element of valuation v(t) = 1 (such an element is called a uniformiser or a local
parameter of A).

(14.3) Definition. A domain A is a discrete valuation ring (often abbreviated as DVR) if it is the
valuation ring of a suitable discrete valuation v on its fraction field K = Frac(A). In concrete terms, A is
a local domain whose maximal ideal m = (t) is principal and for which A\ {0} = UJ,,cnt" A" (a disjoint
union). Indeed, this decomposition gives a disjoint union K \ {0} = |J, c5t"A* and the corresponding
discrete valuation v(t™ A*) = n.

(14.4) Exercise. If A is a discrete valuation ring with uniformiser t, so is its completion
A=1limA/t"A.
i

(14.5) Examples. (i) K = k(X), where k is a field. As in 1.5.10, every irreducible non-constant polynomial
7 € k[X] defines a discrete valuation on K = Frac(k[X]) given by

U?T(f/g) = Uﬂ'(f) - Uﬂ'(g)?

where v, (f) is the maximum exponent n > 0 for which 7" divides f in k[X]. The corresponding valuation
ring i = k[X](z and 7 is its uniformiser. If 7 = X — ¢ for some ¢ € k, then A = k[[X — ]| and
k(X = ¢)).
)

Voo (f/9) = deg(g) — deg(f),
whose uniformiser is 1/X (a “local parameter at co € P1(k)”). In this case A = k[[1/X]] and Frac(A) =

k((1/X)).

(iii) K = Q has p-adic discrete valuations (where p is a prime number) given by
vp(pt =) =mn, a,beZ, ptab.

The valuation ring of v, is equal to Z,), its uniformiser is p and its completion is the ring of p-adic integers
Z,, (whose fraction field is the field of p-adic numbers Q,).

(14.6) Before we pass to an abstract characterisation of discrete valuation rings we need a few definitions.

(14.7) Definition. A fractional ideal of a domain A is an A-submodule I C K = Frac(A) of the form
I =a 'y, where a € A\ {0} and Iy is a non-zero ideal of A.

(14.8) Exercise. If I and J are fractional ideals of A, so are I +J ={a+y |z € I,y € J}, IJ =
S wmyilr>0,z,€l,y; € Jyand 7' ={z € K | 2] C A}.

(14.9) Definition. A fractional ideal I of a domain A is invertible if there exists a fractional ideal J such
that IJ = A (<= II71 = A). For a non-zero ideal I C A, this is equivalent to the existence of a non-zero
ideal I' C A such that II' = (a) is a principal ideal.

(14.10) Proposition. An invertible fractional ideal I is finitely generated (as an A-module).

Proof. If II=" = A, then there exist z; € I and y; € I~! such that > ;_, ;y; = 1. Multiplying this
identity by an arbitrary z € I, we obtain that z = >_\_, (zy;)x; € Azy + -+ + Az, since zy; € A; thus
I =A%+ + Azx,.

(14.11) Theorem. Let A be a local ring with non-zero maximal ideal m # (0) (in other words, A is not a
field). The following properties are equivalent.

(1) Ais a DVR.

(2) A is a PID.

(3) A is a regular noetherian local ring of dimension dim(A) = 1.

(4) A is noetherian, m = (t) is principal and dim(A) # 0.
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(5) A is a noetherian normal domain of dimension dim(A) = 1.
(6) A is a domain and every fractional ideal of A is invertible.

Proof. The implications (1) = (2) = (3) = (4) and (1) = (6) are automatic (note that the only
non-zero ideals of a DVR are (t"), n > 0). The implication (2) = (5) follows from Proposition 3.2 and
Lemma III.3.11.

(4) = (1): for each a € A\ {0} we have either a € A\ m = A* or a = ta; for some a; € A\ {0}. In the
latter case we can apply the same argument to a; and continue. This process must stop after finitely many
steps, since (,»,(t") = (0), by Krull’s Theorem 12.7. Therefore A\ {0} = J,,~,t"A*. By assumption,
there exists a prime ideal P C m. If P # (0), then there exists a € P, a # 0. As above, a = t"u with u € A*
and n > 1 (n # 0, since 1 ¢ P). However, t" € P implies that t € P (since P € Spec(A)), which yields a
contradiction m = P. It follows that P = (0), hence A is a domain (and Spec(A) = {(0), m}), which implies
that A\ {0} =J,,~, t"A* is a disjoint union; thus A is a DVR.

(5) = (3): the assumptions imply that Spec(A4) = {(0),m}. As m # (0), the quotient m/m? is non-zero, by
Nakayama’s Lemma 13.6. Fix z € m such that ¢ m?. We must show that m = (z). Corollary 8.11(2) tells
us that y/(z) = m. This ideal is finitely generated, which implies that m® C (z) C m for some n > 2. For each
y € m"~! the ideal (y/x)m C A cannot be equal to A, since z € m"; thus (y/z)m C m. Proposition 2.6(3)
implies that y/z € Frac(A) is integral over A, hence y/x € A, which means that m"~! C (x). Decreasing
induction shows that m C () C m, hence m = (z).

(6) = (4): the assumption (0) € Spec(A) \ {m} implies that dim(A4) # 0. According to Proposition
14.10, A is noetherian. In particular, m = (z1,...,2,) is finitely generated. If z; | z;, then we can omit
xj. As a result, if m is not principal, then there exist 2,y € m\ {0} such that « { y and y { «. Neither
of the ideals {a € A | axz C (y)} and {a € A | ay C (x)} contains 1, which means that they are both
contained in m, hence (z)™! C y~'m and (y)~! C z7'm. It follows that the ideal I = (z,y) satisfies
It = (@) 'ny)"t ca'mny'm, hence II7! C zz 7 'm + yy~'m = m, which means that I is not
invertible. This contradiction implies that m = (¢) is principal.

(14.12) Branches of plane curves, Newton polygons, Puiseux expansions. Let k be an algebraically
closed field of characteristic zero. The complete DVR k[[T]] is a very simple object. The only finite extensions
of Frac(k[[T]]) = k((T)) are the fields k((T/%)) (d > 1), and the normalisation of k[[T]] in k((T"/?)) is
E[[TY)] ([Ei, Cor. 13.15)).

It follows that every polynomial f € K[X,T] = ¢; ;X*T7 with degy(f) =n > 1 factors as

F76.1) = (@) T (X = 00,

i=1

for suitable g; € k((T*/%)). The exponents 1/d; and the leading terms of the series g; can be read off from
the Newton polygon of f, which is the lower boundary of the convex hull of the finite set S = {(, ) |
Ci,j 750} - {0,1,...,n} x N.

For example,

X?+al?X =T = (X - g1)(X — g2), gro=+T"2 4.
and S = {(0,1),(1,2),(2,0)}. Another example is given by
TX*+(1+0D)X -T'=(X —g)(X —g2), gi=-T '+, g=T+...

and S = {(0,4),(1,0),(1,1),(2,1)}. Can you guess the general rule?

15. Dedekind rings

Discrete valuation rings are non-singular one-dimensional local objects. Dedekind rings are non-singular
one-dimensional global objects. This is a geometric characterisation, but they first appeared in arithmetic,
thanks to the property 15.2 for rings of integers in finite extensions of Q.
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(15.1) Definition. A Dedekind ring is a domain A which is not a field (even though some authors allow
fields to be Dedekind rings ... ) and which satisfies the following equivalent conditions.

(1) A is noetherian and the localisations of A at all maximal ideals are discrete valuation rings.

(2) A is noetherian, integrally closed and all non-zero prime ideals are maximal.

(3) All fractional ideals of A are invertible (equivalently, the set of all fractional ideals of A is a group with
respect to multiplication).

[For example, a PID which is not a field is a Dedekind ring.]

Proof. (1) = (2): by assumption, Ay is a DVR, for each m € Max(A4). Proposition 10.19(2) then shows
that A is integrally closed. Moreover, dim(A) = supyemax(a) dim(Aw) = 1, which implies that non-zero
prime ideals of A are maximal.

(2) = (1): the assumption (2) implies that dim(An) = 1 for all m € Max(A) and that each Ay, is a normal
domain (by 10.17(1)); thus Ay, is a DVR, thanks to Theorem 14.11(5).

(3) = (1): the assumption (3) implies that A is noetherian, by Proposition 14.10, and that all fractional
ideals of A, (m € Max(A)) are invertible. As Ay, is not a field, A, is a DVR, by Theorem 14.11(6).

(1) = (3): see Corollary 15.3 below (the reader is invited to check that our reasoning is not circular).

(15.2) Theorem (Unique factorisation into prime ideals). Let A be a Dedekind ring in the sense of
Definition 15.1(1). The (well-defined) maps

div : {non — zero ideals of A} — @ N, I'— (va(1)), TAy = (mAy)om()
meMax(A)

and
I: @ N — {non — zero ideals of A}, (Nm) — Hm”‘“
meMax(A) m

define mutually inverse bijections satistying div(I.J) = div(I) + div(J).

Proof. According to Corollary 8.11(2), the radical of any non-zero ideal I of A is of the form I =
mpN---Nm. =my---m,, for some m; € Max(A). As VT is finitely generated, there exists k£ > 1 such that
I D (my---m,)* which implies that A, = Ay for all maximal ideals m # my,...,m,. In particular, the
map div is well-defined.

For m’ # m we have m’ + m = A, which implies that m’A,, = A,,. Consequently, divo I = id.

As I((nm))I((nl,)) = I((nm + nl,)), it remains to check that div is injective. If Ay, = JAy for all m,
then the ideal Iy = {x € A | I C J} satisfies IgAn = A, hence (A/Iy)n = 0, for all m; thus Iy = A by
10.18(2). In particular, I C J; by symmetry, J C I and [ = J.

(15.3) Corollary. Let A be a Dedekind ring in the sense of Definition 15.1(1). Then every non-zero ideal
I of A is invertible (hence A satisfies the condition 15.1(3)).

Proof. Fix a € I, a # 0. As (a) C I, we have (a)An C [An and vy ((a)) > vm (1) for all m € Max(A). The
ideal J = [, m*~((@)=va () (the product is finite) then satisfies I.J = (a), since div(I) + div(J) = div((a)).

(15.4) Corollary. Let A be a Dedekind ring. The bijections from Theorem 15.2 naturally extend to
mutually inverse isomorphisms of abelian groups

{fractional ideals of A} — @ Z.
meMax(A)

(15.5) Theorem. Let A be a noetherian domain of dimension dim(A) = 1, let L be a finite extension of
the fraction field K = Frac(A), let B be the normalisation of A in L. If either (i) A is a Dedekind ring, or
(ii) A is an algebra of finite type over a field k, then B is a Dedekind ring (of finite type over k in (ii)).

[In fact, B is always a Dedekind ring, but the hard part is to show that it is noetherian; this is the content
of the Krull-Akizuki theorem [Ei, Thm. 11.18], [M, Thm. 11.7].]

Proof. In the special case when B is a finitely generated A-module, so is every ideal of B (since A is
noetherian), which implies that B is also noetherian. Moreover, dim(B) = dim(A4) = 1, by Theorem 11.6.
Consequently, B satisfies 15.1(2).
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The above argument applies in the case (ii), thanks to Theorem 4.10, and in the case (i) if the extension
L/K is separable, by Theorem 4.3(2). By transitivity of normalisation, it remains to treat the case (i) when
L/K is a non-trivial purely inseparable extension. In this case char(K) = p and there exists ¢ = p" > 1 such
that LY C K. The extensions K C L C K'/9 contain rings A C B C AY9 and B={be L | b9 € A}. The
Frobenius morphism ¢y : AY4 =5 A is bijective, which means that A9 is a Dedekind ring. In particular,
for every non-zero ideal I C B there exists a non-zero ideal J C A/ such that (IAY?)J = (a) (o € AY/9)
is a principal ideal. Taking the g-th powers we obtain A(I9J%) = a?A, hence I(1971J9B) = a4B; therefore
I is invertible and B is a Dedekind ring, thanks to 15.1(3).

(15.6) In the situation (ii) of Theorem 15.5 we can interpret A as the ring of regular functions O(Z) on an
irreducible reduced affine curve Z over k. Taking L = K = Frac(A), the normalisation B of A in Frac(A)

corresponds to a curve Z , which is regular everywhere. The inclusion A — B defines a map Z — Z, (a
“desingularisation of Z”), which is an isomorphism outside a finite set of closed points. If the field k is
perfect, then all points of Z are smooth over k.

(15.7) What is the relation between normalisation and desingularisation in the higher-dimensional case?
If A=0(Z) = K[X31,...,X,]/I is a normal domain, so are its localisations Ap at all P € Spec(Ap). In
particular, if P is minimal among non-zero prime ideals, then dim(Ap) =1 and Ap is a DVR, by Theorem
14.11(5). Geometrically, V(P) — Spec(A/P) C Spec(A) is an “irreducible subvariety” of Z of dimension
dim(A/P) = dim(A) — dim(Ap) = dim(A4) — 1. The fact that Ap is a regular local ring means that Z is
non-singular along V(P). Therefore all singularities of Z occur in dimension < dim(A) — 2 (Z is regular
in codimension 1). Moreover, the discrete valuation on Frac(Ap) = Frac(A) attached to Ap defines the
order of vanishing of rational functions f € Frac(A)* along V(P).

The cone Z : X7 + X2 — X2 = 0 from 13.12(iii) gives an example when A is normal, dim(A) = 2 and
there is a singularity in dimension 2 — 2 = 0: Ay, is not regular if m = (X1, X2, X3) is the maximal ideal of
A corresponding to the origin (0,0,0) € Z(K).

In general, there is a whole hierarchy of algebraic and geometric properties of rings, such as

regular = local complete intersection = Gorenstein = Cohen — Macaulay

(see [AK], [BH]). Serre’s criterion ([Se, III.C, Prop. 9])

normal <= regular in codimension 1 and Cohen — Macaulay in codimension 2

implies that, for any irreducible f € K[Xy,...,X,]\ K, the hypersurface Z : f = 0 is normal <= it is
regular in codimension one ([Mu 1, ITL.8, Prop. 2]). On the other hand, Example K(B) in [Mu 1, ITL.8] shows
that there exists a surface in A which is regular in codimension one, but which is not normal.

(15.8) If A=7Z, K =Q and [L : Q] < oo, then we obtain from Theorem 15.5(i) that the ring of algebraic
integers Oy, of L is a Dedekind ring. In particular, non-zero ideals of Oy have unique factorisation into
maximal ideals (= non-zero prime ideals).

(15.9) Ramification. If Ais a Dedekind ring, K = Frac(A) < L a finite extension and B the normalisation
of Ain L, then each m € Max(A) factors in B as

mB = [[mf,  (m; € Max(B)),
i=1

where e¢; > 1 is the ramification index of m; above m. The phenomenon of ramification (when e; > 1) is
related to the discriminants studied in ITII.7. Each residue field B/m; is a finite extension of A/m; denote by
fi=[B/m; : A/m] its degree. There is a fundamental inequality

> eifi <[L: K], (15.9.1)
i=1
which becomes an equality

142



T

Zeifi =[L: K] (15.9.2)

i=1
in the special case when By, is a finitely generated module over A, (which is true, for example, if L/K is
separable or if A is an algebra of finite type over a field or if A is a complete DVR).

(15.10) Exercise. Discuss the equality (15.9.2) in the case when A = Z, B = Z[i] (resp. A = k[X],
B=k[Y],Y? = X).
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