This book describes a constructive approach to the inverse Galois problem:
Given a finite group G and a field K, determine whether there exists a Galois
extension of K whose Galois group is isomorphic to G. Further, if there is such
a Galois extension, find an explicit polynomial over K whose Galois group is
the prescribed group G.

The main theme of the book is an exposition of a family of “generic” poly-
nomials for certain finite groups, which give all Galois extensions having the
required group as their Galois group. The existence of such generic polyno-
mials is discussed, and where they do exist, a detailed treatment of their
construction is given. The book also introduces the notion of “generic dimen-
sion” to address the problem of the smallest number of parameters required
by a generic polynomial.
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Introduction

0.1. The Inverse Problem of Galois Theory

Let G be a finite group, and let K be a field. The Inverse Problem of Galois
Theory, as formulated for the pair (G, K), consists of two parts:

(A) General existence problem. Determine whether G occurs as a Galois
group over K. In other words, determine whether there exists a Galois exten-
sion M /K such that the Galois group Gal(M/K) is isomorphic to G.

We call such a Galois extension M a G-extension over K.

(B) Actual construction. If G is realisable as a Galois group over K, con-
struct explicit polynomials over K having G as a Galois group. More generally,
construct a family of polynomials over a K having G as Galois group.

The classical Inverse Problem of Galois Theory is the existence problem for
the field K = Q of rational numbers.

It would of course be particularly interesting if the family of polynomials we
construct actually gives all G-extensions of K. One obvious way of formulating
this is in the form of a parametric or generic polynomial:

DEFINITION 0.1.1. Let P(t, X) be a monic polynomial in K (t)[X], where t =
(t1,...,t,) and X are indeterminates, and let M be the splitting field of P(t, X)
over K(t). Suppose that P(t, X) satisfies the following conditions:

(i) M/K(t) is Galois with Galois group Gal(M/K (t)) ~ G, and
(ii) every Galois extension M/K with Gal(M/K) ~ G is the splitting field
of a polynomial P(a,X) for some a = (a1,...,a,) € K".
Then we say that P(t, X) parametrises G-extensions of K, and call P(t, X) a
parametric polynomial.

The parametric polynomial P(t, X) is said to be generic, if it satisfies the

following additional condition:

(iii) P(t,X) is parametric for G-extensions over any field containing K.

REMARK. The motivation for this definition is roughly speaking as follows:

Condition (i) ensures that we are in fact looking specifically at the structure of
G-extensions, cf. section 3.3 in Chapter 3, and are not getting the G-extensions
in (ii) merely by ‘degenerate’ specialisations. For instance: A cyclic extension
of degree 4 is of course the splitting field of a quartic polynomial. However, the
splitting field of an arbitrary quartic polynomial is unlikely to be cyclic.

Condition (ii) is a demand that the ‘family’ of G-extensions given by our
polynomial P(t, X) covers all G-extensions. This was, after all, the whole point.
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Condition (iii) expresses the experiental fact that our analysis and construc-
tion may well make use only of such properties of K as are inherited by larger
fields, saving us the trouble of having to analyse the situation over such fields
separately. Also, adopting an algebraic geometric viewpoint for a moment, that
the study of varieties over a field (which encompasses Galois theory through ex-
tensions of function fields) does not merely consider the rational points over the
ground field itself, but also those over extension fields.

The next natural question after (B) one may ask is thus:

(C) Construction of generic polynomials. Given K and G as above,
determine whether a generic polynomial exists for G-extensions over K, and if
so, find it.

REMARK. We point out that the definition of generic polynomials given here
is weaker than the one given by DeMeyer in [DM], where it is required that all
subgroups of G can be obtained by specialisations as well. However, over infinite
fields, the two concepts coincide (see Chapter 5).

The t;’s are the parameters of the generic polynomial. This raises a further
question:

(D) The Number of Parameters. What is the smallest possible number of
parameters for a generic polynomial for G-extensions over K ¢ (Again, assuming
existence.)

REMARKS. The existence problem (A) has been solved in the affirmative in
some cases. On the other hand, for certain fields, not every finite group occurs
as a Galois group.

(1) If K = C(t), where ¢ is an indeterminate, any finite group G occurs
as a Galois group over K. This follows basically from the Riemann Existence
Theorem. More generally, the absolute Galois group of the function field K ()
is free pro-finite with infinitely many generators, whenever K is algebraically
closed, cf. [Hrb2] and [Pop].

(2) If K =F, is a finite field, the Galois group of every polynomial over K is
a cyclic group.

(3) If K is a p-adic field, any polynomial over K is solvable, cf. e.g. [Lo2, §25
Satz 5).

(4) If K is a p-adic field, and K (¢) a function field over K with indeterminate ¢,
any finite group G occurs as a Galois group over K (t), by the Harbater Existence
Theorem [Hrbl].

REMARKS. Concerning the problem (C) about generic polynomials, some-
times results are known in greater generality than just for a single pair (G, K).

(1) The polynomial X? — X — ¢ is generic for cyclic extensions of degree p
over I, for all primes p, by Artin-Schreier theory. The polynomial X" —t is
generic for cyclic extensions of degree n over fields containing the primitive n®
roots of unity, for all n € N, by Kummer theory.

(2) The polynomial X™ + t; X"~ ! + ... + ¢, is generic for S,-extensions for
any field and any n € N, where S,, is the symmetric group on n letters. This
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indicates that we might (and should) try to find generic polynomials for families
of pairs (G, K), rather than focus on an individual pair (G, K).

(3) It is also of course trivial that the existence of generic polynomials over K
for groups G and H (not necessarily distinct) implies the existence of a generic
polynomial for the direct product G x H.

The Inverse Galois Problem is particularly significant when K is the field Q
of rational numbers (or, more generally, an algebraic number field), or a function
field in several indeterminatess over Q (or over an algebraic number field).

In this connection, an especially interesting version of the Inverse Problem
(over Q) concerns regular extensions: Let t = (¢1,¢a,...,t,) be indeterminates.
A finite Galois extension M/Q(t) is then called regular, if Q is relatively alge-
braically closed in M, i.e., if every element in M \ Q is transcendental over Q.
The big question is then

The Regular Inverse Galois Problem. Is every finite group realisable as
the Galois group of a regular extension of Q(t)?

Whenever we have a Galois extension M/Q(t) (regular or not), it is an easy
consequence of the Hilbert Irreducibility Theorem (covered in Chapter 3 below)
that there is a ‘specialisation’ M/Q with the same Galois group. Moreover, if
M/Q(t) is regular, we get such specialised extensions M /K over any Hilbertian
field in characteristic 0, in particular over all algebraic number fields. Hence the
special interest in the Regular Inverse Galois Problem.

Concerning the existence problem (A), there are already several monographs
addressing the problem, e.g., Malle and Matzat [M&M2] and Volklein [V§]. In
this book, our main aim is then to consider problem (C), the construction of
generic polynomials with prescribed finite groups as Galois groups.

The nature of the Inverse Problem of Galois Theory, in particular its con-
structive aspects, resembles that of the Diophantine problems, and it has been
an intractably difficult problem; it is still unsolved.

0.2. Milestones in Inverse Galois Theory

The Inverse Galois Problem was perhaps known to Galois. In the early nine-
teenth century, the following result was known as folklore:

THE KRONECKER-WEBER THEOREM. Any finite abelian group G occurs as
a Galois group over Q: Indeed G is realized as the Galois group of a subfield
of the cyclotomic field Q(¢), where ¢ is an n'™ root of unity for some natural
number n.

For proof, we refer to e.g. [Lo3, Ch. 13] (or indeed most books on class field
theory). For the first part (existence), it follows easily from the fact that there
are infinitely many primes = 1 (mod n) for any natural number n. For a simple
proof of this last statement, see [Hs3].

As for the actual construction, there were examples of polynomials realizing
abelian groups G as Galois groups over QQ, which were constructed using Gaussian
periods.
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The first systematic study of the Inverse Galois Problem started with Hilbert
in 1892. Hilbert used his Irreducibility Theorem (see Chapter 3) to establish the
following results:

THEOREM 0.2.1. For any n > 1, the symmetric group S, and the alternating
group A, occur as Galois groups over Q.

Further, Hilbert constructed parametric polynomials for S,,, however, he was
not able to come up with parametric polynomials for A,,. (Indeed, this problem
remains open even today.)

In 1916, E. Noether [Noe] raised the following question:

(0.2.2) THE NOETHER PROBLEM. Let M = Q(¢1,...,t,) be the field of
rational functions in n indeterminates. The symmetric group S, of degree n
acts on M by permuting the indeterminates. Let G be a transitive subgroup of
Sy, and let K = M© be the subfield of G-invariant rational functions of M. Is K

a rational extension of Q? ILe., is K isomorphic to a field of rational functions
over Q7

If the Noether Problem has an affirmative answer, G can be realised as a Galois
group over @, and in fact over any Hilbertian field of characteristic 0, such as
an algebraic number field (cf. section 3.3 of Chapter 3). Additionally, we get
information about the structure of G-extensions over all fields of characteristic 0
(cf. section 5.1 of Chapter 5).

The next important step was taken in 1937 by A. Scholz and H. Reichardt [Sco,
Rei] who proved the following existence result:

THEOREM 0.2.3. For an odd prime p, every finite p-group occurs as a Galois
group over Q.

The final step concerning solvable groups was taken by Shafarevich [Sha] (with
correction appended in 1989; for a full correct proof, the reader is referred to
Chapter IX of the book by Neukirch, Schmidt and Wingberg [NS&W, 2000]),
extending the result of Iwasawa [Iw] that any solvable group can be realized as
a Galois group over the maximal abelian extension Q" of Q.

THEOREM 0.2.4. (SHAFAREVICH) FEwvery solvable group occurs as a Galois
group over Q.

Shafarevich’s argument, however, is not constructive, and so does not produce
a polynomial having a prescribed finite solvable group as a Galois group.

Some remarks regarding simple groups. Of the finite simple groups, the
projective groups PSL(2,p) for some odd primes p were among the first to be
realized. The existence was established by Shih in 1974, and later polynomials
were constructed over Q(¢) by Malle and Matzat:

THEOREM 0.2.5. (a) (SHIH [Shi]) Let p be an odd prime such that either 2,
3 or 7 is a quadratic non-residue modulo p. Then PSL(2,p) occurs as a Galois
group over Q.
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(b) (MALLE & MATZAT [M&ML1]) Let p be an odd prime with p % =+1
(mod 24). Then explicit families of polynomials over Q(t) with Galois group
PSL(2,p) can be constructed.

(c) (BELYI [Bell]) Let k be a finite field of odd characteristic, and let G be
SL(n, k), PSL(n,k), Sp(2n,k), SO(2n + 1,k), U(n,k), etc. Then there exist
finite extensions L 2 K of Q such that K/Q is abelian and L/K is Galois with
Galois group G.

Belyi (in [Bel2]) also realized simple Chevalley groups of certain types as
Galois groups over the maximal cyclotomic field.

For the 26 sporadic simple groups, all but possibly one, namely, the Mathieu
group M3, have been shown to occur as Galois groups over Q. For instance:

THEOREM 0.2.6. (MATZAT & AL.) Four of the Mathieu groups, namely My,
Mz, Moo and Moy, occur as Galois groups over Q.

Matzat and his collaborators further constructed families of polynomials over
Q(t) with Mathieu groups as Galois groups.

The most spectacular result is, perhaps, the realization of the Monster group,
the largest sporadic simple group, as a Galois group over Q by Thompson [Th].
In 1984, Thompson succeeded in proving the following existence theorem:

THEOREM 0.2.7. (THOMPSON) The monster group occurs as a Galois group
over Q.

Most of the aforementioned results dealt with the existence question (A) for
K=Q.

Later several families of simple linear groups were realized as Galois groups
over Q (see Malle and Matzat [M&M2]).

It should be noted that all these realization results of simple groups were
achieved via the rigidity method (see section 0.7 below) and the Hilbert Irre-
ducibility Theorem (see Chapter 3).

0.3. The Noether Problem and Its History

In this monograph, we will be mostly concerned with constructive aspects of the
Inverse Galois Problem. We will be focusing on the question (C), construction
of generic polynomials having prescribed finite groups as Galois groups.

The Noether Problem (NP) concerning rational extensions over Q has a long
preceding history.

An extension L/K is called rational if there exists a transcendence basis
{Bi}ier such that L = K({0;}icr), in which case L is K-isomorphic to the field
K ({t;}icr) of rational functions in the ¢;’s.

In 1875, Liiroth [Lii] (for a more contemporary reference, see Jacobson [Ja2,
8.14]) proved the following result:

THEOREM 0.3.1. (LUROTH) Let L/K be a rational field extension of tran-
scendence degree 1. Then any subfield of L containing K is either K or a rational
extension K (t) where t is an indeterminate.
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In this connection, there arose the so-called Liiroth problem:

(0.3.2) THE LUROTH PROBLEM. Let L be an arbitrary rational extension of
a field K. Is any subfield of L containing K rational over K7

Some positive answers to the Liiroth Problem were obtained. In 1894, Castel-
nuovo showed the following result:

THEOREM 0.3.3. (CASTELNUOVO [Cal]) Let K be algebraically closed of char-
acteristic 0. If L is a rational extension over K of transcendence degree 2, then
any subfield of L containing K is rational over K.

However, it was shown by Zariski [Z] in 1958 that this is no longer true if K
has positive characteristic.

To state more results on the Liiroth problem and related topics, we now
introduce the notion of unirational and stably rational extensions of fields.

A field extension L/K is said to be unirational if L is a subfield of a rational
extension of K, and stably rational if L(ui,us,...,u,) is rational over K for
some r, that is, if L becomes rational over K after adjoining a finite number of
indeterminates.

In geometric terms an irreducible algebraic variety defined over K is ratio-
nal, resp. unirational, resp. stably rational if its fields of rational functions is a
rational, resp. unirational, resp. stably rational extension of K.

Clearly, we have the following implications:

rational = stably rational = unirational.

However, the arrows are not reversible. The first candidates for examples show-
ing that ‘unirational’ does not imply ‘rational’ were discussed by Enriques [En]
in 1897, and G. Fano [Fn] in 1904. The first correct and well-documented ex-
amples are due to B. Segre, who considered smooth cubic surfaces X C P% and
wrote a series of papers on that subject in the decade 1940-1950. He proved that
such a surface is unirational if it has a K-rational point. His simplest example
of a unirational but non-rational surface is a smooth cubic surface X/K over
K = R such that the topological space X (R) has two connected components.
See [Sgl], as well as [Sg2].

The first example of a stably rational but not rational extension was given by
Beauville, Colliot-Théléne, Sansuc and Swinnerton-Dyer [Be&al]. Their example
is a non-rational surface which is stably rational over Q. We will give an example
of a field which is unirational but not stably rational on p. 57 in Chapter 2.

We should here mention some other known examples of unirational but not
rational extensions. Segre (cited above) gave examples of unirational but not
rational surfaces, developing along the way the theory of linear systems with
base points. Clemens and Griffiths (in [C&G]) constructed the intermediate
Jacobian of the cubic threefold. This Jacobian is a unirational but not a ratio-
nal variety over C. Another example was constructed by Iskovskih and Manin
[I&M] as a counterexample to the Liiroth Problem, using generalization of the
theory of linear systems with base points. Their example was a quartic threefold
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in P* over C. For non-algebraically closed fields, there are several articles ad-
dressing non-rationality question of varieties (mostly surfaces). Also, elementary
examples were given by Artin and Mumford in [Ar&M]. We are not going into
a detailed discussion of those examples, but refer the interested reader to the
papers cited above, as well as Ojanguren [Oj], and the references therein.

The Liiroth Problem led to a related problem. Let G be a finite group acting
faithfully on L/Q (i.e., G is a group of automorphisms of L fixing the base field
Q), and pick a special subfield of L, namely the fixed field LS. Then the Liiroth
Problem in this context is the Noether Problem (NP) formulated in (0.2.2) for
K = Q. Prior to Noether, Burnside considered the problem concerning the
fixed point fields of automorphisms of rational function fields (which later was
popularised by the name of ‘the Noether Problem’), and he obtained several
results:

THEOREM 0.3.4. (BURNSIDE 1908, [Bs]) The fized field of Cs acting regu-
larly on K (t1,t2,t3) is rational over K provided that K contains the third roots
of unity. Similarly, the fized field of Ay acting regularly on K(t1,ts,t3,ts) is
rational (under some conditions on the ground field K ).

By the classical theorem that any symmetric rational function is a rational
function in the elementary symmetric polynomials, it follows that the Noether
Problem has a positive answer for the symmetric group S,,. E. Noether and
some of her contemporaries gave positive answers for several other groups of
small degree. Here are some results for solvable groups:

THEOREM 0.3.5. (a) (FURTWANGLER 1925, [Fu]) The Noether Problem has
a positive solution for every solvable transitive subgroup G of Sp, where p =
3,5,7,11, for K = Q and G acting as a regular permutation group of the inde-
terminates ty, ..., t,, n = |G|.

(b) (GROBNER 1934, [Gr6]) The Noether Problem has a positive answer for
the quaternion group Qs.

For the alternating groups A,, the Noether Problem is still open: For A5 the
answer is affirmative, and this was proved by Maeda [Mae] in 1989. However,
for A,, n > 6, the answer remains unknown.

It turns out that the Noether Problem does not always have a positive answer.
This raises yet another question: For which groups G does it fail to have an
affirmative solution?

In 1925, Furtwingler noticed that his argument (proving point (a) in the The-
orem above) did not work for the cyclic group Cy7. Swan and V. E. Voskresenskii
(working independently) gave counter-examples to the Noether Problem for the
cyclic groups Cy7, C113, Caas, etc., in their papers [Swnl, 1969] and [Vol, 1970].
Later, more conceptual and accessible, and also stronger, results were obtained
by H. Lenstra [Len]: For instance, he shows that the smallest group for which
the Noether Problem fails is the cyclic group Cg, and further he gave a complete
classification of abelian groups for which the Noether Problem fails. (See also
Saltman [Sal, 1982].)



8 INTRODUCTION

0.4. Strategies

As we mentioned above, a positive solution to the Noether Problem for a finite
group G over Q yields a positive solution to the question (A), concerning the
existence of a G-extension, and moreover it gives rise to a positive answer to the
question (C), about generic polynomials. We will push Noether’s strategy to its
fuller extent.

Noether’s strategy: Invariant theory. Noether’s strategy may work well
for the symmetric groups S, but as we have seen above, it becomes complicated
for other groups, even of small order.

Closer analysis concerning the existence (and construction) of polynomials
with Galois group G turns out to be more productive if we consider generalisa-
tions of the original Noether Problem. Of course, the Noether Problem can be
formulated over any field, rather than just Q. Also we may take different actions
of G on the function fields.

Let K be any field and let M = K(t1,t2,...,t,) be the field of rational
functions over K in n indeterminates t = (t1,t2,...,t,). Let G be a finite
group. Depending on the action of G on the field M, we have several variants
of the Noether Problem. We now formulate the Noether Problem (NP), Linear
Noether Problem (LNP), and General Noether Problem (GNP) depending on
the action of G.

(0.4.1) THE NOETHER PROBLEM (NP). Assume that G acts on M as a
transitive permutation group on the set t = (t1,%t2,...,t,) of indeterminates,
and let L = MY. Is L rational over K?

(0.4.2) THE LINEAR NOETHER PROBLEM (LNP). Let G be a (finite) sub-
group of GL,(K), and define a G-action on M by ot; = ay;t1 + - - - + anst, when
(@1iy...,an;) € K™ is the image of the i*® canonical basis vector under o. Let
L = M€. Is L rational over K?

(0.4.3) THE GENERAL NOETHER PROBLEM (GNP). Let G be a (finite)
subgroup of the K-automorphism group Autg (M), and let L = M%. Is L
rational over K7

The inclusions are NP ¢ LNP ¢ GNP.

From now on we assume that our ground field K is infinite. We note that, by
a Theorem of Kuyk [Ku, Thm. 1], an affirmative answer to the Noether Problem
(NP) for a group G over an infinite field K implies the existence of a generic
polynomial for G-extensions over K (cf. also section 5.1 in Chapter 5).

Now we will encode various implications in the following diagram. We consider
a pair (G, K) where we assume that G is a finite group and K is an infinite field.

NP = Generic Poly = Regular Ext (:>) Galois Ext

T T

LNP GNP
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Here (x) means that K is assumed to be Hilbertian, cf. Chapter 3. Note that
the reverse implications do not hold. Parametric polynomials are not included
in the diagram. It is obvious that

Generic Polynomial = Parametric Polynomial.

However, there are examples of pairs (G, K) for which parametric polynomials
can be constructed over K, while generic polynomial cannot. For instance, the
pair (Cs,Q) gives an example of Cg-parametric polynomials over Q, but no
generic Cg-polynomials.

0.5. Description of Each Chapter

The main theme of this monograph is the construction of generic polynomials
having a prescribed finite group G as Galois group.

Chapter 1, ‘Preliminaries’, contains, as the name implies, some basic results
needed in the remainder of the text, mostly on linear representations of finite
groups.

In Chapter 2, we confine ourselves to groups of small degree. Specifically
we look into the following problem: Let K be a field and let f(X) = X" 4+
ap—1 X" 1+ -+a1 X +ao € K[X] be irreducible and separable. Then Gal(f/K)
is a transitive subgroup of the symmetric group S,,. We restrict ourselves to
groups of degree 3, 4, 5, 6, 7 and 11, although it is already known that all groups
of degree < 15 occur as Galois groups over Q. (See [M&M?2] and [K1&M].) Our
main concern is to give criteria for recognising a polynomial with a specified
group as Galois group by making use of the resolvent polynomials. We also
exhibit generic polynomials for the groups of degree 3, 4 and 5. For instance, we
have the following result:

THEOREM 0.5.1. (BRUMER) A generic polynomial for the dihedral group Ds
of degree 5 over an arbitrary field K is given as follows:

f X)) =X+ (t—-3)X "+ (s —t+3)X°+(t* —t—2s— 1)X* +sX +1
over K(s,t) where s and t are indeterminates.

We also demonstrate the non-existence of a generic Cg-polynomial over Q,
and as a consequence get the following two examples of fixed subfields of the
function field Q(s,¢,u) in three indeterminates s,t,u, both with a Cy-action,
where one is rational and the other not:

THEOREM 0.5.2. (a) Let o be the automorphism on Q(s,t,u) given by

1

c:85—1t, t—u, ur———.

Then o has order 4 and Q(s,t,u)“/Q is not rational.
(b) Let T be the automorphism on Q(s,t,u) given by

1
T:s—1t, t—u, ur —.
stu

Then T has order 4 and Q(s,t,u)“4/Q is rational.
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The example (a) in the above theorem is perhaps the simplest (easiest to
prove) example of a unirational but non-rational field extension, having tran-
scendence degree 3 over Q. For a proof of this theorem, see Chapter 2. Colliot-
Théléne has communicated to us an example of a unirational but non-rational
extension of transcendence degree 2 over Q, namely the quotient field of the ring

Q[xvya Z]/(ZEB —T—= y2 - 22)7
cf. also Ojanguren in [Oj] and Beauville et al. in [Be&al].

In Chapter 3, we give a complete proof of the Hilbert Irreducibility Theorem.
This theorem plays an important role to establish the existence of polynomials
with a prescribed finite group as a Galois group. In fact, most of the posi-
tive results in the Inverse Galois Problem depend on the Hilbert Irreducibility
Theorem, more precisely, on producing regular extensions over Q.

In this chapter, we also consider (briefly) the Regular Inverse Galois Problem
mentioned earlier. For the symmetric group S,, and the alternating group A,,
regular extensions are constructed over Q.

Unfortunately, the Hilbert Irreducibility Theorem, as we prove it, is not con-
structive, i.e., it does not indicate how to pick a suitable specialisation to produce
polynomials over @Q (or an algebraic number field) for a given group G. This is
not a serious difficulty, however, since the set of suitable specialisations is dense,
and choosing at random has a pretty good chance of success.

In Chapter 4, we present a generalisation of the usual Galois theory of fields to
a Galois theory of commutative rings. For extensions of fields (so-called Galois
algebras), this generalisation was first carried out independently by D. K. Fad-
deev and H. Hasse.! For a nice exposition of this topic, the reader is referred
to the original work by Chase, Harrison and Rosenberg [CH&R], as well as De-
Meyer and Ingraham [D&I], and Greither [Gr]. Our account of the theory is
mostly based on [D&I], although we have avoided any reference to separable
algebras (which is the central topic of that work). An advantage of introducing
this general notion of a Galois extension is to avoid case by case analysis based
on whether the ground fields contain roots of unity or not. In short, this theory
may be regarded as a base change theory and also as refinement of ‘reduction
modulo primes’ allowing us to treat specialisations in more streamlined fashion.

Chapter 5 is the backbone of this monograph. In this chapter we give a thor-
ough discussion about generic extensions and generic polynomials. Incidentally,
when the ground field K is infinite, the notions of generic extensions and generic
polynomials do coincide as proved by Ledet in [Lel0]. As we remarked above,
not all finite groups, even abelian groups, have generic polynomials. The first
question of our interest is the characterisation of finite abelian groups for which
generic polynomials exist.

THEOREM 0.5.3. (LENSTRA) Let G be a finite abelian group and K = Q.
Then generic polynomials exist for (G,Q) if and only if G has no elements of
order 8.

1n the 1940’s, when communication between Germany and Russia was less than perfect.
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Group Field Generic polynomial
Cy, Cy Arbitrary Yes
Cr, n odd Arbitrary Yes
Coe, e >2 Q No
p-group Char. p Yes
Qs Char. # 2 Yes
D,,, n odd Arbitrary Yes
Dsg, QDsg, M1 Arbitrary Yes

Fe Q Yes, if 817

Sn Arbitrary Yes
Ay Arbitrary Yes
As Arbitrary Yes

TABLE 1. Generic Polynomials

This Theorem is a composite of results from Chapters 2 and 5.

Summary of the existence of generic polynomials is tabulated in Table 1.

Certain other cases are known as well, of course, such as the cyclic group C,
of order n, over fields containing the primitive n'" roots of unity. Also, abelian
groups can be considered by writing them as direct products of cyclic groups. For
n > 5, it is unknown whether A,, has a generic polynomial (over any field). Most
known negative results stem from the non-existence of generic Cse-polynomials,
e > 2, over Q, which also excludes abelian groups containing elements of order 8,
as well as Frobenius groups F,; with 8 | £. In [Sa3], Saltman exhibits some p-
groups of high order (p?) that do not possess generic polynomials over any field
of characteristic 0.

REMARKS. (1) The crucial fact in proving that there is no generic Cg-poly-
nomial over Q is that the unramified Cg-extension of the field Q5 of 2-adic
numbers is not induced (by scalar extension) from a Cg-extension of Q. It would
seem plausible that something similar might work in other cases, but nothing is
known.

(2) The smallest group for which the question of existence of a generic poly-
nomial over Q is unanswered is the quaternion group of order 16, cf. Chapter 6.
The next is the special linear group SL(2, 3) of order 24.

We also give a treatment of p-groups in characteristic p > 0. More specifically,
we prove that generic polynomials always exist in that case, a result basically
due to Gaschiitz [Ga).

In Chapter 6 we will consider certain p-groups in characteristic # p, mostly
for p = 2. These include dihedral groups Dan, the quasi-dihedral groups @QDan
and the quaternion groups Q.- , as well as the the Heisenberg group of order p3.
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We construct generic polynomials over field K of characteristic different from
2 for Qgs, @Dg as well as for the central product QC of Qg and Cjy.

Chapter 7 is concerned with some other solvable groups, i.e., dihedral groups
and Frobenius groups of prime degree. (For our purposes, a Frobenius group is
a semi-direct product Fpy = Cp, x Cy, where £ | p— 1, and Cy acts faithfully. See
also [Pa].) We prove:

THEOREM 0.5.4. (a) Let p be an odd prime, and let £ | p— 1. Then a generic
polynomial for the frobenius group Fpe over Q exists if and only if 8 1 £.

(b) For the Frobenius groups Fy,—1y/2 where p is a prime with p = 3 (mod 4),
there is an explicit family of polynomials over Q with Galois group Fp,—1)/2-

Finally in Chapter 8, we will address question (D), i.e., the question of how
many parameters are needed in a generic polynomial. Let (G, K) be a pair
of a finite group G and a field K. When there is a generic polynomial over
K realising G as a Galois group, a lower bound for the number of parameters
is given by the essential dimension, edx G, which is defined by Buhler and
Reichstein [B&R1] as follows: Suppose that G acts regularly on the rational
extension K (t1,ta,...,t,) where n = |G|. Consider all G-extensions M /L such
that K C L C K(t1,ta,...,t,)¢ and K(t1,ts,...,t,) is the compositum of M
and K (t1,ts,... ,tn)G. The essential dimension edg G of G over K is then the
minimum of the transcendence degrees tr. deg, L, where L runs through all fields
considered above.

THEOREM 0.5.5. (a) If there is a generic polynomial over K for a group G,
then the number of parameters is at least edi G.

(b) Let (G,K) be a pair of a finite group G and a field K. A necessary
condition for the existence of a generic G-polynomial with one parameter is that

G embeds into PGLy(K).

However, if G is a finite group for which there exists a generic G-polynomial
over K, it is an open problem whether there is a generic G-polynomial with
exactly edx G parameters. In general it is rather difficult to find the exact
number of parameters in a generic polynomial for a group G. We have only
rudimentary results. Even for cyclic groups, we do not have entirely satisfactory
answers.

THEOREM 0.5.6. (SMITH) For Cyn, where p™ is an odd prime power, there
is a generic polynomial over Q with p"~1(p — 1)/2 parameters.

This is not an optimal result, however: For p™ = 7, it can be shown (in a non-
explicit way) that there is a generic polynomial with two parameters. Similarly,
there is a generic Cyi-polynomial over Q with only four parameters. On the
other hand, Smith’s result is completely constructive, and allows us to produce
the polynomial if desired.

In Chapter 8, we also prove the following result:
THEOREM 0.5.7. (BUHLER & REICHSTEIN) Let p" be a prime power. Then

the essential dimension for the cyclic group Cyn over Q is at most p(p—1)p™~!,
where @ s the Euler -function.
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It appears plausible that this may in fact give the exact value of the essential
dimension. Also, for p” =2,3,4,5,7,9, 11 and 13, it can be shown that generic
polynomials exist with the number of parameters exactly equal to the upper
bound on the essential dimension. (For p™ = 8, there is no generic polynomial
over Q.) Thus, one may pose the following ‘double conjecture’:

CONJECTURE. The essential dimension over Q for the cyclic group Cpn, p"
a prime power, is exactly ¢(p — 1)p"~!, and when p™ is odd there is a generic
Cpn-polynomial over Q with ¢(p — 1)p"~! parameters.

More generally, ¢(p—1)p™~! gives an upper bound for the essential dimension
of the semi-direct product Z/p™ x (Z/p™)*. In particular, for n = 1 it provides
an upper bound on the essential dimension of any solvable group of degree p.

For non-prime powers, we can get bounds using an ‘addition formula’: For
groups G and H, Corollary 8.2.9 from Chapter 8 gives edx (G x H) < edx G +
edx H. This can be shown to give the exact value of edg C,, for a few compos-
ite n, notably n = 6, 10 and 12, and one may conjecture that it works generally.

This Chapter also contains a summary of results on the essential dimension
for p-groups in characteristic p > 0, and some remarks regarding the generic
dimension of a finite group over a field, which we define to be the minimal
number of parameters in a generic polynomial.

We conjecture that that the generic dimension coincides with the essential
dimension when both are finite.

Finally we should point out that a generic polynomial over QQ for a finite
group G can have no two consecutive coefficients equal to 0, cf. Exercise 5.4
in Chapter 5. For instance, no trinomials of degree n > 4 can be a generic
polynomial for a finite group.

In this connection a problem arises: When a finite group G is realisable as a
Galois group over Q, can G be realised as a Galois group of a totally real number
field?

Regarding this problem, it has been shown by Serre that if every finite group
is realisable as a Galois group over Q, then it is in fact possible to realise them
inside R. (This result will be published in a paper by J. Kliners and G. Malle.)

Appendix A contains various technical results and definitions that are relevant
to the main text, but did not fit into it. This includes: The ‘Seen one, seen them
all’ Lemma, Tensor products, Linear disjointness and the Hilbert Nullstellensatz.

Appendix B contains a brief account of invariant theory, needed for the treat-
ment of quintic equations in Chapter 2.

0.6. Notations and Conventions

GRoOUPS. The groups and related concepts are

Sy: the symmetric group of degree n, of order n!.

n: the alternating group of degree n, of order n!/2.
'n: the cyclic group of order n.

n: the dihedral group of order 2n.

O
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F,¢: The Frobenius group of order pf, with ¢ | p — 1.

®@Dgn-1: the quasi-dihedral group of order 2.

@2~ the quaternion group of order 2.

Mosn: the modular group of order 2.

H,3: The Heisenberg group of order 3.

M117 Mlg, Mgg, M23, M24Z the Mathieu groups

PSLy(Fy): the projective special linear group of 2 x 2 matrices over the finite
field F; of g elements.

PSL(2, p) = PSLy(F},), where p is a prime.

GL,(K): the general linear group of n x n matrices with entries in K.

GL(n, q) = GL,(F,).

PGL,,(K): the projective general linear group of nxn matrices with entries in K.

PGL(n, ¢) = PGL, (F,).

G™: The direct product of n copies of the group G.

G111 Ga: the wreath product of two groups G; and Gs.

|G|: the order of a finite group G.

Z(@G): the center of a group G.

tn: the group of nth roots of unity (within a field).

FIELDS AND RINGS. From commutative algebra, we use

Q: the field of rational numbers.

R: the field of real numbers

C: the field of complex numbers

Qp: the field of p-adic rational numbers.

K,: the completion/localisation of the field K with respect to a discrete valua-
tion v.

K (u,): the n't cyclotomic field over K.

K(t) = K(t1,ta,...,t,): the field of rational functions in the indeterminates
t = (t1,t2,...,t,) over a field K.

K[s] = K|[s1, $2,...,5-): the polynomial ring in the indeterminates s = (s1, 2,

., 8r) over a field K.

Rp: The localisation of the commutative ring R in the prime ideal p, i.e., the
ring of fractions r/s with r € R and s € R\ p.

R,: The localisation of the commutative ring in the powers of the element a € R,
i.e., the ring of fractions r/a™ with » € R and n € N.

R™: The direct sum of n copies of the ring R.

Wy (L): the ring on n-dimensional Witt vectors over a field L.

p: the map W, (L) — W, (L) given by

p: (ag,...,ap—1)— (af,...,al_;) — (ao,. .., an—1).

INVARIANTS. Various constants associated with fields and groups:

£(K): the level of a field K, which is the smallest natural number n for which —1
is a sum of n squares in K, with ¢(K) = oo if —1 is not a sum of squares.

tr.degy L: the transcendence degree of a field L over a field K.

edx G: the essential dimension of a finite group G over a field K.

gd - G: the generic dimension of a finite group G over a field K.
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0.7. Other Methods

We should mention that this monograph is not meant to discuss ‘all’ exist-
ing methods on the Inverse Galois Problem. There are already a number of
other monographs and textbooks available: Conner and Perlis [C&P], Malle and
Matzat [M&M2], Vélklein [V6], Schneps and Lochak [S&L], Serre [Se2], among
others.

The rigidity method: Galois coverings of P!. Let P! = P!(C) denote
the projective line over C. It is a rational curve of genus g = 0, i.e., the Riemann
sphere. Let C' be a projective non-singular algebraic curve defined over C, of
genus g > 1. Let Aut(C) denote the group of automorphisms of C. Tt is known
that if g > 2, then Aut(C) is a finite group. In fact, if g > 2, then Aut(C) is a
finite group of order < 84(g — 1), cf. Hurwitz in [Hw]. (If ¢ = 1, Aut(C) may
be infinite.) Let G be a finite group contained in Aut(C). By a G-covering, we
mean a quadruple A = (C, P!, 7, ¢), where

(i) P! is the projective line over C,
(ii) C is a projective non-singular algebraic curve of genus g > 1,

(iii) 7: C — P! is a surjective rational mapping, and

(iv) ¢: G — Aut(C) is a monomorphism,
such that the function field of C' is a Galois extension of the function field of
P! and ¢(G) C Aut(C) coincides with the group of covering transformations of
7: C — Pl

Now suppose that we are given a finite group G. The problem is to construct
a Galois covering A = (C, P!, 7, ¢) having G as the group of automorphisms of
C. A natural choice for such a curve is C' = C'//G. Then the function field of C
is C(C)¢ ¢ C(C) such that C(C) is Galois over C(C) with Galois group G.

For a fuller exposition of this approach, the readers are referred to the mono-
graph by Malle and Matzat [M&M?2], and for the geometric version of the rigidity
method to the recent monograph of Vélklein [V6]. Another account is Serre’s
book [Se2], which discusses, among other things, the rigidity method and the
regular inverse Galois problem.

Trace forms. Whenever we have a finite Galois extension M /K with Galois
group G = Gal(M/K), we can consider G as a transitive subgroup of the sym-
metric group S, for some natural number n. Let §n be the stem cover of S,
i.e., the double cover

1—{+1} >S5, -5, —1
in which transpositions lift to elements of order 2, and products of two disjoint
transpositions lift to elements of order 4. We then get a double cover G of G,
and we can ask: Can M/K be extended to a G-extension F/K? The answer
to that question involves the study of trace forms, i.e., quadratic forms of the
type @ +— Trp, & (2?) defined on a field extension L/K, and have been used by
Mestre [Mes] and others to realise stem covers of alternating groups as regular
extensions over Q. Realisation of the stem covers of S,, and A, will not be
discussed in this monograph. A survey on trace forms can be found in the
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monographs of Conner and Perlis [C&P]. Serre [Se2] studied the trace form
Trr x (2?) in detail.

Methods of Thara, Schneps, etc. There is an excellent MSRI Conference
Proceedings Galois Groups over Q, [IR&S], edited by Thara, Ribet and Serre.
There the absolute Galois groups acting on algebraic fundamental groups were
extensively discussed.

There are also a two-volume work by Schneps and Lochak, [S&L], where
Grothendieck’s theory of dessins d’enfants (Combinatorial Galois Theory) is
treated. The main objects are the moduli spaces M, ,, of genus g curves with n
marked points. Combinatorial Galois theory is developed addressing the question
to what extent the absolute Galois group of Q is determined as a profinite group
by its action on the fundamental group of the moduli space Mg ,,.

These works are mostly concerned with realisations of pro-finite groups as Ga-
lois groups, and accordingly will lead us too far from the Inverse Galois Problem
treated here.



CHAPTER 1

Preliminaries

In this chapter, we collect some results necessary for the subsequent discussions
of Galois theory and the Inverse Galois Problem. These include linear represen-
tations and their relation to (the existence of) generic polynomials, as well as a
brief introduction to resolvent polynomials. The material is of a somewhat tech-
nical nature, but as we will be making extensive use of it right from the outset,
it will not interrupt the progression of the material to put it at this place, rather
than in an appendix.

1.1. Linear Representations and Generic Polynomials

We start with some considerations relating to the Noether Problem which will
make finding generic polynomials somewhat easier:

Let G be a finite group, and consider a representation of G, i.e., a homomor-
phism G — GLg(V), where GLg (V) is the general linear group for a finite-
dimensional K-vector space V. This simply means that V can be considered as
a left K[G]-module, where K[G] is the group ring.!

If M/K is a Galois extension with group G, the Galois action of G on M
gives a representation (with M as V'), and by the Normal Basis Theorem the
K[G]-module M is free of rank 1, i.e., isomorphic to K|[G] itself.

More generally: Let G be a finite group. We may represent G as a permutation
group on a set X with n elements for some n. In this case, we say that G has
a permutation representation of degree n, that is, G is regarded as a subgroup
of S,. Corresponding to this is a linear representation, in which G acts on the
n-dimensional K-vector space K™ by permuting the canonical basis vectors. By
abuse of notation, we will refer to this linear representation also as a permutation
representation.

We can always represent G as a permutation group of degree |G| by considering
it as permuting the elements of G itself by left multiplication. This is the regular
representation of G, and it is transitive, i.e., for all o, 3 € X = G there is a
o € G with oa = (.

A representation is faithful, if the homomorphism G — GLk (V) is injective,
i.e., if no non-trivial element in G acts as the identity on V. Thus the above
example is faithful.

1n this text, only left modules will be considered. So, from now on, ‘module’ will mean
‘left module’.

17



18 1. PRELIMINARIES

As our interest is in Galois theory, we will first look at the question of when
the K[G]-module V can be considered as a submodule of K[G]. To this end,
we introduce the dual space of V, V* = Homg (V, K). It is a K[G]-module by
a(p): v @(o~tv) for o € G and ¢ € V* (giving us the so-called contragredient
representation, cf. [Hu, V.§16 Def. 16.11]), and it is easily seen that V' and V**
are isomorphic as K[G]-modules. Also, —* is an ezact contravariant functor: If
¥: U — V is a K[G]-linear map, there is an induced map ¢* = tpo: V* — U*,
and ® is injective (resp. surjective) if and only if ¢ is surjective (resp. injective).

As a (simple) example, we point out that K[G]* ~ K[G].

It is now clear that V' can be embedded in K[G] if and only if V* is cyclic,
i.e., a homomorphic image of K[G]. And working out the details, we get the
following: If V* is generated (over K[G]) by ¢, an embedding of V into K[G] is
given by

Vi Z oo™ V)o, veV.
oeG

Reintroducing the G-extension from the Example above, we have:

PROPOSITION 1.1.1. Let M/K be a G-extension, and let there be given a
representation G — GLg (V). If the dual representation G — GLg(V*) is
cyclic, then the K-vector space V' can be embedded in M in a way that respects
the group action.

We note that one case in which the dual representation is cyclic is when there
is a subgroup H of G and a vector u € V, such that (cu),cn is a basis for V.

We also note that, by Maschke’s Theorem ([Ja2, 5.2 p. 253], or Exercise 7.2
in Chapter 7 below), K[G] is the direct sum of all the irreducible representations
of G over K, whenever char K { |G|. Thus, in this case, V can be embedded
in K[G] if and only if the irreducible constituents of V' all have multiplicity 1.

The Linear Noether Problem. If V is a finite-dimensional vector space
over the field K, we let K(V) denote a rational function field in which the
homogeneous linear polynomials have been identified with V. Thus, a K-basis
for V is a transcendence basis for K(V)/K. The action of the general linear
group GLg (V) then extends to K (V). Similarly, we will use K[V] to denote
a polynomial ring with the homogeneous linear polynomials identified with V.
(Formally: K[V] is the commutative tensor algebra for V over K, and K (V) is
the quotient field of K[V].)

Now, let G be a finite subgroup of GLg (V). We then have G acting on K (V).
This generalises the permutation representations considered in connection with
the Noether Problem, since S,, can be identified with the subgroup of GL,, (K)
consisting of matrices with exactly one 1 in each row and each column, and 0’s
elsewhere. (In other words: S, acts on K™ by permuting the coordinates.)

This makes it natural to generalise Noether’s approach, cf. also the Introduc-
tion:

(1.1.2) THE LINEAR NOETHER PROBLEM (LNP). If the finite group G is
considered as a subgroup of a general linear group GLg (V') over the field K,
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we can let it act on K (V). The question is then as with the original Noether
Problem: Is the fived field K (V)Y a purely transcendental extension of K ?

EXAMPLE. (ABHYANKAR, [Ab]) Let ¢ be a prime power, and let K be a
field containing F,. Also, let GL(n,q) = GL,(F,), and let s = (s1,...,,) be
indeterminates. Denote the splitting field of the polynomial

FXO) =X + 5. X7 445X

over K(s) by M. It is relatively easy to see that the roots of f(X) make up
an n-dimensional F,-vector space. We will refer to such a polynomial as vecto-
rial. Also, if t = (t1,...,t,) is a basis for this space, the t;’s are algebraically
independent and M = K (t).

Thus, if we let GL(n, ¢) act linearly on K (t), the fixed field has the form K (s)
for indeterminates s = (s1, ..., $,) in K[t], and so we have a GL(n, ¢)-extension
K(t)/K(s).2

If M/K is a GL(n, q)-extension, we can embed F' (and in fact K™) into M
in a way that preserves the linear action. The image of IF;' in M necessarily gen-
erates M over K, and M is the splitting field of the corresponding specialisation
of f(X).

Hence, f(X) € F4(s)[X] is generic for GL(n, ¢)-extensions over Fg.

In fact, a positive answer to a Linear Noether Problem will—under one
slight restriction — always give rise to generic polynomials, as the following result
from [K&Mt, Thm. 7] shows:

PROPOSITION 1.1.3. Let G be a finite group, and let K be an infinite field.
Also, let G be embedded into GLg (V') for some V, and assume that the corre-
sponding Linear Noether Problem has an affirmative answer. Then there is a
generic G-polynomial over K with n = dimg V' parameters.

REMARK. In [Kn, 1955] Kuniyoshi proved that the Noether Problem always
has an affirmative answer for p-groups in characteristic p, and in [Ga, 1959]
Gaschiitz proved the same for any Linear Noether Problem. Thus, we can con-
clude that generic polynomials always exist for p-groups over an infinite field in
characteristic p.

We will give a proof of Gaschiitz’ result in section 5.6 of Chapter 5 below,
together with a more ‘cost-effective’ construction of generic polynomials.

We obtain Proposition 1.1.3 as an obvious corollary to the following

PROPOSITION 1.1.4. Let G be a finite group, and let K be an infinite field.
Also, let G be embedded into GLg (V) for some V, and let K(u) = K (uq, ..., ur)
be a rational function field. Furthermore, let F(u,X) € K(u)[X] be a monic
polynomial, and assume that K (V) is the splitting field over K(V)€ of a special-
isation of F(u,X). Then any G-extension M/L with L O K is obtained as the
splitting field of a specialisation of F(u, X) (over L).

2As well as an argument that a polynomial where the roots form an n-dimensional F,-vector
space has the same form as f(X).
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Proor. First, note that, for any ¢ € V*, the kernel of the map g,: V —
K|[G], given by

Gp: Vi Z oo™ Vo, vev,
oceG
and considered above, is (), ker o (). In particular, ker g, C ker ¢, and so we
can pick ¢1,...,¢pq € V* (for some d) such that (), ker g,, = 0. This gives us an
injective K[G]-linear map

V= (Gor (V)55 Gpu (V)

from V into K[G]4, ie., V — KI[G]?. Thus, if s1,...,84 are d sets of |G|
indeterminates, each permuted regularly by G, we have an embedding K[V] —
Kls1,...,S4d]

Now, let f(s1,...,84) be any non-zero polynomial in KJsq,...,s4]. Then, if
q2 € Nis picked greater than the highest exponent of any indeterminate in s1, the
polynomial f(s1,s]?,ss,...,84) is non-zero as well. (Here, s{* means the ordered
set of gi® powers of the indeterminates in s;.) It follows that, for a suitable
choice of qa, . .., qq, the polynomial f(s1,s{,...,s?") is non-zero. Also, the map
g(s1,...,8q) — g(s1,87*,...,8%") is a K-algebra homomorphism K|[si,...,sq] —
K|[s1] respecting the G-action.

Assume now that K (V) is the splitting field over K (V)¢ of a specialisation
F(t,X), v = (t1,...,t,) € (K(V)¥)". For a suitable w € K[V]\ 0, we have
that t1,...,t, belong to the localised ring K[V],, (i.e., the ring of elements of
the form a/w® for a € K[V] and e € N), and also that F(v,X) € K[V],[X].
Moreover, we can—for each ¢ € G \ 1-pick a root £ € K[V], of F(t,X)
with ¢ # £ and require 1/(c€ — §) € K[V]w. Let w’ be the image of w in
K|s1,...,84], and pick the ¢;’s as above to ensure that w’ maps to a non-zero
element w” € K[s1]. We then have homomorphisms

K[V]w — K[Slu ceey Sd]’w’ - K[Sl]w”7

all respecting the G-action.

If M/ L is a G-extension, we can, by the algebraic independence of the elements
in G over M (Theorem 4.3.7 in Chapter 4 below, or [Jal, 4.14]), find § € M such
that @ = (06),eq is a normal basis for M/L and w”(0) # 0. Thus, we have

K[V]y — Kls1,...,Sd|luw — K[s1]wr — M,

with the last map defined as follows: If s1 = (S5 )seq With 08, = 857, we map s,
to of. This gives us a K-algebra homomorphism K[V],, — M respecting the G-
action. Letting a = (a1, ..., a,) be the images of t in M, we see that aq,...,a, €
L and that F(a, X) splits completely in M[X]. Also, G acts faithfully on the
roots of F(a,X): For o € G\ 1 we have that ¢ — £ is invertible in K[V],, for
some root & of F(t,X), and so the image o — & cannot be 0 in M, meaning
that o acts non-trivially on £. Hence, M must be the splitting field of F(a, X)
over L. (]

From this Proposition, we immediately get various other Corollaries:
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PROPOSITION 1.1.5. Let K be an infinite field and G a finite group. A monic
G-polynomial P(s, X) over K(s) is generic if and only if some ‘Noether exten-
sion’ K(V)/K(V)€ is obtained by specialisation, i.e., if and only if K(V') is the
splitting field over K (V)9 of P(a, X) for some specialisation a of s in K(V)&.

In particular: If there is a generic G-polynomial over K, there is an irreducible
generic G-polynomial, since we can replace P(s, X) by an irreducible polynomial
in K (s)[X] with the same splitting field.

COROLLARY 1.1.6. Let K be an infinite field and G a finite group, and let
(P;(si, X))icr be a family of G-polynomials over rational function fields K(s;),
such that every G-extension of fields containing K is obtained by specialising
some Pj(s;, X). Then one of the P;(s;, X)’s is generic.

Hence, the obvious ‘loosening’ of the definition of generic polynomials— al-
lowing a family of cases rather than a single case—does not lead to anything
new.

Another consequence is the following result from [K&Mt, Thm. 3]:

PROPOSITION 1.1.7. Let K be an infinite field and G a finite group. Consider
a faithful linear action of G on the K-vector space V, and assume that M /K is
a subextension of K(V)/K on which G acts faithfully. If the fized field MC is
rational over K with generating transcendence basis si, ..., S,, there is a generic
G-polynomial over K with parameters si,...,S,.

It is also clear from the Proposition that a construction of G-extensions over K
is generic, if it only makes use of properties of K that are inherited by exten-
sion fields in which K is relatively algebraically closed, such as the degree of
cyclotomic extensions.

REMARK. In [DM], DeMeyer uses a seemingly stronger concept of generic
polynomial than the one we are using: He demands that it produce not only
all G-extensions, but also all H-extensions for subgroups H of G. Call such a
polynomial ‘descent-generic’.

Since our Proposition above did not include anything about the Galois group
of F(s,X) over K(s), and since a specialisation giving K (V) over K(V)% also
gives K (V) over K(V)H for any H C G, we now have

PROPOSITION 1.1.8. (KEMPER, [Ke2]) Owver an infinite field, a generic poly-
nomial is ‘descent-generic’.

Returning now to the Linear Noether Problem, we note a few simple results
from invariant theory, that will prove helpful later on. First of all, we record

THE INVARIANT BAsiS LEMMA. Let M/K be a finite Galois extension of
fields with Galois group G = Gal(M/K), and let W be a finite-dimensional M -
vector space on which G acts semi-linearly, i.e., such that o(aw) = caow for
a€ M andw € W. Then W has an invariant basis, i.e., an M -basis of vectors
in the K-subspace W& of G-invariant elements.

Clearly, any K-basis for W& is then an M-basis for W.

PrOOF. We follow the argument given in [K&M]: If (61,...,0s) is a basis
for M over K, then ) _o60;ow € WE for i and all w. Proposition 4.3.6 in
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Chapter 4 below (or [Jal, 4.14]) now gives us that the elements of W gener-
ate W over M. g

The next result follows from the Invariant Basis Lemma.

THE NO-NAME LEMMA. Let G be a finite group acting faithfully on a finite-
dimensional K-vector space V, and let U be a faithful K[G]-submodule of V.
Then the extension K(V)¢/K(U)€ is rational.

PRrOOF. Inside K(V), we have the K (U)-vector space K(U) -V generated
by V. It is easily seen that dimg gy W = dimg V' — dimg U + 1, and since the
G-action is semi-linear, there is—by the Invariant Basis Lemma—an invari-

ant basis 1,wy,...,ws. Since s is the transcendence degree of K(V)/K(U), we
get that wy,...,ws are algebraically independent over K (U) and that K (V) =
K(U)(wy,...,ws), from which we get K(V)¢ = K(U)%(wy,...,ws). O

In particular: If G is a transitive subgroup of order n in S,,, we can consider
G as acting on both V = K™ and U = K™ by permuting coordinates. Also, we
can embed U into V as a K[G]-module. (PROOF: In G, we have a subgroup H of
index m corresponding to the embedding G C 5,,,, and G permutes the canonical
basis vectors in U in the same way it permutes the cosets 0 H in G. To each basis
vector in U, we now associate the sum over the corresponding coset of canonical

basis vectors in V.) It follows that K (V)%/K is rational if K(U)%/K is.

EXAMPLE. Let S, act transitively on n! =n-(n —1)---2-1 indeterminates
t = (t1,...,tn). Then K(t)%"/K is rational.

Finally, let us make the following observation, taken from [Kel, Prop. 1.1(a)]:
Let G — GLk (V) for a finite-dimensional K-vector space V, and consider the
subfield K (V')o of homogeneous elements of degree 0. (A homogeneous element
in K(V) is an element of the form f/g, where f,g € K[V] are homogeneous.
The degree is then defined as deg f — degg.) Then G acts on K(V)g through
the projective linear group PGLk (V). In fact, K(V)g = K(va/v1,...,v,/01),
when vy, ..., v, is a K-basis for V, and the action of GLg (V') on K (V) becomes
an action of PGLx (V) on K (V). Moreover, we have K(V)¢ = K(V)§(z),
when z € K(V)¢\ (0) is homogeneous of minimal positive degree: There are
non-zero homogeneous elements in K (V)¢ of positive degree, since G acts on
the homogeneous components of the elements in K[V], meaning that K[V],
and hence K (V)% is in fact generated by homogeneous elements. (Since any
element in K (V') can be written as f/g for some f € K[V] and some g € K[V]%.)
Now, let  be non-zero homogeneous of minimal positive degree d > 0, and let
f € K(V)% be homogeneous of degree e. We may write e = gd+r for 0 < r < d,
getting f/x? homogeneous of degree r. By assumption, we must then have r = 0
and f/z? € K(V)§, and therefore f € K(V)§ ().

When we start with a two-dimensional representation, this ‘homogenisation’
brings us down to transcendence degree 1, where everything is rational by Liiroth
(Theorem 0.3.1 in the Introduction). For convenience, we prove Liiroth’s Theo-
rem in the special form we need:
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LUROTH’S THEOREM (SPECIAL CASE). Let K be a field and G C PGLy(K)
a finite group of order n acting on K(X). Let

Y"1 V' g = [V = 0X) € K(X)C]Y].
ocG

Then there is an i € {0,...,n — 1} with r; ¢ K, and for any such i, we have
K(X)% = K(ry).

PROOF. Obviously, r; ¢ K for somei € {0,...,n—1}. Since r; is a polynomial
of degree < n in (6X),cq, we can write it as r; = f;/g;, where f;,g; € K[X]
have degrees < n. It follows that [K(X): K (r;)] < n, and since K (r;) C K(X)%
and [K(X): K(X)% = n, we must have K (X)¥ = K(r;). O

REMARK. Thus, if G — GLa(K) the fixed field K (z,y)¢ is rational over K,
and we have an explicit procedure for finding a generating transcendence basis.

In this connection, we can also note two additional simple facts, cf. [Kel,
Prop. 1.3]: The kernel of G’s action on K (V) is the subgroup G N K* of scalar
matrices in G, and the degree d above equals the order of GNK™*. (The first part
follows trivially by considering the action on v;/v; and using the unique factori-
sation in K[V]. As for the second: By Galois theory, K(V)o(z) = K(V)¢"K"
and by [Ja2, Thm. 8.38] we have [K(V): K (V)o(x)] = d since z/v{ € K(V)y.)

1.2. Resolvent Polynomials

Let f(X) be an irreducible polynomial over K of degree n > 1 and let a, ..., ay,
be the roots of f(z) in its splitting field M over K. The symmetric group S,
acts (as always) on K|[z1,...,2,] by permuting the indeterminates z;. For an
element P € K|xy,...,1,], let P" = {P|, P,,..., P;} be the orbit of P under
the action of S,,.
DEFINITION 1.2.1. The resolvent polynomial is defined by
l4
R(P, f)(X) = [[(X = Pias, ..., om)).
i=1
Since the coefficients of R(P, f)(X) are symmetric polynomials in the «;’s,
the resolvent is defined over K.
EXAMPLE. If P = c1x1 + coxo + - -+ + cxxp, Where c1,co,...,cx € K and
k <mn, we call R(P, f)(X) a linear resolvent polynomial. If there is no possibility
of misunderstanding (i.e., if f(X) is implicitly meant), we will often denote this
resolvent by Py (X), where N = (Z) is its degree. Thus, for instance,

Pon-ny2(X) = R(my + a2, [)(X) =[] (X = (ai+0ay)).
1<i<j<n
LEMMA 1.2.2. Let p be a prime, and let f(X) be an irreducible polynomial of
degree p over a field K of characteristic 0. Also, let P = bix1 +baxa+- -+ bpxp
with b; € Q. Then R(P, f)(X) always has distinct roots.
Furthermore, if R(P, f)(X) has an irreducible factor of degree p over K, then
its splitting field over K is the same as that of f(X).
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PROOF. The first part is a consequence of the following

SUBLEMMA. Let o € Gal(f/K) have order p, and let o1 = o, a2 = 0qv, ...,
a, = oP7ta be the roots of f(X). If, for ci1,...,c, € K, we have ciay + -+ +
cpoyp € K, then the polynomial

g X)=c1+ec2 X+ -+, XP!
has a root that is a primitive p™ root of unity.>

PROOF OF SUBLEMMA. Let L = K(a) and M = K(a1,...,ap). Consider

the map
p=cil+coo+-+cpof i L — M.
If c; + -+ ¢, =0, we replace each ¢; by ¢; + 1.

Now, by assumption, ¢(«) € K. Moreover, since p(K) = K, we can find
a € K with ¢(a) = ¢(a), and hence § = a —a € ker¢ \ 0.

Next, we replace K, L and M by the p'" cyclotomic fields K’ = K (u,), L' =
L(up) and M" = M(pp). Letting P = (o) be a p-Sylow subgroup in Gal(M'/K"),
we then consider the fixed field F = M'F instead of K, and the single field M’
instead of L and M. We still have a linear map ¢p: M’ — M’, and since
vr(B) =0, we have ker o # 0.

Clearly, M'/F is a Cp-extension, and so M’ = F(%/b) for some b € F. Also,
a( %) =(- {/5 for a primitive p*™ root of unity ¢. In the basis

(17 %7 o (%)p_1)7

@ is given by the diagonal matrix
9(1)

g9(¢Ph)
and since it is not injective, we must have g(¢) = 0 for some primitive p'" root
of unity &.
Switching back, if necessary, to the original ¢;’s, we will of course still have

g(&) =0. Q.E.D.

To prove the first part of Lemma 1.2.2, we proceed as follows: If R(P, f)(X)
has a multiple root, it means that cia; + - - - + cpoy, = 0 for some choice of the
¢i € Q with ¢; +---4c¢, = 0 and not all ¢;’s equal to 0. In particular, the ¢;’s are
not all equal. Thus, by the Sublemma, the polynomial ¢; +co X +---+¢, XP~1 €
Q[X] must have a non-trivial common divisor with X?~1 4 ... 4+ X + 1. This,
however, is only possible if all the ¢;’s are equal.

As for the second part: If ¢(X) is an irreducible factor of R(P, f)(X) of de-
gree p, the splitting field M of f(X) over K obviously contains the splitting

3The Sublemma is true for any field K of characteristic # p. By implication, Lemma 1.2.2 is
true for any field of characteristic £ > 0, provided that £ # p and the p*? cyclotomic extension
of Fy has degree p — 1.
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field M’ of g(x) over K. By [Hu, I1.§1 Sitze 1.3 & 1.5] the group Gal(M /M)
is trivial, since its order is not divisible by p. (Sketch of proof: The orbits
in {o1,...,a,} under N = Gal(M/M’') are permuted transitively by G =
Gal(M/Q). Hence, p equals the number of orbits times the number of elements
in an orbit. If N = 1, there is more than one element in an orbit, and so N acts
transitively on {aq, ..., @}, contradicting p t |N|.) Thus, M’ = M. O

REMARKS. (1) The lemma is no longer true if p is replaced by a composite
number, as X% —2 shows. Similarly, it may fail if the coefficients a; are not in Q:
If ¢ is a primitive third root of unity, the linear resolvent

R(xq — (a9, X3 —a)(X) = X® = 3(2¢ + 1)aX?

has 0 as a triple root.

(2) The linear resolvents R(z1 +-- -+, f)(X) and R(z1+- - -+ zp—p, [)(X),
1 <k < p—1, are just transformations of each other, and so we will generally
look only at the case k < (p —1)/2.

PROPOSITION 1.2.3. (SOICHER & McCKAY) Let f(X) € K[X] be an irre-
ducible and separable polynomial over K of degree n > 2. Let P = c1x1 + cax2
with c¢1,co distinct non-zero elements in K such that R(P, f)(X) has distinct
roots. Then Gal(f/K) has order n if and only if R(P, f)(X) factors into a
product of irreducible polynomials of degree n over K.

This result is taken from [S&M], and the proof is elementary.

Following Williamson ([Wil], quoting Soicher’s thesis), we now describe a
practical way of computing resolvent polynomials: For polynomials f(X) =
X™ 4 @1 XM 4 4agand g(X) = X"+ b, 1 X" 14+ by, the Sylvester
resultant is defined as the (m + n) x (m + n) determinant

1 Am—1 Am—2 e an
1 Am—1 Am—2 ag
1 -1 Qo ... G
Res(fo) =1y 4 . . by bo 1 ’ NE
1 bnfl bl bO
1 bn_1 .. b1 by

cf. [Syl]. Tt is then well-known and fairly elementary, as shown for instance
in [Jal, Thm. 5.7], that Res(f,¢g) = 0 if and only if f(X) and g(X) have a
common root, from which it is easy to deduce that

Res(f,9) = [[(ei = ),
0,J
where a1,...,ay, and (1,..., 0, are the roots of f(X) and g(X), respectively.
(Sketch of proof: Considering the a’s and 3’s as indeterminates, we obviously
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have that the right side divides the left, and that the quotient introduces no addi-
tional roots. Since they have the same constant term considered as polynomials
in the o’s, the quotient has constant term 1, and so must be equal to 1.)

Now, if ¢1, co are distinct non-zero elements, as in Proposition 1.2.3 above, we
get,
_ Res((=c2)"f(X —Y)/ca), 4 f(Y/c1))

(c1 4 c2)" f(X/(c1 + c2)) ’

where the resultant is taken with respect to a new indeterminate Y, and the
denominator is understood to be X™ when ¢; = —cs. On the other hand, for
c1 = co = 1 we get instead

Res((—1)"f(X = Y), f(Y)) = 2"f(X/2)R(z1 + 22, f)(X)*.

These methods generalise to linear resolvents with respect to other first-degree
polynomials. In this way resolvent polynomials can be computed efficiently.

R(clxl + coxa, f)(X)

REMARKS. (1) If the purpose of computing R(cix1 + caxa, f)(X) is to study
the action of Gal(f/K) on ordered pairs of roots, the simplest choice of ¢; and ¢,
is ¢ = 1 and c2 =t an indeterminate, i.e., to work over K (¢). This generalises
to ordered tuples in the obvious way.

(2) From the well-known formula

() = (=12 ] )

for the discriminant of a polynomial f(X) = X" 4+ a,_1 X" ' + -+ + ag with
roots aq,...,Qq,, it is easily seen that
d(f) = (=1)""=D2n" Res(f, f/n).
In particular, for a trinomial f(X)= X" 4+ aX + b, we get
d(f) = (=1)""D2((1—n)" a4 b ).

Exercises
EXERCISE 1.1. Let
fFX)=X"+t, X"+ X + 1o
be the ‘general’ n'"-degree polynomial (that is, to,...,t,_1 are indeterminates).

Prove that d(f) is an irreducible polynomial in the t’s.

EXERCISE 1.2. Prove that the resultant of two monic polynomials f(X)
and ¢(X) in K[X] is zero, if and only if f(X) and ¢g(X) have a common root.

EXERCISE 1.3. Let f(X), g(X) and h(X) be monic polynomials over the same
field. Prove that

Res(fg, h) = Res(f, h) Res(g, h).

EXERCISE 1.4. Let f(X) and g(X) be monic polynomials over the same field.

Prove that

d(fg) = Res(f,9)%d(f)d(g).
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EXERCISE 1.5. (1) Let n > m > 0 with ged(m,n) = 1. Find a formula for
the discriminant of X™ + aX™ + b. [Hint: Formula on p. 80.]

(2) Let f(X) be a monic polynomial, and let g(X) = f(X™) for some n.
Express d(g) in terms of f(0) and d(f).

EXERCISE 1.6. Let the (m,n)-resultant of two polynomials
f(X) = amX™ +am 1 X"+ +ag

and
9(X) = anX" +by 1 X"+ 4o
be given as the (m + n) x (m + n) determinant

am a/m—l am—2 .« GO
a/’m, am—l a/m—2 e GQ
Gm  Gm—1 Gm-2 .. 0o
ReS(m,n)(fa g) = bn  bn_1 . by bo
bn bnfl bl b()
bn bn—l e bl bo

What does Res(y,,n)(f, g) look like if ap,, b, # 07 If one of a,, and b, is zero? If
both are?
(3) Consider a polynomial

f(X) =anX™+ am-1 X"+ tag € K[X],
as well as the associated ‘binary form’
Fr(X,Y)=amX™ + a4 1 X" + -+ e XY™ £ Y™

in two indeterminates X and Y. (Note that F,,(X,Y") depends on both f(X)
and m, since m need not be the actual degree of f(X).) Prove that the non-trivial
zeroes in K2 for F,,,(X,Y) (i.e., zeroes other than (0,0)) lie on lines through the
origin (so-called ‘projective points’). Prove that the ordinary zeroes o of f(X)
correspond to projective zeroes through (o, 1). Prove that F,,(X,Y) may have
one additional projective zero, namely the line through (1,0) (‘infinity’). Finally,
prove that Res(,, )(f,g) = 0 if and only if the corresponding forms F,(X,Y)
and G, (X,Y) have a common projective zero. (We refer to Appendix B for
more on binary forms and projetive zeroes.)






CHAPTER 2

Groups of Small Degree

In this chapter, we will look at the following problem: Let K be a field, and let
f(X)=X"+a, 1 X" 1+ - +a; X +ao € K[X] be an irreducible and separable
polynomial over K. Then the Galois group Gal(f/K) is a transitive subgroup
of S,,, determined up to conjugation. Obviously, there are only finitely many
possibilities. How do we recognise the Galois group among them?

Here, the first step (at least in characteristic # 2) is to look at the discrimi-
nant d(f) of f(X), since we know that Gal(f/K) is contained in A, if and only
if d(f) is a square in K. Beyond that, it becomes convenient to introduce various
so-called resolvent polynomials associated to f(X).

We will concentrate on polynomials of small degree, i.e., n < 11, and will give
comprehensive results only for n = 3, 4, 5, 7 and 11 over Q.

REMARK. For the groups of degree 7 and 11, the above is all we will be doing
in this chapter. That is, we will be giving criteria for recognising polynomials
with a specified Galois group. The results for groups of degree 7 and 11 are
largely taken from [BJ&Y]. Generic polynomials are only known for a few of
these groups, i.e., the symmetric groups (for all n), cyclic groups (for odd n, as
well as for n < 6) and dihedral groups (for odd n, as well as for n < 8). Here, the
symmetric group is trivial, while the cyclic and dihedral groups will be covered
later, in Chapter 5 below.

For groups of degree 3 and 4, we will consider generic polynomials as well as
the Noether Problem, which in these cases is fairly easy to solve.

For groups of degree 5, we will not look at the Noether Problem, although it
is known to have an affirmative answer for all groups concerned, by results of
Furtwéngler [Fu] for the solvable groups, and Maeda [Mae] for the alternating
group As.

We note that all groups of degree < 15 are known to occur as Galois groups
over Q (and in fact for regular extensions of Q(t)), cf. [M&M2] and [K1&M].
Also, in the context of algebraic number fields, we refer to [Cnl, §6.3], which
covers polynomials of degree < 7, including degree 6.

Historically, we point out that generic polynomials over Q for groups of de-
gree 3 and 4 (except the symmetric groups themselves) are given by Seidelmann
in [Sei].! However, from our point of view, Seidelmann’s polynomials are un-
necessarily complicated, as they are intended to express more generally what a
polynomial with the given Galois group looks like.

IWithout proof, citing the authors Dissertation (Erlangen 1916).

29
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2.1. Groups of Degree 3

Let f(X) = X3+ a2X?+ a1 X + ap € K[X], where K has characteristic # 2.
Then the discriminant of f(X) is given by

d(f) = a%ag - 4CL:1)’ - 4CL06L§ — 27a(2) + 18apaias.

THEOREM 2.1.1. Suppose that f is irreducible over K. Then

Ss, if d(f) ¢ (K*)?

Calls/ @) = {03, ifd(f) € (K*)2.

EXAMPLE. A generic polynomial for S3 is
f(X)=X3+tX +te€ K(t)[X].
A generic polynomial for C3 = Az is
fX)=X3—tX?+(t-3)X +1€ K)[X],

cf. [Se2, 1.1]. Both of these polynomials work in characteristic 2 as well.

PROOF. It is not hard to see directly that every Galois extension with Galois
group of degree 3 (over an arbitrary field) is the splitting field of a polynomial
of the form X3 4+ aX + a. (Sketch of proof: Let M/K be a C3- or Sz-extension,
and let L/K be a subextension of degree 3. M will be the splitting field of the
minimal polynomial of any element § € L\ K. We now pick # to have a minimal
polynomial of the form X3 + aX + b, a,b # 0, and scale @ to get a = b.) Thus,
X3 4+ tX +t is generic for Ss.

Next, look at K(s), s an indeterminate, and let t = (—s® +3s — 1)/(s — s?).
Then s is a root of X3 —tX?2 + (t — 3)X + 1, and the conjugates are 1/(1 — s)
and 1 — 1/s. Hence, K(s)/K(t) is Galois with group C3. In particular, X3 —
tX?2 + (t — 3)X + 1 is irrreducible with square discriminant.

Now, let L/K be a Cz-extension. The matrix B = (9 ~1) has order 3 in
the general linear group GLa(K), and so, by Proposition 1.1.1 in Chapter 1,

there exists « and y in L, linearly independent over K, such that cx = —y and
oy=x—y. Let z=2x/y. Then z ¢ K, ie., L = K(z). Also, oz = 1/(1 — 2).
Since z # 0, 1, we can specialise ¢ above to (—2% + 32 — 1)/(z — 2?). O

EXAMPLE. Let K be a field of characteristic # 3, and let C3 = (o) act on
U = K? by o(a,b) = (—b,a — b). This translates to o: s — t, t — —s —t on
K(U) = K(s,t), and it is easily seen that K (s,t)“® = K (u,v) for
5% + % + st % — 3st? — 13
Yy=———— and v=——"——7—.
st(s+t) st(s +1)

So, K(s,t)%/K is rational, and since U can be embedded into V = K? (with
permutation action), the Noether Problem has an affirmative answer for C5 as
well: Let o permute x, y and z cyclically, and s = x —y, t = y — 2. Then we get
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that

:K((I—y)2+( 2’ + (@ —y)ly —Z),
(z—y)(y—2)(z—2)
(z—y)® 3@ —y)y—2)°"—(y—2)°
(z—y)y —2)(z—2)
r+y+ z)
(The third generator can be replaced by z/(x —y) + y/(y — 2) + z/(z — x) if
char K = 3.)

ExampPLE. For future reference, we record the following consequence of the
above example: Notice that the generators we have found for K(x,y,2)® are
homogeneous of degrees —1, 0 and 1. If we call them X, Y and Z for convenience,
we thus have K (z,y,2)* = K(X,Y,Z) = K(XZ,Y)(Z), from which it follows
that K (z,y,2)5* = K(XZ,Y): ‘D’ is obvious, and since K (z,y, 2)®? is rational
over both fields of transcendence degree 1, we get equality. (Cf. also [Kel,
Prop. 1.1(b) + proof].)

Now, K(x,y,2)g = K(s,t), where s = 2/y and t = y/z, and on this field o
acts by s — t, t — 1/st.

Thus, we can conclude the following: Let o be the automorphism on the
rational function field K (s,t) given by o: s — ¢, t — 1/st. Then o has order 3,
and the fixed field K (s,t)® is rational over K. More precisely,

K(S,t)c3_K< —3st? +#° + 1 |
t(s—1)(t—1)(st—1)
33 — 35213 + 6st% — 3st + 3 — 3t2 + 1
t(s—1)t—1)(st—1) >

This is an example in support of the General Noether Problem.

K(z,y,2)

)

The Noether Problem for S3 is of course trivial.

2.2. Groups of Degree 4

Let f(X) = X%+ a3X? + aaX? + a1 X + a9 € K[X] be irreducible, where
(once again) K is a field of characteristic # 2. In this case, the discriminant
d(f) of f(X) cannot alone determine the structure of the Galois group of f(X)
over K.

The transitive subgroups of Sy are Vj (the Klein Vierergruppe), Cy, Dy (the
dihedral group of degree 4, i.e., the symmetry group of a square, cf. also Defini-
tion 5.5.1 in Chapter 7 below), A4 and Sj.

DEFINITION 2.2.1. Let a4, ..., a4 be the roots of f in M. The cubic resolvent
of f(X) is the polynomial

g(Y) =Y — (v1as + agay)] [Y — (anas + asaq)] [Y — (@1a4 + asas)].
Clearly, g(Y) € K[Y], and it is easy to compute that
g(Y) =Y3 —axY? + (a1a3 — 4ag)Y — (apa3 — 4apas + a?).
Also, as d(g) = d(f), it is clear that g(Y") has no multiple roots.
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THEOREM 2.2.2. With g(Y') as in Definition 2.2.1, let L denote the splitting
field of g(Y) over K, and set m = [L:K]. Then m equals 1, 2, 3 or 6, and we
have

54, me=6
Ay, ifm=3
Gal(f/K) ~ vj Frmm 1

Dy or Cy, if m=2.

PROOF. It is clear that m | 3!, and that L C M.

If 3| m, we get the result from d(g) = d(f) and m | [M : K].

If there is a 4-cycle in Gal(f/K), two of the roots of g(Y') are interchanged
by it, and so m > 1.

Finally, if Gal(f/K) = V4, the roots of g(Y') are all in K, andsom =1. O

When m = 2, we need a criterion to distinguish D4 from Cy, and rely on the
following ‘folklore’ result:

THEOREM 2.2.3. Suppose m = 2. Then g(Y') is reducible over K and factors
as g(Y) = (Y —7)(Y2 + sY +t) € K[Y] where Y2 + sY +t is irreducible over
K. Put L = K(\/s2 —4t). Then Gal(f/K) ~ Cy if and only if X?> —rX + ao
and X% + a1 X + (az — r) both have roots in L.

Proor. We may take r = ayas + agay € K. Then
X2 —rX +ap=(X —o10)(X — azay)
and
X2t azsX +ag—r=(X— (a1 +a2))(X — (a3 + ayg)).

If Gal(f/K) ~ Cy, then L is the unique quadratic subfield of M. So the roots
of the above quadratic equations must belong to L.

Conversely, suppose that the two quadratic equations have roots in L. To
show that Gal(f/K) ~ Cy, it suffices to prove that [M: K] < 4. First note

that M = L(a1,a2). Moreover, since ag + as € L and ajae € L, we have
[L(a, ) : L] < 2. Since m = [L: K] = 2, it follows that [M : K] < 4. O

COROLLARY 2.2.4. Let f(X) = X*+aX?+b € K[X], and assume that f(X)
1s irreducible over K. Then the following assertions hold:
(a) Ifb € (K*)?, then Gal(f/K) ~ Vj.
(b) If b & (K*)2, but b(a® — 4b) € (K*)?, then Gal(f/K) ~ Cj.
(c) If b (K*)? and b(a? — 4b) & (K*)?, then Gal(f/K) ~ Dj.
PROOF. The cubic resolvent of f takes the following simple form
g(Y)=Y3 —aY? —4bY +4ab= (Y —a)(Y? — 4b).

Let m = [L:K] and apply Theorem 2.2.2. If b € (K*)?, then m = 1 and
Gal(f/K) ~ V4. If b ¢ (K*)?, then m = 2. Consider the polynomials X? —
aX + b and X? from Theorem 2.2.3. Then Gal(f/K) ~ C, if and only if

(—a + /a2 —4b)/2 € K(\/4b) = K(,/b) if and only if \/a® — 4b € K(,/b) if

and only if b(a? — 4b) € (K*)?, since a? — 4b is not a square in K. O
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Note that any V,-, C4- or Dy-extension in characteristic # 2 is obtained as
the splitting field of a polynomial of the form X%+ aX? + b.

EXAMPLE. Let p and ¢ be two distinct primes such that p > 3 and p?—4q > 0.
Let f(X) = X*—pX?+q € Q[X]. Then f is irreducible over Q. Moreover, f
has four real roots and its Galois group Gal(f/Q) is isomorphic to Dy.

And now to consider the groups one by one:

The Klein Vierergruppe. There is of course very little to say about Vj: If
K is a field of characteristic # 2, there is an obvious two-dimensional represen-
tation, from which we get the linear Noether extension K (z,y)/K (22, y?). We
leave it to the reader to solve the Noether Problem for the regular representation,
and simply note that the above gives a generic polynomial (X? — s)(X2 — ) in
parameters s and .2

The cyclic group. We start by giving a construction of extensions with
Galois group Cy:

THEOREM 2.2.5. Let K(y/a)/K be a quadratic extension. Then K(y/a)/K
can be embedded in a Cy-extension if and only if a is a sum of two squares in K,
if and only if a is a norm in K(\/E)/K Furthermore, if a = 22 +y? forz,y € K,
all the Cy-extensions containing K( /a)/K are of the form

K(\/r(a+z\/a)/K, reK*
and if a = a® — af? for o, B € K, the Cy-extensions containing K(\/E)/K are

K(\/r(a+ Bya)/K, reK*

PRrROOF. It is clear that a is a sum of two squares in K if and only if a is a
norm in K (y/a)/K, if and only if —1 is a norm in K (y/a)/K.

Now, let M/K be a Cy-extension containing \/5, and let o generate Cy =
Gal(M/K). Then M = K(y/a,/w) for some w € K(y/a), and by Kummer
Theory we have oy/w/\/w = 2z € K(y/a)*. Then z0z = 0%\/w/\/w = —1, ie.,
2z has norm —1 in K(y/a)/K.

Conversely, if 2 € K(y/a) has norm —1 over K, by Hilbert 90 we can find
w € K(y/a)* such that ow/w = 22, where o generates Gal(K (y/a)/K). This w
cannot be a square in K (1/a), and so M/K = K(+/a,/w)/K is an extension of
degree 4. The conjugates of \/(; over K are :I:\/(; and :l:z\/;, and so M/K is

a Galois extension. We extend o by 0\/; = z\/a to get an element of order 4,
ie., M/K is a Cy-extension.
In the two cases above, we can let

Z:a—x\/—, resp z:a_ﬁ\/a,
yy/a Va

and Lemma A.1.1 from Appendix A gives the rest. O

2This polynomial is not, of course, irreducible. See Exercise 2.4(1) for an irreducible generic
V4-polynomial.
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EXAMPLE. The field Q(\/g) can be embedded into a Cy-extension of Q, e.g.,

Q(4/5+ 1/5)/Q; however, Q(/3) cannot be.

COROLLARY 2.2.6. The polynomial
fs,t, X) = X1 —25(1 + ) X2 + s22(1 + t?) € K(s,t)[X]

1s generic for Cy-extensions over K. Specifically, Cy-extensions are obtained by
specialisations such that s # 0 and 1 4+ t2 is not a square.

PROOF. If a = p*®+¢? € K*\ (K*)?2, we can replace a by a/p? to get a = 1+t2

for a suitable ¢. f(r,t, X) is the minimal polynomial for \/7(a + \/a) over K in
this case. 0

ExaMPLE. Let K be a field of characteristic # 2, and let Cy = (o) act
on U = K? by o(a,b) = (=b,a). This translates to 0: s +— ¢, t — —s on
K(U) = K(s,t), and it is easily seen that K (s,t)“* = K (u,v) for

52 —¢2
st
Thus, K (s,t)“4/ K is rational. Since U can be embedded into V = K* (equipped
with the permutation action of Cy), we conclude that the Noether Problem has
a positive answer for Cy.

In fact, we have: Let x, y, z and w be indeterminates over K, and let o act
by

U= and v = s+t

orT Y, Yz, Zew, W L.
With s = x — z and t = y — w we have the representation above, and
K(z,y,z,w) = K(s,t,x+y+z+w,52($+z) +t2(y+w)).
Consequently,
K(z,y,z,w)% = K((s*> —t%)/st, s> + >,z +y + 2z + w,
s*(x +2) + 2(y + w))
(z—2)* = (y —w)?
(z—2)(y —w)
Ty +ztw(r—2)°+ @y -w?
(x = 2)*(z +2) + (y — w)*(y + w)).
REMARK. As in the Example on p. 31, the fact that the generators (call them
X,Y, Z and W) for K (z,y, z,w)“* found above are homogeneous (of degrees 0,
1, 2 and 3, respectively) implies that
K(z,y,2,w)§* = K(X,Z/Y?, W/Y?).

Thus, on the rational function field K (s,t,u) (where s = z/y, t = y/z and
u = z/w) we have an automorphism o of order 4 given by

1
o Ss—t, t—u, u— —,
stu

)

=K(

and the fixed field K (s,t,u)* is rational over K.
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The dihedral group. In considering the dihedral group D4, we use the
following representation:

Dy=(o,7|0c* =7 =1, 70 = 7).
THEOREM 2.2.7. Let M /K be a Vy-extension, i.e., for some a,b € K* we have
M = K(\/a,\/b). Then M/K can be embedded in a Ds-extension F/K such

that F/K (\/b) is cyclic, if and only if ab is a norm in K(y/a)/K. Furthermore,
if ab = a? — af? for a, B € K, all the D4-extensions in question are of the form

K(\/r(a+ Bva),V/b)/K, reK*

PRrROOF. The fixed field of 7 inside F' is of course a quadratic extension
of K(y/a), and so has the form K(/a,+/w) for some w € K(y/a)*. Then
F = K(\/E, \/E, \/5), and by Kummer Theory U\/; = x\/; for some x €
K(y/a,/b). Clearly, vox = —1, and since 70 = ¢°7 we get 7v = —z. Letting
z = x/a\/b, we then have z € K(y/a) and 20z = ab. Hence, ab is a norm
in K(y/a)/K.

Conversely, if z € K(/a) has norm ab over K, we can find w € K(/a)*
with ow/w = 2%/ab by Hilbert 90, and it is easily seen that K (\/w,/a,/b)/K
is then a Dj-extension as desired. If z = o — ﬁ\/a, we can let w = a + ﬁ\/a.
Lemma A.1.1 (from Appendix A) gives the rest. O

EXAMPLE. If a and —1 are quadratically independent in K*,? the extension
K({/a,i)/K, i= /-1, is a Ds-extension.
COROLLARY 2.2.8. The polynomial
g(s,t,X) = X* — 25t X2 + s%t(t — 1) € K(s,t)[X]
is generic for Dy-extensions over K. Specifically, Dy-extensions are obtained by

specialisations such that s #0 and t and t — 1 are quadratically independent.

PROOF. Let a and b be quadratically independent and ab = «? — aB2. If
a # 0, we replace a and b by a(a/3)? and b/3% to get a = b+ 1. If a = 0, we
write a = 22 — y? for z,y € K* and replace a and b by 1 — (y/x)? and —(y/z)?,
again getting a = b+ 1. We can then let &« = a and § = 1. g(r,a, X) is the

minimal polynomial for y/r(a + 3/a) over K in this case. O

EXAMPLE. Let K be a field of characteristic % 2. Then D, has a two-
dimensional representation that translates to K (s,t) as

o:8—1, T+ —s,

T:8—1t, t+—s.
The minimal polynomial of s over K (s,t)P4 is then X% — (s? +#2) X2 + s%t2, and
from Corollary 2.2.4 we get that K(s,t)P* = K(s? + 12, s%t?).

3See the end of section A.1 in Appendix A for the meaning of ‘quadratically independent’.
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For Dy as a subgroup of Sy, we let it act on K (z,y, z,w) by
cIr Y, Yz, 2w, W,
Tix Y, YT, Zw, W 2.
As with Cy, we can then let s =z — z and t = y — w, getting
K(z,y,z,w) = K(s,t,x—i—y—i—z—i—w,s%x—i—z) +t2(y+w)),
and thus
K(z,y,z,w)P* = K(s*> +t2, s>, c + y + 2z + w,
s* (x4 2) + 2 (y + w))
=K(z+y+z+w,(@—2)>+@y—w)?
(= 2@ +2) + (y —w)*(y +w),
(2 — 22y — w)?).
REMARK. Theorems 2.2.5 and 2.2.7, as well as their corollaries, emphasise

the similarity between C4- and Dy-extensions indicated in Theorem 2.2.2. This
similarity will be exploited in section 6.4 of Chapter 6 below.

The alternating group. Of the groups of degree 4, the alternating group
is the most complicated:

Let K be a field in characteristic not 2 or 3. We solve the Noether Problem
and find (for infinite K) a generic polynomial by proceeding in several steps:

(1) There is a linear action of A4 on K3, obtained by considering Sy as the
rotation group of the cube.* If we write

Ay =(o,p1,p2 | 0 =pl =1, op1o™" = pa, op20~" = p1p2 = papr),

this gives us an Ay-action on K(z,y, z) given by

crr—Yy, Y2z, 2,

pLiT = =T, Y=Y, 2z
Also, the K[A4]-module K3 then sits inside K4 (with permutation action), and so
we have K (z,v, 2) /K (z,y, 2)4 sitting inside K (t)/K (t)44 for t = (t1,to,t3,14),
with K (t)44/K (x,y, z)4 rational of transcendence degree 1. (Generated by ¢, +
to +t3 + t4, in fact.)

(2) Stepping down to the homogeneous degree-0 part K(x,y,z)o = K(s,t),
s=ua/y, t =y/z, we have

o:s—1t, tre—1/st, and p1:s+—s, t— —t.
(Also, K(z,y,2)4/K(s,t)?* is rational of transcendence degree 1, generated
by xyz/(x? + y? + 22).) Clearly, K(s,t)"* = K(s%,1?), and so we are left with
the extension K (s2,12)/K (s2,t%)% for C3 = (o).
(3) Letting u = s% and v = t2, we now ask: If C3 = (o) acts on K (u,v) by
oru—v, v— 1/uv,

4This may only make sense geometrically over fields like Q and R, but the action is there
in any case.
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is K (u,v)“3/K rational? From the Example on p. 31 we know that the answer
is ‘yes’, and that in fact
wdvd — 3uv? + 03 + 1
v(u—1)(v —1)(uv — 1)’
udv? — 3uv3 + 6uv? — 3uv + 02 — 30?2 + 1
v(iu—1)(v—1)(uv —1) '
(4) All in all: K(s,t)/K(s,t)4 is an extension of rational function fields,
sitting inside the Noether Extension. Thus, the Noether Problem has a positive

answer for A4, and if K is infinite, there is a generic A4-polynomial in two
parameters over K.

K(u,v)% = K(

(5) By Proposition 1.1.5 from Chapter 1, we can now find a generic polyno-
mial for A4 over K by expressing the minimal polynomial for, say, s +¢ + 1/st
over K (s,t)44 in terms of the generators found above. Denoting these generators
by a and 3, resp., we thus get the following result:

THEOREM 2.2.9. Let K be a field of characteristic not 2 or 3. Then the
polynomial

A A2 —12(a® — 33 +27)B
Flo, 8, x)=x'— 94 x2 _gx 9 (o” — 5" +27)

B B?

in K(a, 8)[X], where
A=a%—p3-95% —273 — 54,
B =0a%—-3a8%+26% —9a8 +96% — 27a + 276 + 27,
s generic for Ay over K.
EXAMPLE. Let K = Q and a = 8 = 0. Then we get the polynomial
X4 4+12X2%2 - 8X + 24,
and it is easily seen that this is an A4-polynomial over Q.

REMARK. Regarding step (5) in the Example above: Suppose that v and v
in K(x,y) are algebraically independent over K, where K is a field, and that
f € K(z,y) is known (somehow) to lie in K(u,v). How can we find a rational
function g € K(X,Y) with f = g(u,v)?

Write u = uy/ug, v = v1/ve and f = f1/f2 as quotients of polynomials
in Klz,y], and consider g as a quotient of two polynomials g; and go with
coeflicients to be determined. For practical purposes, we set an upper limit d to
the degree, separately in X and Y, of terms in ¢g; and go. Now, we want to have

fo B oy uddg (o)
fo " ga(u,0) ~ ugedgau,v)

ie.,
G(z,y) = fru5vsgz(u,v) = fausvsgi(u,v) = 0.

Here, G(z,y) is a polynomial with coefficients that are linear combinations of

the coefficients of g; and go. Thus, the form of g; and g> can be determined by

linear algebra. (And if there is only the zero solution, we must increase d and

try again. Since our assumption is that g exists, it will eventually be found.)
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This procedure can be efficiently implemented on a computer. The coefficients
of F(a, 3, X) in the Example were found using MAPLE.

There are of course other ways to solve the Noether Problem. Hashimoto has
described to us a method for producing explicit rational generators for

Q(xlv ceey xn)An/Q

for n = 3,4, complete with formulas for the generators in terms of the elementary
symmetric symbols and the discriminant, and vice verse. At present, it is unclear
whether this method generalises to higher n.

Also, a solution to the Noether Problem for A3 and A, over any field is given
in [Hj].

The symmetric group. The Noether Problem for Sy is trivial, and it is
easy to see that X% 4+ sX?2 +tX 4t is generic.

REMARK. We have now seen that the groups C4, Dy, V4, Ay and Sy can
be parametrised as Galois groups over QQ using only two parameters. As we
shall see later, in Chapter 8, this is optimal: None of these groups have generic
polynomials with only one parameter. (Of course, C4 requires only one parameter
over Q(i) = Q(\/—_l) The other groups, however, demand two parameters over
any field in characteristic 0.)

2.3. Groups of Degree 5

Let f(X) € K[X] be a an irreducible quintic polynomial with discriminant d(f)
over a field K of characteristic # 2. Let M denote a splitting field of f over K.

The transitive subgroups of S5 are (up to conjugation) Cs, D5 (the dihedral
group of degree 5, i.e., the symmetries of a regular pentagon), F5y (the Frobenius
group of order 20, i.e., the affine maps on IF5, cf. also Chapter 7 below), A5 and S;.
The inclusions are

S5
/ T~ As

on\D/
C/ 5

meaning that Cs, D5 and As correspond to square discriminant, and Fbg and S5
to non-square discriminant. The groups Cs, D5 and Fby are solvable groups,
while A5 is simple.

The groups of degree 5 have the following permutation representations: Let

p=(234), o=(12345) and w = (2354).
Then
As = (0, p,w?), Foo = (o,w), Ds={0,w?) and Cs= (o).
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REMARK. The quintic polynomials have a long history, going back at least to
Leibniz and Tschirnhaus. The latter introduced what is now called Tschirnhaus
transformations, cf. Chapter 6 (on p. 141) below, for the purpose of reducing gen-
eral quintic polynomials to simpler polynomials, hoping thereby to find radical
expressions for the roots similar to those known for cubic and quartic polynomi-
als (although Leibniz already had expressed scepticism about the success of this
method).

In 1706, De Moivre found a family of quintic polynomials, namely f(z) =
25 + 10p2® + 20p*z + ¢, that could be solved by radicals. (Indeed,

‘\5/—(]/2—1- q?/4+ 32p% + ‘\S/—q/2— V@3 /4 4+ 32p?

is a root, and for all rational values of p and ¢ the Galois group of f(z) over Q
is Fy unless f(z) is reducible.)

The next important step was made by Malfatti, who in 1771 published a
paper (De aequationibus quadrato-cubicis disquisitio analytica) where he reduced
the solvability of a quintic polynomial to the solvability of a sextic ‘resolvant’
imitating the construction of a cubic resolvent of a quartic polynomial. In essence
his polynomial was a disguised version of what is now sometimes known as
the Weber resolvent, cf. below. Malfatti was discouraged by the fact that his
resolvent polynomial had a higher degree than the quintic he started from. But
he showed that if the resolvent sextic had a rational root, then the original quintic
polynomial could be solved by radicals. From a modern point of view he actually
decided when the Galois group of the quintic is solvable, i.e., the roots can be
expressed by radicals.

Malfatti’s results were forgotten for nearly seventy years and apparently not
known to Abel and Galois. Related resolvents were obtained in the nineteenth
century by Jacobi, Cayley, Harley and Cockle.’

Even when it is known that a quintic is solvable by radicals it is a highly non-
trivial task to find the radical expressions of roots explicitly. The first systematic
treatment of this problem can be found in McClintock’s 1884 paper [McC]. To
some extent this paper has had the same fate as Malfatti’s paper: It has been
almost forgotten until this day.

The Weber resolvent. Let f(X) = X5 +a;X*+a3 X3+ a2 X% +a1 X +ag €
K[X], and let aq,...,a5 be its roots in M, indexed to correspond with the
permutation representation of Gal(f/K) implied above. Identify them with the
vertices of a pentagon o

Qs 2

Qy a3

5Meaning that what we will call the Weber resolvent may with equal justification be called
the Cayley resolvent, or maybe the Cayley-Weber resolvent.
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and let
Uy = V1 — V2
where
V1 = 1o + Qo3 + Q304 + Q405 + 501
and

Vo = 13 + 35 + a5 + oy + a0 .

Geometrically, v; (resp. v2) corresponds to the sum of the sides of the penta-
gon ajag - - - as (resp. the sum of the sides of the associated pentagram). Then
v1 and vy are fixed under D5. Also,

WU = WV1 — WU = V2 — V1 = —Up

so that u? is fixed under Fy. Now, we note that the cosets As/Ds (and S5/ Fs)
are represented by the elements

{(1),(123), (132), (125), (152), (134)},
and let

U9 = (123)’11,1, us = (132)’11,1, Uy = (125)’11,1, us = (152)’11,1, U = (134)u1

Then uq,...,ug are permuted by As, and o acts transitively on the elements
Ug, ..., ug. Also, w maps ui,...,ug to —uq,...,—ug, meaning that S5 acts
onu?, ... ud.

We let g(Y) = [T0_, (Y — w;).
PROPOSITION 2.3.1. With g(Y) as above, we may write

g(Y) = YO 4 by Y 4+ b,Y2 + by — 32AY € K(A)[Y]

where ba;, i = 0,1,2, is a symmetric polynomial of degree 4(6 — i) in the a;’s,

and A = H1§i<j§5(ai —ay) = +/d(f).
PROOF. Observe that A is invariant under As. We may write
g(Y) =Y 4 b5V +baY? + b3V 3 + bV2+ 0,V + by € K(A)(Y).
Note that
wg(Y) =g(=Y) =Y5 — b5V + b,V — b3Y3 + 02Y? — b1 Y + by.
Now for 7 € As, 79(Y) = g(Y), and hence wrg(Y) = g(=Y). Therefore, by,

1 = 0,1,2 are symmetric polynomials in the «;’s, and ba;y1, @ = 0,1,2 are
skew-symmetric polynomials in the «;’s. Consequently, ba; 11 = Ba;+1 A where
the Bg;y1’s are symmetric polynomials in the «ay;’s for ¢ = 0,1,2. As w; is

homogeneous of degree 2 in the «;’s, it follows that b; have degree 2(6 — j) in the
«;’s. But A is homogeneous of degree 10. Accordingly, Bs = B3 = 0 and B is
some constant, in fact, —32. So we have g(Y) = YO+b, Y4 4+byY2+by—32AY. O
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REMARK. Actually calculating by, bo and b4 is a job for a computer, and the
result is

bo = —64a3 — 176a3a3 + 28a3a; — 16a3a2a3 — 1600a3a3 — 64asasa?
- 80a§a2a0 + 384&2&1% + 640a4a§a0 — 192aia3a2a0
— 1600asa1a9 — 128aia§a1 + 48@4@%@0 — 640a4a3a1ag
+ 64@2&3@&1 + 64a4a3a% + 224aia3a% + 224a3a§a1
+ 8a4a§ag — 112a4a§a2a1 — 16aia§a1 — 16a§a§ — 64aia%
+ 4000aza? — a$ + 32043,
by = 3a§ — 16a4a§a2 + 16aia§ + 16aia3a1 — 64@2@0 + 16a3a§
— 8aza; — 112a4aza; + 240asaza0 + 240a7 — 400azao,

by = —3@% + 8agqas — 20a;.

DEFINITION 2.3.2. Let f(X) € K[X] be monic, irreducible and quintic, and
let g(Y) = YO+b,Y4+b2Y2+by—32AY be as above. The Weber sextic resolvent
is then the polynomial

G(Z) = (Z® + b4 2% + b Z + by)> — 21°d(f) Z € K[Z].
Clearly, the roots of G(Z) are u?, ..., u2.
We can now characterise quintic polynomials with solvable Galois group:

THEOREM 2.3.3. Gal(f/K) is solvable if and only if the Weber sextic resolvent
G(Z) of f has a root in K.

Proor. If Gal(f/K) is solvable, we have Gal(f/K) C Fyy, and hence (say)
u% € K.

Conversely, assume that G(Z) has a root in K. If Gal(f/K) is not solvable,
all the u?’s are conjugate, and hence equal. Therefore, we can write

G(Z)=(Z-1t)5 = (2> - 3tZ° + 3t Z — t3)?,
where u? = t. Comparing this with the above expression for G(Z), we get
(Z3 + 04 2% + boZ +bo)? — (22 = 3t2% 4+ 327 — t3)? = 2104(f) 2.
Comparing coeflicients on both sides, we get
by =—3t, by=3t> by=—t> and d(f)=0,

contradicting the separability of f(X). d

Using the discriminant and the Weber sextic resolvent, we can now distinguish
between the possible Galois groups of an irreducible quintic, with the exception
of C5 and Ds.

In characteristic 0, a criterion was given by Williamson [Wil] (cf. also [J&Y82],
where it is done without invoking resolvents) to tell the cyclic group C, and the
dihedral group

D,={(o,7|o? =1*=1, 70 =P !7)
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apart, when p is an odd prime =1 (mod 4).

In this case, both C, and D, are subgroups of A,, and so cannot be dis-
tinguished by the discriminant. However, by Proposition 1.2.3 in Chapter 1,
the resolvent R(z1 — 2, f)(X) factors into irreducible polynomials of degree p
if and only if Gal(f/K) ~ C,. Moreover, if Gal(f/K) ~ D,, the irreducible
factors of R(z1 — 22, f)(X) have degree 2p, and the quadratic subextension of
the splitting field is then K (\/—_d) /K, where d is the constant term of any such
irreducible factor.%

We will now briefly consider the special case of trinomials of Bring-Jerrard
form f(X) = X° + aX + b over the rational numbers. Such polynomials always
have at least one pair of complex (i.e., non-real) roots, meaning that Cs cannot
occur as Galois group in this case. (Also, if there are only two complex roots,
the Galois group is Ss.)

First, we note that the Weber sextic resolvent in this case is

G(Z) = (Z° - 20aZ* + 240a>Z + 320a%)* — 2'°(4*a® + 5°0%) Z,
giving us
H(Z)=2""2G(42) = (Z — o)} (Z? — 6aZ + 254%) — 5°b* Z.
If f(X) is irreducible over Q, we can of course distinguish between the four
possible Galois groups by looking at H(Z) and the discriminant d(f) = 4*a® +
5%b4.

A parametrised description of quintic trinomials with solvable Galois group is
then given as follows:

THEOREM 2.3.4. (WEBER) Let f(X) = X°+aX + b € Q[X] be irreducible.
If a = 0, then Gal(f/Q) ~ Fyy. Otherwise, Gal(f/Q) ~ Ds (resp. Fy) if and
only if

(i) d(f) € (Q*)? (resp. & (Q*)*) and

(ii) @ and b has the form

a= 52t b=a
T O -1 —6rt25)

for some A\, p € Q with A #1 and p # 0.

PROOF. The statement for a = 0 is clear. Thus, assume a # 0. Let r be a
rational root of H(Z) and write r = a), b = ap. Then

H(r) = a®(\ = 1)*(A\? — 6\ +25) — 5°a® At = 0,
from which we derive condition (ii). (]

REMARK. It is an easy consequence of Ikeda’s Theorem (section 5.4 of Chap-
ter 5 below) that there are Ds- and Fyp-extensions of Q contained in R. (Since

6As far as the quadratic subextension goes, this is the best we can do: Since the p-cycles
generate Ay, there is no rational function in p indeterminates expressing y/—d independently
of the ordering of the roots.
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there are Cy- and Cy-extensions contained in R.) Thus, the trinomials above do
not give us all Ds- or Fyp-extensions of Q.

EXAMPLE. Let
5%t
(t — 1)%(t2 — 6t + 25)

FX)=X°+ (X +1) € Q)[X].

Then Gal(f/Q(t)) ~ F.

As in the case of groups of degree 4, we will now proceed to treat the groups
one at a time. However, as stated in the beginning of the chapter, we will not
consider the Noether Problem, but simply construct generic polynomials.

The cyclic group. In the case of the cyclic group, we restrict ourselves to
the case of characteristic 0, i.e., to producing a generic Cs-polynomial over Q.
The more general case of characteristic # 5 is treated in Chapter 5.

Consider first a Cs-extension M/Q, and let o denote a generator for Cs =
Gal(M/Q). Let ¢ be a primitive fifth root of unity. Clearly, then, M (us5)/Q(us)
is a Cs-extension, and M(us)/Q is a C5 x Cy-extension generated by o €
Gal(M (us5)/Q(us)) and k € Gal(M (us)/M), the latter given by x¢ = (2. By
Kummer theory, we have M (15) = Q(us, ¥/a) for an a € Q(us)*, and we may
assume o(¢/a) = (- J/a.

Now, since ok = ko, we get r({/a) = x(/a)? for some z € Q(us)*, and
since k* = 1, we get

Vo= (¥a) = ket k2?1 (3a)'C,
i.e.,
o3 = 2Pkt k2 kP (Y a)'.
Thus, we see that we have M (us) = Q(us, v/B) for a 3 of the form

Ii2$2l<,317

B = v 2 e Qus)”

2R

On the other hand: If we take a (§ of this form (and assume it not to be a
fifth power), we can extend & from Q(us) to M (us) = Q(us, 3/B) by x(3/83) =
z/k?*x({/B)? and define o by o(3/B) = (- /B to get a Cs x Cy-extension
M(us)/Q.

A primitive element for the Cs-subextension M/Q = M%4/Q is then § =

Z?:o K'(3/B), since this element is obviously in M, but not in Q(y5).

Finally, since 3 is a function of x%x/x, it is unchanged if we modify = by a
factor from Q(¢ + 1/¢), and it changes it sign if we multiply = by ( — 1/¢. In
either case, M (us) is unchanged, since —1 is a fifth power. Thus, we may assume
x to be of the form

=y +y2(C+1/¢) + (¢ = 1/¢) = s +2¢ + 1¢* + 1¢,
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where s = y1 —y2+1 and t = —yo+1. Calculation now gives us that the minimal

polynomial for 6 over Q is

5(s2 +12 —2s— 2t +4)
T

40(s? + 12 — 25 — 2t + 2)
T

f(s,t,X) = X7 —10X? + 20( -1)X?

+5( —3)X +45/T7?,

with
S = 200s(2s? + s>t — 65 + 3st* + 3t3 — 6% + 4) + 200(s + t)*
—100(s + t)* + 20T + 25T (s* + t* — 25 — 2t) — T? and
T =s*—26% — 253 + 452 + 852t — s*t? — 8s — 4st
— 4st? + 2st> + 16t% — 61° + t* + 16.

(Here, T is simply the norm of z.)

If we consider s and ¢ as indeterminates, we see that this is a Cs-polynomial
over Q(s,t), and that it is a generic Cs-polynomial, by the remarks in section 1.1
of Chapter 1, since the only property of Q we made use of was the degree of the
fifth cyclotomic field.

The dihedral group. As an abstract representation of D5 we use
Ds = (0,7 |06 =12=1, 70 =o'7).
Let K be an arbitrary field, and define automorphisms o and 7 on the rational
function field K (u,v) by
1—-wv

o Ur— v ,
u

T: U= V= u.

It is then easy to see that ¢® = 72 = 1 and 70 = o*7, and hence that we have

an action of D5 on K(u,v). In particular, we have an example of the General
Noether Problem (GNP): Is the fixed field K (u,v)?s rational over K?
To answer this, we note that the minimal polynomial for u over K (u,v)?s is

XP 4 (t=3) X+ (s—t+3)X3+(t? —t —25s — )X? + sX + ¢,
where

l—v u4+v-—1 1—wu
s=u+v+ " + +

uv v
and

1I-w(@d—-v)(1—-u—v)
uv '
Thus, K(s,t) C K(u,v)P> and K(u,v)/K(s,t) is Galois with Galois group Ds
or FQQ.
If char K # 2, there is no problem: The discriminant of the polynomial is the
square

t =

2 (415 — 4t — 24st> — 4013 — 22+
34st? + 91t + 305t + 14st — 4t — 5% + 45°)?,
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and so the Galois group for K (u,v)/K(s,t) must be Dj.
If char K = 2, we need only prove that

Gal(Fa(u,v)/Fa(s,t)) ~ Ds,

since we cannot get a larger Galois group over a larger ground field. To this
end, we note that the canonical epimorphism Z[s,t] — Fa[s,t] extends to an
epimorphism Z[s, t] 2y — Fa(s,t), where Z[s, t]() is the localisation in the prime
ideal generated by 2. Using Proposition 3.3.2 from Chapter 3 below, we get that

Gal(F2(u,v)/Fa(s, t)) — Gal(Q(u,v)/Q(s,t)) ~ Ds.
Thus, in either case, K (u,v)Ps = K (s,1).
The advantage of this particular Ds-action is that it is—in a sense — generic:

THEOREM 2.3.5. (BRUMER) Let K be an arbitrary field. The polynomial
fls,t,X) = X5+ (t —=3)X* + (s —t +3) X3+
(t* —t—2s—1)X?+sX +1t
in K (s,t)[X] is then generic for Ds-extensions over K.

PROOF. We already know that the polynomial gives a D5-extension of K (s, t).
All that is left to show is that any Ds-extension M/K can be obtained by
specialising f(s,t, X):

Let L = M("). For z € L\ K, we look at

_ (c*z —oz)(x — o)

eM

(031 —z)(0x — o)
and b = ca. It is easy to see that the conjugates of a are b, (1—b)/a, (a+b—1)/ab
and (1 — a)/b. Thus, a has degree 1 or 5 over K. If a € K, we must have
a=b=(1-a)la,ie, a®>+a—1=0. Otherwise, a and b generates M/K
and behaves in the same way as v and v in the above Example, giving us our
specialisation.

So, we need to show that = can be chosen in such a way that a®> +a — 1 #
0: Consider a as a rational function in the conjugates of z, i.e., a = F(z).
Substituting 22 for x, we have

(0%r + ox)(x + o*x)
(032 + x)(ox + otx)’

A= F(2?) = aa, where a=

We claim that a # 1: If it were, the numerator and denominator would be equal,
meaning that (z — ox)(0®z — o*z) = 0, an obvious contradiction.

Now, looking at F(z + cz?) for ¢ € K, we see that it is a rational function

P+ Qc+ R
2\ _
F(x +cx®) = P rQciRe
in ¢ over M. Furthermore, P/P' = a and R/R’ = A. Since a # A, we conclude
that F(x + cz?) is not constant, and since K is infinite (by virtue of having a
Ds-extension) it assumes infinitely many values. Clearly then, we can choose x
to avoid any finitely many values for a. O
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REMARK. Using the result on p. 42, one can show that the quadratic subex-
tension (in characteristic # 2) of the splitting field of the polynomial f(s, ¢, X)
is obtained by adjoining to K (s,t) a square root of

— (41° — 4t — 24513 — 4013 — 5%t + 34st> + 9117
+ 30s%t + 14st — 4t — 5% + 45%).

The Frobenius group. For Fy, it is possible to proceed in a manner similar
to that for Ds:

THEOREM 2.3.6. (LECACHEUX, [Lc¢, Thm. 3.1]) The polynomial
g(s,t,X) = X° 4 (td — 25 — 17/4)X* + (3td + d + 13s/2 + 1) X3
—(td +115/2 - 8)X?* + (s —6)X + 1 € K(s,t)[X],
where d = s 4 4, is generic for Fyy over any field K of characteristic # 2.

PROOF. First we note that the Weber sextic resolvent of g(s,¢, X) has a root
d(6st +2s+ 4t +13)%4 in K(s,t), meaning that the Galois group is at most Fag.
It only remains to prove that g(s, ¢, X) is in fact parametric:

Let M/K be an Fyy-extension, and let x1,...,25 € M \ K be conjugate
elements permuted by Fbp in accordance with our permutation representation.

Let

T = (w2 — 75) (24 — @3) and y=ox.
(w2 — 24) (w5 — 23)

Then

y—1
z+y—1
Moreover, w2z = x, and so u = (v — 1)/2? is w-invariant.

The conjugates of u are

1—
oy = y, wr =
T rz—1

and wy =

2

-1 y—1la(l-z—y) ayl-2)1-y) yd-z—y)
N (N
and w permutes the last four transitively. Thus, if these conjugates are actually
distinct, they generate M/K. If they are not distinct, we have u® = —1, and as
in the proof of Brumer’s Theorem above, we can select the z;’s to avoid that.
Now we see, by direct calculation, that the minimal polynomial for u over K
is exactly g(a, b, X) for suitably chosen a and b. O

The alternating group. As with the cyclic group, we will only consider As-
extensions in characteristic 0. The construction given below was communicated
to us by Joe Buhler.

In the next section, we show that

fls,t,X) = X5 +sX3 +tX +t € Q(s,1)[X]

is generic for S5 over Q. It follows from this that some specialisation of s and ¢
in Q(z1,...,r5)4 will give us Q(w1,...,25)/Q(x1,...,25)° as splitting field.
For our argument, it is necessary to know that s and ¢ are then algebraically



2.3. GROUPS OF DEGREE 5 47

independent over Q. This follows from Corollary 8.1.3 in Chapter 8 below:’
If they were algebraically dependent, the splitting field of X® + sX3 +tX + ¢
inside Q(z1, . .., z5) would have transcendence degree 1 over Q, and would so be
rational by the Corollary. Consequently, we would have As acting on a function
field Q(u), and hence A5 C Autg(Q(u)) = PGL2(Q) (cf. [Ja2, 8.14]). But the
projective general linear group PGL2(Q) contains no elements of order 5.

Thus, to find a generic 2-parameter polynomial for Ay over Q, it suffices to
demonstrate that Q(s,t, A)/Q is rational, where A is the different of f, i.e., the
square root of the discriminant

d = (1085 + 165*t — 9005t — 1285%t% 4+ 2000st> + 3125t% + 256t°)t%.
To do this, we start by writing
5%d = 5°A?
= (5°¢% + 1000st? — 4505%t + 545°)? — 4(9s* — 20t)3(s* — 5¢t)?,
or, with u = t2/s5% and v = t/s?,
55A2 = [(5°u + 1000v? — 4500 + 54)% — 4(9 — 20v)3(1 — 5v)?]s™.
For convenience, we let

P =1000v* — 4500 + 54 and Q = (9 — 20v)(1 — 5v)

to get
55A% = [(5°u + P)? — 4(9 — 200)Q?]s°,
and hence
25 A\ 2 5%u + P2
5(35Q) - ( 0 ) —4(9 — 200).
Letting
25 A 5°u+ P
A = E and B = T,

we claim that Q(s,t,A) = Q(A4, B): ‘2’ is obvious. ‘C’: Clearly, v € Q(A, B),
and hence so is u. But v*/u = s and s%v = t.

To actually get the generic polynomial, we only have to write out s and ¢ as
elements of Q(A, B), and following the above argument we get

THEOREM 2.3.7. Let A and B be indeterminates, and let C = 5A? — B2 4 3.
With
B 125C?
~ 4(BC? —52BC + 576B — 10C? + 360C — 3456)’
L 3125 C°
256(BC? — 52BC + 576 B — 10C? + 360C — 3456)2’

the polynomial X° + sX3 +tX +t € Q(A, B)[X] is then generic for A5 over Q.

S

"And we point out that the proof of the Roquette-Ohm result (Proposition 8.1.1) and its
Corollary are self-contained relative to the rest of the text, and can easily be read at this point.
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The symmetric group. As stated in the previous section, the polynomial
X5 + sX3 +tX +tis generic for S5 over Q. This result is essentially due to
Hermite [He, 1861], who showed that every quintic equation X°+asX*+a3 X3+
a2 X? 4+ a1 X + ag = 0 can be transformed into one of the form

Z°+ L7324+ MA’Z 4+ IA3 =0,

where A is the different of the original equation and L, M and I are elements in
the ground field. Scaling the indeterminate by A then ensures that all coefficients
are in the ground field, and a further scaling makes the coefficients in degrees 0
and 1 equal (provided that M # 0, which is ‘generically’ the case, cf. below). The
argument makes use of classical invariant theory, and we refer to Appendix B
for the details.

ProPOSITION 2.3.8. Let s and t be indeterminates. Then the polynomial
X +sX3+tX +t € Q(s,t)[X] is generic for S5 over Q.

PROOF. Let e = (e1,...,e5) be the elementary symmetric symbols in the
indeterminates x = (z1,...,5), i.e.,
€1 =21+ - +T5 ..., €5 =1T1" " Ts,
and consider the Noether extension Q(z1,...,25)/Q(e1,...,es). Following Her-

mite, we write down the element

X1 =[(z1 — x2) (21 — x5) (24 — 23) + (1 — 23) (21 — 24) (22 — 5)] X
[(z1 — z2) (21 — ws) (w5 — x4) + (21 — w4) (21 — @5) (22 — 23)] %
[(z1 — @2)(z1 — wa) (25 — 3) + (21 — @3) (21 — @5) (24 — 22)].
This element, as can be seen by direct computation (cf. Exercise 2.14), is invari-
ant under all permutations of xo, ..., x5, but not under a cyclic permutation of

Z1,...,x5. (For the latter: Note that setting 1 = xo = x3 makes X; = 0, but
setting x9 = x3 = x4 does not.) Next, the quotient

X1
(z1 — z2) (21 — 23)(T1 — T4) (71 — T5)

is in reduced form, and hence not symmetric. It is, however, invariant under
permutations of zs,...,xs5, and so has five conjugates over Q(e). Call these
Zl, ceey Z5, and let

F(X) = (X = Z1)(X = Z2)(X — Z3)(X — Z4)(X — Zs)
=X°+ AX*+ BX3+CX?+ DX + E.

7y =

It is obvious that this polynomial has Q(x) as splitting field over Q(e). We prove
below, using results from Appendix B, that A = C = 0. From this it follows
that D # 0:

If D = 0, the polynomial X° + s X3+t would be S5-generic over Q. However,
a polynomial of this form cannot have more than three distinct real roots, and
hence cannot be specialised to produce an Ss-extension of Q contained in R.
That there are such extensions can be demonstrated by exhibiting one: The
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splitting field of X° — 12X3 + 32X + 1 is an Ss-extension, and this polynomial
has five real roots.

Converting F(X) to the form X° + sX3 +tX +t is now simply a matter of
scaling X.

Proving A = C' = 0 is somewhat more involved, and we will do it by proving
Hermite’s result that Z = Z; A satisfies an equation of the form

Z5+ L7+ MA%2Z + IA® = 0.

Notice first that Z is in fact a polynomial in x, of degree 15, and that it
changes its sign under odd permutations of xs,..., x5 and is invariant under
even permutations. Consider now the conjugates Z, Z’,..., Z" of Z under the
5-cycle (12345), and let

GX)=(X—-2)-- (X —2ZW).

From the described behaviour of Z7, it is clear that the even-degree symmetric
polynomials in Z, Z’, ..., Z are symmetric in x, and the odd-degree symmetric
polynomials anti-symmetric in x. (Since the former contain an even power of A,
and the latter an odd power.) Thus,

G(X) = X°+aAX" +bX% + cAX? +dX +eA,

where a, b, ¢, d, e are symmetric in the z;’s.

Now, the elements a/A and ¢/A (as well as b, d and e/A) are, by construction,

‘almost’ invariants of the quintic form

eox5 — 61x4y + 62x3y2 - 63x2y3 + e4xy4 — e5y5,
in that they are obtained from invariants by specialising in ey = 1 (or y; =
Y2 = Y3 = ya = ys = 1). It is clear how the introduction of ey and y;’s in the
above calculations will turn X7 into a bracket polynomial and Z; into a rational
function in the brackets, cf. section B.3 of Appendix B. We will therefore simply
consider a/A and ¢/A as invariants.

The degree of a/A in the z;’s and y;’s is 10, and it therefore has weight 5,
and thus degree 2 in e. By the Example on p. 226 in Appendix B, there are no
non-zero degree-2 invariants for the binary quintic, i.e., a = 0.

Similarly, the weight of ¢/A is 35 and the degree in e hence 14. Again by
the Example on p. 226, there are no degree-14 invariants for the quintic either,
so c=0. O

NOTE. The element Z; is the above proof can be rewritten as

Cgfb? + czx% +ci1x1 + ¢

1=
Sz — de1x3 4 3eax? — 2e3z1 + €4’
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where
c3 = —86%64 + 4dejeqe3 — e% + 20esey4 — 106%,
Cco = 406%65 —4ejeqey — 2ele§ + egeg — 100eqe5 + 20esey,
c1 = —20eqegesderezeq + 26%64 — egeg + 100e3e5 — 406?1,
co = —20e1e3e5 + 86162 + 106%65 — 4egeseq + eg.

Attempting to verify A = C' = 0 on a computer is complicated by the size of the
expressions involved: A = 0 is fairly easy, whereas C' = 0 has resisted all ‘brute
force’ attempts by the authors. And of course, even if the computer succeeded
in establishing C' = 0, this would still be unsatisfactory since it does not justify
why we picked that Z; in the first place.

REMARKS. (1) We have constructed two-parameter generic polynomials for
all the transitive subgroups of Ss. For the cyclic and dihedral groups, one-
parameter generic polynomials exist over @(\/5), cf. Chapter 5. For the others,
two parameters are needed over all fields of characteristic 0, as we shall see in
Chapter 8 below. (Although the argument in this case was essentially given in
the beginning of the section on As.)

(2) An alternative proof of Hermite’s result was given by Coray in [Col, using
methods from algebraic geometry rather than invariant theory. The idea of
Coray’s proof is as follows:

Let L/K = K(0)/K be a separable extension of degree 5, and consider an
expression of the form

r=x0+ 110+ +140% € L.

Let Trp /i : L — K be the trace map. The expressions Tr, /x (z) and Try, /i (2)
are homogeneous polynomials in zy, ..., 24 (of degree 1 and 3, respectively), and
so we can consider the projective variety V in P4(K) given by

Try, k(z) = Trp )k (2) = 0.

Coray then proves the following: If char K # 3, then V has a K-rational point.
The corresponding « € L has a minimal polynomial of the desired form.

2.4. Groups of Degree 6

We will not go into details about groups of degree 6, for the simple reason
that there are quite a lot of them. For instance, S3, S; and S5 can all be
considered as transitive subgroups of Sg, by virtue of having order 6, being the
rotation group for a cube, and having six 5-Sylow subgroups, respectively. In
fact, S4 can be embedded transitively into Sg in two fundamentally different
ways, by (123) — (123)(456), (34) — (15)(36), and by (123) — (123)(456),
(34) — (13)(24)(56). The second of these embeddings corresponds to Sy as the
rotation group of a cube, while the first is obtained by identifying S, with the
full symmetry group of a tetrahedron and maps into Ag. The image of A4 is
the same under both maps, and is transitive in Sg as well. The embedding of
Ss into Sg can also be described geometrically, by considering S5 as the full
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symmetry group of a dodecahedron, meaning that As (the rotation group) is
also transitive in Sg.

EXAMPLE. The polynomial f(X) = X% — X% — 1 € Q[X] is irreducible, and
the splitting field is an Sy-extension. The associated embedding of Sy into Sg is
the first listed above. The discriminant is d(f) = 26312.

The polynomial g(X) = X644X*—27X?%+31 € Q[X] is also irreducible, and
in fact has the same splitting field as f(X). However, the embedding Sy — Se
associated to g(X) is the second listed above, and d(g) = —2611%313.

ExampLES. If f(X) € Q[X] is a quintic polynomial with Galois group Ss
or As, the Weber sextic resolvent G(Z) will be an irreducible sextic polynomial
with the same splitting field, corresponding to the transitive embedding of Ss
or As into Sg.

(1) The polynomial X°¢+6X°—124 is irreducible over Q with Galois group As.

(2) The polynomial X6+ 2X° + 3X% +4X3 + 5X? + 6X + 7 is irreducible
over Q with Galois group Ss.

NoTE. By invariant-theoretical methods similar to those used in the previous
section for S5, one can prove a result by Joubert [Jou, 1867] that X¢ + sX* +
tX?2 + uX + u is generic for Sg over Q.

2.5. Groups of Degree 7

The transitive subgroups of S7 are C7, D7 (the dihedral group of degree 7,
consisting of the symmetries of a regular heptagon), Fa1, Fyo (both Frobenius
groups, consisting of affine transformations on F7), PSL(2,7) (the projective
special linear group of 2 x 2 matrices over F7), A7 and S7;. The groups Cr,
D7, F»; and Fyo are solvable, while PSL(2,7) and A7 are simple groups. The
inclusions are

57

A7
PSL(2,7)
Fyo
Fy

N
Cr

The solvable groups have the following respective permutation representations:
Let 0 = (1234567) and w = (243756). Then

Fyo = (o,w), Fo1 = (o, w2>, D7 = (o, w3>, and C7 = (o),

7 3

where the relations between ¢ and w are 0’ = w® = 1 and ow = wo?.

Here we consider mainly the realization of PSL(2, 7) as a Galois group, cf. also
[EF&M]. Therefore, construction of septimic polynomials with Galois group
PSL(2,7) is our next task.
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For any odd prime p > 5, PSL(2, p) is a simple group of order (p—1)p(p+1)/2.
In particular, PSL(2,7) is simple of order 168. It becomes a permutation group
of degree 7 via the isomorphism PSL(2,7) ~ GL(3,2) (cf. [Hu, I1.§6 Satz 6.14]),
since GL(3,2) obviously acts transitively on the non-zero elements in F3 (also
known as the Fano plane or the seven-point projective plane P?(Fs)).

As a permutation group it is 2-, but not 3-transitive. Here, a subgroup G
of Sy, is k-transitive if, for any two given k-tuples (aq,...,ax) and (by,...,bg) of
distinct numbers from {1,...,n}, there exists a ¢ € G with oa; = b; for all i.

We make use of multiple transitivity to characterise septimic polynomials with
Galois group PSL(2,7) over a field K of characteristic 0.

LEMMA 2.5.1. Let f(X) € K[X] be an irreducible septimic polynomial, and
let M denote its splitting field over K. Let o, g, ..., ar beits roots in M. Also,
let

02:{a1+a3|1§z<j§7}
and
(93:{ai+aj+ak|1§i<j<k§7}.
The the sets Oy and O3 have cardinalities 21 and 35, respectively. Furthermore,
PSL(2,7) acts transitively on Oz, but intransitively on Os.

PROOF. Lemma 1.2.2 in Chapter 1 gives us the cardinalities. The group
PSL(2,7) acts transitively on Os, since it is 2-transitive. It cannot act transi-
tively on Os, as 351 168. O

We now define the resolvent polynomials
Pu(X)= ] (X—(ai+ay)
1<i<j<7
and
Pu(X)= [ (X—(u+a;+ay).
1<i<j<k<7

They have distinct roots by Lemma 2.5.1, and we can characterise septimic
polynomials with Galois group PSL(2,7) by means of them:

THEOREM 2.5.2. Let f(X) € K[X] be an irreducible polynomial of degree 7.
Then Gal(f/K) ~PSL(2,7) if and only if the following conditions are satisfied:

(i) d(f) € (K*)?,
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(ii) Po1(X) is irreducible over K, and
(iii) Ps5(X) factors into a product of two irreducible polynomials of degree 7
and degree 28 over K.

ProOF. Condition (i) guarantees that Gal(f/K) C A7, and condition (ii) tells
us that Gal(f/K) acts transitively on Oy. Thus, it is Fa1, PSL(2,7) or A7. Since
Az acts transitively on Os, it is excluded by condition (iii). Fp; is excluded as
well, since it cannot act transitively on a set of 28 elements. On the other hand:
If Gal(f/K) ~ PSL(2,7), we see that it (through identification with GL(3,2))
acts transitively on the subset of O3 corresponding to bases for F3 (triangles
in P2(F3)). There are 28 bases. Thus, we have (iii). O

EXAMPLE. Consider trinomials of the form f(X) = X7 +aX +b € K[X].
The discriminant is given by
d(f) = —6%" — 7785,
The polynomials Py (X) and Ps5(X) are respectively given as follows:
Po(X) = X —25a X" — 570X — 5302 X? — 30abX® — 2703 X3
+27a*0*X? — 9ab*X + b® € K[X]
and
Ps5(X) = X35 +40aX?° 4 3020X 28 — 1614a® X *® + 2706abX *
+ 382802 X2 — 507203 X7 4 2778a*b X 10 — 18084ab* X °
+ 3625002 X 1 — 5147a* X1 — 1354630 X 10 — 211924%* X°
— 26326ab3 X8 — 73090 X7 — 17284°X° — 1728a*b X"
+ 720602 X3 4 928ab3 X ? — 64ab* X — 1280°.
First, let f(X) = X7 —7X + 3 (TRINKS’ polynomial). Then f(X) is irreducible

over Q. As d(f) = 3%7%, we have Gal(f/Q) C A7. Furthermore, Py (X) is
irreducible over Q, while

Pys(X) = (X7 +14X6 —42X? — 21X +9)
x (an irreducible polynomial of degree 28 over Q).
Therefore, Gal(f/Q) ~ PSL(2,7). Next, let f(X) = X7 — 154X + 99. Then
f(X) is irreducible over Q. We have d(f) = 36781151132, Here P»;(X) remains
irreducible over Q, while Ps5(X) factors as
Py5(X) = (X7 —231X° — 462X 2 + 77X + 66)
x (an irreducible polynomial of degree 28 over Q).

Therefore Gal(f/Q) ~ PSL(2,7).

The factorization property of the polynomial Ps5(X) gives characterization
for a septimic polynomial over K having any transitive subgroup of S7 as Galois
group:

THEOREM 2.5.3. Let f(X) € K[X] be irreducible of degree 7. Then we have
the following:
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(a) Gal(f/K) ~ Ay or St if and only if Ps35(X) is irreducible over K.

(b) Gal(f/K) ~ PSL(2,7) if and only if Ps5(X) factors into a product of
two irreducible polynomials of degree 7 and degree 28 over K.

(¢) Gal(f/K) ~ Fys if and only if Ps5(X) factors into a product of two
irreducible polynomials of degree 14 and 21 over K.

(d) Gal(f/K) =~ Fs if and only if Ps5(X) factors into a product of three
distinct irreducible polynomials of degree 21, 7 and 7 over K.

(e) Gal(f/K) ~ Dz if and only if P3s(X) factors into a product of four
distinct irreducible polynomials of degree 14, 7, 7 and 7 over K.

(f) Gal(f/K) ~ C7 if and only if Ps5(X) factors into a product of five
distinct irreducible polynomials of degree 7 over K.

PrOOF. We have only to prove ‘only if’ in each case:

(a) is clear, since A7 and S; are 3-transitive.

(b) is Theorem 2.5.2.

(c) and (d): Considering Fb; and Fya as groups of affine transformation on Fr,
we see that the orbit of {0, 1,2} has 21 elements with respect to both groups.
On the other hand, the orbits of {0,1,3} and {0,1,5} are distinct of order 7
over F51, whereas they are equal of order 14 over Fjs.

(e) is obvious, if we consider D7 as the symmetry group of the regular hep-
tagon.

(f) is trivial. O

ExAMPLES. Let f(X) = X7 — X — 1. Then f(X) is irreducible over Q with
Gal(f/Q) ~ Sy.

(2) Let f(X) = X7 — 56X — 48. Then f(X) is irreducible over Q with
Gal(f/Q) ~ A7.

(3) Let f(X) = X7—7. Then f(X) is irreducible over Q with Gal(f/Q) ~ Fys.
More generally, if f(X) = X7 —a € Q[X] with a € Q* \ (Q*)7, then f(X) is
irreducible over Q with Galois group Gal(f/Q) ~ Fjs.

(4) Let f(X) = X7+ 14X5 - 56X* 4 56X? — 16. Then f(X) is irreducible
over Q with Gal(f/Q) ~ F;.

(5) Let f(X)=X"—7X%—7X%—-7X*—1. Then f(X) is irreducible over Q
with Gal(f/Q) ~ Dx.

(6) Let f(X)=X"+X%—-12X°—-7X*4+28X34+14X?—9X +1. Then f(X)
is irreducible over Q with Gal(f/Q) ~ C7.

THEOREM 2.5.4. (MALLE AND MATZAT) Let

ft,X)=X"—56X°%+609X° + 1190X* + 6356 X > + 4536 X2
— 6804X — 5832 — tX3(X 4 1) € Q(¢)[X].
Then f(t, X) is irreducible over Q(t) with Gal(f/Q(t)) ~ PSL(2,7).

Furthermore, for any a € Z with a =1 (mod 35), f(a,X) is irreducible over
Q with Gal(f/Q) ~ PSL(2,7).

This is a combination of Satz 3 and Zusatz 3 in [M&M1].
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PROOF. The result of the Zusatz (‘ Furthermore, ...’) is an immediate con-
sequence of the main result, since f(a,X) is irreducible modulo 7 and factors
as a product of a linear, a quadratic and and a quartic polynomial modulo 5:
The discriminant is a square, and the Galois group Gal(f(a, X)/Q) cannot be
larger than PSL(2,7); by Dedekind’s Theorem (Theorem 3.3.3 in Chapter 3
below) it must be PSL(2,7). The main result can be obtained by noting that
ft, X)=—f(-9,t,—X), where f(a, A, X) is the LaMacchia polynomial as given
in the following theorem. (|

THEOREM 2.5.5. (LAMAccHIA, [LaM]) Let a and A be indeterminates, and
let

fla, A, X)=X"+2(1 —3a)X% + (=3 4 4a + 8a%) X?
+ (=24 6a — 14a*) X* + (2 — 4a + 6a® — 8a) X + 8(2 + a)a® X >
+4(=3+2a)a*X — 8a® + AX3(1 — X) € Q(a, A)[X].

Then f(a, A, X) is irreducible, and the Galois group over Q(a, A) is isomorphic
to PSL(2,7).

PROOF. From the specialisations given in the partial proof above, it is clear
that the Galois group is at least PSL(2,7), i.e., either PSL(2,7), A7 or S;. Now,
in Q[a, 4, X,Y], we have

Y31 -Y)f(a, A, X)+ X3(1 - X)f(a,—A,Y) = p(X,Y)q(X,Y)

where p(X,Y) has degree 4 in X, with highest degree term Y3 —Y?2 and q(X,Y)
has degree 3 in X, with highest degree term Y. Let 8 be a root of f(a,—A,Y)
over Q(a, A). Then 8 # 0,1, and so

63(1 - ﬁ)f(a,A,X) Zp(X, B)Q(Xv ﬁ)

is a factorisation of f(a, A, X) over Q(a, A, 3) into factors of degrees 3 and 4.
Thus, since f(a,—A,Y) is irreducible over Q(a, A), the order of

Gal(f(a, 4, X)/Q(a, 4))
divides 7-3!-4!. In particular, it is not divisible by 5, eliminating A7 and S7;. O

REMARKS. (1) In [Sw3], Swallow exhibits three explicit substitutions (a, A) =
(ag, g(t)) € QxQ(¢) such that the specialised LaMacchia polynomial f(ag, g(t), X)
is a PSL(2, 7)-polynomial over Q(¢), and such that the splitting field can be em-
bedded in an SL(2, 7)-extension of Q(t).

(2) It is clear that the splitting field over Q(a, A) of f(a, A, X) (resp. over
Q(¢) of Malle and Matzat’s polynomial f(t, X)) is a regular PSL(2, 7)-extension,
since f(a, A, X) (resp. f(t,X)) is irreducible in Cla, A, X| (resp. C[t, X]). (In
the case of f(¢, X), this is also inherent in the construction given in [M&M1].)

(3) The polynomials f(a, A, X) and f(t, X) merely demonstrates the existence
of PSL(2, 7)-extensions over Q (and over Hilbertian fields in characteristic 0).
Nothing in the construction guarantees that they are generic, or even parametric.
In fact, as we shall see in Chapter 8 below, f(¢, X) cannot possibly be generic.
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NOTE. In this section, we have given no generic polynomials whatsoever.
Later, in Chapters 5 and 7, we will prove the existence of generic polynomials
for C7 and D7. A construction similar to the one used for D7 exists to produce
generic polynomials for F»; and Fjs as well. For S7, construction is a trivial
matter. This leaves A7 and PSL(2,7), for which the existence or non-existence
of generic polynomials remain open questions.

2.6. Groups of Degree 8, 9 and 10

Groups of degree 8, 9 and 10 will not be treated exhaustively in this monograph.
The cyclic, dihedral, quasi-dihedral and quaternion groups of degree 8 are con-
sidered in Chapter 6 below, as is the Heisenberg group of order 27. Cyclic and
dihedral groups of degree 9 and 10 are covered by the results of Chapter 7. Be-
yond that, we will simply make some remarks about a case where the Noether
Problem fails:

The cyclic group of order eight. It is time to give an example where a
generic polynomial does not exist: Assume that f(t, X) € Q(t)[X] is generic for
Cs-extensions over Q (where t is some set of indeterminates), and let Ly/Q2 be
the unramified Cg-extension of the field Q2 of 2-adic numbers. Then L is the
splitting field over Q2 of some specialisation f(a, X) of f(t,X). (And here we
may of course assume that both f(t,X) and f(a, X) are irreducible.) Now, by
Krasner’s Lemma (see e.g. [Lol, §25] or [Ja2, 9.8 Excs. 6-7]) we can modify the
coefficients of f(a, X) slightly without changing the splitting field. In particular,
we can replace a with a tuple consisting of rational numbers. Consider this done.

The splitting field of f(a, X) over Q is at most a Cs-extension, and thus
exactly a Cg-extension, since the composite with Q2 is Ls. Hence, Lo is the
composite of Qz and a Cg-extension of Q. But Wang proved in [Wa, 1948] that
this is not the case, and so we have a contradiction.

SKETCH OF ARGUMENT. (Cf. [Swn2, §5]) Let L/Q be a Cs-extension with
Ly = LQo, and let Q(\/l_))/@ be the quadratic subextension, where D is a
square-free integer. Since 2 is inert in L/Q, we have D = 5 (mod 8), and can
pick a prime divisor p # 1 (mod 8) of D. The completion L,/Q, of L/Q with
respect to a prime p | D is again a Cs-extension, and we see that

eLP/Qp =8 and pr/Qp =1.

Thus, p is tamely ramified, and it follows that the ramification index divides the
order of the multiplicative group of the residue field, cf. [F&T, Ch. III Thm. 28],
ie, p=1 (mod 8), contradicting our choice of p. The argument works for higher
powers of 2 as well. O

The conclusion is that there is no generic polynomial for Cg-extensions over Q,
a fact first observed by Lenstra [Len, 1974]. By Proposition 5.1.8 above, this
implies that there is no generic Cg-extension over Q either, cf. [Sal, Thm. 5.11].
It also implies that Cg provides a counter-example to Noether’s Strategy, cf. [Ku,
1964] and the above results.
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EXAMPLE. A consequence of this is the following: Let the automorphism o
on Q(s,t,u) be given by
1

o: Ss—t, t—u, ur———.
stu

Then ¢ has order 4, and the fixed field Q(s, ¢, u)“* is not rational over Q. Thus,
we have an explicit example of Liiroth’s Theorem failing for higher transcendence
degrees.

This follows from the negative answer to the Noether Problem for Cg: With
s=uz/y,t =y/z and u = z/w, the field Q(s,t,u) is the homogeneous degree-0
part of Q(z,y, z,w), and o is the restriction of

/
oclT—Y, Y2, zZHew, W —I,

which has order 8. By the No-name Lemma, Q(z,y, z, w)CS/Q cannot be ratio-
nal (as the representation obviously sits inside the regular one), and so neither
can Q(s,t,u) 4/ Q.

We leave it as a simple exercise to see that it cannot be stably rational either.

Compare this to the result in the Remark on p. 34, where the automorphism
only differs from the one above by a sign (u mapping to 1/stu instead of —1/stu),
but where the fixed field is rational.

Parametric polynomials for Cg over a wide range of fields, including Q, are
constructed in [Sch]. We will give a general (but non-generic) description of
Cg-extensions in Chapter 6 below.

We note that further examples of groups not having generic polynomials are
given in [Sa3]. Specifically, Saltman constructs a group of order p? that does not
possess a generic polynomial over any algebraically closed field of characteristic
other than p.

2.7. Groups of Degree 11

The transitive subgroups of S11 are Ci1, D11 (the dihedral group), Fss, Fiio
(both Frobenius groups), PSL(2,11) (the projective special linear group), M
(the Mathieu group), A1 and Si;. The inclusions are

S11
/
A

/

My,

PSL(2,11)

\F55//F110

\ Dy
o
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The groups C11, D11, F55 and Fiig are solvable, while PSL(2,11), My; and Ay
are simple.

These groups are represented as permutation groups in the following way: Let
oc=(123...1011) and w = (12485109736). Then

F110 = <0,w>, F55 = <U,w2>, D11 = <0,w5> and Cll = <U>

Furthermore,
PSL(2,11) = (o,7) and My, = (0,7'),

where 7 = (311)(45)(610)(78) and 7" = (37118)(41056). The relations here
are

o't =12 = (071)® = (o*7057)2 =1

and

o't =1 = (o7

(o' =070, o700 = (0P o)t

cf. [C&M] and [G&M].
The Mathieu group My; has order 7920, and is characterized by being sharply
4-transitive, by

THEOREM 2.7.1. [Pa, Thms. 21.54+21.8] (JORDAN) Let G be a non-trivial
sharply k-transitive group of degree n. If k > 4, then either k = 4, n = 11, or
k=5,n=12.

Moreover, the Mathieu group M1 is sharply 4-transitive of degree 11, and the
Mathieu group Mo is sharply 5-transitive of degree 12.

PSL(2,11) has order 660 and is 2- but not 3-transitive.
To distinguish the various possible Galois groups for f(X) over a field K of
characteristic 0, we look at the resolvent

P165(X) = R(l’l + 22 + $3,f)(X) S K[X]

and its factorisation. By Lemma 1.2.2 in Chapter 1, Pig5(X) has no multiple
roots.

THEOREM 2.7.2. Let f(X) € K[X] be a monic irreducible polynomial of de-
gree 11, and let Pyg5(X) be as above. Then the following assertions hold:

(a) Gal(f/K) ~ My, A1 or Si1, if and only if Pigs(X) is irreducible
over K.

(b) Gal(f/K) ~ PSL(2,11), if and only if d(f) is a square in K and Pyg5(X)
factors as a product of two irreducible polynomials of degrees 55 and 110
over K.

(¢) Gal(f/K) ~ Fiig, if and only if d(f) is not a square in K and Pig5(X)
factors as a product of two irreducible polynomials of degree 55 and 110
over K.

(d) Gal(f/K) ~ Fss, if and only if Pies(X) factors as a product of three

irreducible polynomials of degree 55 over K.
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(e) Gal(f/K) ~ D11, if and only if Pies(X) factors as a product of five
irreducible polynomials of degree 22 and five irreducible polynomials of
degree 11 over K.

(f) Gal(f/K) ~ C11, if and only if Pigs(X) factors as a product of fifteen
irreducible polynomials of degree 11 over K.

PRrROOF. As in the proof of Theorem 2.5.3, it is enough to prove ‘only if’ in
each case.

(a) is clear, since My1, A1; and Sy; are 4-transitive.

To prove the rest, we will look at triangles inscribed in a regular 11-gon. They
correspond to the roots of Pig5(X), and are naturally divided into families of 11
each, closed under rotation: 10 families of asymmetrical triangles and 5 families
of symmetrical triangles. The asymmetrical families come in pairs of mirror

images.

Since C1; consists only of rotations, we immediately get (f). (e) follows as
well, since D17 includes reflections as well as rotations.

The 55 symmetrical triangles are permuted transitively by Fss, whereas the
asymmetrical triangles are divided into two sets of 55 triangles each. (F55 cannot
take an asymmetrical triangle to its mirror image.) This proves (d). Looking
at Fiip instead, we see that mirroring is then available, and so F}j19 permutes
the 110 asymmetrical triangles transitively, giving us (c).

Finally, by careful checking, we see that PSL(2,11) will map symmetrical tri-
angles to asymmetrical triangles, but that the two sets of asymmetrical triangles
defined by Fs5 are still kept separate. Thus we have (b). O

For distinguishing M1, A1; and S11, we have the following

PROPOSITION 2.7.3. Let f(X) € K[X] be irreducible of degree 11, and assume
that Pies(X) is irreducible as well. Then Gal(f/K) ~ My if and only if the

resolvent
Pi2(X) = R(x1 + - - + 25, f)(X) € K[X]

is reducible. If Pyg2(X) is irreducible, we have Gal(f/K) ~ Aj1 or S11, depend-
ing on whether d(f) is a square in K or not.
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REMARKS. (1) The resolvent Ps30(X) = R(z1 + - -+ x4, f) is left irreducible
by M1, and so provides no information.

(2) In [McK], McKay proves the following: Gal(f/Q) ~ Mj; if and only if
d(f) € (Q*)? and Pyp2(X) factors as a product of two irreducible polynomials of
degrees 66 and 396.

(3) In [M&Z], Matzat and Zeh-Marschke prove the existence of M1;-extensions
of Q(t), and thus of Q, cf. also Thm. 6.12 in Ch. T of [M&M2].

NOTE. For the solvable groups of degree 11, we will consider generic polyno-
mials later, in Chapters 5 and 7, and again the symmetric group is uninteresting.
For the remaining groups, PSL(2,11), My; and A1, it is not known whether
generic polynomials exist.

Exercises

EXERCISE 2.1. Find a ¢ € Q, such that X? + ¢X + ¢ and X2 — 2 have the
same splitting field.

EXERCISE 2.2. Find cubic polynomials over Q with Galois group S3, such that
the quadratic subfields of the splitting fields are Q(+/3), Q(1/5) and Q(1/7).

EXERCISE 2.3. Find a generating transcendence basis for the extension
K(s,t,u)?/K
in the Remark on p. 34.

EXERCISE 2.4. Let K be a field of characteristic # 2.

(1) Prove that g(u,v,X) = X* + uX? +v? € K(u,v)[X] is generic for Vj
over K.

(2) Prove that g(u,v,X) = X* + uX? 4+ u?/(v? + 4) € K(u,v)[X] is generic
for C4 over K.

(3) Prove that g(u,v,X) = X* +uX? +v € K(u,v)[X] is generic for Dy
over K.

EXERCISE 2.5. Prove that X4+ 12X2 —8X + 24 is an A4-polynomial over Q,
as claimed in the Example on p. 37.

EXERCISE 2.6. Let F(«,8,X) € K(a,8)[X] be the generic A4-polynomial
from Theorem 2.2.9, and let G(«, 3, X) € K(«, 3, X) be the minimal polynomial
over K (a, 3) for s2, so that G(a, 3, X) ‘expresses’ the cubic subextension of the
Ay-extension given by F(a, 8, X).

(1) Write the coefficients of G(«, 3, X) as rational functions in « and .

(2) Prove that G(a, 8, X) is generic for C5 over K. [Hint: Demonstrate first
that if L/K is a Cs-extension, there is an Ay-extension of K (t), such that the
cubic subextension is L(t)/K (¢).]

EXERCISE 2.7. There are three non-abelian groups of order 12, namely Ay,
the dihedral group

De = (0,7 | 0% =12 =1, 70 = 0°7)
and the semi-direct product

C3 % Cy = (u,v | u® =v* =1, vu = u?v).
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Find generic polynomials for Dg and C3 x Cy. [Hint: Dg = S5 X Cy. A C5 x Cy-
extension is the composite of an Ss- and a Cy-extension.]

EXERCISE 2.8. (1) Use Weber’s Theorem 2.3.4 to prove the following result,
due to Roland, Yui and Zagier [RY&Z]: An irreducible quintic Bring-Jerrard
polynomial X® + aX + b € Q[X] has Galois group Dj if and only if there are
a, 0 € Q with

5a*

0= "1+ 51— 51,

b= 25 + 18+ - )8 - (B +2)

[Hint: Replace A and p by v and v, where A = 5(u+1)/(u—1)and v = 5u/(A—1).]

(2) Using the remark on p. 42, find the quadratic subextension of a Ds-
extensions of the kind considered in (1).

(3) Prove that X 5+%X +g has Galois group Ds over QQ, and that the quadratic
subfield is Q(z).

EXERCISE 2.9. Prove that X° 4+ 15X 3 + 81 has Galois group Dy over Q, and
find the quadratic subextension.

EXERCISE 2.10. Use Brumer’s result to find a Ds-polynomial over Q with five
real roots.

EXERCISE 2.11. Find the Weber sextic resolvent for X+ X +3 and its Galois
group over Q.

EXERCISE 2.12. Prove that the Weber sextic resolvent of an irreducible quintic
is either irreducible or the product of a linear factor and an irreducible quintic
factor. In either case, prove that the Weber sextic resolvent and the original
quintic have the same splitting field.

EXERCISE 2.13. Let K be a field of characteristic # 2. We will produce a
generic A,-polynomial without invoking the Noether Extension and the related
results:

(1) Let M/K be an Ay-extension, and let L/K be the Cs-subextension. Prove
that M = L(y/zy,+/yz) for some = € L with conjugates y and z, and that
conversely L(\/@, \/ﬁ) /K is A4 whenever zy is not a square in L.

(2) Find a generic A4-polynomial from a generic Cs-polynomial by letting x
be a ‘sufficiently general” element in a Cs-extension. Construct the polynomial
to have three parameters.

EXERCISE 2.14. Write the element X; from the proof of Proposition 2.3.8 as
X1=(A+B)(C+D)(E+F),

with A, ..., F taken in the order given in the proof. Determine how the permu-
tations (23) and (2345) actson A, ..., F. Then prove that Sy leaves X invariant
by establishing the equalities

A+B=-C+D, C+D=E-F, E+F=A-0B.

EXERCISE 2.15. Prove that the Noether Problem for the cyclic group Cs
over Q has an affirmative answer.
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EXERCISE 2.16. Prove that X% 4+ 6X® + 100 has Galois group Ag over Q.
[Hint: Reduction modulo primes.]

EXERCISE 2.17. Let f(t, X) € Q[t, X] be the PSL(2, 7)-polynomial from The-
orem 2.5.4. Prove that f(a, X) has Galois group PSL(2,7) over Q for a = —1,+6
mod 35.

EXERCISE 2.18. Let f(X) = X84 a7 X" +---4+a1X +ag € Z[X] have Galois
group Cg over Q. Prove that f(X) is reducible in Fo[X].

EXERCISE 2.19. Consider the Cy-action on Q(s,t,u) given in the Example
on p. 57. Prove that the fixed field of Co C Cj is rational over Q. Con-
clude that there is a Cs-action on the rational function field Q(z,y, z), such
that Q(z,y, 2)“?/Q is not rational.



CHAPTER 3

Hilbertian Fields

This chapter contains the basic theory of Hilbertian fields, most notably the
Hilbert Irreducibility Theorem and its proof. Also, it should hopefully give the
first indications of the interest and importance of the Noether Problem.

For our purposes, the most suitable formulation of the theorem is as follows:

THE HILBERT IRREDUCIBILITY THEOREM. Let K be an algebraic number
field and let f(t, X) € K(t)[X] be an irreducible polynomial, where t = (t1,...,t,)
are indeterminates. Then there exist infinitely many a = (a1, ..., a,) € K™ such
that the specialisation f(a, X) € K[X] is well-defined and irreducible over K.
The specialisation can be chosen to have

Gal(f(t, X)/K(t)) ~ Gal(f(a, X)/K).
This result is proved below, as Corollary 3.2.4 and Theorem 3.3.5.

ExAMPLE. Let G = S,, act on M = Q(¢t1,...,t,). The field of S, -invariants
is K = M5 =Q(ey,...,e,) where

€e; = Z tj1tj2 .. 'tji

1<ji1<-+<ji<n

denotes the i*" elementary symmetric polynomial for i = 1,2,...,n. K is a

purely transcendental extension of degree n, and M is a Galois extension of K
with Galois group S,,.
Furthermore, M is the splitting field of the irreducible polynomial

fler, .. en, X) = X" —er X" '+ e X" 2 4. 4 (1), € K[X].

We may assign to each e; a value a; € Q for ¢ = 1,2,...,n. The Hilbert
Irreducibility Theorem then asserts that there exist infinitely many n-tuples
(a1,az2,...,a,) € Q™ such that the polynomial

fX)=X"—a1 X" '+ X" 2+ 4 (—=1)"a, € Q[X]

is irreducible over Q and the Galois group of the splitting field is isomorphic to
Sy. Unfortunately, there is no effective method for determining which n-tuples
fail to give S,, as its Galois group over Q.

3.1. Definition and Basic Results

DEFINITION 3.1.1. Let K be a field, and let f(t,x) be an irreducible poly-
nomial in K(t)[x] = K(t1,...,t;)[z1,...,25]. We then define the Hilbert f-set
Hy /i as the set of tuples a = (a1,...,a,) € K" such that f(a,x) € K[x] is

63
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well-defined and irreducible. Furthermore, we define a Hilbert set of K" to be
the intersection of finitely many Hilbert f-sets and finitely many subsets of K"
of the form {a | g(a) # 0} for a non-zero g(t) € K]Jt].

The field K is called Hilbertian, if the Hilbert sets of K" are non-empty for
all . In this case, they must necessarily be infinite.

In other words: K is Hilbertian if, for any finitely many irreducible polyno-
mials f1(t,x),..., fm(t,x) € K(t)[x] and any finitely many non-zero polyno-
mials ¢1(t),...,gn(t) € K[t], there exists an a = (a1,...,a,) € K" such that
fi(a,x),..., fm(a,x) € K[x] are well-defined and irreducible, and that g1(a),

.., gn(a) are non-zero.

REMARK. Obviously, finite fields are not Hilbertian. Neither are the real or
complex numbers. If K is Henselian with respect to a non-trivial valuation, K is
not Hilbertian. This includes p-adic number fields and Laurent series fields. It
also demonstrates that ‘Hilbertian’ is not a Galois theoretical property as such:
As we shall see below, the field Q is Hilbertian. However, the Puiseux field
P(Q) = U2, Q(#'/™)) is Henselian, and thus not Hilbertian, even though Q
and P(Q) have the same absolute Galois group, cf. [vdW, Satz p. 53].!

Reduction of the criterion. First of all, it is clear that we need only con-
sider the case r = 1 to determine if a field is Hilbertian: Let fi(t,x),..., fim(t,x)
be elements of K (t)[x] and g1(t),...,gn(t) elements of K[t] as above. We may
of course assume f1(t,x),..., fm(t,x) € K[t,x]. Fori =1,...,n, we pick a non-
zero term g;(t1)t5? - - - t¢ in ¢;(t) considered as an element of K (¢1)[to,...,t,]. If
K has the Hilbertian property for r = 1, we can pick a € K such that fi(a,t’, x),

ooy fm(a,t',x) (with t' = (to,...,t,.)) are irreducible and ¢1(a),..., g, (a) # 0.
It follows that g1(a,t’),...,gn(a,t’) are non-zero, and we can proceed with to.
Thus, we can assume 7 = 1.

Now, let K[x]; denote the set of polynomials in K[x] of degree < d in each
indeterminate. We then have the Kronecker specialisation Sq: K[x]q — K[Y],
given by

Salf)=FV.Y4.. Y, f e Klxa.

s—1
For f = (' -+ 2%, we have Sy(z{' ---x¢) = Yertdeat+d""e. "and so we see

that Sy is injective and maps K [x|; onto K[Y]4s. Moreover, if f, g € K[x]; with
fg € K[x]q, we have

Sa(fg) = Sa(f)Sa(g)-
Let f € K[x]a, and assume Sy(f) reducible: S4(f) = ¢'h’ for polynomials ¢', h' €
K[y]. ¢’ and b’/ must then have degree < d®, and so ¢’ = S4(g), ' = Sq(h) for
polynomials g, h € K[x]4. If gh € K[x]q4, this means that f = gh. Hence, we get

KRONECKER’S CRITERION. f is irreducible, if and only if for every non-trivial
factorisation Sq(f) = Sa(g)Sa(h) the polynomial gh does not belong to K[x]q.

1Although it is not stated that way, the argument in [vdW] gives: Let K be a field in
characteristic 0. Then a finite extension of P(K') has the form P(L)/P(K) for a (unique) finite
extension L/K.
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Let f(t,x) € K(t)[x] be irreducible, and assume that f has degree < d in
each x;. Write

Sa(f) = Hfi(tay),
i=1
where the f;’s are irreducible in K(¢)[y]. Consider the Hilbert set of K con-
sisting of those a € K for which fi(a,Y),..., fu(a,Y) € K[Y] are well-defined
and irreducible. Then Sg(f)(a,Y) =[], fi(a,Y") is the irreducible factorisation
of Sa(f)(a,Y).

Every factorisation of S4(f) comes from [, fi(t,Y’). Since f is irreducible,
every factorisation will introduce a monomial of degree > d by Kronecker’s cri-
terion. Avoiding the finitely many points where one of these monomials is zero,
we see that f(a,x) is irreducible.

Hence, the Hilbert f-set Uy i contains a Hilbert set obtained from polyno-
mials with s = 1.

CONCLUSION. We need only consider the case r = s = 1.

These reductions are standard, and can be found in e.g. [La, Ch. 8] or [Ha,
Ch. 4].

PROPOSITION 3.1.2. Let K be a field of characteristic 0. Then the following
conditions are equivalent:
(i) K is Hilbertian.
(ii) If f(¢t,X) € K[t, X] is irreducible of degree > 0 in X, there are infinitely
many elements a € K such that f(a,X) is irreducible in K[X].
(iii) If f(t,X) € KIt, X] has no roots in K(t) (as a polynomial in X) there
is an a € K such that f(a, X) has no roots in K.

PROOF. (i) = (ii) is obvious.

(ii) = (iii): Let f(t,X) € K[t, X] have no roots in K(¢). (iii) is clear if
degy f =0, so assume n = deg f > 0, and let M be the splitting field of f(¢, X)
over K(t). Given a € K, we let O denote the integral closure of K[t];_q) in M,
and for all but finitely many a the roots of f(¢, X) are contained in O. In that
case, any maximal ideal m in O containing ¢ — a will give us a field M = O/m
that contains the splitting field of f(a, X). We restrict our attention to such a’s.

Now, let © be a primitive element for M/K(t), and let g(¢t,X) € K(¢)[X]
be the minimal polynomial for © over K (t). Again, by avoiding finitely many
a’s, we may assume g(t, X) € K[t];—q)[X]. The roots of f(t, X) are polynomi-
als of degree < m in © over K(¢), and (after another restriction of a) in fact
over K[t];—q). Since f(t,X) has no roots in K(t), all of the roots are polyno-
mials of degree > 0, and consequently they all have a non-zero coeflicient in a
non-constant term. If we eliminate those a for which this coefficient disappears,
we are still left with all but finitely many a € K, and we pick one for which
g(a, X) € K[X] is irrreducible. Then the roots of f(a,X) are not in K.

(i) = (i): Let f1(t, X),..., fu(t,X) € K(t)[X] be irreducible and monic.
We must prove the existence of infinitely many a € K such that fi(a, X),...,
fn(a,X) € K[X] are well-defined and irreducible. Let M be the splitting field
of the product fi(t,X) - fn(t,X) over K. We will consider only a’s for which
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all the polynomials fi(t, X),..., fu(t, X) are in K[t];_q)[X], and will let O be
the integral closure of K[t];—q) in M. As above, we get a field M = O/m
containing the roots of fi(a,X),..., fn(a, X) by letting m be a maximal ideal
in O containing t — a.

Look first at fi(¢,X), and let ©1,...,05 € O be the roots. For any non-
empty subset S C {1,...,s} the polynomial g(X) = [[,c5(X — ©;) is not
in K (t)[X], since fi(t, X) is irreducible. Thus, it has a coefficient £ € M\ K (¢).
Let hy 5(t, X) € K[t]4—q)[X] be the minimal polynomial for £ over K (t). Since
any factorisation of fi(a, X) in K[X] must include a factor g(X) for some S, we
can ensure the irreducibility of f;(a, X') by choosing a € K such that none of the
polynomials hy g(a, X) have roots in K. Similarly for the other f;(¢, X)’s. And
since none of the polynomials h; (¢, X) we get have roots in K (¢), we can mul-
tiply them to get a single polynomial h(¢, X) without any roots in K (¢t). Adding
factors X2 — (t—b) for any finitely many specialisations we wish to avoid, we can
now use (iii) to get an a € K with fi1(a,X),..., fn(a, X) irreducible in K[X].
And since we can avoid any finitely many a’s, there must be infinitely many
possibilities. (I

Field extensions. We will now prove that a finite separable extension of a
Hilbertian field is again Hilbertian. (In fact, an arbitrary finite extension of a
Hilbertian field is Hilbertian, but we do not need that.)

LEMMA 3.1.3. Let L/K be a finite separable field extension, and let o1, ..., 04,
n = [L: K], be the different embeddings of L into its Galois closure. For any
monic non-constant polynomial f(t,X) € L(t)[X] we can then find h(t) € L(t)
such that the polynomials o1 f(t, X + h(t)),...,onf(t, X + h(t)) are distinct.

PROOF. It is obviously enough that o1 f (¢, h(t)), ..., onf (¢, h(t)) (the constant
terms) are distinct.

We write f(t,X) = X™ + ap_1(0)X™ L + -+ + ao(t), and let m = qm/,
where ¢ = 1 if char K = 0, and ¢ is the highest power of char K dividing m if
char K > 0. Let h(t) = t" 4+ 0t~ for a primitive element § for L/K and some
suitably huge N. Then

ft,h(t) = t™ +m/0%™N =49 + lower order terms.
Since m'#9 is a primitive element for L/K, h(t) has the desired property. O

ProrosITION 3.1.4. If L/K s finite separable, then every Hilbert set of L
contains a Hilbert set of K.

PRrOOF. Let f(t,X) € L(t)[X] be monic and irreducible. Also, let M/K be
the Galois closure of L/K. In M (¢)[X] we write f(¢t,X) = f1(¢t,X) - fo(t, X),
where f1(t, X),..., fu(t,X) are monic, irreducible and conjugate over L. By
Lemma 3.1.3 we can translate fi(t,X) to get g(¢t, X) € M(¢)[X] such that all
the conjugates og(t, X), 0 € G = Gal(M/K), are distinct. Let

G(t,X) =[] og(t, X).

ceG
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Then G(t, X) € K[t](X) is irreducible and monic. Consider the Hilbert set H
consisting of those a € K for which G(a,X) € K[X] is well-defined and irre-
ducible and f1(a, X), ..., fn(a, X) € M[X] are well-defined and distinct. For a €
H, g(a, X) is irreducible, and hence so are fi(a,X),..., fn(a,X). As fi(a, X),

., fn(a, X) are distinct and conjugate over L, f(a, X) = fi(a, X) - fn(a,X) €
L[X] is well-defined and irreducible. Hence, the Hilbert set H is contained in
the Hilbert f-set given by f(¢, X). O

COROLLARY 3.1.5. A finite separable extension of a Hilbertian field is again
Hilbertian.

COROLLARY 3.1.6. Let L/K be finite separable. Then every Hilbert set of L"
contains a Hilbert set of K.

PrROOF. In the reduction from r to r — 1 given above, we can pick a € K. 0O

EXAMPLE. Let K be a Hilbertian field of characteristic # 2, and let L/K be
a cyclic extension of degree 3. Let o generate the Galois group Gal(L/K). Also,
let @ € L be a primitive element for L /K. Consider the polynomial

ft,X)=X?—(t+0)(t+00) € L[t, X].

It is obviously irreducible, since (¢t + 0)(t + o8) is not a square in L[t]. Hence,
there exists a € K such that f(a,X) € L[X] is irreducible. Let o« = a + 0,
8 =0ca=a+ 00 and v = 0. Then af and (v are quadratically independent
over L, and M/K = L(\/af3,/B37)/K is an As-extension.

Thus, a cyclic extension of degree 3 over a Hilbertian field can always be
extended to an Ay-extension.?

This example demonstrates that Corollary 3.1.6 is often a much more useful
result that Corollary 3.1.5. (Quite apart from the fact that it is a stronger
statement.)

REMARKS. (1) As noted at the beginning of this section, any finite extension
of a Hilbertian field is Hilbertian. See e.g. [F&J, Cor. 11.10] for a proof in the
case of a purely inseparable extension. However, the Hilbertian fields we consider
all have characteristic 0, and so we have no need of the inseparable case.

(2) More is known about Hilbertian fields and separable algebraic extensions
than just Corollary 3.1.5. It can be shown, for instance, that L is Hilbertian if K
is Hilbertian and L/K is a (pro-finite) Galois extension with finitely generated
Galois group, cf. [F&J, Prop. 15.5]. See [Hr] for further examples.

3.2. The Hilbert Irreducibility Theorem

In this section we will prove the so-called Hilbert Irreducibility Theorem, first
proved by Hilbert in 1892 in [Hi]: Q is Hilbertian. This theorem is the reason
for the term ‘Hilbertian.” Our treatment largely follows [Ha, Ch. 4].

LEMMA 3.2.1. Let K be a field, and let f(t,X) € K(t)[X] have degree n.
Assume that f(t,X) has n distinct roots over K(t). Then f(a,X) € K[X] is
well-defined and has n distinct roots over K for all but finitely many a € K.

2The argument given is easily modified for the case char K = 2.
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PRrROOF. We may of course assume f(¢,X) € K(t)[X] to be monic. That
f(t, X) has n distinct roots over K (t) means that the discriminant d(f (¢, X))
is non-zero. But then f(a,X) € K[X] will have n distinct roots whenever
f(a, X) is well-defined with non-zero discriminant, which is for all but finitely
many a € K. (]

DEFINITION 3.2.2. Let f(t,X) € K(t)[X] be a polynomial of degree n. A
point a € K is then called a regular point for f(t,X), if f(a,X) € K[X] is
well-defined and has n distinct roots.

LEMMA 3.2.3. Let f(t,X) € C(t)[X] be monic of degree n, and let a € C be
a reqular point. Then there exist analytic root functions on a neighbourhood N
of a, i.e., n analytic functions 61,...,6,: N — C such that

n

f&X) =[x - 6:(z)), zeN.

=1

PROOF. Obviously, we only have to find, given a root « of f(a, X), an analytic
function 6 on a neighbourhood N of a, such that 6(a) = « and f(z,6(z)) =0 for
z€N.

We need the Residue Theorem, which (in the form we will use) states that

%7{6’(2) dz = ;Res(G,Q,

when G: Q — C is a meromorphic function defined on an open subset 2 of C, ~
is a circle periphery inside Q (traversed counter-clockwise) and ¢ runs through
the (finitely many) poles of G in the open circle disc bounded by ~. The residue,
Res(G, €), of G in a point ¢ of € is the degree —1 coefficient in the Laurent series
expansion of G around (.

Now, if F': Q — C is analytic, the function G = F'/F is meromorphic, and a
zero ¢ of F' of multiplicity n becomes a pole of G of multiplicity 1 and residue n.
Thus, from the Residue Theorem, we get that

1 F'(2)

~

equals the number of zeroes of F' inside the circle 7, counted with multiplicity.
More generally, if p: Q — C is analytic, the residue of F'y/F at a zero ¢ of F'
is equal to ¢(¢) times the multiplicity n¢ of ¢, and so

1 F'(z
2mi

) z)dz = n
o) ¢(2) Zc: ¢ e(Q),
cf. also [S&Z, T11.89].

Returning now to the problem of finding root functions, we note first that
there is a neighbourhood U of « such that f(a,z) # 0 for z € U\ {a}. Let § > 0
be such that the disc D(«,d) with center a and radius § is contained in U, and
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let 4 be the boundary. Then

1o £z
271'1']{ fla,2) dz =1

Since f(t, z) is continuous in both ¢ and z, there is a neighbourhood N of a such
that f(¢,2z) #0 for t € N and z on «. Thus,

H() = 1 Zf(t,z)

= oty
omi ff(t2)

is defined on N. Clearly, it is continuous, and by the above considerations it

assumes only integer values, meaning that H(¢) =1 for all t € N.
Consequently, there is, for ¢t € N, only a single root 8(¢) € D(«, ) of f(t, X),

and this gives us a root function : N — C. Again by the considerations above,

we have
_ 1 Zf(te)
=5 d
showing that 6: N — C is in fact analytic, cf. [S&Z, 11.§3]. O

REMARK. A more direct proof of Lemma 3.2.3 (find a power series and prove
it converges) can be found in [Ha, Ch. 4]. Note, however, that we actually prove
a stronger result, since we do not use the fact that the coefficients in f (¢, X) are
rational functions, but only that they are meromorphic.

H. A. SCHWARZ" MEAN VALUE THEOREM. Let ag < --- < a., be real num-
bers, and let f: [ag,am] — R be an m times differentiable function. Then there
exists an a € (ag, @), such that

f@ _w
m! v’
where
1 ag ag’
V =
1 ay ... ay
is the Vandermonde determinant, and
1 ay ... a " flao)
W = . .
1 am ... a™ ' flam)

PROOF. (1) If g is an m times differentiable function of [ag, a,,] with g(a;) =
f(a;) for all i, we have g™ (a) = f(™)(a) for some a € (ag, a,,): Since f —gis 0
in the m + 1 points ag, ..., am, (f — g)" has at least m zeroes in (ag, a,,) by the
usual Mean Value Theorem. It follows that (f — g)” has at least m — 1 zeroes,
etc., and finally that (f — ¢)("™) has at least one zero.
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(2) Now, let g(X) = b, X™ + -+ + by € R[X] be the unique polynomial of
degree < m with g(a;) = f(a;). By (1), f™(a) = g™ (a) = m!b,, for some
a € (ag, anm). On the other hand, we find the coefficients of g(X) by solving

1 aon . a6” bo f(ao)
1 apm ... am b flam)
and Cramer’s Rule gives us b, = W/V. (]

And now we are ready to prove
THE HILBERT IRREDUCIBILITY THEOREM. Q is Hilbertian.

PRrROOF. Let f(t, X) € Z[t, X] have degree n in X, and assume that it has no
roots in Q(t). We must prove that there is an a € Q such that f(a, X) € Q[X]
has no rational root. By Proposition 3.1.2, this will establish the result.

The first thing we do is to translate f(¢,X) such that 0 becomes a regular
point. Next, we replace f(t, X) by t?f(1/t, X), where d is the degree of f int. By
Lemma 3.2.3, we then have root functions 64, . .., 0, defined on a neighbourhood
of oo, i.e., for all ¢ with |¢| greater than some T € R, . These root functions are
reciprocal power series, i.e., power series in ¢!, and

g [T(x ) € C(t )X,

i=1
where g(t) € QJt] is the coefficient of X™ in f(t, X). Since g(t) # 0 for |t| > T,
it can be ignored.

Now, if a € Q (with @ > T) is such that none of 6 (a), ..., 0x(a) are rational,
then obviously f(a, X) has no rational roots. Thus, we wish to prove that there
is such an a.

Pick one of the 6;(¢)’s and call it simply 6(¢). By construction, (t) is a reci-
procal power series over C, convergent for [t| > T. Also, it is trivially algebraic
over Q(t), since

f(t,0(8) = br(t)0(t)" +--- +bo(t) = 0
for suitable bo(t),...,b,(t) € Z[t], by(t) # 0. Replacing y(t) by z(t) = b, (t)y(t)
we get
20"+ 1)z + - e(t) =0
for ¢o(t),...,cn—1(t) € Z[t]. Since Z is integrally closed, it is clear that if z(a) is
rational for some a € Z, it is in fact integral.
As 0(t) € C((t71) and b, (t) € Z[t], we get

2(t) = det’ + dg 1t 4 -+ dot + do+
dgt ™ o rd_t T e C(tTY).

Since 6(t) is not a rational function over Q, z(¢) is not a polynomial over Q.
Thus, if z(t) is a polynomial in ¢, it must have an irrational coefficient, and it
follows that z(a) € Z only holds for finitely many a € Z.
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If any of the d;’s are non-real, we also only have z(a) € Z for finitely many
a € Z: Let d; be the first non-real coefficient, i.e., dy, ..., d;11 € R, d; ¢ R. Then
Imz(t)/t" = Im(d; + di—1t 1 +...) — Imd; for t — oo, and so, for large enough
t, z(t) is not even real.

Finally, assume that all the d;’s are real, and that z(¢) is not a polynomial.
Then

D
=M (1) = " + terms involving higher powers of ¢!

for some m,q € N and D € R*. Then t72(™)(t) — D for t — oo, and so
0 < [2(™)(t)| < 2|D|/t9 for all t > T’ for some T > T.

If there are only finitely many natural numbers a with z(a) € Z, all is well.
Otherwise, let ag < --- < a,, be m + 1 natural numbers with ay > 7' and
z(a;) € Z. With z substituted for f in the Schwarz Mean Value Theorem, we
get W € Z\ {0}, and so [W| > 1. It follows that

2D| _ 2D| _ |2 | 1

mlal = mlas = m! 4

for some a € (ag, anm ), and hence

m!
mag <|V|= H(aj — a;) < (am — ag)™" V2,

1<J
Thus, ozag < am — ag for suitable positive constants o and (. If we choose
T" > T’ such that aT”? > mn, this means that among any mn + 1 succesive
integers > T there are at most m with z(a) € Z, and hence 0(a) € Q.

We can now prove our original claim: For those 6;(t) that are rational in
finitely many natural numbers only, we pick 77 > T greater than any of these.
For the rest, we choose m big enough to work for them all, and pick 7" greater
than or equal to all the T”’s and T"”’s obtained as above. Then, whenever we
have mn + 1 successive integers > T, there are at most m in which any given
0;(t) is rational, and so at least one where none of them are. (]

COROLLARY 3.2.4. Algebraic number fields are Hilbertian.

3.3. Noether’s Problem and Dedekind’s Theorem

Let S be a commutative ring with unit, and let the finite group G act on S by
automorphisms. Also, let R = S& be the subring of fixed points.

REMARK. Consider a finite Galois extension M/K with Galois group G =
Gal(M/K). If K is the quotient field of an integrally closed domain R, we can
let S be the integral closure of R in M. Alternatively, we can let S be the ring
generated over R by the roots of a monic polynomial f(X) € R[X] with splitting
field M over K.

It is easily seen that m N R is maximal in R whenever m is maximal in .S, and
that aS is a proper ideal in S if a is a proper ideal in R.

For a given maximal ideal m in .S we define the decomposition group as

D=Dy={0ce€G|om=m},
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and the inertia group as
I=Iy,={0ce€G|VseS:0s=s (modm)}.

Thus, D consists of all the elements in G that give rise to an automorphism
on A = S/m, and [ is the kernel of the induced action of D on A. In particular,
D/T acts faithfully on A, and it is clear that K = R/mNR is a point-wise invariant
subfield. It is also clear that A/ is algebraic.

LEMMA 3.3.1. Assume that \/k is separable. Then Mk is a finite Galois
extension with Gal(\/k) ~ D/I (by the induced action).
PrOOF. (Cf. [Lol, §16.3].) An element s € S is a root of
p(X) = [[ (X —os) € RX].
oeG

It follows that every element § € A is algebraic over k of degree < |G|, and that
the minimal polynomial splits completely over A. Thus, A/« is finite Galois (of

degree < |G|).
Next, let R’ = SP. We claim that R/mNR’ = x: Let 0y = 1,..., 0, represent
the cosets oD in GG. Then the maximal ideals oym, ..., o,m are distinct, and

we can (for i > 1) pick 2 € o; 'm \ m. Now, [[,.poa € o; 'm\ m, and thus
o;'mN R # mnNR. By the Chinese Remainder Theorem we can, for a € R/,
pick @’ € R witha—a’ € mand d’ € Uglmﬂ-'-ﬂaflm. Then 010’ ---0,a’ € R
is congruent to @ modulo m N R'.

Thus, we may assume D = G: Let s € S such that A = £(3), and let
p(X) = [[,eq(X —0s) € R[X]. For p € Gal(\/k) we have p(p5) = 0, and so
p5 = 75 for some o € GG, meaning that p is induced by o. (|

An important special case of this result arises as follows: Let R be a domain
with quotient field K, and let M/K be finite Galois with Galois group G =
Gal(M/K). Let f(X) € R[X] be a monic polynomial with splitting field M
over K, and let S C M be a domain containing R and the roots of f(X), such
that R=SNK and ¢S5 = S for all o € G.

If d(f) ¢ m, the polynomial f(X) € x[X] is has no multiple roots. Let
$1,...,8, € S be the roots of f(X) in S, so that 51,...,5, € A\ are the roots
of f(X). For 0 € D\ 1 we have os; # s; for some 4, and hence 5; # 5;. This
gives us

PROPOSITION 3.3.2. Ifd(f) ¢ m N R, the map D — Gal(\/k) is an isomor-
phism, and D and Gal(A/k) are identical as permutation groups on the roots
of f(X) (resp. f(X)).

REMARK. It is possible to give a direct proof of Proposition 3.3.2 using Galois
theory of commutative rings, as described in Chapter 4 below:

Assume d(f) ¢ m. We can then replace R and S by R[1/d(f)] and S[1/d(f)]
to get that S/R is Galois with group G. (Replacing R and S like this does not
change x and A.) This gives us a Galois algebra S ®pr x/k with group G. Clearly,
A = S/m is a simple component of S ®g k, and the elements in G that maps A
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to itself are exactly those of D. Thus, A/k is Galois with Galois group D, and
we have the Proposition.

A classical application of this is

THEOREM 3.3.3. (DEDEKIND) Let f(X) € Z[X] be monic with discriminant
d € Z. If p is a prime not dividing d, and f(X) = f1(X)--- f-(X) is the
decomposition of f(X) € F,[X] in irreducible factors, then Gal(f/Q) contains a
permutation of cycle type (01, ...,06,), where §; is the degree of f;(X).

PROOF. Let o generate Gal(f/F,). Then o permutes the roots of fi(X)
cyclically, i.e., o contains a cycle of length §;. O

Now, if K is a Hilbertian field, and f(t,X) € K(t)[X] is monic, irreducible
and separable, we can find a € K", such that f(a, X) € K[X] is well-defined
and irreducible. Let m = (t; — a1, ...,t, — a,) C K[t]. Localising in m, we get
an integrally closed domain R = K[t], with maximal ideal my, and residue field
K = K][t]/m, the residue map being specialisation in a. Moreover, f(t,X) €
R[X].

Hence, if d(f(t, X)) ¢ muy, i.e., d(f(a, X)) # 0, we get

Gal(f(a, X)/K) C Gal(f(t, X)/K(t)).

If M/K(t) is finite Galois, we can pick a primitive element © € M and
look at the minimal polynomial g(t,X) € K(t)[X]. Specialising g(t,X) as
above to get Gal(g(a, X)/K) C Gal(g(t,X)/K(t)), we see that we then have
Gal(g(a, X)/K) ~ Gal(g(t, X)/K(t)), since Gal(g(a, X)/K) has order at least
equal to the degree of g(a,X), whereas Gal(g(t, X)/K(t)) has order exactly
equal to the degree of g(t, X).

Hence we have

RESULT 3.3.4. Let K be a Hilbertian field. If a finite group G occurs as a
Galois group over K (t), it occurs over K as well.

This justifies Noether’s Strategy as described in the Introduction.
But we can do better:

THEOREM 3.3.5. Let K be a Hilbertian field, and let f(t,X) € K(t)[X] be
monic, irreducible and separable. Then there is a Hilbert set of K™ on which
the specialisations f(a, X) € K[X] of f(t,X) are well-defined, irreducible and
Gal(f(a,X)/K) ~ Gal(f(t,X)/K).

PROOF. Let M be the splitting field of f(t, X) over K(t), and let © € M
be a primitive element with minimal polynomial g(t, X) € K (t)[X]. The roots
of g(t, X) are then

6= ’yl(t,@ 5 2(t,@), . ,’yN(t,G),

)
where N = [M: K (t)] and v;(t, X) € K(t)[X] has degree < N. That 7,(t, ©) is
a root of g(t, X) means that g(t, X) | g(t,v:(t, X)), and so we can specialise to
ensure that the roots of g(a, X) are 6 = v, (a,0), 12(a,0), ..., yn(a,0), where ¢
is one of the roots.
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Similarly, the roots of f(t, X) are

©1(t,0),...,0,(t,0),

where n is the degree of f(t, X) and ¢,(t, X) € K(t)[X] has degree < N, and
we can specialise to obtain that the roots of f(a, X) are p1(a, ), ..., pn(a,d).
We know that we can specialise to get

Gal(g(a, X)/K) ~ Gal(g(t, X)/K(t)).

All we need is to ensure that the splitting field of f(a, X) over K equals the
splitting field M of g(a, X):

Let 0 € Gal(M/K(t)). o is given by 0O = ~,(t, ©) for some 4, and when we
specialise properly, 56 = v;(a, ). Now, for a given j, ocp(t,0) = @i (t,0) for a k
depending on ¢ and j, i.e., ¢;(t,vi(t, X)) — i (t, X) is divisible by g(t, X), and
by specialising properly, we get ap;(a,d) = pr(a,d). Doing this for all o and j,
we can obtain that & € Gal(M/K) permutes the roots of f(a, X) in exactly the
same way as o € Gal(M/K (t)) permutes the roots of f(t,X). In particular, no
o # 1 leaves the roots of f(a, X) invariant, and so the splitting field of f(a, X)
is all of M. O

REMARK. There is an obvious problem with the Hilbert Irreducibility Theo-
rem: It is not particularly explicit. That is to say, it is not clear how to find the
points where specialisation yields an irreducible polynomial. And this problem
is of course emphasised in Theorem 3.3.5 above, where we need to preserve not
only irreducibility but also the Galois group.

One way around this problem, insofar as there is one, is to keep track of how
we construct our parametric/generic polynomials, so that we can produce exact
conditions afterwards.

Another is to note, by Exercise 3.3(3), that Hilbert sets in Q™ are dense.
Picking a specialisation at random therefore has a fair chance of working.

In any case, the problem is not a serious one.

Regular extensions. A finite Galois extension M/K (t) is called regular
(over K), if K is relatively algebraically closed in M, i.e., if no element in M\ K
is algebraic over K.

More generally, an extension field M of K is regular over K, if M and L are
linearly disjoint over K for all finite extensions L/K, i.e., if M ®k L is a field,
cf. section A.3 in Appendix A.

The advantage of regular extensions is the following elementary observation:

PROPOSITION 3.3.6. If M[/K(t) is a regular Galois extension with Galois
group G = Gal(M/K(t)) and L/K is an arbitrary field extension, the com-
posite F = ML(t) is a regular G-extension of L(t), when t = (t1,...,t,) are
considered as indeterminates over L.

PROOF. First of all: Tt is clear that if there is a field extension L/ K, for which
F/L(t) is not a regular G-extension, there is one where L/ K is finitely generated.
Thus, it is enough to consider three cases: (1) L/K is finite separable, (2) L/K
is purely inseparable of degree p = char K, and (3) L/K is rational of degree 1.
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Cases (1) and (2) are almost trivial, and in case (3) the only problem is to show
that K (s) is relatively algebraically closed in LL(s), if K is relatively algebraically
closed in an extension field L:

Assume u € L(s) to be algebraic over K(s). We can of course normalise to
get that w is integral over K|s]|, and hence u € L[s]. (Since L[s] is integrally
closed.) Thus, for suitable fo, ..., fr—1 € K[s] we have

u A frou T fo = 0.
For each a € K, this gives us an equation
u(a)” + froi(a)u(a) ™+ + fola) =0,

and so u(a) € K. If |K| > deg u, this completes the proof: u € K[s]. Otherwise,
we take L/K finite with |L| > degu and look at LL/L, getting v € L[s|NL[s] =
K[s]. O

Thus we have the following consequence of Theorem 3.3.5:

COROLLARY 3.3.7. If there exists a reqular G-extension over K, every Hilber-
tian field containing K has a G-extension.

One way of obtaining regular extensions is by generic polynomials:

PROPOSITION 3.3.8. Let f(t,X) € K(t)[X] be a generic polynomial for G-
extensions over K. Then the splitting field M of f(t, X) over K(t) is a regular
G-extension over K.

ProoF. We have to show that K is relatively algebraically closed in M. Now,
if this were not the case, we would have some algebraic subextension L/K C
M/K, and the Galois group Gal(f(t,X)/L(t)) were then a proper subgroup
of G. Thus, we must show that f(t,X) has Galois group G over L(t) for all
algebraic extensions L/K, and in fact we will do it for any extension L/K:

Let L be an extension field of K. If Gal(f(t, X)/L(t)) is a proper subgroup
of G, the same is true for Gal(f(t, X)/L’'(t)) for any extension field L’ of L. Pick
L' to have a G-extension F’/L’. (This is always possible.)

Since f(t, X) is generic for G-extensions over K, F” is the splitting field over L’
of a specialisation f(a, X) for some a € L'*. By Lemma 3.3.1, we have

G = Gal(F'/L") C Gal(f(t,X)/L'(t)) C Gal(f(t,X)/L(t)) C G.
We conclude that Gal(f(t, X)/L(t)) = G, as desired. O

Thus, loosely speaking, if we know what a G-extension over a Hilbertian
field K is supposed to look like, there will be one.

We note the following: If L/K(s) and M/K (t) are regular Galois extensions,
the extensions L(t)/K(s,t) and M(s)/K (s,t) are linearly disjoint (i.e., L(t) N
M(s) = K(s,t)) and the composite L(t)M(s)/K (s, t) is regular.

REMARK. It follows that a regular G-extension over a Hilbertian field K
implies the existence of infinitely many G-extensions of K.
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Most of the interest in regular extensions is focused on extensions of Q(¢),
i.e., involving only a single indeterminate, due to the fact that this is the kind
of regular extensions obtained by algebraic geometry, from function fields of
curves. In connection with such extensions, the following conjecture — already
mentioned in the Introduction—is of interest:

THE REGULAR INVERSE GALOIS PROBLEM. Is every finite group is realisable
as the Galois group of a regular extension M/Q(t)?

Clearly, an affirmative answer to the Regular Inverse Galois Problem would
immediately give an affirmative answer to the usual Inverse Galois Problem
(for Q) as well.

Since every regular Galois extension M/Q(¢) specialises to Galois extensions
M/Q with the same Galois group, in effect ‘parametrising’ an infinite family of
Galois extensions of Q, another natural conjecture is that these families cover
everything:

THE BECKMANN-BLACK CONJECTURE. (Cf. [Be], [Bll].) Let G be a finite
group. Every G-extension of Q is obtained by specialising a regular G-extension
of Q(1).

If a given finite group G satisfies the Beckmann-Black Conjecture, it is said
to have the arithmetic lifting property. This can of course be formulated for an
arbitrary field rather than just Q.

LEMMA 3.3.9. Let p(t, X) € K(t)[X] be a G-polynomial with splitting field M
over K(t). If M/K (t) contains a subextension L(t)/K(t) coming from an alge-
braic extension L/ K, then L]/ K is contained in every G-extension M /K obtained
by specialising p(t, X).

PRrROOF. Let R = K[t,1/t], where t € K[t] is a common denominator for the
coefficients of p(t, X), and let S be the integral closure of R in M. If M/K is a
G-extension obtained by specialising p(t, X) in a € K™, the specialisation of S
in a maximal ideal containing ker(t — a) must contain M, and since M/K is a
G-extension, it must equal M. Since S contains L, so does M. O

In particular: If p(t, X) specialises to give two linearly disjoint G-extensions
of K, then M/K (t) is regular.

PROPOSITION 3.3.10. Let K be a Hilbertian field, and let p(t, X) € K(t)[X]
give a reqular G-extension of K(t). Then there exists a specialisation q(s, X) of
p(t, X) over K(s), such that q(s,X) gives a reqular G-extension of K(s), and
such that any finitely many prescribed G-extensions of K obtained by specialis-
ing p(t, X) can also be obtained by specialising q(s, X).

PRrooF. Let p(a;, X), ..., p(a,, X) be the finitely many specialisations. We
can assume, by previous remarks, that two of these specialisations give linearly
disjoint G-extensions. Now, pick s € K (s)", such that s specialises to aj, ..., a,
for suitable values of s, and let ¢(s,X) = p(s,X). Then ¢(s, X) specialises
to p(a;, X),..., p(a,, X), and so it must be separable. Also, its Galois group
must be G, and since it has two linearly disjoint G-specialisations, the splitting
field is regular over K. (|
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Thus, if there is a generic G-polynomial over the Hilbertian field K, then G
has the arithmetic lifting property over K.

Symmetric and alternating groups. Let n € N, and consider the poly-
nomial f(t,X) = X" +tX +t € Q(¢)[X]. It is irreducible by the Eisenstein
Criterion (applied in Q[t]), and so the Galois group Gal(f(t, X)/Q(¢)) is a tran-
sitive subgroup of S,,. We note that

d(f) = (=1)"= D211 )l 4o,

We reduce modulo the maximal ideal (¢ + 1) in Q[t], and look at f(—3,X) =
X" —1X — 1 € Q[X]. It can be written

fELX) =X -DX" '+ X" 2+ + X + 1)

The second factor is irreducible, since its roots are the reciprocals of the roots
of X"~1 4+ 2X""2 ... 4+2X + 2, which is irreducible by Eisenstein. Hence, by
Proposition 3.3.2, Gal(f (¢, X)/Q(t)) contains a subgroup that fixes one root and
permutes the others transitively, i.e., Gal(f(t, X)/Q(t)) is 2-transitive.?

Next, let s =t +n"/(1 —n)""! and write

n n

g(st):f(th):Xn‘f‘(S_W)X—f—(s—m).
Clearly,
— (—1)n(n—=1)/2 —n)" g S—L n—l'
d(g) = (=1) (1—n)"Ls( (1_n)n71)

Looking at g(s, X) over C((s)), we then have
Gal(g(s, X)/C((s)) < Gal(g(s, X)/Q(s)) = Gal(f(t, X)/Q(t)) C Sn.

Also, since d(g) is not a square in C((s)), Gal(g(s, X)/C((s))) cannot be trivial.
Now, modulo s, we get

n" n"
9(0,X) (1—n)n1 (1I—n)n1’

and after scaling we are looking at

h(X) = X" —nX + (n— 1) € C[X].

h(X) has 1 as a double root, and n — 2 simple roots. Thus, by Hensel’s Lemma
(see e.g. [Ja2, 9.11]), g(s, X ) has n — 2 simple roots in C((s)). This means that
Gal(g(s, X)/C((s))) must act by permuting the remaining two roots, and we
conclude that Gal(f (¢, X)/Q(t)) contains a transposition.

It is trivial that the only 2-transitive subgroup of .S,, containing a transposition
is S, and so we have

PROPOSITION 3.3.11. For alln € N, the splitting field of X"+t X 4+t over Q(t)
18 a regular Sy -extension.

3This can also be seen by adjoining a root © of f(t, X), note that Q(t)(©) = Q(©), and
prove that the polynomial f(¢, X)/(X — ©) is irreducible in Q(©)[X].
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That the splitting field is regular follows from the fact that d(f) is not quadrat-
ically equivalent to a rational number.* (Alternatively, by noting that if 2-
transitivity is proved as indicated in the footnote, everything works over C as
well as over Q.)

COROLLARY 3.3.12. Let n € N. Then the polynomial

-1 (n—l)/2t2_ n
xn g — (X +1), n odd
p(t, X) = (n 2171
X"+ (X +1), n even

(—1)"/22 + (n— 1)n-1
gives a regqular A,-extension of Q(t).

PROOF. First, assume n odd. Then the quadratic subextension of the split-
ting field of f(t, X) = X" +tX + ¢ over Q(¢) is Q(¢)(u), where

u_\/ nn 1)/2 1_n)n 1t+nn]

It is obvious that Q(t)(u) = Q(u), and thus that the splitting field of f(¢, X)
over Q(u) is a regular A,-extension. So, we let p(u, X) = f(¢,X) and express ¢
in terms of w.

Next, assume n even. We start by letting s = 1/¢t. Then the quadratic
subextension of the splitting field of f(1/s,X) = X"+1/sX +1/s over Q(s) =
Q(¥) is Q(s)(v), where

v = \/ n(n 1)/2 (1 _ n)nfl +TLnS],

and it is clear that Q(s)(v) = Q(v), meaning that the splitting field of f(1/s, X)
over Q(v) is a regular A,-extension. So, we let p(v, X) = f(1/s, X). O

In particular, the symmetric and alternating groups occur as Galois groups
over all algebraic number fields.

Note that p(t, X) is an expression in t? and X, and that therefore obviously
the splitting field of p(t, X) over Q(t?) is a regular S,,-extension.

More generally, consider a field K in characteristic 0 and an element a € K*.
Then p(y/at, X) gives a regular A,-extension of K(y/a)(t) = K(\/a)(\/at),
and if a ¢ (K*)? this is an Sy-extension of K(t) having K (t, /a)/K(t) as its
quadratic subextension. If K is Hilbertian, we can then specialise, i.e., we have

COROLLARY 3.3.13. Let K be a Hilbertian field in characteristic 0. Then any
quadratic extension of K can be embedded in an Sy -extension.

In connection with regular S,,-extensions, we also have

THEOREM 3.3.14. (HILBERT) Let f(X) € Q[X] be a monic polynomial of
degree n satisfying the following conditions:

(i) The derivative f'(X) is irreducible in Q[X]; and

(ii) f(X) assumes distinct values in the zeroes of f'(X).
Then the splitting field of f(X)—t € Q(¢)[X] over Q(t) is a regular Sy,-extension.

4See section A.1 in Appendix A for the definition of ‘quadratically equivalent’.
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REMARK. In [Hi], Hilbert proved a somewhat stronger result: Instead of
condition (i), it is enough that the roots of f'(X) are simple.

PROOF. We can obviously assume f(0) = 0. Let f(X) = X"+ a, 1 X" 1 +
et a X,

First of all, note that f(X)—t is irreducible over Q(¢), since —X"[f(1/X)—t]/t
is, by the Eisenstein Criterion applied to the prime 1/t in Q[1/t]. Thus, the
Galois group Gal(f(X) —t/Q(t)) is a transitive subgroup of S,.

Next, we let s be a root of f(X) —t over Q(¢). Then ¢t = f(s), and so
Q@) (s) = Q(s). Also, (f(X) — f(s))/(X — s) is irreducible in Q[s, X], since it
can be written as a polynomial of degree n — 1 in X over Q[X — s], specialising
to f'(X) modulo the prime ideal (X —s). Thus, Gal(f(X)—t/Q(t)) is 2-transitive
in S,,.

Finally, we wish to prove that the Galois group contains a transposition. By
translating X and ¢, we may assume that f/(0) = 0, i.e., we have a; = 0 and
as 7§ 0.

We now look at f(X) — ¢ over C((t)). Modulo ¢, we have simply f(X), and
by assumption f(X) has the double root 0 and n — 2 simple roots. Thus, by
Hensel’s Lemma, we get that Gal(f(X) — t/C((t))) is at most cyclic of order 2,
generated by a transposition. On the other hand, using the resultant formula
for the discriminant of f(X) — ¢, we see that

d(f(X) —1t) = +2ast [d(f/X) + t - (polynomial in ¢)],

which is not a square in C((¢)). Thus, the Galois group over C((¢)) is non-trivial.

Regularity follows, since the last part of the argument demonstrates that the
discriminant of f(X) — ¢ is not a square over an extension field containing C, so
that it cannot be quadratically equivalent to a rational number. O

REMARK. There is an interesting analogy between realisations of the symmet-
ric group S,, as Galois group over function fields like Q(¢) or C(¢) and over Q.

In the number fields case there are two main tools:

(A) Minkowski’s theorem that any proper algebraic extension of Q has at least
one ramified prime.

(B) Hilbert’s theory of inertia groups, ramification groups, etc.

By these results one obtains the following (cf. [Ko]):

PROPOSITION 3.3.15. The Galois group of an irreducible polynomial f(X) €
Q[X] of degree n is Sy, if the discriminant d(f) of f(X) is equal to the discrim-
inant of a quadratic number field. In this case the splitting field of f(X) is an
unramified A, -extension of Q(1/d(f)).

If there is a prime number p such that p but not p? divides d(f), then the
Galois group of f(X) over Q contains a transposition. Therefore, in this case
the Galois group must be the symmetric group .5, if n is assumed to be a prime
number.

In the function field case the analogous tools are:



80 3. HILBERTIAN FIELDS

(A’) For the function field C(¢) there is no proper algebraic extension of C(t)
which is unramified at all places (with C as residue field) except at co. (In
geometric terms: There is no unramified covering of the affine line A! over C.)

(B’) The Hilbert theory of inertia groups and ramification groups, suitably
modified for function fields.

From this one derives the following:

PROPOSITION 3.3.16. Let f(t,X) be an irreducible polynomial in Q[t, X] or
C[t, X], with discriminant d(f) (with respect to x). d(f) is polynomial in t. If
d(f) has at least one simple root, then the Galois group of f(t, X) with respect to
X contains a transposition. Hence the Galois group will be the symmetric group
Sy if the degree of f(t,x) (with respect to X) is n, where n is a prime number.

If the above discriminant d(f) no multiple roots at all, then the Galois group
of f(t, X) with respect to X is S,,, where n is the degree of f(¢, X) with respect
to X, which this time can be an arbitrary positive integer.

The latter polynomials include all the polynomials given above, as well as
the ‘Morse polynomials’ introduced by Hilbert (i.e., the polynomials mentioned
in the Remark following Theorem 3.3.14 above, cf. also [Se2, p. 39]). But the
set-back here is that (A’) cannot be proved by purely algbraic means, so the
method applied here is less elementary than the one used above.

The above shows the abundance of polynomials with the symmetric group as
Galois group. For instance, using the fact that the discriminant of a trinomial
f(X)=X"+pX™+q, where n > m > 0 and ged(n,m) =1, is

d(f) _ (_1)n(n—l)/2qm—1{nnqn—m _ (_1)n(n _ ,n,L)n—WL?,nvnpn}7

one obtains a large class of polynomials with S,, as Galois group. To take a
simple explicit example, the polynomial " + tz" 4+ 1 has S,, as Galois group
(both over Q(¢) and C(t)) if and only of ged(n, m) = 1.

Exercises

EXERCISE 3.1. Let K be a Hilbertian field, and let f(X),g(X) € K[X].
Assume: For all a € K there is a b € K such that f(a) = g(b). Prove that
f(X) = g(h(X)) for an h(X) € K[X]. In particular: Prove that f(X) is a
square in K[X] if it assumes only square values in K.

EXERCISE 3.2. Let K be a Hilbertian field. Prove that the rational function
field K (t) is again Hilbertian.

EXERCISE 3.3. (1) Let D C C be an open disc centered on the real axis, and
let f1,..., fn: D — C be meromorphic functions on D. Assume that they are
algebraic over Q(t), but that none of them are in Q(t) itself. Prove that the set

{g€e QN D] fi(q),..., fn(q) irrational}

is dense in QN D. [Hint: Use the proof of the Hilbert Irreducibility Theorem.]
(2) Prove that a Hilbert set in Q is dense. (Thus, of course, establishing the
Irreducibility Theorem again.)
(3) Prove that a Hilbert set in Q™ is dense.
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EXERCISE 3.4. Let s = ($1,...,8,) and t = (¢1,...,t,) be sets of indetermi-
nates, and define the Kronecker resolvent W as

W(X)= J[ (X = sitei) € Zls, t, X].
o€Sn i=1
(1) Prove that the coefficients of W(X) as a polynomial in t and X are
symmetric in the s;’s, and hence that we can write

W(X)=W(e)(X)=X"+hp_1(e,t) X" 1 4 ... + ho(e, t)

for polynomials h;(e,t) € Zle,t], where e = (eq,...,e,) are the elementary
symmetric symbols in the s;’s.

(2) Let K be a field, and let f(X) € K[X] have degree n and no multiple

roots. Define the Kronecker resolvent of f(X) as the polynomial

W()(X) =W(a)(X) € K[t, X],
where a = (a1,...,a,) are the elementary symmetric symbols in the roots
of f(X), i.e., £ the coefficients. Prove that the irreducible factors of W(f)(X)
all have degree | Gal(f/K)|.

(3) Let K be a field. Prove that W (s)(X) € K(e)[t, X] is irreducible.

(4) Let f(X) € Q[X] be monic of degree n with n distinct real roots. Prove
that a polynomial g(X) obtained from f(X) by changing the coefficients by less
than some 0 > 0 will still have n distinct real roots. Then prove the existence of
Sn-extensions of Q contained in R.

EXERCISE 3.5. Let G be a finite group.

(1) Show that G can be realised as the Galois group of an extension M/K of
subfields of R.

(2) Assume the existence of a generic G-polynomial over Q. Prove that there
is a G-extension of Q contained in R.

EXERCISE 3.6. Let M/Q(¢) be a regular quadratic extension. Prove that, for
some n € N, M/Q(¢) cannot be embedded in a Can-extension. [Hint: For some
irreducible 7 € QJt], the m-adic valuation is ramified in M/Q(¢). It follows that
it is completely ramified in any Can-extension of Q(¢) containing M. Arguing as
in [G&J, 2.4], we get the primitive 2" *® roots of unity in Q[t]/(r).]

EXERCISE 3.7. (1) Let n be odd. Prove that the splitting field of

X"+ (1) D242 — 1) (nX + (n— 1))
over Q(t) is a regular A,-extension.
(2) Let f(X) = X%+ (5h*—1)(5X +4). Prove that Gal(f/Q) ~ A5 if h = £1
(mod 21).
EXERCISE 3.8. Let n be even. Prove that the splitting field of
X"+ X" 4 (D)2 4 (n - 1))

over Q(t) is a regular A,-extension.






CHAPTER 4

Galois Theory of Commutative Rings

The usual —and well-known — Galois theory of fields generalises to a Galois
theory of commutative rings. This generalisation, first described by Chase, Har-
rison and Rosenberg in [CH&R], is a convenient tool in the study of generic
polynomials, for reasons that will become clear in Chapter 5 below.

This chapter gives a self-contained introduction to the Galois theory of com-
mutative rings. The fundamental idea is very simple: Let a finite group G act
on a commutative ring S as automorphisms, and consider S/S¢ to be a Galois
extension if all the inertia groups are trivial, cf. section 3.3 of Chapter 3.

4.1. Ring Theoretic Preliminaries

Let R be a commutative ring. In the tradition of commutative algebra, we assume
all rings to have a unit element, all subrings to share this unit element, and all
ring homomorphisms to preserve it. In particular, all modules are supposed to
be unitary.

A standard reference for commutative algebra is Atiyah-MacDonald [A&M].

LEMMA 4.1.1. Let M be a finitely generated R-module, and let m be a maximal
ideal in R. If mM = M, then aM =0 for some a € R\ m

PROOF. Localising, we have my My = My,. That aM =0 for ana € R\ m
simply means My, = 0. Assume My, # 0, and let m, ..., m, € My be a minimal
generating set. Then my = aymi+- - -+a,m, for suitable a1, ...,a, € m, and so
(1—a1)my = agma+---+apmy,. Since 1—ay is invertible in Ry, My, is generated
by mae, ..., m,, contradicting the minimality. We conclude that M,, = 0. ([

PROPOSITION 4.1.2. Let M be a finitely generated R-module, and let a be an
ideal in R. Then aM = M if and only if R = anng M + a.

Proor. ‘If’ is clear.

‘Only if’: Assume anngp M + a to be a proper ideal. Then anng M +a C m for
some maximal ideal m in R, and hence mM = M. But this means that aM =0
for some a € R\ m, contraditing annp M C m. O

NAKAYAMA’S LEMMA. Let M be a finitely generated R-module, and let N
be a submodule such that M = mM + N for all mazimal ideals m in R. Then
M = N.

83
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PRrROOF. Replacing M by M/N, we must prove: If mM = M for all m, then
M = 0. But by the above Proposition, we have anngp M + m = R for all m, i.e.,
anng M ¢ m, and hence anng M = R and M = 0. O

LEMMA 4.1.3. Let P be an R-module. Then P is (finitely generated) projec-
tive, if and only if there exists (finite) families (p;); and (fi); of elements p; € P
and R-homomorphisms f;: P — R, such that p =Y. fi(p)p; for all p € P.

PROOF. ‘If’: Let F be the free R-module with basis (e;);, and define 7: F —
P by m(e;) = p; and i: P — F by i(p) = >, fi(p)e;. Then moi = 1p, and so
F~P@kerm.

‘Only if: F = P ® Q is free for some R-module Q. Let (e;); be a basis, and
write e; = p; + ¢; with p; € P, q¢; € Q. Let m;: ' — R be the i coordinate
function, and let f; = m;|p. For p € P, we then have

p= Zﬂi(l?)ei = Zfi(p)(pi +¢i)
= Z filp)pi + Z filp)ai = Z fi(p)pi,

since ). fi(p)gs € PNQ = 0. O

For an R-module M, we define IrpM as the ideal generated by the images of
the elements of Homp (M, R).

COROLLARY 4.1.4. If P is a finitely generated projective R-module, then R =
anng P + IrP.

Proor. By the Lemma, IrP - P = P. Proposition 4.1.2 gives the result. [

PROPOSITION 4.1.5. Let P be a finitely generated projective R-module. Then
Homp(P,R) ®zg M ~ Homg(P,M) by f @ m — [p — f(p)m] for all R-
modules M.

PROOF. Let P = P’ @ P”. Then the isomorphism holds for P, if and only if
it holds for both P’ and P”. Since it is trivial for P = R, we get it for finitely
generated free modules, and then for finitely generated projective modules. [

Finally, a definition:

DEFINITION 4.1.6. Let M be an R-module. Then we say that M has rank n,
n € N, written rankg M = n, if M/mM has dimension n over R/m for all
maximal ideals m in R.

4.2. Galois Extensions of Commutative Rings

We can now define the concept of a Galois extension of a commutative ring R.
Our approach follows [D&I, Ch. III §1] and [Sal]. (Additional references are the
more recent [Gr| and the original paper [CH&R, 1965].)
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DEFINITION 4.2.1. Let S/R be an extension of commutative rings, i.e., R is
a subring of S, and let G be a finite group acting as R-algebra automorphisms
on S. Then we define S¢ as the subring

S¢ ={s€S|VoeG:os=s},

and say that S/R is a Galois extension with group G, if

(i) S¢ = R, and
(ii) for any maximal ideal m in S and any o € G \ {1}, there is an s € S
such that s — s ¢ m.

REMARKS. (1) From (ii) it immediately follows that G acts faithfully on S,
i.e., that no o € G\ {1} acts as the identity. Moreover, if S/R is a field extension,
this is all condition (ii) means, and so this definition extends the usual concept
of Galois field extensions.

(2) If K is a field, the K-algebra automorphisms on K™ are exactly the per-
mutations of the coeflicients, i.e., Autx K" = S,. It is easily seen that K"/ K is
a Galois extension with group G if and only if G is transitive in S,, of order n.
In particular, an extension S/R of commutative rings can be a Galois extension
with respect to several different groups.

(3) Let S/R be a Galois extension with group G, and assume that R and S
are domains with quotient fields K and L, respectively. Then the G-action
extends to L, and L/K is again a Galois extension with group G. It follows that
G = Autg L = Autg S, and so G is given by S/R in this case. More generally,
G is given by S/R (as Autg S) if S is connected, i.e., with no idempotents other
than 0 and 1. See [D&I, Ch. IIT Cor. 1.7] for proof.

(4) Let K/Q be a finite Galois extension. It is then clear that the automor-
phisms on the Dedekind ring Ok are exactly the restrictions of the elements
in G = Gal(K/Q). However, Ok /Z is not a Galois extension (unless K = Q),
since condition (ii) is not satisfied for ramified primes. In fact, condition (ii) can
be thought of as saying ‘the G-action is faithful and S/R is unramified’.

PROPOSITION 4.2.2. As above, let S/R be an extension of commutative rings,
and let G be a finite group acting on S by R-algebra automorphisms. Then S/R
18 a Galois extension with group G, if and only if

(i) S¢ =R, and
(ii) there exist x;,y; € S, such that ), x;0y; = 05,1 for all o € G.!

Proor. First, assume that S/R is a Galois extension with group G, and
let 0 € G\ {1}. The ideal generated by (1 — ¢)S is all of S, and so we have
21(0), ..., 20 (0),y1(0), ..., yn(o) € S with > | #;(0)(yi(0) — oyi(o)) = 1. Let
Tnt1(0) = = 3L wi(0)oyi(o) and yui1(0) = 1. Then 35, zi(0)pyi(0) = 01,5
forp=1,0.

1§ is the Kronecker delta, i.e., 65,1 is 1 when o =1 and 0 otherwise.
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Picking such sets z;(0),y;(0) for all o € G\ {1}, we get the desired z;’s
and y;’s by expanding the product

H sz pyz — 5p,17

o#l i=1
since clearly this results in a sum of the desired kind. The x;’s will then be all
products of z,(c)’s for o running through G \ {1}, and similarly for the y;’s.
Conversely, assume (i) and (ii) satisfied, and let m be a maximal ideal in S. If,
for some o € G'\ {1}, we had (1 —0)S Cm, we would get 1 =3, ;(y; — oy;) €
m. g
Until further notice, we will let S/R be a Galois extension with group G.

THE DEDEKIND INDEPENDENCE THEOREM. The elements in G are linearly
independent over S.

PROOF. Assume ) _s,o0x =0 for all 2 € S. Then
= ZSTT(Z T T oyl = Z Z $;7x;)oy; =0,

as wanted. O

Thus, if we let S{G} denote the twisted group ring of G over S, i.e., the
elements in S{G} has the form ) s,o0 for s, € S and the multiplication is
defined by (so)(tT) = sot oT, we have a ring monomorphism j: S{G} — Endr S

given by j(3°, s00): x> s, 0.
PROPOSITION 4.2.3. j: S{G} — Endg S is an isomorphism.

PROOF. Let f € Endg S, and let s, =, f(z;) oy;. Then

= H(Smomon) = o) St
—folayzox—ngox

and so f=j(>, 5,0). O
We define the trace Trg/p: S — R by Trg/p(z) = >, ox.
PROPOSITION 4.2.4. Fvery R-linear map f: S — R has the form f(z) =
Trg/r(cx) for a unique c € S.

Proo¥. Clearly, f(z) = >, sqox for some choice of s,’s in S, since f is
R-linear from S into R C S. As f(z) € R for all z, we have pf(z) = f(x) for
all p € G, and hence s, = ps,-1, or s, = 051, i.e., we can let ¢ = s1. (I

In other words: Hompg(S, R) is free of rank 1 over S with Trg/p as its gener-
ator.?

LEMMA 4.2.5. S is finitely generated projective as an R-module.

2 Alternatively: Trg/p: S — R is a duality.
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Proor. Welet fi(s) =>_, o(sy;). Then s =Y. fi(s)x; for all s, and so S is
finitely generated projective by Lemma 4.1.3. O

PROPOSITION 4.2.6. Again, let S/R be an extension of commutative rings,
and let the finite group G act on S by R-algebra automorphisms. Then S/R is
a Galois extension with group G, if and only if

(i) S¢ =R, and
(ii) the map £: s @t — (sot), is an isomorphism S @ S ~ S&) where
S(&) is the direct product over G of copies of S.

PRrROOF. First, assume that S/R is a Galois extension with group G. Then
we have isomorphisms

S®rS ~ S ®pHomp(S, R) ~ Homg(S, S) ~ 5

given by s @t — s ® Trg/p(t:), s ® f +— [z — sf(x)] and f — (s5)o, Where
f(xz) =3, seox. The composite map is /.

On the other hand, if Y, z; ® y; = £7'(d0,1), we get condition (ii) of Propo-
sition 4.2.2. 0

PROPOSITION 4.2.7. Trg/p: S — R is surjective.

Proor. By Corollary 4.1.4, we have IrS = R, and so there exists g; €
Homp(S, R) and s; € S, such that 1 =} g;(s;). Now

1= Zgj(Sj) = ZTrs/R(Cij) = Trs/R(Z Cij).

J
This completes the proof, since Trg, g is R-linear. O

COROLLARY 4.2.8. R is an R-direct summand in S.

THEOREM 4.2.9. If R is an R'-algebra, and T is another commutative R'-
algebra, then S @p T/R @p T is a Galois extension with group G, when o €
G is identified with 0 ® 1 € Autrg,,7(S @r T). Furthermore, if U/T is a
Galois extension with group H, then SQpr U/RQpr T is a Galois extension with
group G x H, acting by (0, 7)(s @ u) = 05 ® Tu.

PrOOF. R®pr T C S ®r T, since R is an R’-direct summand of S. Since
r;®1,y;®1 € SQp T with 3, (x; ® 1)o(y; ® 1) = 4,1, we have condition (ii)
of Proposition 4.2.2. It remains to prove R ®r' T = (S ®p T)G: Since S Qg
T/(S ®@pr T)¢ is Galois with group G, the trace is onto. But the trace of s ® t
is Trg/r(s) ®t € R@p T. Thus, we have the desired equality.

As for the second part of the theorem: It is trivial that G x H acts on S®pg U,
and that condition (ii) of Proposition 4.2.2 is satisfied. Since S®p U/R®p U is
a Galois extension with group G, we have (S®@p U)%*! = R®p U. Similarly, we
have (R@p U)*H = R®p: T, from which we get (S®@pr U)“* = Rop T. O

In particular, if T/ R is a commutative algebra, S®gT/T is a Galois extension
with group G, and if T'/R is a Galois extension with group H, S @ T/R is a
Galois extension with group G x H.

COROLLARY 4.2.10. S has rank |G| as an R-module.
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Proor. First: If R is a field, we have
(dimg S)? = dimp S ®g S = dimg S'¢) = |G| dimg S,

and since dimpg S < oo, the result follows.

In the general case, we let m be a maximal ideal in R. Then S/mS is a Galois
extension over R/m with group G by Theorem 4.2.9, and hence dimp,n S/mS =
|G]|. O

REMARK. If the R-algebra S is finitely generated free as an R-module, we
have a trace Trg/r: S — R defined in the usual way: Trg,r(s) is the trace of
the linear map x — sz on S. Using Proposition 4.2.6, it is not hard to see that
this trace coincides with the one already defined, when S/R is a Galois extension
with group G.

Thus, we have the following: Let S/R be a Galois extension with group G.
For every prime ideal p in R, the localisation Sy /R, is then a Galois extension
with group G as well. Also, S, is free over R, of rank n = |G| (by a standard
argument), and the trace (defined either way) is a duality. In other words, S/R
is an étale algebra. This is reasonable, as étale algebras can be thought of as
generalising separable field extensions, and we certainly expect Galois extensions
to be separable.

THEOREM 4.2.11. Let S/R be a Galois extension with group G. Then S/SH
is Galois with group H for H C G. Also, if SH = SH2 for subgroups H, and Ho,
then Hy = Ho. Finally, SN/R is a Galois extension with group G/N if N <G.

PROOF. The first part is obvious from Definition 4.2.1.

Next, let H; and H; be subgroups with St = §H2 and let H be the subgroup
generated by H; and Hy. Then S = SH: and consequently |H| = rankgs S =
rankgw, S = |Hy|, i.e., H; = H. Similarly, Hy = H.

Now, if N <G, G/N acts on SV. Of the conditions in Proposition 4.2.2, (i) is
obvious, and we only need to prove (ii):

0:S®pS — S is an isomorphism, and so there exists z € S @r S with
lz), =1foroc € N and =0 for 0 ¢ N. Now, S ®r S/SN ®r SV is a Galois
extension with group N x N, and the action of N x N on S ®g S corresponds
to (0,7)(sp)p = (0S5-1,7), on S Thus, z is invariant, ie., z € S¥ @ SV,
and we can pick z;,y; € SV such that z =3, z; ® y;. O

REMARK. Let L/K be a Galois field extension with Galois group G. Then
L[X]/K[X] is a Galois extension with group G as well. Let A = {f(X) € L[X] |
f(0) € K}. A is obviously a subalgebra of L[X], but is not of the form L[X]#
for any subgroup H of G (provided L # K, of course). Thus, the correspondance
H — SH from subgroups to subalgebras is not in general onto.

COROLLARY 4.2.12. Let S/R be a Galois extension with group G, and let H

be a subgroup of G. Then ST is finitely generated projective as an R-module,
and rankg S? = [G: H].

PRrROOF. Since S¥ is an SH-direct summand of S, it is in particular an R-
direct summand. Thus, S is finitely generated projective.
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As for the rank: Since (S/mS)? = S#/mSH for any maximal ideal m in R,
we may assume R to be a field. Thus, S¥ is free over R with some rank d.

Looking at S ®g S/, with G acting on the second copy of S, we have that
(S@rS)H = S®@r S, and so (S ®@r S)H is free over S of rank d. However,
S®rS ~ S(& as an S-module, and the G-action carries over as o(s,), = (50 ),
and so it is easy to see that (S ®x S) has rank [G: H] over S. O

Now, let S/R be a Galois extension with group H, and let G be a finite group
containing H. We know that G permutes the cosets o H by left multiplication,
and it is possible to extend H’s action on S to an action of G on the direct sum
of d = |G: H] copies of S in accordance with this permutation action:

First, let 0y = 1,09,...,04 € G represent the cosets cH in G. For conve-
nience, we write the direct sum of copies of S as Se1 ®---® Seyq. Thus, €1,...,e4
are orthogonal idempotents in the new R-algebra, and we want to define a G-
action by demanding that

o(se1) = (hs)e;
when ¢ = o;h, h € H. (This is where it is convenient to have o1 = 1, so
that ‘dividing’ o1’s action between s and ¢; does not pose a problem.) Since
se; = o0;(se1), we must then have that

o(sei) = 00i(s€1) = hois€0(i),

where where oo; = To (i) he,i for hy; € H. Writing this out in full, we see that

d d
O'(Z S; Ei) = Z hmg—l(i) So—1(i) €1
i=1 i=1

for 0 € G and s; € S. It is easily seen that this does define a G-action on the
R-algebra

d
Ind% (S) = P Se..
=1

We call Ind$(S)/R the induced algebra.

REMARKS. (1) In deriving the above G-action, it was practical to assume
o1 = 1. However, once we have the formula for o(}__ s;€;), we see that it works
for any set of coset representatives.

(2) If 7; = oh;, h; € H, is another set of coset representative, and @, S9;
is defined as above, sg; — h;_ls d; is an isomorphism preserving the G-action.
Hence, Ind$(S) is well-defined.

PROPOSITION 4.2.13. The induced algebra Ind%(S)/R is a Galois extension
with group G.

PROOF. It is trivial to check the definition: (i) An element s = ) . se; €
d%(S)¢ is in particular invariant under H, from which it follows that s, €
SH = R. Applying o3, ...,04 then proves that s =, s16; = s1 € R.

(ii) A maximal ideal in Ind% (S) has the form me; @ @D,; Sei for a maximal
ideal min S. If o € G\ {1} maps ¢; to itself, we can pick s in Se; in accordance
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with the definition, since S/R is a Galois extension. Otherwise, we can let
s =E&j. O

4.3. Galois Algebras

Let K be a field.
DEFINITION 4.3.1. A Galois extension of a field is called a Galois algebra.

REMARK. Galois algebras were introduced by Hasse in [Hsl, Hs2, 1947-48)|
to deal with Galois theoretical embedding problems. For a more comprehensive
treatment of Galois algebras in that context, we refer to [IL&F].

Now, let S/K be a Galois algebra with group G, and m be a maximal ideal
inS. Let H= {0 € G|om=m}, and let 01 = 1,...,04 € G represent the
cosets cH in G. Then oym = m, ..., oqm are exactly the different images of m
under G. Let a = [, 0;m. Then ca = a for 0 € G, and so G acts on S/a.
Since condition (ii) of Proposition 4.2.2 is trivial, we conclude that S/a is a
Galois extension of (S/a)¢ (with group G). Since the trace on S/a is induced
from the trace on S, we must have (S/a)¢ = K, i.e., S/a is a Galois extension
of K with group G. Thus, S/a and S have the same dimension over K, and we
conclude that a = 0.

From the Chinese Remainder Theorem we then get that

d
S~ S/om.
=1

In particular, S is a direct sum of isomorphic field extensions. Let 1 = ¢,..., &4
be the corresponding idempotents. They are permuted transitively by G, since
oie = ¢;. Also, H acts on L = Se as a field extension of K. L/LH is trivially a
Galois extension with group H, and since [L:L#] = [L: K], we have L? = K,
and so L/K is a Galois extension with group H.

Clearly, S = @, 0i(Le), i.e., the elements have the form

d
a= Zai(aia), a; € L,
i=1
and the G-action is given by

oa = Z Ui(ho,a'*l(i)aofl(i)s)v
i=1
where 00; = 0,(;)hoi and hy; € H.

Thus, S = Indg(L). This completely describes Galois algebras, since con-
versely Ind% (L)/K is a Galois algebra with group G whenever L/K is a Galois
extension with group H.

REMARKS. (1) From this description of Galois algebras, we immediately get
the following: An algebra S/K is a Galois algebra with respect to some finite
group, if and only if S is the direct sum of a finite number d of copies of a
Galois field extension L/K. In that case, the possible groups are all groups G of
order dimg S = d[L: K] containing a subgroup isomorphic to H = Gal(L/K).
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In particular, it is not only possible for an algebra S/K to be a Galois algebra
with respect to several different groups, but even to be a Galois algebra with
respect to the same group in several fundamentally different ways, since G may
contain copies of H not conjugate under automorphisms. The simplest example
would be G = Cy x Cy and H = Cs.

(2) If S/K = Ind$(L)/K is a Galois algebra and N < G, then SV/K is a

Galois algebra as well, and in fact SV ~ Indgéme(LN”H): Let ny,...,ns € N,
s = [NH : HJ, represent to cosets nH in NH. Then § = ;_, n;e is a primitive
idempotent in SY. We conclude that there are [G: N H] simple components,
each of degree [NH : N] = [H : N N H] over K. We can embed LY into S™§
by z — Y, n;(ze), giving us SV f ~ LNOH,

As a consequence of this, we see that SV is a field if and only if G = NH.
Thus, letting N = ®(G) be the Frattini group of G (cf. [Hu, II1.§3]) we get: S
is a field if and only if S®() is a field.

We note that if € is a primitive idempotent for the Galois algebra S/K, and
0 generates a normal basis for the simple component Se, the conjugates of e
constitute a basis for S/K, i.e.,

PROPOSITION 4.3.2. Let S/K be a Galois algebra with group G. Then the
K[G]-module S is free of rank 1.

The converse of Proposition 4.3.2 is obviously not true: A commutative K-
algebra with a G-action is not necessarily a Galois algebra, just because it is free
of rank 1 as a K[G]-module.> However, we do have

PROPOSITION 4.3.3. Let S/K be a separable commutative algebra (i.e., S is
the direct sum of finitely many finite separable field extensions of K). Let the
finite group G act on S/K, and assume |G| = dimy S and S¢ = K. Then S/K
is a Galois algebra with group G.

PROOF. Let €1,...,e4 be the primitive idempotents in S. Clearly, they are
permuted by G, and the number of orbits is less than or equal to dimg S¢.
Hence, G acts transitive on €1,...,e4, and S is the direct sum of isomorphic
field extensions. With H = {0 € G | 0e; = €1} and L = Seq, we then have H
acting on L and |H| = [L:K]. From S¢ = K, we get L = K, and so L/K
is Galois with Galois group H. It follows that S = Ind% (L), and so S/K is a
Galois algebra with group G. O

HILBERT 90. Let S/K be a Galois algebra with group G. Then H*(G,S*) = 1.

ProOOF. Let f € ZY(G,S*), ie., f: G — S* with f,, = f,of, for 0,7 € G.

Pick a primitive idempotent € € S, let L = Se be the corresponding field
extension of K, and let H = {0 € G | 0e = ¢} = Gal(L/K). Also, let 01 =
1,09,...,0q € G represent the cosets 0 H in G, and write f, =), f(gl) o;e with

3The simplest example being the ring K[e] = K[t]/(t2) of dual numbers (in characteristic #
2): If Cy acts on K|[e] by changing the sign of ¢, we get a free K[C2]-module that is not a
Galois algebra.
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féi) € L*. By the Dedekind Independence Theorem, we can find a € L with
Y ocH fé” oa # 0. Let © = ae. Then

d
y= foor=3 Y frc(oaoi)

oeG 1=1o0c€H
d

YD foo oa)oe

i=1 o€H

d
= Z(fé:) Z fH ca)oie € 5%,

i=1 occH

and oy = f; 1y for o € G, i.e., f is principal. O

COROLLARY 4.3.4. Let S/K be a Galois algebra with group Cy,, let o gener-
ate Cy, and let ¢ € K* be a primitive n'" root of unity. Then S = K|a] for an
a € 8% with ca = o (and hence o™ € K*).

We conclude the section with a few technical results adapted from [Jal, 4.14],
where they are used to prove the Normal Basis Theorem. They can be used for
that purpose here also, to establish Proposition 4.3.2 above.

We let S/K be a Galois algebra with group G and look at a subgroup H of G
of index d = [G: H|. Also, we let 01,...,04 € G represent the cosets cH in G.

LEMMA 4.3.5. 01,...,04 are linearly independent over S when considered as
homomorphisms S™ — S. (Le., if ai,...,aq € S are such that a; o1z + -+ +
agogr =0 for allx € SH, thenay = -+ =aq4=0.)

This lemma is easily proved by taking scalar extension to a field L with
S @k L ~ LIl such as a simple component. (If S/K is a Galois field extension,
the standard proof of the Dedekind Independence Theorem — assume that a non-
trivial linear combination gives the zero map, and reduce the number of terms —
can be applied as well.)

PROPOSITION 4.3.6. Let sy, ...,sq4 € SH. Thensy,...,sq is a basis for ST/ K,
if and only if
0181 ... 0481
e s
0184 ... 0484

PROOF. ‘If’ is obvious, since the rows are then independent over K. (And we
have dimyx S¥ = d by Corollary 4.2.12.)

‘Only if”: Assume that the determinant is not in S*. Then there exists
t1,...,tqg € S not all zero, such that t; o18; + -+ + tgogs; = 0 for all i. By
Lemma 4.3.5, s1,. .., sq cannot generate S¥ over K, and is thus not a basis. [0

THEOREM 4.3.7. Assume K to be infinite. Then o1,...,04 are algebraically
independent over S. (Le., if f(x1,...,2q4) € S[x1,...,2q] with f(o12,...,04z) =
0 for all z € SH, then f(x1,...,2,) =0.)
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PRrOOF. Let f(z1,...,2,) € S[z1,..., 2], and assume the map
z v+ f(oiz,...,04%)

from SH to S to be everywhere zero. If we introduce new indeterminates
Y1,---,yq and let x; = y1 0;81+ - -+ Y4 0i84, we get a polynomial g(y1,...,yq) =
flz1,...,xq) €S[y1, ..., yad] that vanishes on K. This implies that g(y1,...,yd) =

0, and since the transformation from y1,...,yq to x1,...,xq is invertible (look
at the matrix), we conclude that f(z1,...,z,) =0. O
Exercises

EXERCISE 4.1. Let R be a commutative ring and P a finitely generated R-
module. Prove that R = anng P @ Iz P. [Hint: anng P annihilates IpP.]

EXERCISE 4.2. Let M/K be a Galois extension of fields with Galois group G =
Gal(M/K). Describe Autg M™.

EXERCISE 4.3. Let S/R be an extension of commutative rings, and let G be
a finite group acting on S by R-algebra automorphisms. Prove that S/R is a
Galois extension with group G, if and only if S is a finitely generated projective
R-module and the map j: S{G} — Endg S from Proposition 4.2.3 is an isomor-
phism, cf. [D&I, Ch. III Prop. 1.2]. [Hint: Localise to prove R = Z(Endg S) =
Z(S{G}) = SY (where Z denotes the center). Proposition 4.2.4 will hold, and
condition (ii) in Proposition 4.2.6 can then be proven as before.]

EXERCISE 4.4. Let T'/R be an extension of commutative rings, and let the fi-
nite group F act on T as R-algebra automorphisms. Let IV be a normal subgroup
of E, and let S = T™ and G = E/N. Prove that T/R is Galois with group E if
and only if T/S is Galois with group N and S/R is Galois with group G.

EXERCISE 4.5. Let S/R be a Galois extension with group G, and let M be
an S{G}-module.

(1) Let

MY ={meM|VoecG:om=m}
and prove: S ®p MY is an S{G}-module by the action on S, and the map
Y: S®r MY — M, given by 1(s ® m) = sm, is an S{G}-homomorphism.

(2) Prove that v is an isomorphism. [Hint: Consider elements in Hompg(S, R)
as homomorphisms S — MY to get a map Hompg(S, R) ®siay M — MC. Now
prove that this map is onto, and that the composite map

S @r (Hompg(S, R) ®s(qy M) = S@r MY — M

is an isomorphism.] This generalises the Invariant Basis Lemma.
(3) Prove that M% is an R-direct summand of M, and conclude that M is
R-projective if M is S-projective.
(4) Prove that
Hompg(S, R) ®sicy S ~ R
by
Trs/r(c) ® s +— Trg,p(cs),
and use this to prove Homg (S, R) ®s{gy M ~ MC. Then prove that S is S{G}-
projective.
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EXERCISE 4.6. Let R be a commutative ring.
(1) Prove that the following conditions are equivalent for a finitely generated
faithful projective R-module P:

(i) P has rank 1.
(i) Homp (P, R) has rank 1.
(iii) Endg P ~ R.

(iv) Hompg(P, R) ®r P ~ R.

(2) Let P(R) be the set of isomorphism classes of finitely generated faithful
projective R-modules of rank 1, and define a multiplication on P(R) by [P][Q] =
[P ®R Q]. Prove that this multiplication is well-defined and makes P(R) into an
abelian group. This is the projective class group.

EXERCISE 4.7. Let S/R be a Galois extension with group G. As usual, we
define the first cohomology group

HY(G,S*) = Z(G, S*)/B*(G, 5*),
where Z1(G, S*) is the group of crossed homomorphisms, i.e., maps f: G — S*
satisfying f,, = f,ofr, and BY(G,S*) is the subgroup of principal crossed
homomorphisms, i.e., those of the form o +— os/s for an s € S*.

(1) Define, for f € Z'(G,S*), a map 0 on S{G} by 0;(so) = sfy0. Prove
that this is an R-automorphism on S{G} and that 8, = 6;6,. Also, prove that
0y is a conjugation if f is principal.

(2) Define, again for f € Z1(G,S*), an S{G}-action on S by = - s = 0¢(z)s,
and prove that this gives us an S{G}-module Sy. Then prove that S f is finitely
generated R-projective of rank 1, giving us an element [S?] € P(R).

(3) Prove that S?g ~ S’JQ ®R S’f, and that S? ~ R if f is principal.

(4) (HiLBERT 90) Prove that [f] — [SJ?] is an injective homomorphism
HY(G,S*) — P(R).



CHAPTER 5

Generic Extensions and Generic Polynomials

We now present the theory of generic extensions, including the connection with
the Noether Problem as stated in the Introduction. Generic extensions, orig-
inally introduced by Saltman in [Sal, 1982], can be used to describe Galois
extensions in cases where calculating a generic polynomial would be difficult and
uninformative. However, as we will see below, the existence of generic polyno-
mials and generic extensions for a group G are equivalent over an infinite field
of arbitrary characteristic, and a generic extension can always (in principle, at
least) be used to produce a generic polynomial. We will then construct generic
extensions/polynomials for some families of groups, namely cyclic groups of odd
order and dihedral groups of odd degree, both in characteristic 0, and p-groups
in characteristic p.

5.1. Definition and Basic Results

Let S/R and S’/R’ be Galois extensions of commutative rings with the same
finite group G as Galois group, and assume that R’ is an R-algebra. An R-
algebra homomorphism ¢: S — S’ is then called a Galois homomorphism, if
w(os) = op(s) for s€ S and o € G.

Now, let S/R and T'/R be Galois extensions with group G, and let ¢: S — T
be a Galois homomorphism.

If R is a field, we look at the primitive idempotents €1,...,e4 € S. They are
permuted transitively by G and add up to 1, from which it follows that none
of the images 6; = ¢(e;) € T are 0. Hence, 41,...,d4 are non-zero orthogonal
idempotents in T, and ¢ maps Se; to T§;. Since Seg; is a field, ¢ must be
injective, and is thus an isomorphism.

Next, let R be arbitrary. For any maximal ideal m in R, S/mS and T/mT
are Galois extensions of R/m with group G, and so the induced Galois homo-
morphism ¢y : S/mS — T/mT is an isomorphism, i.e., T = mT + ¢(S). By
Nakayama’s Lemma, T = ¢(S5), i.e., ¢ is surjective. Now, T = S/kery is
R-projective, and so S ~ T @ ker¢ over R. For any maximal ideal m in R,
ker o/mker o = 0, since S and T have the same rank, and so ker o =0, i.e., p is
injective.

PROPOSITION 5.1.1. A Galois homomorphism ¢: S/R — T/R is an isomor-
phism.

From this we get

95
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COROLLARY 5.1.2. Let S/R be a Galois extension with group G, and let R’
and S’ be subrings of R and S resp., such that S’/R’ is a Galois extension with
group G by restricted action. Then S’ @p R~ S by s’ @ r — s'r.

PROOF. §'®r — s'r is a Galois homomorphism from S'®p R/R to S/R. O

COROLLARY 5.1.3. If S/R is a Galois extension with group G x H, the map
s®t— st is an isomorphism SC*' @p STH ~ G,

If p: R — R’ is a ring homomorphism, R’ becomes an R-algebra by rz =
o(r)z, and so we get a Galois extension S ® g R'/R' with group G. We denote
the tensor product S ®r R’ by S ®, R’ in this case.

REMARK. Note that S ®, R’ is, loosely speaking, just S with R replaced
by R’. That is, any polynomial relation over R between elements in S, including
conjugates under the G-action, carry over by replacing the coefficients by their
images under .

More precisely: Since S is finitely generated over R, we can write S ~ R[x]/a
for indeterminates x = (x1,...,x,) and an ideal a in R[x]. We then get S®, R’ ~
R'[x]/¢(a)R’, meaning that S ®, R’ has the same generators and relations as .S,
only over R’ instead of R. The G-action carries over as well, as it is defined on
the generators.

For instance: Let R = Z[4,t,1/t] and S = Z[3, \/t,1/t]. Then S/R is a Galois
extension with group Cb, acting by changing the sign of \/Z A homomorphism
¢ from R to a commutative ring R’ exists whenever 2 is a unit in R’, and in that
case s = ¢(t) can be any unit in R’. The tensor product S ® g R’ is then the
ring R'[\/s] ~ R'[X]/(X? — s), with Oy acting by changing the sign of /s.

DEFINITION 5.1.4. Let K be a field and G a finite group. A Galois extension
S/R with group G is called a generic G-extension over K, if

(i) R is of the form K[t,1/t] for some number d of indeterminates t =
(t1,...,tq), and an element ¢ € K[t] \ (0); and

(ii) whenever L is an extension field of K and T'/L is a Galois algebra with
group G, there is a K-algebra homomorphism ¢: R — L, such that
S®, L/L and T/ L are isomorphic as Galois extensions (i.e., by a Galois
homomorphism). The map ¢ is called a specialisation.

For convenience, we will call aring R = K[t,1/t] asin (i) a localised polynomial
ring over K.

ExaMpLES. (1) If char K # 2, K[\/t,1/+/t]/K][t,1/] is a generic quadratic
extension.

(2) If char K # 2 and K has more than 5 elements, we can get a generic Cy-
extension by letting R = K[t1,t2, 1/t1t2(1 +t3)] € K(t1,t2) and S = R[,/0] C
K(t1,t2,/0), where § = t;(1+13 + /1 +t3). (If K = F3 or F5, this will not
give us the ‘split’ extension K4/ K.)

(3) If char K = p # 0, K[6;]/K][t] is a generic Cp-extension, when 6, is a root
of XP — X —t.

PROPOSITION 5.1.5. Let S/R be a generic G-extension over K, and let L be
an extension field of K. Then S®k L/R® L is a generic G-extension over L.
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Proor. If R = K[t,1/t], then R®x L = L[t, 1/t]. Now, let M be an extension
field of L, and let T/M be a Galois algebra with group G. Then there is a
specialisation ¢: R — M, such that S ®, M/M ~ T /M as Galois extensions. It
is then clear that the specialisation ¢: R®yx L — M, given by ¢(r®@z) = ¢(r)x,
gives an isomorphism (S ®x L) ®y M/L ~T/M. O

PROPOSITION 5.1.6. Let G and H be finite groups, and let S/R and U/T be
generic G- and H-extensions, resp., over K. Then SQg U/R®k T is a generic
G x H-extension over K.

ProOF. If R = K[t,1/t] and T = K|[v,1/v], we get Ry T = K|[t,v,1/tv].
Also, by Corollary 5.1.3, a G x H-extension is the tensor product of a G- and an
H-extension, and so we can specialise separately. O

PROPOSITION 5.1.7. Let S/R be a generic E-extension, where E = N x G.
Then SN/ R is a generic G-extension.

PROOF. Let T/L, L O K, be a G-extension. Then IndZ(T)/L is an E-
extension, and hence we have a specialisation ¢: R — L with S®, R ~ Ind&(T).
By restriction, we get SV ®, R ~ Indg (TN ~T. 0

In view of the equivalence of generic polynomials and generic extensions that
we will prove in Theorem 5.2.5 below, this implies the following unexpected
result, cf. Exercise 5.6: A generic N x G-polynomial gives rise to a generic G-
polynomial.

Generic Galois extensions give rise to generic polynomials as follows:

PROPOSITION 5.1.8. Let S/R be a generic G-extension over K. Then there
s a generic polynomial for G-extensions over K.

PROOF. First of all: For s € S, we define
Min(s,R) = [] (X -5,
s’€Gs

i.e., Min(s, R) is the product of the distinct conjugates of X — s under G. It is
clear that Min(s, R) € R[X], and we claim that Min(s, R) is separable in K[X],
where K = K(t) is the quotient field of R: Let m be a maximal ideal in S ®g K,
and let L =5 ®p K/m. Then L is a simple component of S ®g K, and hence a
Galois field extension of K. Also, Min(s, R) splits in linear factors over L, since
it does over S. Hence, Min(s, R) is separable.!

Now, let s1,..., s, generate S over R, and let

£(X) =[] Min(s;, R).
i=1

Then f(X) is a monic separable polynomial in K[X]. The splitting field of f(X)
over K is the simple component L from above, and so Gal(L/K) = H C G by
the results of section 4.3 above.

1Hero, ‘separable’ means that the irreducible factors have no multiple roots.
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Next, let M/L be a G-extension of fields with L O K. Then there is a
specialisation ¢: R — L, such that S ®, L ~ M. It follows that M is the
splitting field of ¢(f)(X) € L[X], and by Lemma 3.3.1 in Chapter 3, L/K is a
G-extension. O

COROLLARY 5.1.9. Let S/R be a generic G-extension over K, and let K be
the quotient field of R. Then S is a domain, and the quotient field L =S @z K
s a regular G-extension of K.

Generic Galois extensions and Noether’s Problem. Let K be an in-
finite field, and let G be a transitive subgroup of the symmetric group S,, for
some n. Then G acts on M = K(t) = K(t1,...,t,) by permuting the indeter-
minates, and we have a G-extension M/K, where K = M&.

Assume that Noether’s Problem has an affirmative answer in this case, i.e.,
that K is purely transcendental over K, and write K = K (s) for algebraically
independent elements s = (s1,..., Sn).

Since M/K is a Galois extension with group G, there exist elements x;,y; € M
with ), x; oy; = 65,1 for all o € G. For a suitable s € K[s], these x;’s and y;’s
are all integral over R = Ks,1/s], and so the integral closure S of R in M is a
Galois extension of R with group G.

THEOREM 5.1.10. (SALTMAN) S/R is generic for G over K.

ProOOF. We let H = {oc € G | ot1 =11}, and let 01,...,0, € G with o;t; =
t;. The o;’s then represent the cosets cH in G. Also, we pick t € KN K[t] \ (0)
such that S C Kt,1/¢].

Now, look at a G-extension T'/L, where L is a field extension of K. Since
t € K[t] is not 0, there is an a € T such that t(o1a,...,0,a) € L* by Theo-
rem 4.3.7, and we can define p: K[t,1/t] — T by ¢(¢;) = o;a. This ¢ respects
the G-action, and so induces a Galois homomorphism p® 1: Sr L —T. O

EXAMPLE. Look at S,, itself. The fixed field K is then K(e) = K(eq,...,en),
where e; is the i*" elementary symmetric polynomial in t. Let d be the discrim-
inant of eq,...,e,. Then S/R is a generic S,-extension, when R = Kle, 1/d]
and S = K[t,1/d].

5.2. Retract-Rational Field Extensions

As we saw in Theorem 5.1.10 above, a generic G-extension exists over an infinite
field K if the Noether Problem has a positive answer, i.e., if K(t)¢ is a rational
(purely transcendental) extension of K. This result can be refined, cf. [Sa2],
to precisely specify the structure K (t)© must have in order for K to possess a
generic G-extension.

For the rest of this section, K denotes an infinite field. This is necessary for
our argument, which uses Theorem 4.3.7. It is much less clear to what extent
it is necessary for the conclusions, but since we are not overly concerned with
Galois extensions of finite fields, we will not worry about that.?

2After work on this monograph had been completed, F. DeMeyer communicated to one of
the authors some preliminary work with T. McKenzie, that adresses these points.
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DEFINITION 5.2.1. A field extension L/K is retract-rational if there are K-
algebra domains (K -domains for short) R and T together with a K-algebra
homomorphism ¢: R — T', such that the following conditions are satisfied:

(i) R is a localised polynomial ring over K,
(ii) L is the quotient field of T', and
(iii) ¢: R — T is split (i.e., there exists a K-algebra homomorphism ¢: T —
R with po1) = 17).
Trivially, finitely generated rational extensions are retract-rational. So are
stably rational extensions.

LEMMA 5.2.2. A field extension L/K is retract-rational if and only if L is the
quotient field of a finitely generated K -algebra T with the following property: Let
(A, m) be a local K-domain, and let f: T — A/m be a K-algebra homomorphism.
Then f factors through A (as a K-algebra homomorphism).

PRrROOF. ‘If’: We can find a K-algebra epimorphism ¢: K[t] = K[t1,...,t,] >
T for some n. Let p = ¢~1(0). It is a prime ideal, and we can localise to get
¢p: K[t], — L. By assumption, we can lift the inclusion 7" C L to a ho-
momorphism t: T" — K]Jt],. Letting ¢t € K|[t] be a common denominator for
Y(p(t:)) € K(t), we have ¢(T') C K|[t,1/t], and it follows that L/K is retract-
rational.

‘Ounly if”: Let T, R and ¢ be as in the Definition. Obviously, f: T — A/m is
induced by a homomorphism f’: R — A/m, and this lifts to F': R — A, since A
is local. Now F o1: T — A is the desired lifting. O

THEOREM 5.2.3. (SALTMAN & DEMEYER) Let K be a field and G a fi-
nite group, and let there be given a faithful transitive action of G on a set
t = (t1,...,tm) of m indeterminates, for some m. Then the following condi-
tions are equivalent:

(i) There is a generic G-extension over K.
(ii)  For any local K -domain (A, m), the G-extensions of the residue field A/m
come from G-extensions of A by tensoring. (This is the lifting property.)
(iii) K (t)9/ K is retract-rational.

REMARK. Saltman [Sa2] proved the above result in the case where G acted
regularly on n = |G| indeterminates. In [DM], DeMeyer then established the
stronger version stated here.

PROOF OF THEOREM 5.2.3. (i) = (ii): Let S/R be a generic G-extension
over K, and write R = K[t,1/t] = K[t1,...,tn,1/t]. Also, let (4, m) be a local
K-domain with residue field L, and let T/L be a G-extension. Since L O K,
there is a specialisation ¢: R — L with T/L ~ S®, L/L. As A is local, we can
lift this ¢ to a ®: R — A and get the desired lifting by S ®¢ A/A.

(i) = (iii): Let H = {0 € G | ot1 = t1}, and let o1,...,0,, € G represent
the cosets o H in G. We may of course assume o;t1 = t;. For some ¢t € K[t]\ (0),
we get a G-extension K[t,1/t] of T = K[t,1/t]%. Tt is clear that K(t)¢ is the
quotient field of T', and that T is a finitely generated K-algebra.
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Let (A, m) be a local K-domain, and let f: T — L = A/m be a K-algebra
homomorphism. Then K[t,1/t] ® s L/L is a G-extension, and by the lifting
property it comes from a G-extension U/A. Now, any pre-image in UH of t;®1 €
K|[t,1/t] will define a G-equivariant homomorphism K[t,1/t{] — U, and the
restriction to T is a lifting of f to a map F': T'— A. Lemma 5.2.2 finishes the
argument.

(ii) = (i): Let p: R — T C K(t)¢ express the retract-rationality according
to the definition. It is easily seen that 7' is intregrally closed. Let U be the
integral closure of T' in K (t). By localising in some element in 7' (which we
can do without changing the assumption) we obtain that U/T is a G-extension,
and that the t,’s are in U. Moreover, we can find ¢t € K[t] \ (0) such that
U C K|[t,1/t], since U is finitely generated over T (by e.g. [Z&S, p. 267]).

Now, let L be an extension field of K, and let V/L be a G-extension. Pre-
cisely as in the proof of Theorem 5.1.10, we see that there exists v € V with
t(o1v,...,0m,v) € L*, and we get a Galois homomorphism f: ¢; — o;v from U/T
to V/L. (Here, 01, ...,0p are as in (ii) = (iii) above.)

Thus, U/T is ‘almost generic’, and we convert it into a true generic exten-
sion S/R by letting S = U ®, R: Clearly, we have a Galois homomorphism
S/R — U/T extending ¢, given by u ® r — @(r)u, and so any specialisation
of U/T is a specialisation of S/R as well. O

This, together with the No-name Lemma (from section 1.1 in Chapter 1),
generalises Theorem 5.1.10, in that we now only require the fixed field K (t) to
be retract-rational over K, rather than rational.

REMARK. In [Sal, Cor. 5.4], Saltman proves that a generic G-extension S/R
over an infinite field K can be chosen such that S is free as an R-module. It
is obvious from the above that it can in fact be chosen to have a normal basis
consisting of units: K (t)/K(t)¢ has one, and it will work for U/T just as well
by localising in a suitable ¢. The lifting of U/T to S/R preserves a normal basis
(and units), and we have the result.

Versal extensions. Let K be an infinite field and G a finite group acting
on a family t = (¢t5)sc by regular action.

DEFINITION 5.2.4. A wersal G-extension over K is a G-extension U/T of
finitely generated K-algebras with the following property: If S/L is a G-extension
of a field L containing K, there is a K-algebra homomorphism ¢: U — L such
that U ®, L/L ~ S/L as G-extensions.

NoTE. This concept is inspired by the versal polynomials used in [B&R1].

Thus, a generic extension is versal, and so is the extension U/T introduced in
the proof of Theorem 5.2.3. However, versal extensions is a much weaker concept

than generic extensions, as demonstrated by the fact that they always exist:
We construct U/T inside K (t)/K (t)%: Let

d= H(tl — tj)2 S K[e]

i<j
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be the discriminant. Then
U/T = K[t,1/d)/K[t,1/d]°

is a versal extension for G over K. (And K[t,1/d]“, being the integral closure
of Kle,1/d) in K(t)Y, is a finitely generated K-algebra. Here, e = (e, ..., e,)
are the elementary symmetric symbols.)

ExaMPLE. Let A = [[,_,(¢;—t;) be the different. Then a versal A,-extension
is given by K[t,1/A]/K[e,1/A].

As before, we can localise U/T in an arbitrary element in 7'\ (0) and still have
a versal extension. Thus, any finitely many elements in K (t) can be assumed
contained in U.

Now, let P(s, X) € K(s)[X] be a generic G-polynomial with splitting field M
over K(s), and let R = K]s,1/d] where d is a least common denominator for
the coefficients in P(s, X). Let S be the ring generated over R by the roots
of P(s,X). As P(s,X) is generic, K(t) is the splitting field over K(t)¢ of
some specialisation P(a, X), and we can get a G-equivariant homomorphism
p: S — K(t) taking s to a by (if necessary) modifying our identification of G
with Autp S. We may assume ¢(S) C U, and by adding indeterminates to s, we
make ¢: R — T onto. Thus, K(t) is the quotient field of ¢(S).

Localising R in p = kero N R and S in m = ker ¢ gives us a homomorphism
¢+ Sm — K(t) mapping R, onto K(t)¢. Clearly, ¢'(Sm)/K(t)¢ is integral,
meaning that ¢'(Sy) must be a field, and since it contains ¢(S) it is be all
of K(t). Thus, ¢': S, — K(t) is onto.

As m is the only maximal ideal in Sy, it is easy to check that Sy /R, is Galois
with group G, and the Definition is trivial to check: Let o € G\ 1, and pick
s € S such that 05 # 5 in K(t). Then os — s ¢ m.

It follows that S[1/s]/R[1/s] is Galois for some s € R\ p, and since this
extension specialises to the versal extension U[1/p(s)]/T[1/¢(s)], it is generic.

This proves the converse of Proposition 5.1.8, giving us

THEOREM 5.2.5. Let K be an infinite field and G a finite group. Then there
18 a generic G-extension over K if and only if there is a generic G-polynomial
over K.

REMARK. The main result of DeMeyer’s paper [DM] is that the existence
of a generic extension (over an infinite field) is equivalent to the existence of
a ‘descent-generic’ polynomial as defined in Chapter 2. Since we know that
‘descent-generic’ is the same as generic, we could of course get Theorem 5.2.5 by
invoking DeMeyer’s result.

In analogy with Proposition 1.1.5 in Chapter 1 above, we also get

PROPOSITION 5.2.6. Let K be an infinite field and G a finite group. A G-
extension S/R, where R is a localised polynomial ring over K, is generic if and
only if every G-extension of fields containing K is a specialisation.
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5.3. Cyclic Groups of Odd Order

Following [Sal, §2] we will now establish the existence of generic Cy-extensions,
when ¢ is odd. By Proposition 5.1.6, we may assume ¢ = p™ for an odd prime p,
and since we are primarily interested in fields of characteristic 0, we will assume
all fields to be infinite of characteristic # p:>

Let K be our ground field, and let ¢ be a primitive ¢'® root of unity. Letting
d = [K(pq): K], we have Cq = Gal(K(uq)/K) generated by x: ( — (°, where
e € Z has order d modulo q. We can choose e to have order pd modulo pg, i.e.,
pt(e?=1)/q.

By Proposition 1.1.5 from Chapter 1, we need only consider extension fields L
of K for which [L(uq):L] = d. Since our construction will depend only on d,
this allows us to simply work over K.

We define a map @ by

O(x) = 2 ket kT

Whenever & extends from K (u,) to a K (u,)-algebra R/, @ is defined on R'.

LEMMA 5.3.1. Let S/K be a Galois algebra with group C4, and let Sq =
S @k K(ug). Then Sq = K (uq)[0] for a 6 € Sy with 09 = &(b), b € K(uq)*.

ProOOF. S,/K is a Galois algebra with group Cyq x Cy, and S,/K(1q) is a
Galois extension with group Cy. By Hilbert 90, we have S; = K (uq)[c] for an «
with a? = a € K(uq)*. Also, the generator for Cy can be chosen as 0: a — ( c.

Since ko = ok, we must have ko = za® for some z € K(u,)*, and hence
a = ko = ®(2)al’ "1/ or al¢'~1/1 = ®(2~1). We picked (e — 1)/q to be
prime to ¢, and so we get S, = K (p4)[0] for some suitable power b of z~1. O

Now, let y = (y1,...,ya) be a set of indeterminates, and let 1 = y1 + y2( +
<o+ +yaC% 1 be a ‘generic element’ of K (). Define z; = r'z; fori =1,...,d.
Then x = (x1,...,24) is algebraically independent, and x = z1---24 € Kly].
Let R = Kly,1/z] and Ry = K(pq)[y,1/z] = K(1q)[x,1/x]. Clearly, R, is the
scalar extension of R to K (fi4).

Next, let Sy = R,[0], where §7 = ®(z1). Then x extends to S, by k0 =

a:l_(ed_l)/qGB, giving us a Cg x Cy-extension S;/R. Let S = S¢7.
THEOREM 5.3.2. S/R is a generic Cy-extension over K.

PRrOOF. First of all, S/R is a Galois extension with group Cy, and R has the
required form.

Now, let T/K be a Galois algebra with group C,. We let T, = T @ K (f14)-
Then T,/K(pq) is a Galois extension with group Cy, and so T, = K(uq)[6)],
where 6 = ®(b), b € K(uq)*.

We define ¢': R, — K (uq) by ¢(z;) = £"~'b. Then ¢’ respects the Cy-action,
and so induces a specialisation ¢: R — L.

3For fields of characteristic p, we have Gaschiitz’ result, mentioned in Chapter 2 and proved
in section 5.6 below, as well as Witt vectors.
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Also, T, ~ Sq ®, K(uq) as Cy-extensions of K(ug). Thus, it becomes
an isomorphism of Cy x Cy-extensions of K. In particular, T/L ~ (S; ®
K(p1q))%/ K (114) as Cy-extensions, and since S®,, L maps into (Sy @y K (114))%?,
we must have T/K ~ S ®, K/K. O

COROLLARY 5.3.3. There is a generic polynomial for Cy-extensions over K.

In order to find generic polynomials as in the proof of Proposition 5.1.8, we
need to find generators for S over R. Now, Trg ;5: Sq — S is surjective, and
S,/ R is generated (freely) by {¢;67 |i=0,...,d—1, j=0,...,q— 1}. Hence,
S/R is generated by {Trg, ,s(¢'07)|i=0,...,d—1, j=0,...,q—1}. Some of
these elements are conjugate, giving the same minimal polynomial. Others have
degree < ¢, and can thus be disregarded. In fact, we see the following:

Let o = Trg, /5(¢"607). If p 1 j, ¢'67 is conjugate to 67 in S,/R,, and so « is
conjugate to Trg, /s(67) in S/R. If p | j, we have ("7 € R,[0”], i.e., a is contained
in the Cpn-1-subextension of S/R, and does not contribute significantly.

All in all: We need only consider o when ¢ =0 and p 1 j.

Now, suppose M/K to be a Cy-extension of fields. Then we obtain a spe-
cialisation p: R — K by ¢(z1) = b, where My, = M ®x K(uq) = K(pqg)[0],
B9 = ®(b). For some j prime to p, we must then have « specialising to a prim-
itive element for M /K. Replacing 3 by 47 and ¢ by z1 — b7, we get another
specialisation, in which this primitive element is the image of Trg,_,5(0).

Hence, we only have to look at a for ¢ = 0 and j = 1. In other words:

PROPOSITION 5.3.4. The minimal polynomial for
d-1
Tqu/S(H) = Z Kk'0
i=0

over K(y1,...,ya) has degree ¢ and is a generic polynomial for Cy-extensions
over K.

Generic polynomials for cyclic groups of odd order were first constructed by
G. W. Smith in [SmG, 1991].

Since we know exactly how x and C; act on 6 and the z;’s, the construction
above allows us to produce generic polynomials.

ExAMPLE. Consider the simplest case, ¢ = 3, and assume ¢ ¢ K*: Then
O(xq) = (E%.’L‘g. We can replace this element by 25/, since 27 is a unit. Then

a = \3/202/961 + \3/201/962,

and the minimal polynomial is X3 — 3X — (2% + 23)/z122. Letting

21 =y1+ 4l and w2 =y + 42>,
we get the generic polynomial
Y3 — 2yf + 251y
Yt + Y5 — iy

fy,y2, X) =X —3X + € K(y1,y2)[X].

Alternatively, we can let

1 =y1+y2(C —1/¢) and x3 =y1 —y2(¢ —1/¢)



104 5. GENERIC EXTENSIONS AND GENERIC POLYNOMIALS

and note that we may assume yo = 1 (since modifying z; by an element from
K(ug)* or by ¢ — 1/¢ will only change ®(x1) by a third power), giving us a
generic polynomial

2
y°—3
g(y,X):X3—3X—2y2

— € K@)LX)

Generic polynomials over the rational numbers. For use in Chapter 7
we will now take a closer look at the case K = Q. Here, d = p"~!(p — 1) and as
e we can chose any generator for Z/p?.

In [SmG], Smith produces generic polynomials for Cj-extensions (over any
field of characteristic # p) with only d/2 parameters. Over Q, this is easy to
achieve: In our construction above,

1=y +yal + -+ yaCh!

is— as mentioned —a ‘general element’ in K,. But we are only interested in ®(z1)
up to a ¢** power, and this allows us to modify x1. In fact, we note that ®(z) is,
up to a ¢'" power, a product of powers of the conjugates of /@d/zx/x, since the
exponents of xk'z and k1422 add up to 0 modulo ¢g. Thus, changing z; by a
factor invariant under %2 will not change the extension we obtain. Also, since
¢ — 1/¢ changes its sign under k%2, we have ®({ — 1/¢) = %1, which is a ¢*®
power. All in all, we see that we can let

w1 =1+ y2(CH+1/Q) + - Fyapp(C+1/OY* 1+ (C - 1/¢)

and still get everything by specialising.
This proves

THEOREM 5.3.5. (SMITH) There is a generic Cy-polynomial over Q with d/2
parameters.

REMARKS. (1) The construction in [SmG] extends the results from char-
acteristic 0 to characteristic # p by taking the cyclotomic extension to be
K, = K[X]/(®,(X)), where ®,(X) € Z[X] is the ¢'!' cyclotomic polynomial.
In this way, it becomes possible to do the calculations as if the field has charac-
teristic 0.

(2) For ¢ = p a prime, an alternative construction (with p — 1 over Q) of a
generic C)p-polynomial is given in [Na)].

The generic extensions constructed above have a very nice property: They
possess normal bases. By a normal basis for a Galois extension S/R we mean
an R-basis for S of the form (ca),eq for a a € S. We wish to construct a
normal basis for S/R, where S/R is the generic Cy-extension given above. We
can do this by producing a s-invariant normal basis for S,/R,. (For a more
comprehensive treatment of normal bases of cyclic extensions, including descent,
see [Gr, Ch. I].)

First, we note that an element o = Zf:_(} a;0" generates a normal basis
for S,/ R, if a; € R}, for all i. This is obvious, since the matrix transforming the
basis (1,6,...,0971) into (ca),ec, is invertible.

We claim that the a;’s can be chosen such that o € S
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Clearly, we can replace the basis (1,6, ...,077!) by a basis made up of

L,
0,k0, ...k,
0P, K0P, ... kP17,
9p7l71 , Iiepnfl7 . Kd/p7171710p7171,
since we get all the exponents 0,1,...,9g — 1 of §. Representing « in this basis,

the condition ko = o translates as
o =ap+
a10 + ka1kb + -+ k¥ a0+

apt® + kapkO? + -+ Iid/pilaplid/pilep +...

where ap € R, and md/piapmd/pwpi = apiﬁpi fori=0,...,n—1.
The element k%P 7" /6P is in R}, (since e has order d/p’ modulo ¢/p’) and
has norm 1 with respect to %/?". Writing
kd/p' gp’
v

this simply means that e;+eg/piij+- - +€@pi_1ya/pis; = 0forallj=1,....d/p",
and we see that we can let

d/p’ p'—1

o H H —(ejtea i ttera pig;)
apz = Ik}d/p"-‘r] .

=1 k=0

Of course, we can modify a,: by a power of z; - - - 24 if we want to. (For instance,
to make « integral over Q[y1,. .., yd].)

Clearly, any specialisation of the generic extension S/R preserves the normal
basis. In particular, the specialisation in d/2 parameters given above.

NOTE. It is not hard to see that every generic extension (over an infinite field)
can be modified to have a normal basis: Let S/R be generic for G over K. This
just means that it specialises to K (t)/K (t)¢ through a Galois homomorphism
¢: S — K(t). Localising S and R in m = kerp and p = m N R gives us a
Galois extension Sy /R, of local rings, and it is standard that Sy (being finitely
generated projective over R}) is then free, and that any pre-images of a basis
for Sy /m over Ry /p will be a basis. Thus, we can get a normal basis for Sw /Ry,
and this will work for S[1/s]/R[1/s] too, for a suitable s € R\ p. Since K is
infinite, S[1/s]/R[1/s] is generic for G over K as well.

Thus, a generic extension can be localised to have a normal basis, cf. [Sal,
Cor. 5.4] (where it is proved that it can be localised to be free).

REMARK. In [Sal], Saltman mentions some so-called ‘Grunwald-Wang style’
results. While we do not intend to give a comprehensive treatment of this subject,
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we will nevertheless indicate what it is about, using the special case of odd-order
cyclic groups over algebraic number fields:

Let K be an algebraic number field, and let p1,...,p, be r distinct finite
primes in K. Also, let n be an odd number, and let there, for all i = 1,...,r,
be given a cyclic extension M;/K,, of degree d; | n, where K, is the locali-
sation of K in p;. By Proposition 1.1.8 in Chapter 1, these extensions are all
obtained by specialising a generic Cy,-polynomial p(s, X) € K(s)[X] over K,,.
For convenience, we add a prime p, 1 and let M, /K, ., be of degree n. By
Krasner’s Lemma and the Weak Approximation Theorem [Ja2, 9.2 p. 563], we
may assume that the specialisation is in fact over K, and that it is the same
forall i = 1,...,r + 1. It follows that the splitting field M of this specialisa-
tion over K is a Cy,-extension, and that it localises to the prescribed extensions
inpg,...,pp.

The conclusion is: There exists a cyclic extension of K of degree n with
prescribed ramification in any finitely many given finite primes.

5.4. Regular Cyclic 2-Extensions and Ikeda’s Theorem

By Proposition 3.3.8 in Chapter 3 above and Corollary 5.3.3 above, there exists
regular Cy-extensions over any field of characteristic # p, when ¢ = p™ is a power
of the odd prime p.* Also, as remarked in the beginning of section 5.3, generic,
and hence regular, Cj-extensions exists in characteristic p as well.

This leaves us with the case of Cy-extensions in characteristic # 2, when ¢ =
2™. Here, generic extensions do not necessarily exist, and so we will be content
with simply constructing regular extensions. To this end we will use the following
result, communicated to the authors by A. YAKOVLEV in St. Petersburg;:

LEMMA 5.4.1. Let K be a field in characteristic # 2, and let a € K* \ (K*)?
be a norm in the cyclotomic extension K (u,)/K, ¢ = 2". Then K(\/a)/K can
be embedded in a cyclic extension of degree q.

REMARK. Note that a sum of two 2(" =V powers in K is a norm in K (p1,)/K.
Thus, we get a generalisation of the result from Theorem 2.2.5 in Chapter 2
that K(y/a)/K can be embedded in a Cj-extension if a is a sum of two squares.
(Another special case, n = 3, is easily deduced from Theorem 6.4.1 in Chapter 6.)

PROOF OF LEMMA 5.4.1. Let ¢ be a primitive ¢™* root of unity. For x €
Gal(K (uq)/K) we let e, € Z be given by k¢ = (°~.

By assumption, a = Ng(,.)/x (2) for a z € K(ug)*. Let b =[], = '2%. Then
a and b are quadratically equivalent in K (1), and if we let S = K (u,)[w], where
w? = b, we can extend an element A € Gal(K(pq)/K) to S by

\w = H kL (exx—exexn)/a jex
K

In this way, S/K becomes Galois with group Cy x Gal(K (1q)/K), and so it con-
tains a C,-subextension L/ K = SGal(K(1a)/K)/ ¢ The quadratic subextension of

4Since a regular extension over Fy(¢) is regular over Fy as well, we need not assume K
infinite.
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S/K (114) is K (pq)[w??], and since \/a = [[, k™ 12(17e)/2 4,4/2 is Gy-invariant,
the quadratic subextension of L/K is K(y/a)/K. In particular, L is a field by
the Remark on p. 91. (I

It is now clear how to produce a regular Cy-extension: The regular quadratic

extension K (t,/1+t2""")/K(t) is embeddable in a Cj-extension. This Cj-
extension is then necessarily also regular.

EXAMPLE. Over Q(t), the polynomial
42 +1 22 +1 ¢
+ X4 4(74_) X224 -
t4+1 (t*+1)2 (t*+1)3
gives a regular Cg-extension with quadratic subextension
Q(t, v1+14)/Q(1).

(And a regular Mg-extension over Q(t?), where Mg = Cg x Cy with Cy acting
by taking fifth powers.)

X8 _4x%4+2

Thus, we can conclude that regular cyclic extensions of prime power degree
exist over any field, from which we immediately get

PROPOSITION 5.4.2. Let K be a field and A a finite abelian group. Then there
is a regular A-extension M/K (t) over K.

Another consequence of Lemma 5.4.1 is the following result, due to Whaples
([Wh], and later Kuyk and Lenstra in [K&L]):

PROPOSITION 5.4.3. If the field K has a Cy-extension, it has Can-extensions
for alln € N (and in fact a pro-cyclic 2-extension).

Proor. If K has characteristic 2, the result follows by using Witt vectors
[Ja2, 8.10-11], and if K contains the 2"*® roots of unity for all n, it is obvious. (In
both cases, a Cy-extension is sufficient.) If the field K (ua) obtained from K by
adjoining the 2™ roots of unity for all n is an infinite extension, it contains the
cyclic extensions we seek. This leaves only one case: K has characteristic # 2,
and K (ug~)/K is a non-trivial finite extension. It is then easy to see that
K (p2) = K(i), where i = /—1, and Whaples’ result follows from Lemma 5.4.1,
since the assumption is that Ng ;) (K (i)*) contains a non-square in K*, and
this is then trivially a norm in K (p9n)/K for all n. (In the case of the pro-cyclic
2-extensions, we must look to the proof of Lemma 5.4.1, and note that we can
use the same b for all n.) O

REMARK. Let us also note the following: By Saltman’s Theorem 5.1.10 above,
an affimative answer to the Noether Problem over an infinite field implies the
existence of a generic extension. The opposite implication does not hold, since
there is a generic Cyr-extension over Q, even though Swan [Swnl] proved that
Cy7 does not satisfy the Noether Problem over Q.

By Theorem 5.2.5, the existence of a generic extension over an infinite field is
equivalent to the existence of a generic polynomial.

By Proposition 3.3.8 in Chapter 3, the existence of a generic G-polynomial
implies the existence of a regular G-extension. Again, the opposite implication
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fails, as shown above, since the is no generic Cs-polynomial over QQ, but certainly
a regular Cg-extension.

Now, let K be a Hilbertian field, and let M[/K(t), t = (t1,...,t.), be a
regular A-extension over K, where A is a finite abelian group. Also, let L/K
be a finite Galois extension with Galois group G = Gal(L/K), and assume that
G acts on A. Consider the problem of embedding L/K along the projection
m: A X G — G. We wish to prove that this embedding problem is solvable:

We consider n = |G| copies of the A-extension ML/L(t), and denote them
M, /L(t1), ..., M,,/L(t,). We can then form the composite N = M ---M,
over L(tq,...,t,) to get a regular A™-extension.

Let G act transitively on {1,...,n} and let ¢ € G. If 0i = j, we have an
isomorphism L(t;) ~ L(t;) given by

o(atik) =catjy, a€Ll, k=1,...,r

This isomorphism extends to o: M; >~ M, and we get G acting on N.

Since G acts semi-linearly on the L-vector space of linear forms in L[tq, ..., t,],
there is a G-invariant basis s = (s1, ..., $y) by the Invariant Basis Lemma, and
we see that L(ty,...,t,)¢ = K(s).

It is now clear that N/K(s) is an A G-extension, where A} G is the wreath
product, cf. [Hu, L.§15]: A1G = A" x G, where 0 € G acts on (a,),eq € A" by
o(ay), = (ag-1,),.” Since A1 G maps onto A x G by

e: [(ap)p, 0] — (Z pap, 0),
P
there is an A x G-subextension containing L(s)/K (s) as its G-subextension.
K is Hilbertian, and so, by Lemma 3.3.9 in Chapter 3, there is an A x G-
extension M/K containing L/K as its G-subextension.
By Proposition 5.4.2 above, there is a regular A-extension of K, and so we
have

THEOREM 5.4.4. (IKEDA) Let K be a Hilbertian field, and let L/K be an
Galois extension with Galois group G = Gal(L/K). Also, let A be a finite
abelian group, and assume that G acts on A. Then there is an A x G-extension
of K having L/K as its G-subextension.

REMARKS. (1) In [Ik, 1960], Ikeda proves the following: If K is an algebraic
number field, L/K a G-extension, and w: E — G an epimorphism of finite
groups with ker 7 abelian, then L/K can be embedded in a field extension M /K
along 7 if it can be embedded in a Galois algebra extension along 7. This (with
K replaced by a Hilbertian field) is obviously equivalent to the statement of the
Theorem above.

(2) Tkeda’s Theorem is a statement about split-exact embedding problems over
Hilbertian fields: If it has abelian kernel, it is solvable. It seems reasonable to
conjecture that the following, more general, statement holds: If it has nilpotent
kernel, it is solvable. Over algebraic number fields, this is known to be true by a
theorem of Shafarevich (cf. [Sha] or [IL&F, Thm. 5.5.4]). Faddeyev’s Theorem

5For convenience, we index the coordinates in A™ by G instead of by {1,...,n}.
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(Theorem 6.1.11 in Chapter 6 below) is an example of a split-exact embedding
problem with nilpotent non-abelian kernel being solvable over any Hilbertian
field. (Of course, Corollary 3.3.13 is an example of a split-exact embedding
problem with—for n > 5—simple kernel being solvable over Hilbertian fields.)

(3) Tt is clear that what we actually proved is the following: Let L/K be a
finite Galois extension with Galois group G = Gal(L/K), and assume that G
acts on the finite abelian group A. Then the split-exact embedding problem
given by L/K and A x G — G has a parametric solution. Here, a parametric
solution, as defined in [M&M2, Ch. IV], to the embedding problem given by a
Galois extension L/K (with Galois group G) and an epimorphism 7: £ — G
is a solution M/K (t) to the embedding problem given by L(t)/K(t) and « for
some set t = (t1,...,t,) of indeterminates, such that M/L(t) is regular over L.
This result is due to Uchida [U]. (Note that the use of the term ‘parametric’
here is not in accordance with our use of it in ‘parametric polynomial’. For
our purposes, a parametric solution should be something that specialised to all
actual solutions.)

5.5. Dihedral Groups

We looked at the dihedral groups D4 and Ds in of Chapter 2. We will now
consider generic polynomials for dihedral groups in greater generality.

DEFINITION 5.5.1. Let n € N. The dihedral group of degree n is the group D,
generated by elements o and 7 with relations 0™ =72 =1 and 70 = o™ !7.

If A is a finite abelian group, the generalised dihedral group D, is the semi-
direct product A x Cs, where Cy operates on A by inversion.

IfA~C, x- - xC,,, we will also denote D4 by Dy, x...xa,.-

REMARKS. (1) By Furtwéngler [Fu], the Noether Problem holds true for D,
when p = 3, 5, 7 or 11. This, in particular, implies that there exist generic
polynomials over Q with the Galois group D). As we shall see below, generic
polynomials in fact exist for D, for all odd numbers g.

(2) D, is the simplest non-abelian group. Geometrically, D,, is the symmetry
group of the regular n-gon.

(3) It is quite easy to describe D,,-extensions over fields containing the primi-
tive n' roots of unity: X2"+sX"+t" is generic. However, it is far from obvious
how to descend to, say, Q.

Dihedral groups of odd prime power degree. In [Sal, §3], Saltman
proves various results concerning generic extensions for semi-direct products,
most notably wreath products. In this section we adapt these results to produce
generic extensions — and hence generic polynomials — over QQ for dihedral groups
of degree ¢, where ¢ = p™ is an odd prime power. The more general result will
be covered in section 7.2 of Chapter 7 below.

We start by making the following observation: C; x D, ~ C; { C3, and the
factor Cy on the left corresponds to the Cs-invariant subgroup N of Cy x C
on the right. (Here, Cy ! Cs denotes the wreath product, cf. section 5.4 above.
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So, whenever we have a C, ! Cz-extension S/K, we get (canonically) a Dg-
subextension SV/K. On the other hand, if S’/K is a Dg-extension, S/K =
K1®k S'/K is a Cy1Ca-extension by Theorem 4.2.9 in Chapter 4, and SN = 9.

Thus, we can study C, ! Co-extensions in the assurance that we will get all
Dg-extensions in the process.® This is a clear advantage, since Cy 1 Cy is easier
to handle than D,.

Now, assume the following: S/R is a generic Cy-extension over Q, o gener-
ates the group C, = Autg S, and R = Q[y,1/y|, where y = (v1,...,yq4) are
indeterminates and y € Q[y] \ 0.

We let Ry = Q[s, t,u, 1/su], where s = (s1,...,84), t = (t1,...,tq) and u are
indeterminates, and s € Q[s, t, u] is given by

s=y(s1 4+t ..., sq+ ta/wy(st — tiv/u, ..., sq — tan/u).

Also, we let Ry = Qfs,t,/u,1/su]. Then Ry/R; is a generic Ca-extension
over Q. We denote the generator for Autr, Ra by k.
Next, we define homomorphisms 1, p2: R — Rs by

e1(yi) = si +tiy/u and  @2(yi) = s; — ti/u.

This gives us specialisations S1 = S ®,, Ry and Sy = § ®,, R, that will be
Cq-extensions of Ry with generators o; and o2. We can then extend x to an
R;-isomorphism S; ~ Sy by k(s ® r2) = s ® kry. This works both ways to give
us k2 = 1 and koq = o9k. Thus, we have k acting on T' = S; ®g, So. It is almost
obvious that T'/R; is a Cy 1 Cy-extension, and we claim that it is in fact generic:

Let U/K be a Cj1Cs-extension in characteristic 0. Then we have U = Th ®1T5,
where L/K is the quadratic subextension, and 77 /L and T/ L are conjugate Cy-
extensions. Now, L = K[u] for some @? = a € K*, and T1/L is obtained by
specialising S/R with respect to a map y; — a; + b;u. The map ¢¥: Ry — L,
given by

Vi usa, s a, b b,

will then give T7 /L by specialisation as well. Also, since kS1 = Se and kT7 = Ty,

the same specialisation give us T2/L from S3/R3, and hence U/L from T'/Rs.
Letting ¢ = 9|g,, this means that T ®, K ~ U.

It follows from this and the remarks above that TV/R; is generic for D,
extensions over Q.

Now, generic C,-extensions are described in detail in section 5.3 above, where
we established that they can be constructed to have normal bases: There is an
element o € S such that o, oq,...,09 ta is a basis for S/R. Looking at T/ Ry
above, this means that there are elements 31 and 32 = k(1 in T', such that
Bi, 0B, ... ,Uf_lﬁi is a basis for S;/Rs, and hence such that {o%3; ® 0532 | 0 <
i,j < ¢} is a basis for T/ Rs.

The trace Trp/pn: T — TV is surjective and Ro-linear, and so the traces of

the elements ai' 01 ® aé (2 generate TN over Ry. Since there are only ¢ distinct

6Provided, of course, that we look at Galois algebras, and not just fields.
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traces o; = E‘;;é 0{ 01 ® U;—H [32, these elements form a basis for T/ Ry. Also,
as they are conjugate, it is a normal basis.

Let
q—1

flstu, X) = [[(X = ai).
i=0

Then f € Q(s,t,u)[X], since ap is k-invariant. As T™/R; is a generic D,
extension, we have the following: For every Dy-extension L/K in characteristic 0,
there is a specialisation of f over K with splitting field L over the quadratic
subextension of L/K. This immediately implies that L is in fact the splitting
field over K of the specialised polynomial, and we conclude that f is generic for
D,-extensions over Q.

PROPOSITION 5.5.2. A generic polynomial for Dg-extensions over QQ exists
and can be explicitly constructed.

In fact, assume that an element 8 = Ef:_(} a;0" generating a normal basis for
S/R has been found as described in section 5.3, where a; is a rational monomial
in x1,...,24. Then the construction is follows:

As above, ¢ = p", d = p"~(p — 1) and e generates Z/q. We introduce
indeterminates u, s = (s1,...,8q4) and t = (¢1,...,tq4). In Q(s, t, \/ﬂ) we let new
‘indeterminates’ x; = (z11,...,%14) and Xo = (221, ..., T24) be given by

d d
s+ tiV/u=3 ¢V ey and sy —t/u=y ¢V Ny,
i=1 i=1

where ¢ = exp(27i/q). Next, we let

0, = {Z/x‘ﬂl*lx‘f;ﬁ -o-x14 and 6o = f/xgoll*lxggfz e Xog.
With
B = ao(x1) + a1 (x1)01 + -+ + ag_1(x1)0]
By = ag(x2) + a1(x)0z + - - + ag_1(x2)05 ",

the generic polynomial is

q—1 q—1
f(S,t, qu) = H(X - Z o1 0?_]62)7
i=0 =0

where g1 and 09 are given by 0'191 = §61, 0192 = 92, 0'291 = 91 and 0292 = Ceg
EXAMPLE. Look at the simplest case, ¢ = 3. Using the simplifications from
the example in section 5.3, we find that a generic Ds-polynomial over Q is given
by
324(51t2 - 52t1)2u
S2 — T2y ’

f(Sl,SQ,tl,tQ,'LL,X) - X3 — 9X2 +
with parameters s1, s2, t1, t2 and u, and with

S = s% + 5189 + s% + u(tf + 1ty + t%),
T = 281t1 + Sth + 52t1 + 282t2.
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Of course, this polynomial is more complicated than the X3 + tX + t given
in section 2.1 of Chapter 2. However, it allows us to ‘control’ the quadratic
subextension, since this is given by u. For example, letting s; = so = t2 = 1 and
u = t; = —1 and scaling X, we get a polynomial X3 — 3X?2 — 12 with Galois
group Dj, such that the splitting field has quadratic subextension Q(z)/Q.

By scaling X it is easy to see that X3 4+ X2 + ¢t is generic for Ds-extensions
over Q. From this we can recover X3 + tX + t by inverting ¢ and changing
indeterminate.

REMARKS. This construction immediately gives various additional results:

(1) Let ¢q1,...,qr be powers of odd (not necessarily distinct) primes, and let
fi(s1,t1,u, X)), ..., fr(Sr, ty,u, X) be the corresponding generic polynomials as
constructed above. Since a Dy, x...xq,-extension is the composite of Dg,-, ...,
D, -extensions with the same quadratic subextension, it is clear that

fl(slutluuaX)"'fT(STat’ruuaX) S @(Slu'"7ST7t17"'7t7‘7u)[X]

is generic for Dy, x...xq,-extensions over Q. In particular, this allows for con-
struction of generic D,-polynomials for all odd numbers n, since Dyxqy = Dy
when ¢ and ¢’ are mutually prime.

(2) Let n be an odd number, and assume that f(s,t,u, X) € Q(s,t,u)[X] is
a generic D,-polynomial as above. Then

f(s,t,u, X) (X% —v)
is generic for Dy,-extensions, since Dy, = Co x D,,. Also,
fls,t,t — 1, X)(X* =25/ X2 + 21 (t' — 1)) € Q(s, t,5, ') [X]
is generic for Dy,-extensions over Q by Corollary 2.2.8. Finally,
1 —2y2
t - v
f(s, 142 — 222

is generic for Dg,-extensions, when G(z,y, z,r,q, X) is the generic polynomial
from Corollary 6.5.4 in Chapter 6 below.

Thus, the above example makes it possible to describe generic polynomials
for Dsyx3-, Dg-, D12- and Doys-extensions.

(3) If we prefer irreducible polynomials, we can use Sylvester resultants as in
Chapter 2: Suppose that a D,y -extension is the composite of Dg- and Dg-
extensions obtained as splitting fields of f(X) and g(X), respectively. Then

h(X) = Res((-1)f(X = Y),g(Y))
is an irreducible polynomial of degree ¢¢’ with the D,y -extension as splitting

field, since it has as its roots exactly the sum of the roots of f(X) and g(X).
For instance, we get the D3y 3-polynomial

X9 —15X°% - 87X3 — 125 € Q[X]

if we start with the Ds-polynomials X3 — 2 and X3 — 3, cf. [Wil, 5.2]. Similarly,
taking

- 17X)G(:E7y7277.7q7X) € @(S,t,ﬁq,(b,y,Z)[X]

1
F(X)=X%-3X2-12 and g(X):X5+ZX+§,
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we get a polynomial

4503 69753

R(X)= XY —15Xx" +90Xx" - 330X"% + 1 X1t 5 Xx10
618411 4891281
+7929X9 — 17604 X8 + TX7 - TX6
25155189 5 6693669 , 7649897 5 60891747 .,
200 40 320 320
1186983 578469219
- X
* o0 2000 © X
with Galois group Di5 over Q. And with
2268
X)=X3-9Xx% -~

and
g(X)=X"-7X6 - 7X5 —7X* -1
we can produce a (decidedly unpleasant looking) Daj-polynomial with corre-
sponding quadratic extension Q(\/—_7 )/Q. We will, however, refrain from actu-
ally doing that.
As the examples demonstrate, a reducible polynomial is likely to be much

more convenient than an irreducible polynomial. This carries over to generic
polynomials, of course.

The Hashimoto-Miyake construction. The construction given above is
very general, but also quite involved. In contrast, Hashimoto and Miyake [H&M]
gave a very elegant description of generic D,,-polynomials for odd n, using only
a single parameter. Unfortunately, it is not done over Q, but over Q(cos 27”),
and this restriction is essential for the argument.”

Their construction is based on the following observation, cf. Chapter 2: Let
w = 2cos 27”, where n is odd. Let ¢ be a corresponding primitive n*" root of
unity, i.e., w = ( +1/¢. Then we get a linear representation D,, — GL2(Q(w))

by
0 -1 0 1
UHS—(l w>’ T»—»T—(l O)’

and the induced projective representation D,, — PGL2(Q(w)) remains injective.

REMARK. This is where we need n to be odd. If n is even, we get D, /o —
PGL2(K). However, by the Remark on p. 23 in Chapter 1, it is always possible
to find a generic polynomial with two parameters.

For any field K, the projective linear group PGL2(K) acts on the function

field K(X) by
Ax =X A (‘CL b),

bX +d d
and this gives us the entire automorphism group Autyx K (X), cf. [Ja2, 8.14].

7And, as we shall see in Chapter 8, for the result.
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Thus, for K O Q(w), we have D,, acting on K(X) by

1
T and TX—X,

and by Liiroth’s Theorem we have a Dy-extension K (X)/K(U) for some U €
K(X). This D,-extension is ‘very general’ by

LEMMA 5.5.3. Let M/K be a Dy-extension of a field K containing Q(w).
Then M = K(z) for an x € M* with

1

w—

cX =

or = and T = —.
T

PrOOF. By Proposition 1.1.1 in Chapter 1, there exists u,v € M, linearly
independent over K, such that

ocu=v, ov=-—-u+4+wv, Tu=v and TUV=u.

Letting z = u/v, we get « ¢ K and
1
w—2x’

If M = K(z), we are through. Otherwise, there is a p € D,, \ 1 such that
pr = z. Since D, acts on x by fractional linear action corresponding to the
matrix representation, we have

1
oxr = T = —.
x

a'x+b
xr=ppr = ——
p cdx+d

for suitable a/,¥’,c¢’,d’ € K, and hence z satisfies a non-trivial equation of de-
gree < 2 over K. Since x ¢ K, this means that K(z)/K is the quadratic
subextension of M/K, i.e.,

cx=z or xz(w-—z)=1,

ie,x=Corxz=1/C.
Thus, we are in the following situation: K (¢)/K is the quadratic subextension
of M/K. Tt follows easily that M = K (¢, {/a) for some a € K, such that o and 7
are given by
o Va—¢ Va, (g,
: Va— Va, ¢—1/¢.
Let
1+¢ 1+1/¢
u=(14+1/{)Y/a+—F—= and v=(14+()Va+———.
(1+1/¢)¥/a a (1+¢)/a a
Then u and v are linearly independent over K (¢) and
, ov=—-u4wv, Tu=v and TV =u.

ou ="7v

Hence, we can let z = u/v and get the desired element, since x ¢ K (). O
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From this it should be clear that a generic polynomial can be gotten from the

extension K(X)/K(U).
Regarding our Dy-extension M /K with K D Q(w), we notice that

s=(¢ 0l (6 00 (¢ )
S\¢ 1/¢)\0 1/¢)\¢ 1/¢) 7
from which it follows that
gl — (—&'1 & >
=& &)’

where & = (¢~ 1/¢)/(C ~ 1/) € K. (If we lot w; = ¢' + 1/¢" = 2cos 22, we
can rewrite & as & = w;—1 t wi—3 +....) We let

n—1 n—1
v=Yoix=%" :&leﬂL& _ P(X)
1=0 =0

X +&m QX)

with »
P(X) = i(—§i—1X +&) H(-&X + &)
and _:_0 #1_2
Q(X) = n(—&X +&it1) = Xh(—§iX +&iv1)-

It is easily seen that the polynomials —§;X +&,41,7=0,...,
prime, and hence so are P(X) and Q(X). Since degQ(X)
have deg P(X) = n and K(X){?) = K (V).

Next, we note that

n — 1, are mutually
=n — 1, we must

n—2
X"Q(1/X) =X [[(~& + &1 X) = Q(X),
=1
since &; = —&,—;. Thus,
_ _PX)P1/X)  X"P(X)P(1/X)
U=VEOVIO=0m%enx) T

is not a constant, and by Liiroth’s Theorem we have

K(X)P» = K(V)" = K(U).

On the other hand,
VX) +V(A/X) = Trreex) rw)(X) + Trr oo/ (1/X)
= Trgx)/xv)(0 ' X +1/X) = Trgx)/x vy (W) = nw
s a constant, meaning that
P(X)? P(X X"P(X)P(1/X
(X P(X) | X"P(X)P(/X)

oxz ™o T ey T

Hence,
X"P(1/X) =nwQ(X) — P(X)
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and
P(X)[nwQ(X) — P(X)]

v= Q(X)?

Let n = H?:_ll &. Then
P(X) = nCQ(X) = n(X — )",
which follows by noting that

n—1
P(X) = n(Q(X) = (X =0 Y ¢ TI(-&X + &+
i=0  j#i
and that
n—1
Y CTEGX + &) =n(xX =
i=0  j#i
(The latter is easily seen, since the left- and right-hand sides are polynomi-
als of degree n — 1, have the same leading coefficient 7, and coincide at the

points &41/&,i=1,...,n—1.)
Similarly,

P(X) = n(T'Q(X) = n(X — 1/Q)",
and so
P(X)? —nwP(X)Q(X) +n*Q(X)? = n*(X? —wX +1)".

Letting s = X +1/X —w and t = U — n?, we get K(t) = K(U) and K(s) =
K(X){7) as well as

0=P(X)? —nwP(X)Q(X) +UQ(X)?
= P(X)? —nwP(X)Q(X) + n*Q(X)* + tQ(X)?
= (X? —wX + )" +tQ(X)?,
and, after division by X", we obtain
7%s" +tQ(X)Q(1/X) = 0.
As

|
N

n

QX)Q(1/X) = T (~6X + &) (~Eigs + 1)

S
o -

n—2

(& + &y — &fiw — &ins) = [[ (1 &tinrs),

i=1 =1

S

we conclude that the minimal polynomial for s over K (t) is

n—2

FY)=Y"+tn 2 [[(1 - &&Y) € K@)[Y].

i=1

By Lemma 5.5.3, this polynomial is generic for D,,-extensions over Q(w).
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Now, a specialisation of F(¢,Y) to give a D,-extension cannot be at t = 0,
and so we can look at
n—1
G(t,Y) = tY"F(/t,1/Y) = [[ (Y = &) +t € K(1)[Y]
i=0
instead. Thus, we have proved

THEOREM 5.5.4. (HASHIMOTO & MIYAKE) For odd n, the polynomial

n—1

Gt,Y) =[]V - &&1) +1

=0
is generic for D, -extensions over Q(w).

EXAMPLES. (1) For n =3, we get G(t,Y) = Y3 + Y2 +1¢, cf. the example in
section 5.5 above.

(2) Forn =5, we get G(t,Y) = Y5+ (1 —3w)Y*+(3—5w)Y3+(2—3w) Y2 +t.

In [H&M], the polynomials are computed for n =7, 9 and 11 as well.

REMARK. It is clear that cyclic polynomials can be constructed in a analogous
manner, cf. Exercise 5.13 below. See also [Mi] and [Ri]. Assuming 2 cos 2%
or e2™/™ to be an element of K, generic polynomials have been constructed for
various cyclic and meta-cyclic groups by Rikuna and Hashimoto.

5.6. p-Groups in characteristic p

As mentioned several times already, it was proved by Gaschiitz, in his paper [Ga]
from 1959, that a Linear Noether Problem for a p-group over a field of prime
characteristic p always have an affirmative answer. Thus, if the field is infinite
we get generic polynomials by Proposition 1.1.3 in Chapter 1.

Gaschiitz’ result is an obvious consequence of the following Lemma, which is a
slight generalisation of Satz 2 in [Ga], together with the easily proven fact that for
a field K of characteristic p any p-subgroup of GL,,(K) can, by conjugation, be
brought to consist of upper triangular matrices. (Exercise 5.14 below.) A further
generalisation of Gaschiitz’ result is proved in [Miy], cf. also Exercise 5.15 below.

LEMMA 5.6.1. Let K be an arbitrary field and G a finite group, and assume
that G acts faithfully on a rational function field K(x) = L(x1,...,xy,) such that
oK = K and ox; — z; € K(x1,...,2;-1) for allc € G and all i = 1,...,n.
Then the extension K(x)¢/KY of fized fields is again rational.

PROOF. The Lemma follows by induction from the case n = 1. Thus, we let
G act on K(z) with oK = K and ox —z =u, € K for 0 € G.

Consider first the case where G acts faithfully on K. Then o — u, = ox — 2
is an additive crossed homomorphism G — K, and by the additive Hilbert 90
(Lemma A.1.2(a) in Appendix A) there exists u € K with cx —x = ou —u. We
then have z — u € K (x)¢ and thus

K@) =K - =K%z —u).
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In the case where G does not act faithfully on K, we look at the subgroup
N={0€G|0|K=1K}

of elements acting trivially on K. Clearly, N is normal in G. Also, 0 — u, is

a homomorphism from N into K, and as it is necessarily injective, we conclude

that K has prime characteristic p and that IV is an elementary abelian p-group.
Now, the polynomial

hX) =[] (X —u,) € K[X]
oceN
is clearly vectorial, cf. the Example of p. 19 in Chapter 1. Furthermore, since
OUp = Uy pp—1 for o € G and p € N, we get that h(X) € LE[X], and thus that

oh(z) = h(ox) = h(z) + h(u,) for all o € G.

It follows that we can look at the G/N-action on K(z)V = K(h(z)) instead,
bringing us back to the situation considered above. ([

This immediately demonstrates the existence of generic extensions and generic
polynomials for p-groups over infinite fields of characteristic p. We will now
proceed to give a general construction resulting in substantially fewer parameters:
For a group of order p™, Gaschiitz’ result could be used to infer the existence of
a generic polynomial with p™ parameters. We will, however, prove that no more
than n are needed.

Constructing the polynomials. In order to carry out the construction,
we will need the observations about Galois extensions in prime characteristic
made in section A.1 of Appendix A. We will retain the notations introduced in
Appendix A in what follows.

First of all, we note the following, cf. [Wil]: If K is a field of prime charac-
teristic p and G is a p-group, we can construct a G-extension of K starting from
a G/®(G)-extension, where ®(G) is the Frattini group, by using a composition
series

Go=1<G1<G34---4G,_1 4G, = P(G)
of ®(G) with each G; normal in G: All the group extensions
0—-F,—-G/Gioi — G/Gi—1, i=1,...,r

are non-split, and the corresponding embedding problems therefore solvable.

Moreover, at each step the element ,, we adjoin can be found in an ‘algorith-
mic’ way using the results from Appendix A about additive crossed homomor-
phisms, factor systems and elements with trace 1.

We will now produce a generic G-extension in characteristic p, and to this end
we will make the following
Assumption: Our ground field K is Fp(u).

For non-cyclic groups this is no restriction, since a finite field have only cyclic
extensions anyway, and we just get u as an additional parameter in a generic
polynomial. We will consider cyclic groups separately below.
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Elementary abelian groups. We start our construction by considering the case
where G is elementary abelian: G ~ C}. To this end we pick an injective
group homomorphism ¢: C) < K and let C} act on the function field K (t) by
ot =t + ¢(0). The polynomial

W)= I (X = ¢(0)

oeCyp

is vectorial, cf. Chapter 2, meaning that the minimal polynomial for ¢ over K (t)C;
is
h(X —t) = h(X) — h(?),

and hence that K(t)» = K(h(t)). We let s = h(t). Then K|[t]/K][s] is a
generic Cp-extension, and g(s, X) = h(X) — s is generic for C) over K: If
M/L is a Cp-extension with L O K, the map ¢: Cj — K C M is a crossed
homomorphism, and so we have cw = w + ¢(0) for some w € M. Then M =
L(w), the specialisation ¢ — w is equivariant, and the minimal polynomial for w
over L is g(h(w), X).

NOTE. As for getting an element of trace 1 inside K[t]/K][s]|, we proceed as
follows: The trace of t*, 0 < k < p", is

Trrey x(s)(tF) = Z (t+ (o))" = Z o(o)",

oeCy oeCy
i.e., the k" Newton power sum g of the roots of h(X). Since
h(X) = X:DT + ar—lXpT71 +--- 4+ alXp + (LQX,
most of the elementary symmetric symbols sy, ..., s, are zero, with s,-_ -1,
Spr_pr—2, -, Spr_p, Spr—1 being the only possible exceptions. (Here, s,r_1 = ag
is non-zero, since h(X) does not have multiple roots.) From the recursive formula
Gn—81qn-1+ -+ (=1)" qisp1 + (=1)"ns, =0, 1<n<p’,
for power sums (cf. e.g. [Lol, Exc. 15.24] or [Jal, §2.13 Exc. 3]) we then see that
all the gi’s are zero, until we get to k = p” — 1, where we have
qpm—1 + (_1)pT71(p'r — 1)Spr_1 = O,
ie., gpr—1 = spr—1 = ag. Hence, an element of trace 1 is tpT’l/aO.
General p-groups. Next, assume that G is obtained from a non-split group
extension
0—-F,—-G—H—1,
and that we have already produced a generic extension
K[t]/K[s] = K[t1,...,t,]/K[s1,. .., 5]

for H, together with an element z of trace 1. As in Appendix A, we get an addi-
tive crossed homomorphism from the factor system, and hence an w € K[t] such
that the G-extensions containing K (t)/K (s) are K (t,0,4+.,)/K(s), r € K(s). We
then get our generic G-extension as K[t, 0 ., yo]|/K (s, s,41) and a new element

— gt
of trace 1 as —z0 ' |,
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This is in fact a generic G-extension: If M/L is a G-extension with L O K,
we can specialise K[t]/K|s] to get the H-subextension. Since the construction
of w respects G-homomorphisms, we then get M by some specialisation of s,1.
We then let ¢, 11 = 05, ,4o. (That our extension is in fact Galois follows from
Exercise 4.4 in Chapter 4.)

As for producing a generic polynomial, we can of course simply invoke Propo-
sition 5.1.8. However, we can do better: Whenever we specialise K [t]/K[s] to get
some specific G-extension M /L, we can do it as indicated above, by specialising
the s;’s one at a time. In doing that, we have some freedom in our choice, since
the specialisation of s; can be changed by adding ga for any a € L, p being
the Witt vector map defined below in the section on cyclic groups. (Except of
course for s;, where h(a) can be added.) Since the field L is infinite, this implies
that the specialisation can be chosen in such a way that any prescribed non-
zero polynomial in K[s] maps to a non-zero element in L. This specialisation
can then of course be extended to the localisation of K[s] in the kernel. From
this we easily see that we can choose the specialisation to ensure that any given
primitive element for K (t)/K (s) has a well-defined specialisation in M, and that
this specialisation is again a primitive element. Consequently, we have

PROPOSITION 5.6.2. Let G be a finite p-group, and let K(t)/K(s) be the G-
extension constructed above. Any monic polynomial P(s,X) € K(s)[X] with
splitting field K (t) is then generic for G over K =TF,(u). If G is non-cyclic, it
s also generic over F, when we consider v as a parameter.

The number of parameters (over K) is e + 1, if |®(G)| = e, which can be
thought of as ‘logarithmically better’ than the number p" = |G| provided by
Gaschiitz’ result.

REMARK. An alternative proof of this Proposition is to prove that a special-
isation of K[t]/K[s] giving the Noether Extension K (x)/K (x)¢ can be chosen
such that the images of the s;’s are algebraically independent, i.e., we can em-
bed K(t)/K(s) into K(x)/K(x). The result then follows from Kemper and
Mattig’s result in Proposition 1.1.7 of Chapter 1.

Cyclic groups. If the group is cyclic, i.e., > Cpn, we cannot be certain that
the polynomial produced above is generic over IF,,. In this case, however, there is
the classical theory of Witt vectors, cf. [Ja2, §§8.10-8.11] or [Wi2] (the original
paper by Witt from 1937).

We will assume the basic theory of Witt vectors known, and will denote
the ring of n-dimensional Witt vectors over a field L by W, (L). Also, we let
p: W,(L) — W, (L) be the map

p: (ag,...,an—1) — (ao?,...,an-1") — (ag,...,an_1).

We note that a = (ag,...,an—1) € Wy(L) is invertible if an only if ag # 0,
from which it easily follows W,,(M)/W,,(K) is a Galois extension with group G
whenever M/K is. Also, exactly as for Galois field extensions, we can prove
Hilbert 90 and the additive Hilbert 90 (Lemma A.1.2(a) in Appendix A): A
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map f: G — W, (M)* satisfying f,. = f,0f; has the form
fo =ca/a
for some a € W,,(M)*, and a map g: G — W, (M) satisfying g, = go + 0g-
has the form
g =0b—Db
for some b € W,,(M).

Now, let M /K be a Cpn-extension in characteristic p, and let o be a generator
for Cpn = Gal(M/K). Since 1 € W,,(K) has trace 0, there exists, by the above
results, an a € W, (M) with ca = a+ 1. It follows immediately that M = K(a)
(i.e., M = K(ag,--.,an—1)). Also, K(a;)/K has degree p"*! fori =0,...,n—1.

To get a generic description, we consider a rational function field K(t) =
K(to,...,tn—1) and define a Cpn-action by o: t — t +1. Then K (t)“»" = K(s)
for s = pt, and in fact K[t]°»" = Ks|.

Hence, the minimal polynomial for ¢,,_; over K(s) is generic for Cp» in char-
acteristic p.

Thus we have

PROPOSITION 5.6.3. There is a generic polynomial with n parameters for Cpyn
over .

REMARK. The extension Fy[t]/F,[s] is in fact generic: In the argument above,
we can let M/K be a Galois algebra, and the argument will still hold.

Semi-direct products. The number of parameters in the generic polynomi-
als constructed above is small compared to the group order, and so it is natural
to ask whether it is in fact optimal. We are not able to say much about that in
general, but we will now proceed to show that at least some p-groups allow an
even smaller number of parameters:

Let ¢ = p™ be a power of p, and let a € (Z/q)* = W, (Fp)* be an element of
multiplicative order d | p"~1(p—1). If M/K is a Cy-extension in characteristic p
and o a generator for the Galois group Cy = Gal(M/K), it is clear that a has
norm 1 in W, (M)/W,,(K), and hence that there exists an a € W,,(M)* with
ca=aa. Then M = K(a) and o € W,,(K).

REMARK. While e can be considered as a d'" root of an element in W,,(K),
this is not as useful an observation here as it is in ordinary Kummer theory, since
there are in general far too many d'" roots of unity in W,,(K). For example, we
have (1,1, ... ,acn_l)pwl =1forall z1,...,2,-1 € K.

THEOREM 5.6.4. Let A be a subgroup of (Z/q)*, and let it act on the rational
function field K(t) = K (to,...,tn_1) by a: t — at. Then K(t)*/K is rational.

ProOF. Clearly, A is the direct product of a p-group and a cyclic group of
order d | p — 1.
Consider first the case where A = Cy, d | p — 1. Then A = (a), where
a = (a,0,...,0), and the action on K(t) is given by a: t; — at;. From
()P =D/d — P71 — 7 1(15,0,...,0)P

we see that K (t) = K(t%,¢y), and hence that K (t)“ = K(t).

n
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This reduces the general case to that where A is a p-group, i.e., all elements
in A are = 1 (mod p). This in particular means that the image of ¢; is ¢; + u;
for a u; € K(to,...,ti—1), and the result follows by Lemma 5.6.1. O

EXAMPLE. Let p be odd, and let A = (1 + p"~!). Then
n—1
(toy .- stn_1) = (to, ... tn—2, tn1 + 15 ),

n—1
and so K (6)% = K(to, ... tn_o,t%_ —t7 7V, 1),

n—1
Let G be the group
G = Cpn >40d2<0,7'|apn =7d=1, TO':O'aT>,

where a € (Z/q)* has order d | (p — 1)p"~ !, and let M/K be a G-extension in
characteristic p. Also, let L = M©»".
Then M = L(ex) for some oo € Wy, (M) with cae = e+ 1, and by our ‘Kummer
theory’ above we also have L = K(3) for a 8 € W,,(L)* with 78 = a 8.
Now, Tac € W, (M) and o(rax) = 70" 'a = ra + a~!, meaning that Tar =
“la + x for some x € W,,(L).
Since 7% = 1, we get

d d—1 1,_d-2

@Dy 4 ¢ %
or
ax+a’rx+ -+ a1 x = 0.
This means that x3 has trace 0 in W,,(L)/W,(K), and so there exists a y €
W, (L) with 7y —y = x8.
Let y=a—aB 'y. Then oy =~v+1and 7y = a 1.

Thus: M = K(v) for a v € W,,(M) with oy =+ 1 and 7y = o~ 14.

Also: If we let G act on a rational function field K(t) by ot = t + 1 and
7t = a~'t, we have K(t)“»" = K(pt) and 7pt = a~'pt. Thus, we get an
extension K (t)/K(t)¢ of rational function fields, and can get an n-parameter
generic G-polynomial over K by taking a monic polynomial over K (t)¢ with
splitting field K (t). (As before, we have sufficient freedom in the choice of «,
since we can replace it by v + bp~y for any Witt vector b with coefficients in the
ground field.)

ExampLEs. (1) If d | p — 1, we have F,(t)¢ = F,((pt)?) and can get a
generic polynomial of degree p™ by taking the minimal polynomial over F,(s) =
F,((pt)?) for the (n — 1)*® coefficient of t<.

For example, consider the case ¢ = p for p odd, where the group is the
Frobenius group F,q = Cp, X Cy. Then s = (t? —t)?, and we are looking for the
minimal polynomial g(s, X) of t¢ over Fp(s). As the minimal polynomial for ¢ is

f(s,X)=(XP - X)4—s,
we have

d
g(S,X) Xl/d Z( ) d ’LX’L(p 1)/d+1 s,

=0
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and this is a generic F),q-polynomial over [F),.

In particular, we find that X? —2X®+1/2 1 X — 5 is generic for the dihedral
group D), over F,.

(2) For p = 2, we get an n-parameter generic polynomial for the dihedral
group Don of degree 2" and order 2"+! when n > 2.

In the simplest case, n = 2, we have

°7),

Dy={o,7|c*=1"=1,170=0
and we get a Dy-action on Fa(s,t) by
o(s,t) =(s,6) +1=(s+1,t+9)
and
7(s,t) = —(s,t) = (s,t + 5%).
The fixed field under o is
Fo(p(s,t)) = Fo(s® 4 5,12 +t + s> + 5°)
and the fixed field under 7 is Fo(s, t2+52t). Thus, we get the fixed field under Dy
to be
Fo(s, t)P* = Fo(s? + 5, (12 +t + 82 +53)% 4 (2 + 5)%(t2 +t + 5% + 57))

=TFo(s® +s,t* + 12+ %2 + 817 + %t + st +5° + 87)

= Fa(u,v).
The Galois closure of Fa(u, v)(t2+s%t) over Fa(u, v) is Fa(s, t), and so the minimal

polynomial of t2 + st over Fa(u,v) is generic for Dy over Fy with parameters u
and v. This polynomial is

h(u,v, X) = X* 4+ X3 +u3X?
+ (W +ud +ut + o)X + (07 + v+ udo +0?).
The general construction would give a Dy-extension

]F2 (87 tu u, 6(s+t)95+u7 et)/FQ(Sa tu ’LL),

from which we would get a three-parameter polynomial.

Exercises

EXERCISE 5.1. Let S/R be Galois with group G, and assume R to be an
integrally closed domain.

(1) Assume that S is a domain with quotient field L. Prove that S is the
integral closure of R in L.

(2) Prove that S = Ind% (T') for some subgroup H of G and a Galois extension
T/R of domains with group H.

EXERCISE 5.2. It is well-known from algebraic number theory that any proper
finite extension K/Q has ramified primes. (MINKOWSKI’s Theorem.) Use this to
prove that the only Galois extension of Z with respect to a given finite group G
is the ‘split’ extension Ind{’ (Z)/Z = ZI6V/Z.
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EXERCISE 5.3. Let R be an integrally closed domain with quotient field K,
let L/K be a finite Galois extension with Galois group G = Gal(L/K), and let
S be the integral closure of R in L. Assume that L is the splitting field over K
of the monic polynomial f(X) € R[X] and that d = d(f) # 0. Prove that
S[1/d]/R[1/d] is a Galois extension with group Gal(L/K).

EXERCISE 5.4. (1) Assume that all the roots of

f(X)=X"4a, 1 X" 4. +ag € R[X]

are real, and that ag # 0. Prove that f(X) cannot have two consecutive zero
coefficients (i.e., a; = a;+1 = 0 for some i < n).

(2) Let G be a finite group, and let n be the smallest number for which G —
Sy. Let P(t, X) € Q(t)[X] be a generic G-polynomial over Q of degree n. Prove
that P(t, X) cannot have two consecutive zero coefficients. [Hint: Exercise 3.5
in Chapter 3.

EXERCISE 5.5. Let L/K be a field extension and ¢ an indeterminate. Prove
that L/K is retract-rational if and only if L(t)/K is. [Hint to ‘if’: Let ¢p: R — T
express the retract-rationality of L(t)/K. For some a € K, we have T' C L[t];_q).
Now extend T, such that the specialisation of T in a sits inside T itself.]

EXERCISE 5.6. Let K be an infinite field, and let £ = N x G be a semi-
direct product of the finite groups N and G. Prove: If there exists a generic
E-polynomial over K, then there exists a generic G-polynomial as well, with the
same number of parameters. In particular: For finite groups G and H, there
exists a generic G x H-polynomial over K, if and only if there exist generic G-
and H-polynomials over K.

EXERCISE 5.7. Prove the equivalent of Exercise 3.5 in Chapter 3 for p-adic
fields: Assume that there is a generic G-polynomial over Q, and let p be a
prime. Prove the existence of a G-extension of QQ contained in the field Q, of
p-adic numbers.

EXERCISE 5.8. Let p be a prime, and let K be a field of characteristic # p
containing the primitive p*™ roots of unity. Prove: If @ € K \ K? is a norm in the
p"th cyclotomic extension, then K ({/a)/K can be embedded in a Cpn-extension.
In particular: Assuming p ¢ K?, prove that K ( ’{/5) /K can be embedded in Cpn-
extensions for all n € N.

EXERCISE 5.9. Let K be a field of characteristic # 2. Prove that the polyno-
mial

X2n + Sn_lXZ(n—l) IS 81X2 + S0,
with parameters sq, ..., Sy—1, is generic for Cs ! .S,, over K.

EXERCISE 5.10. Let A and G be finite groups with A Abelian, and assume
that G acts on A by automorphisms. Consider the the wreath product A! G
as defined in section 5.4, as well as the homomorphism e: A} G - A x G given
there.

Prove: If the the group order |A| and |G| have greatest common divisor 1,
then € is split, i.e., there exists a group homomorphism

1 AXG— AVG
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with eot =144qg. Conclude that we then have
AVG ~ A (AXG)
for a suitable action of A x G on A"~

EXERCISE 5.11. Find a generic polynomial f(s,t, X) for D3 over Q, such that
the splitting field over Q(s, t) contains Q(s, \/%).

EXERCISE 5.12. Find a generic D3y 3-polynomial over Q with two parameters.

EXERCISE 5.13. Let K = Q(2cos2), where n is odd and # 3. Prove that
there is a generic Cj,-polynomial over K with one parameter.

EXERCISE 5.14. Let K be field in prime characteristic p, and let P C GL,,(K)
be the subgroup consisting of upper triangular matrices with 1’s in the diagonal.

(1) Prove that every element in P has finite p-power order.

(2) Let G be a finite subgroup of GL,(K) of p-power order. Prove that
0Go~1 C P for some o € GL,(K). [Hint: First prove that there exists an
non-zero G-invariant vector in K™.]

EXERCISE 5.15. Prove the following results, due to Miyata [Miy]:

(1) Let K be a field and G a finite group, and assume that G acts faithfully
on K(t) in such a way that oK = K and ot is a linear polynomial in ¢ for
all o € G. Prove that K (t)%/K¢ is rational.

(2) If the finite subgroup G of GL,,(K) consists of upper triangular matrices,
then K(z1,...,2,)%/ K is rational.






CHAPTER 6

Solvable Groups I: p-Groups

In this chapter, we consider the generic description of some p-groups as Ga-
lois groups in characteristic # p, specifically the dihedral, quasi-dihedral and
quaternion groups of order 16, and the Heisenberg groups:

For n > 2, there are four non-abelian groups of order 2”*! and exponent 27,
namely
(1) The dihedral group Dan of degree 2™, given as

Don = (0,7 |0?" =72 =1, 70 = 0% ~7);

(2) The quasi-dihedral group QDan of degree 2™, given as

QDgn = (u,v | u? =1, v* = uznil, vy = u2nilflv>;

(3) The quaternion group Qan+1 of order 2”1, given as

1 -2 —1
Qonir = (m,y |2® =1,y =2* ", yr =2 ~'y); and

4) The modular group Mon+1 of order 2"t1, given as
g 14 2 , &
Mynsr = (a,b|a® =b2 =1, ba=a>" +'b).

We will not be concerned with the modular group, and will look at the others
primarily in the case n = 3.

All of these groups can be defined in greater generality, cf. the definition of
dihedral groups in Chapter 2.

REMARKS. (1) The dihedral, quasi-dihedral and modular groups are semi-
direct products with the cyclic group Cs acting on the cyclic group Con». The
quaternion group (2~ can be realised as a subgroup of the multiplicative group H*
of the Hamiltonian quaternions H, i.e., the four-dimensional R-algebra generated
by elements ¢ and j with relations

i?=j"=-1, ji=—ij,

by letting

x = exp(im/2"?) = cos(m/2"?) +isin(n/2"7%), y=j.
In particular, Qg can be considered as consisting of the quaternions +1, +i, +7j
and £k, where k = ij. (We will have more to say about quaternion algebras in
section 6.1 below.)

(2) The quasi-dihedral group (sometimes called the semi-dihedral group) Q Dan
is a sort of ‘cross-breed’ between Dy» and Qgn+1: Like Dan, it is a semi-direct
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product, and like Qgn+1, it contains Qon as a subgroup (generated by u? and v).
The inclusion Qg C @ Dg will prove important later, in section 6.3 below.
For an odd prime p, there are two non-abelian groups of order p3, namely
(1) The Heisenberg group

uP =P = wP =1, vu:uvw,>
)

Hy: = <u,v,w WU = UW, WU = VW
and
(2) The semi-direct product

Cpp % Cyp = (z,y [ 2? =y" =1, yz = 2?1y,
We will only look at the Heisenberg group. With appropriate modifications,
everything we say about Hy,s will work for Cp2 x C) as well. (Making these
modifications is left as Exercise 6.10.)

We refer to Blue’s Thesis [Blu] for more on generic polynomials for groups of
order p?, p prime.

6.1. Quaternion Groups

We define a quaternion extension as a Galois extension with Galois group iso-
morphic to Qs.

PROBLEMS. (1) Characterize fields K that admit quaternion extensions.

(2) Find a generic polynomial for quaternion extensions over K.

The characteristic 2 case is covered by the results of section 5.6 of Chapter 5,
and so we will assume all fields to have characteristic # 2.

The main result is

THEOREM 6.1.1. (WrTT 1936, [Wil]) Let M/K be a Vy-extension, i.e., M =
K(\/E, \/B) for some a,b € K*. Then M/K can be embedded in a quaternion
extension if and only if the quadratic forms aX?+bY?2+abZ? and U2 +V?24+W?
are equivalent over K. Furthermore, if P is a 3x 3 matriz such that det P = 1/ab
and

a 0 0 100
Pilo b o|P=(0 1 0],
0 0 ab 001

the quaternion extensions containing M /K are

K(\/T(l + p11v/a+ paa/b+pazv/ayh) /K, re K*.
The condition aX2+bY2+abZ? ~ U2+ V24+W?2 is known as Witt’s Criterion.

REMARK. If, instead of P, we are given a matrix Q with determinant ab, such
that

0
0
ab

Q'Q= ;

0
b
0

o O 9

we find the quaternion extensions to be

K(\/T(l+q11/\/5+QQ2/\/5+QB3/\/5\/5))/K, re K*.
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This is clear, since we can let P = Q1.
Before the proof proper we need to make a few preliminary observations:

First of all, the Galois group Gal(M/K) can be identified with the Klein
Vierergruppe Vy. Let 0,7 € V, = Gal(M/K) be given by

o ﬁ»—)—ﬁ, \/l_)l—>\/l_7,
L Y e

Suppose that F/K = M(\/w)/K, w € M*, is a quaternion extension. By
Kummer theory, we then have ow/w = x? and Tw/w = y? for some z,y € M*,
and we can extend o and 7 to F' by

ovw=zyw and TVw=1y/w.

Since these extensions are essentially ¢ and j in QJg, we must then have

rzor=-1, yry=-1 and xoy=—yr7x
(from i2 = —1, j2 = —1 and ij = —ji in Qg).
Conversely, suppose that we have x, y,w € M* satisfying these three relations,
as well as ow/w = 2? and Tw/w = y?. This w cannot be a square in M, and the
extension

F/K = M(\/0)/K

is clearly a quaternion extension. By Lemma A.1.1, all the quaternion extensions
containing M/K are then M(y/rw)/K for r € K*.

Finally, if M(,/w)/K is a quaternion extension, M(\/w) and K (/w) must
in fact coincide: Since y/w changes sign under the element in Gal(M (\/w)/K)

corresponding to —1, this element cannot be in Gal(M(\/w)/K (y/w)). But the
only subgroup of Qg not containing —1 is 1.

And now for the proof of Witt’s Criterion (including his description of quater-
nion extensions).! Since the two parts, ‘if” and ‘only if’, are proved in significantly
different ways, we present them separately:

SUFFICIENCY OF WITT’S CRITERION. Let E be the 3 x 3 unit matrix, and
let

I
coe
o o O
)
=

n [Wil], there is a typographical error in this description: The term 14 is missing.
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We have P!/AP = E by assumption, and get the additional matrix equations
P!AP =E, P! = P'A and PP! = A~!. Looking at the diagonals, we see that

apiy + bp3, +abp3; =1,
apty + bpsy + abpsy = 1,
apts + bpss + abpsg = 1,
P11 = b(p22p33 — p23ps2),
D22 = G(P11P33 _p13p31)7
P33 = P11P22 — P12P21-
P11+ Pl + pis = 1/a,
P31 + P53y + P33 = 1/b, og
P31 + P53y + P35 = 1/ab.

We let
w=1+piva+pnyb+pssya/b
and
:C:\/Ep31\/l_7—pl3’ y:\/gpw\/a—p%'
w w
Now

wow = (1 + paay/b)? — a(p11 + p3z/b)?
= (1 + bpiy — apiy — abpis) + 2(p22 — ap11pas) /b
= (bp3, + abp3; + bp3, — abp3s) — 2apiaps1/b
(1 — bp3s + abp3, — abp3sy) — 2ap13ps1/b
(apls + abp3,) — 2ap1aps1/b
a(p13 — p31 \/5)2 = 9020127

and similarly

It follows that

ow TWw
— 2 _ .2
— =, — =Y
w w
Furthermore,
ror=—-1, yry=-—1,
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and

Toy \/5(p31\/5—p13)wfl\/1_7(—p32 a—pzs)ffw*l
yrr \/l;(p32 a— p23)w71\/5(—p31\/1_7 — p13)Tw !
_ b(p?,z\/a + p23)(p32v/a — p23)
a a(p31 \/1_7 + 1713)(1)31\/5 —p13)
_ abp3y — bp3s
- abp3, — apy
(1 — abpiy — abp3s) — (1 — apis — abpd,)

= = 1.
abp%l - apfg

Hence, M (\/Z) /K is a quaternion extension, as claimed.

REMARK. The argument for sufficiency given above is a slightly modified ver-
sion of the proof given in [J&Y87]. Specifically, [J&Y87] considers the quadratic
form aX? + bY? + 1/ab Z? instead of aX? + bY? + abZ?, and uses a different
criterion for embeddability of a biquadratic extension in a quaternion extension:
M (y\/w)/K is a quaternion extension, if and only if

wow=ao’ab, wtw=/F% and wotw =~%a

for suitable o € K(1/b)*, B € K(y/a)* and v € K(+/ab)*.2

Quaternion algebras. For a,b € K* the quaternion algebra
(%)
K
is defined as the K-algebra generated by elements ¢ and j with relations
i’=a, j2=0b, ji=—ij.
We write k = ij. It is easy to see that 1, ¢,  and k£ must be linearly independent,
and hence that (a,b/K) is a four-dimensional K-algebra.

The quaternion algebra (a,b/K) can always be obtained as a subalgebra of
Maty (K) by letting

0 a 0 0 0 0 b 0
1000 o 0 0o -
“lo o o0 al” 771 0 0 o

0010 0 -1 0 0

We note that in this case the centraliser of (a,b/K) in Mat4(K) is generated by
the matrices

0a 0 0 00 b 0
Js_|1r o 0 0 , oo o0 b
“lo o o —a|” 7 7|1 00 0]

00 -1 0 0100

2This condition is easily seen to be equivalent to the one used above by letting o = zw/+/ab,

B =yw/y/band v = zoyw/+/a.
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and so is itself isomorphic to (a,b/K). (Sketch of proof: The elements xy,
x=1,i,5,k, y = 1,7, j', K, are linearly independent, and so span Maty(K). It
is obvious that the only linear combinations commuting with ¢ and j are the
linear combinations of 1,#, 5/, k'.)

A good example of a quaternion algebra is the Hamiltonian quaternions H =
(—-1,-1/R).

For a quaternion q = x +vyi+ zj +wk € (a,b/K) we define the real and vector
parts, respectively, by

Req=2 and Vecq=yi+ zj+ wk.

The non-zero elements g € Vec(a,b/K) are characterised by the property that
q¢ K but ¢*> € K.

LEMMA 6.1.2. If b is a norm in K(y/a)/K, the quaternion algebra (a,b/K)
is isomorphic to Matg(K). Otherwise, it is a skew field.

PROOF. If a € (K*)2, bis a norm in K(y/a)/K = K/K, and (a,b/K) =~

Mats(K) by
(5 %))

Hence, we can assume a ¢ (K*)2.
Ifo = NK(\/E)/K(:E—i—y\/E) forz,y € K, ie., b= x?—ay? we can map (a,b/K)

into Mats(K) by
(. ()
1 0)° y —x /)

Now, assume that (a,b/K) is not a skew field. Then there exists ¢ € (a,b/K)
such that K|[q] is not a field. Since K[q] = K[Vecq], we may assume Req = 0.
This means that ¢? € K, and since K[g] is not a field, we must have ¢*> = 0 or ¢ €
(K*)2. If ¢*> = ¢? for some ¢ € K*, we replace ¢ by ¢ 1q to get ¢> = 1. There is
then an r € Vec(a, b/K) with rq = —qr. If 72 = 0, we replace ¢ by r. Otherwise,
we replace ¢ by (14 ¢)r. In any case we end up with ¢ # 0 in (a, b/K) such that
q*> = 0. Write ¢ = yi+ zj +wk. Then ay? + b22 — abw? = ¢? = 0. Multiplication
by —ab gives us (abw)? — a(bz)? = b(ay)?. Since a ¢ (K*)?, we cannot have
y =0, and so (bw/y)? — a(bz/ay)? = b, i.e., b is a norm in K(y/a)/K. O

DEFINITION 6.1.3. A quaternion algebra is called split, if it is isomorphic to
Mato(K). Otherwise, it is called non-split.

LEMMA 6.1.4. If D/K is an n-dimensional division algebra, then D can be
embedded into Mat,,(K) as an algebra, and any two such embeddings are conju-
gate.

PROOF. Let x1,...,x, be a basis for D/K. For d € D, the map x +— dx is a
K-vector space endomorphism on D, and so it is represented by a matrix A(d)
in the basis. This gives us our embedding d — A(d).

Now, let ¢: D < Mat,(K) be an arbitrary embedding. Then K™ is a D-
vector space by dv = ¢(d)v. This D-action is K-linear, and so we must have
dimp K™ = 1. In particular: For u € K"\ {0}, the vectors zju,...,x,u
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constitute a basis for K™ over K. Let B be the matrix with i*" column z;u.
Then B is invertible and

B '¢(d)B=A(d), deD,
and so ¢ is conjugate to d — A(d). (]

A related result is

LEMMA 6.1.5. Let n,N € N. Then Mat, (K) can be embedded in Maty (K)
as a K-algebra if and only if n | N. In this case, all embedding are conjugate,
and the centraliser of Mat,, (K) in Maty (K) is isomorphic to Maty,, (K).

PROOF. First, we notice the following: K™ is érreducible as an Mat, (K)-
module,? i.e., {0} and K™ are the only submodules. Also, as a Mat,, (K)-module,
Mat,, (K) is the direct sum of n submodules ~ K™, namely the submodules
consisting of matrices that are zero outside a specified column. It follows that any
Mat,, (K)-module is generated by submodules ~ K™, and by ‘weeding out’ we see
that every finitely generated Mat,, (K )-module is a direct sum of submodules ~
K™. In particular, two finitely generated Mat,, (K )-modules are isomorphic if
and only if they have the same dimension over K.

Now, let ¢: Mat,(K) — Matx(K) be an embedding. Then K~ becomes a
Mat,, (K)-module by Av = ¢(A)v, and so KV ~ (K™)* for some s, i.e., N = ns.

Conversely, if N = ns, we can embed Mat, (K) into Maty(K) by map-
ping A € Mat,(K) to the block diagonal matrix with copies of A down the
diagonal, and by considering an N x N matrix as an s X s matrix with entries
from Mat,,(K) we see that the centraliser consists of matrices

b11E blsE

bs1iE ... bssE

where b;; € K and E is the n x n unit matrix. This subalgebra is obviously
isomorphic to Mats(K).

Finally, let ¢,1: Mat, (K) — Maty(K) be two embeddings. Then KV is
a Mat, (K)-module by Av = p(A)v as well as by Av = ¢(A)v. These two
modules have the same K-dimension and are therefore isomorphic: There exists
a group automorphism ¢ on K such that e(p(A)v) = ¥(A)e(v) for A €
Mat,, (K) and v € K. In particular, ¢ is K-linear, and thus given by a matrix
B € Maty (K). It follows that (A) = Bo(A)B~1. O

Lemma 6.1.5 is not strictly necessary to prove Witt’s Criterion, but since we
will need it later, we may as well use it here too.

COROLLARY 6.1.6. Let (a,b/K) be a quaternion algebra. For any embedding
of (a,b/K) into Maty(K), the centraliser of (a,b/K) in Maty(K) is isomorphic
to (a,b/K) itself.

Now we are ready to prove

3All modules are understood to be unitary left modules.
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NECESSITY OF WITT’S CRITERION. Let z,y € M* with zox = y7y = —1
and z oy = —y 7x. We define an embedding ¢: M <— Mat,(K) by
0 a 00 0 0 b O
1 0 0 0 0 0 0 b
Var o o 0 ol V2= 11 0 0 0
0 010 01 00

(This is the embedding from Lemma 6.1.4 with respect to the basis 1, \/E, \/5,
Vay/b.) Also, we define matrices

1 0 0 0 10 0 0
0 =1 0 0 01 0 0
U=1lo 0 1 o and V.=, o 4
0 0 0 —1 00 0 -1

(These are the matrices representing o and 7 is the basis given above.) Then
U? = V2 = E, where E is the 4 x 4 unit matrix, and UV = VU. Also,
Up(t) = ¢(ot)U and Vy(t) = ¢(rt)V for t € M. Let U = ¢(z)U and
V' = o(y)V, and consider the subalgebras

Q1 =K[U V] and Qs =K[p(va)V',o(v/b)U'].
Clearly, @1 ~ (—1,-1/K) and Q2 ~ (—a,—b/K). Also, Q1 and Q2 centralise
each other, and are therefore each others centralisers.* By Corollary 6.1.6, Q1 ~
Q2.

Now, (-1,-1/K) ~ (—a,—b/K), and this isomorphism will necessarily map
Vec(—1,—-1/K) to Vec(—a,—b/K), and preserve the map q — —q?. But this
map is exactly the quadratic form U? + V2 +W? on Vec(—1,—1/K) and aX? +
bY2 + abZ? on Vec(—a, —b/K). Hence, U? + V2 + W2 and aX? + bY? + abZ?
are equivalent.

REMARK. As it stands, the proof of necessity of Witt’s Criterion given above
can be compared to a rabbit pulled from a hat: Where on Earth did it come
from? This is because the proof is in fact a ‘crude’ version of a more sophisticated
(and more general) argument from the study of so-called Brauer type embedding
problems. This more sophisticated argument relies on Brauer group theory and
the existence of obstructions in the Brauer group to such embedding problems.
The problem of embedding a Vj-extension as above in a quaternion extension is
of Brauer type, and the obstruction is (=1, —1)(—a, —b) € Br(K), where (c,d)
is the equivalence class of (¢,d/K) in Br(K) (corresponding to the norm residue
symbol (c,d) € H?(K)). Witt’s Criterion then becomes simply a special case.

Brauer type embedding problems are treated in various research papers, such
as [GS&S], [Ki] and [Lel, Le2, Le6] (for p = 2), [Ma] and [Sw1, Sw2] (for arbi-
trary p), and [Sel], [Fr], [Crl, Cr2] and [Le5] (the trace form approach).

For more on quaternion algebras, and their relationship with quadratic forms,
we refer to [Lam].

An immediate consequence of Witt’s Criterion is
q

4Since the centralisers have dimension 4.
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PROPOSITION 6.1.7. Let a € K*\ (K*)2. If K(y/a)/K is embeddable into a

quaternion extension of K, then a is a sum of three squares in K.

From Witt’s Theorem we also get that quaternion extensions come in ‘clusters’
containing the same biquadratic subextension M /K, and that such a ‘cluster’ is
parametrised by K*/(K*N(M*)?), i.e., by a group of order $[K*: (K*)?]. From
this we easily get

PROPOSITION 6.1.8. If K*/(K*)? is infinite, the number of quaternion ex-
tensions of K is either 0 or oo. If K*/(K*)? is finite of order < 2, K has no
quaternion extensions. If K*/(K*)? is finite of order 2", n > 2, the number of
quaternion extensions is a multiple of 2"~2, and at most 2"~2(2"—1)(2"~1-1)/3.

Parametrising quaternion extensions. We will now consider the problem
of finding parametrisations of quaternion extensions, in the form of a generic
polynomial:.

DEFINITION 6.1.9. The level of K, denoted ¢(K), is the smallest natural
number n for which —1 is a sum of n squares in K. If —1 is not a sum of squares
in K, {(K) = .

{(K) = oo is equivalent to K being orderable. If the level is finite, it is always
a power of 2. This follows easily from the fact that the non-zero sums of 2"
squares in K constitute a subgroup of K* for all n € N, cf. [Ja2, Thm. 11.9].

THEOREM 6.1.10. (a) (BucHT 1910, [Bu]) Let a,b € K* be quadratically

independent. Then M/K = K(\/a,\/b)/K is embeddable into a quaternion
extension of K, if and only if a and b have the form

a=yu=(1+a®+a?p%) (1+ 5% + 3%y,
b=yv=(1+75+3%) (1++*++°7),
for suitable o, 3,y € K.5 This is Bucht’s Parametrisation.
(b) For ((K) =1, this description can be replaced by
a=91+s%
b=y 1+7%+7r2s?
for suitable r,s € K, and if ((K) =2 by
a=sr, b=2s forr,se K" with r+s=-—1.

REMARK. Let w = (1 +7%2+12a?)(1 + o? + a?4?) and /w = \/u\/v/(1 +
% + 3%42). Then the quaternion extensions containing K (+/u, /v)/K are

K(\/r(1+1_a67+1_a67+1_0‘67))/1(, re K,

by Witt’s Theorem and the proof below. The expression in the square root is
invariant under cyclic permutation of o, 5 and ~.

The parametrisations for £(K) < 2 are less elegant than Bucht’s, but they are
simpler, and ¢(K) < 2 covers all fields of (odd) prime characteristic.

5See section A.1 in Appendix A for the meaning of ‘=3’.
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PRrROOF OF THEOREM 6.1.10. ‘If’: Let

l—apy  —(B+ar+p7")  —a(l—apy)
Q= A -apy) 1—afy —(v+aB +a?y)
at+pfy+af?  y(l—apy) 1—apy
Then det Q = uvw (where w is as in the remark) and
v 0 0
Q'Q=1|0 v 0
0 0 w

Hence,
U2+ V24+W? v uX?4+0Y? +wZ"? ~aX?+bY2 + abZ?,

and M/K can be embedded in a quaternion extension. This proves ’if” as well
as the claims in the remark.

"Only if”: Case (a), ¢(K) > 2. If M/K is embeddable in a quaternion exten-
sion, we must have some matrix Q with

a 0 O
QQ=1[(0 b5 0
0 0 ab

by Witt’s Criterion. Permuting the rows of Q will not change this relation, and
so we may assume that the three diagonal elements are all non-zero.® Thus, we
can write

Qi1 —fg2 —agss

Q= | Ban q22 —9433

€eqi1 Yq22 a33
for suitable e, f, g, a, 8,7 € K. From the orthogonality of the columns of Q, we
immediately get

—f+B8+ye=—-a-Fg+e=af —g+v=0,

or
e=a+ fy,
f=08+ne,
g=7+af,

from which we deduce
(1 —apfy)e =a+ By +af,
(1 —afy)f = B+~ya+ B2
(1—apfy)g =7+ af+ya’.
If afy =1, we would have
0=c(l—aBy)a=a?+aBy+a?s*>=1+a*+a?p%

6Since det Q # 0 and the triples that can become diagonal elements through permuting the
rows are exactly the triples that occur in the expansion of the determinant.



6.1. QUATERNION GROUPS 137

contradicting ¢(K) > 2. Thus, afy # 1, and we have
a=91+73%+¢2

o (a4 By+ap?)?
B e
1+ =apy) + (a+ By +ab?)?
B (1—apy)?
- (1+a2 +a262)(1+62+6272) B
- (1—aBy)? =

and similarly b =2 v.
Case (b), {(K) = 1. The equivalence U2 + V2 +W?2 ~ (1+s%) X2+ (1 +72 +
r?s2)Y? + (1 + s%)(1 + r? +r?%s?)Z? is expressed by the matrix

1 —rs s
Q=10 1 r(l+s?
-s -r 1

Conversely, assume M /K embeddable in a quaternion extension. Since —1 is
a square, every element in K is a sum of two squares. In particular, a =5 1 + s>
for some s. Now

U+ V24 W2~ (148U + (1+ 85V + W2,

and by the Witt Cancellation Theorem [Jal, §6.5], we must have bY2 + abZ? ~
(1+ s%)V'"? + W' ie., bis represented by (1 + s2)V'?2 + W'2. Since ab is not a
square, we must have b =5 72(1 + s2) + 1 for some 7.

This is obviously a special case of Bucht’s Parametrisation. (a = s, 8 = 0,
v=r.)

Case (c), {(K) = 2. Write =1 = 22 +y?, and let u = (r+1)/2,v = (r —1)/2.
Then the equivalence U2 + V2 + W?2 ~ X2 + sY2 4 rsZ? is expressed by the

matrix
VX UTr+Y ur —ry

Q=|vwy uwy—a uy+rx
u v v

Conversely, assume M /K embeddable in a quaternion extension: Since —1 is
a sum of two squares, we have

aX?+bY2+abZ? ~U? + V24 W?
~UP = VP = W7
~aXi—aY? - 73,

and hence bY? + abZ? ~ —aY? — Z%, meaning that b = —ax? — y? for suitable
r,y € K. If 2,y # 0, we can let r = a(x/y)? and s = b/y?. If x = 0, we write

a=u?—v? for u,v € K*, and let r = a/v? and s = —(u/v)% If y = 0, we write
1/a = u® —v? for u,v € K*, and let 7 = au? and s = —av?.
Finally, assume r,s € K* quadratically independent with r 4+ s = —1. We

wish to prove that r and s can then be obtained by Bucht’s Parametrisation:
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Look at the matrix Q above. Clearly, vz and v are not 0. Assume for a moment
that wy — x # 0, i.e., /y # u. Then we get a = (ry — ux)/v, § = y/x and
v =wv/(uy — z) in the argument above for ‘only if’ and ¢(K) > 2. Thus,

(ry —uz)y _ ry® —uzy

r(uy —x)  ury— a2’

2

afy =

If a8y = 1, we must have ry> — uzy = uzxy — z2 or ry? + 22 — 2uzy = 0, ie.,
(uy — x)? = v2y?%, ie., uy — v = +vy, ie., x/y = u £v. Thus, if we can find
r,y € K, such that 22 +y? = —1 and x/y # u,r, 1, we can use the argument
from £(K) > 2. If z,y € K is one pair with 22 + y? = —1, we get all others by
letting

o z(p® — ¢%) — 2ypq

p*+¢? ’
) = y(p® — ¢°) + 2xpq
P+ ¢
for (p,q) € K x K, (p,q) # (0,0). Thus, the possible values for 2'/y’ are
o x(p? —q*) — 2ypg
¥y y*—¢?) +2apg
This is a non-constant rational function, since otherwise x/y = —y/z, i.e., 2% =
—y?, contradicting 22 + y? = —1, and as K is infinite (it has a biquadratic
extension), it assumes infinitely many values. In particular, we can avoid the
three values u, r and 1. O

EXAMPLE. Let K = Q, a =1, =0and v = 1. Thenu =2, v = 3
and w = 6, and we get a family

@(\/r(l ¥ % + % + %))/@ = Q(yr2 + V23 +/3)) /2

of quaternion extensions, when r runs through Q*. For r = 1, this gives us
Dedekinds original quaternion extension from 1887, cf. [De].

REMARK. As noticed above, Bucht’s parametrisation behaves well under
cyclic permutation of «, 8 and ~y. Specifically, we get a permutation of

u=(1+a®+a®8) (1 + % + 8°9°),
v= 148+ 06?1+~ +1%?), and
w=(1+72++%a?)(1 + o + o*3?),

whereas

1 —« 11—« l1—«
BWJF BWJF By

Vu Vv Vw
is left unchanged.

This naturally induces us to consider the case where «, 8 and ~ are in fact
conjugate with respect to an automorphism of order 3:

Let L/K be a cyclic extension of degree 3, let o generate C5 = Gal(M/K),
and let o € L, 8 = oa, v = oB. If we assume u ¢ L%, we immediately get

w=14+
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that u and v are quadratically independent. Also, the biquadratic extension
M = L(y/u,/v) of L is obviously Galois over K, and we can extend o to M by

S Y Y N I

1+ 624 3292
From this it is clear that M/K is in fact an A4-extension. Also, ow = w, and so
F/K = M(\/w)/K is Galois, and we can extend ¢ by oy/w = y/w. ¢ then has
order 3 in Gal(F/K), and since it operates non-trivially on Qs = Gal(F/L), we
must have
Gal(F/K) ~ Qg x O ~ SL(2,3) = SLy(F3).
Hence, we have obtained an SL(2, 3)-extension of K.

Of course, this raises the question of when it is possible to choose o € L such
that w € L*\ (L*)?. It should come as no surprise that this can be done over
Hilbertian fields:

THEOREM 6.1.11. (FADDEYEV 1945, [Fa]) If K is Hilbertian, every cyclic
extension of degree 3 can be embedded in an SL(2, 3)-extension.

PROOF. First, assume char K # 2, and let L/K be a cyclic extension of
degree 3 as above. Also, let £ € L be a primitive element for L/K, i.e., £ € L\ K.
Look at the polynomial

f(s,6,X)=X?— (14 (&s+ %) + (s + )% (0€s + 0£71)?)
x (14 (0€s + 0€2t)? + (0&s + a&%t)* (0%¢s + 02621)?)
in L[s,t, X]. It is irreducible: We have an L-endomorphism on L[s, t] given by
s Es+ &%, t ofs+ o€’

It is obviously an L-automorphism, and since the polynomial 1 4 s? + 522 is
irreducible in Lls,t], the image is irreducible as well. Hence, the two factors
in —f(s,t,0) are irreducible. As they are not associated, their product is not a
square, and so f(s,t, X) is irreducible.

By Corollary 3.1.6 in Chapter 3, there exists a and b in K with f(a,b, X)
irreducible in L[X]. We can then let o = a& + b&>.

If char K = 2, we look instead at the polynomial
ft,X)=X? - X —t(¢+0€) € L[t, X].

It is clearly irreducible, and so we can find € K such that a = z(£+0¢) is not of
the form 3% —y, y € L. We now let b = oa, and get ob = a + b. The biquadratic
extension M = L(0,,6) of L is thus A4 over K, much as above, and we get
a quaternion extension F' = M(6,,) of L by letting w = af, + (a + b)8,. This
expression is invariant under cyclic permutation of a, b and a + b, i.e., under o,
and so F/K is an SL(2, 3)-extension, as above. O

The next result gives a generic polynomial for quaternion extensions.
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THEOREM 6.1.12. Let K(a) be a function field in the variables a = («, 3,7)
over K, and let

A+B+C
(w2 1\ . 2 2 132
Fla, X) = (X? = 1)* = 2(1 - afy)? o p = (X2 - 1)
_ (1- a57)3 2 _
8 ABC (X 1)
A2 4+ B? 4+ (C? - 2AB —2AC - 2BC
+ (1 - 0467)4 AQBQOQ

€ K(a, X), where
A=1+a*+a?3%,
B=1+p"+05%,
C=1+~*+~%~

Then:

(a) Gal(F(a, X)/K (@) ~ Qs.

(b) If the specialisations of AB and BC' at a point o € K x K x K are non-
zero and quadratically independent, the polynomial T4F(a,r_1/2X) 18
irreducible in K[X] for all v € K*, and the splitting field is a quaternion
extension of K.”

(¢) Any quaternion extension of K is obtained by a specialisation as in (b).

(d) If g(X) € K[X] is an irreducible polynomial with Galois group Qs, then
g(X) is Tschirnhaus equivalent® to some specialisation r*F (c,r~/2X)
as in (b).

PROOF. The assertions (a)—(c) are obvious, since F(a, X) is the minimal
polynomial of

1—aﬁv+1—aﬁv 1—afy

VAB VBC — JCA'
and this is exactly the expression for a primitive element we found in connection
with Bucht’s Parametrisation. (Here, AB = u, BC = v and CA = w.)
(d) g(X) has degree 8. Also, the splitting field of g(X) is the splitting field of
a specialisation f(X) = r4F(c,7~/2X) as in (b). In particular, any given root
of g(X) is a polynomial of degree < 8 in any given root of f(X), and g(X) is
then the corresponding Tschirnhaus transformation of f(X). O

1+

EXaMPLE. Let K =Q,a=1,5=0,7=1and r = 6. Then we get
(X% —6)* —72(X? - 6)% — 288(X? — 6) — 288 € Q[X]

as the minimal polynomial for \/ (24 1/2)(3 + /3) over Q. Hence the splitting
field is Dedekind’s quaternion extension, cf. the example on page 138.

"Since F(a, X) is a polynomial in X2, this expression does in fact give us a polynomial
over K.
8See the end of this section.
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REMARK. In [Gro, 1934], Grobner proves that the Noether Problem has a
positive answer for g over Q. This is done by considering the four-dimensional
linear representation of QYg, and thus implies the existence of a four-parameter
generic polynomial, as above.

We refer the interested reader to the original paper, as it is both short and
clear.

We will now briefly consider the generalized quaternion group Qan:

PROPOSITION 6.1.13. Q2n occurs as a Galois group over Q, and more gener-
ally over any Hilbertian field.

Proor. If K is Hilbertian, we can realise Cyn-1 x Cy (with C4 acting by
inversion) over K by Ikeda’s Theorem (Theorem 5.4.4 in Chapter 5), and Q2n is
a surjective image of this group. O

EXAMPLE. (KIMING) Let n = 4. Then Q(1/6, /7, /0)/Q is a Q14-extension,

when

0 = /6/7(41 +38\/7)(v/6 -1+ %).

In [Ki], Kiming considers the problem of constructing extensions with Galois
group @16. Unfortunately, his approach does not lend itself to producing generic
polynomials.

PROBLEM. Is there a generic polynomial for Q16 over QQ, or more generally
for Qon, n > 47
Find explicit polynomials over Q with Galois group Q- for n > 4.

A criterion for the existence of Q32-extensions is given in [Le3]. In principle,
this criterion can be used to construct actual @Q3s-extensions, but in practice it
is decidedly unfriendly.

Tschirnhaus transformations. Let f(X) € K[X] be a monic polynomial
of degree n. A Tschirnhaus transformation of f(X) is then a polynomial

9(X) = [[(X —¢(6:)) € K[X],
i=1
where 61, ...,0, are the roots of f(X), and ¢(X) € K[X] is a polynomial of
degree < n, cf. [Wel, IV.§58]. (The trick is expressing the coefficients of g(X)
in terms of the coefficients of f(X) and ¢(X).)

Two polynomials are Tschirnhaus equivalent, if they are Tschirnhaus trans-
formations of each other. Of course, that g(X) is a Tschirnhaus transformation
of f(X) does not imply that the converse holds, as shown by e.g. f(X) = X% -2
and g(X) = (X? — 2)%. However, it is clear that we have

PROPOSITION 6.1.14. Let f(X) and g(X) be monic polynomials in K[X] of
the same degree n and with no multiple roots. If g(X) is a Tschirnhaus trans-
formation of f(X), then f(X) is a Tschirnhaus transformation of g(X).
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The proof consists mostly of noting that the Tschirnhaus transformation maps
the irreducible factors of f(X) to those of g(X).

For the special case of irreducible polynomials, it is clear that they are Tschirn-
haus equivalent if and only if they have isomorphic root fields (a root field being
the field obtained by adjoining one root of the polynomial), giving us

PROPOSITION 6.1.15. Let p(X) and q(X) be monic irreducible polynomials in
K|[X] of the same degree. Then the following conditions are equivalent:

(i) p(X) and q(X) are Tschirnhaus equivalent.

(ii) The root field of p(X) over K contains a root of q¢(X).
(iii) The root field of q(X) over K contains a root of p(X).
(iv) There is a p(X) € K[X] with ¢(X) | p(e(X)).

(v) There is a Y(X) € K[X] with p(X) | ¢(¢(X)).

(vi) K[X]/(p(X)) and K[X]/(q(X)) are K-isomorphic.

Obviously, Tschirnhaus equivalent polynomials have the same splitting field.
The converse need not hold, although it will often be the case for irreducible
separable polynomials for purely group theoretical reasons. (IL.e., if the fixed
point groups in the Galois group are the only subgroups of the appropriate
index.)

EXAMPLES. (1) The polynomials X4 4 2 and X — 2 have the same splitting
field over Q, but are not Tschirnhaus equivalent, as their root fields are non-
isomorphic.

(2) Consider Brumer’s Dj-polynomial

fs,6,X) =X+ (t —3)X* + (s —t +3) X+
(t?—t—25s—1)X?>+sX +1t

from Chapter 2. Since any two subgroups of D5 of order 2 are conjugate, we
get: Any quintic polynomial with Galois group Dj is Tschirnhaus equivalent to
a specialisation of f(s,t, X).

(3) A less trivial example is: The polynomials X7 —7X +3 and X7 + 14X —
42X2 —21X 49 are not Tschirnhaus equivalent, but have the same splitting field
over Q with PSL(2,7) as Galois group. This follows from the fact that PSL(2,7)
has non-conjugate subgroups of index 7, and that the root fields of these two
polynomials are the fixed fields of two such subgroups.

6.2. The Central Product QC
Let QC be the central product of Qg and Cy, i.e.,

2 2 _
=j =p =1
C= <z ‘ . >
@ PP ji = —ij, pi =ip, pj=jp
The center of QC is cyclic of order 2, generated by —1, and is also the Frattini
subgroup. Thus, QC/Z(QC) ~ Cj. There are an additional six (non-central)
subgroups of order 2, all of them conjugate under the action of AutQC, but
falling in three conjugacy classes under the action of QC' itself.
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We will consider the problem of embedding a C3-extension

M/KZK(\/E,\/E,\/E)/K

in a QC-extension. As above, we will assume all fields to have characteristic # 2.

QC contains exactly one subgroup isomorphic to Qs, and we (arbitrarily)
choose to look at QC-extensions F/K containing M/K such that F/K(4/c)
is a quaternion extension. This corresponds to looking at embeddings along
T i 0, j T, p— v, where o,7,v € C3 = Gal(M/K) are given by

or Var —Va, Vb Vb Ve e

T Ve Ve Ve Vb Ve Ve

vi VaeVa Ve b Ve =y
The result corresponding to Witt’s Criterion is

THEOREM 6.2.1. A C3-extension M/K = K(r\/a,/b,\/c)/K can be embed-

ded in a QC-extension F/K such that F/K(+\/c) is a quaternion extension, if
and only if the quadratic forms aX? + bY?2 + abZ? and U? + cV? + cW? are
equivalent over K. Furthermore, if P is a 3 X 3 matriz with det P = ¢/ab and

a 0 0 100
P'lo b 0|P=(0 ¢ 0],
0 0 ab 00 ¢

the QC'-extensions in question are

K<\/ (1+p11\/_+p22% +p33\(/\/) \/E)/K, re K*

PROOF. First of all: If we have F/K = M(\/w)/K as desired, we get ow/w =
2?2, Tw/w = y? and vw/w = 22 for x,y,2 € M* with xox = y7y = zv2 = —1,
roy = —y7x, oz = zvr and y7z = zvy. And conversely, if we have such
x,y,2,w € M*, M(\/;)/K is a QC-extension of the proper type.

Sufficiency: Using matrix equations as in the proof of Witt’s Criterion, we
prove that we can let

Jay

/i
w=1+pi1va+prYse+ppLt—Y—
Ve Ve o

_ (P13/\/_—P31\/5 \/E _ \/—P23 —P32\/_
w w\/—
Necessity: Let z, y and z be derived from an embedding M/K C F/K as
above. We define p: M < Matg(K) to be the embedding given by the basis

L va, Vo, Vay/b, /e, a/e, /o/e, Vay/by/e
for M/K, and let U, V and W represent o, 7 and v in the same basis. Then
Ugp(t) = p(at)U, Vp(t) = o(1t)V and We(t) = p(vt)W for t € M. Further-
more, U, V and W commute and have square —E, where E is the 8 x 8 unit
matrix. Let U’ = p(2)U, V' = o(y)V and W’ = p(z)W.

and y =2z
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Consider the subalgebras

a

Q1 = Klp(Va)lV, o(/HU = (Z270),

Qs = KW' o (V/o)U = (=

! ! M~ _17 1
Qs = KU, V'W'] ~ ( - )
They centralise each other, and Q)3 is split. By Lemma 6.1.5, the centraliser of Q3
in Matg(K) is isomorphic to Mats(K), and so we have @1 and Q3 centralising
each other inside Maty(K), i.e., @1 =~ Q2 by Corollary 6.1.6. It follows that

aX?+bY?+abZ? ~U? 4+ cV? 4+ cW?2,

c

) and

O

QC-extensions (with the group named DC instead of QC) are considered
in [M&Sm, Cor. 1.3(iv) + Thm. A.2] and [Swl, Prop. p. 1050]. Both papers
provide a description of the extensions. The one given in [Swl] is similar to
Theorem 6.2.1 above.

We can now parametrise QC-extensions in the manner of Bucht:

THEOREM 6.2.2. A C3-extension M/K = K(+/a,/b,\/c)/K can be embed-
ded in a QC-extension F/K such that F/K(\/c) is a quaternion extension, if
and only if

a=2u=c(c+a®+ca’B*(1+cf? + cf%y?) and
b= v =(14+cB?+cB*?)(c+ cy* +~%a?)

for suitable o, B,y € K. In this case, the QC-extensions in question are

K(\/T(l Ll _ﬁm - Oj;)ﬁ S —%w\ﬁ), @/K

for r € K*, where
w = c(c+cy? +92a?)(c+ a® + ca??)

Vo u

1+ cB? +cf?y?
PROOF. Let Q be a 3 x 3 matrix such that

and

1 0 0 a 0 0
Q[0 c 0]Q=1|0 b 0
0 0 ¢ 0 0 ab
If ¢11 = 0, we replace Q by QU, where

(cv? —u?)/(u? + cv?) —2cuv/(u?+cv?) 0
U= —2uv/(u? + cv?) (u? — cv?)/(u? + cv?) 0
0 0 1
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for u,v € K* with u? 4 cv? # 0. If oo or ¢33 is zero, we interchange the second
and third rows of Q. Thus, we are allowed to assume ¢11, g22, ¢33 7# 0, and can
write

Qi1 —fg2 —agss

Q=|0Bq1 g2  —9gss

€qi1 7Yq22 as3
The argument now proceeds as in the case of Bucht’s Parametrisation, with the
three cases being (a) U? + c¢V? + ¢W? anisotropic (i.e., not isotropic), (b) —c
square in K, and (c¢) U? + ¢V? + ¢W? isotropic, but —c not a square in K. [

COROLLARY 6.2.3. Let K(e,c) be a function field in the indeterminates o =
(o, B,7) and ¢ over K, and let

Gla,e, X)=(X*-1)*

A+ B+ cC (1 —apy)?
2A+ B+l o 2 sl —aby)t o
1BC (X 1) 8c A1BC (X 1)

2 AR2 L 202 _ 92 A8 — o3
L (1= apy B+ EC 2B - 2¢AC - 2650

A2B2(C?
in K(a,c, X), where

—2d(1 - afy)

A= clc+a? + ca®f?),
B=1+4¢B*+¢B%~%,  and
C =c+ v +~%2.
Then:
(a) The splitting field of G(e,c,X) over K (a,c) is a QC-extension of K (o, c)
and a quaternion extension of K (ca, \/E)
(b) If the specialisations of AB, BC and c at a point (a,c) € K3 x K
are quadratically independent, the polynomial r*G(a, ¢, T_1/2X) 1s irre-
ducible in K[X] for all r € K*, and the splitting field is a QC-extension

of K and a quaternion extension of K(\/g)
(¢) Any QC-extension of K is obtained by a specialisation as in (b).

Proor. G(a, ¢, X) is the minimal polynomial of

ppizaby) (- afy)y/c L= afy)y/c
JAB J/BC NG

over K(a,c). O

REMARK. Any polynomial of degree 8 with QQC' as Galois group is Tschirnhaus
equivalent to a polynomial of the form given in (b) above. This follows from the
fact that any two non-central subgroups of QC' of order 2 are conjugate under
the action of Aut QC. However, as they are not necessarily conjugate under the
action of QC itself, it is perfectly possible for two such polynomials to give the
same QQC-extension without being Tschirnhaus equivalent.
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EXAMPLE. Let K =Q, a=1,80=0,y=1land c=2,ie,u=6,v=1
and w = 5. Then we get the polynomial

G(1,0,1,2,X) = (X* - 1) = §(X* - 1) - B(X? - 1) - £ e Q[X],
which has the root

\/+—+—+M \/153+\/— (5+1/10).

We let r = 15 and get

9(X) = 15*G(1,0,1,2, X/,/15)
= (X2 - 15)" —600(X? — 15)% — 7200(X? — 15) — 21600 € Q[X]

as the minimal polynomial for \/(3 +1/6)(5 + 1/10) over Q. Thus, the splitting
field of g(X) over Q is the QC-extension

Q3+ VO)(5+ V/10), v2)/Q

REMARK. It is possible to treat the central product QQ, i.e., the group with
generators i, j, i’ and j’, and relations i? = j? = i"? = j2 = —1, ji = —ij,
j'i = =i’y i =4, j'e =15, 1’5 = ji' and j'j = jj’, in a way similar to Qg
and QC. See [Le6] and [Le7] for details. Another description can be found
in [SmT, Thm. 3.1], where the group is named DD.

6.3. The Quasi-Dihedral Group

In this section, we consider the quasi-dihedral group @ Dg of degree 8 as Galois
group, and define a quasi-dihedral extension as a Galois extension with Galois
group isomorphic to Q@ Dg. Again, we will look only at fields of characteristic # 2.
First, we notice that QDg maps onto Dy by 7: u +— o, v — 7. We know what
Dg-extensions look like, and so we will study embeddings along

Let M/K = K(\/r(a + B1/a),/b)/K be a Ds-extension as in Theorem 2.2.7,
ie., a,b € K* quadratically independent, o, 3 € K with o — af8%? = ab, and
r € K* arbitrary. For convenience, we let 6 = r(a + 81/a).

We can identify Dy with Gal(M/K) by letting o and 7 in D4 operate on M by

, By/a
0’-\/5\/—\/\/_\/\/

T VO, Vb —v/b
To say that M/K C F/K, where F/K is a quasi-dihedral extension contain-
ing M/K, is an embedding along 7 then means that F/K(y/a) is a quaternion
extension, since Qg ~ (u?,v) C QDs.
THEOREM 6.3.1. Let M/K = K(+/0,/b)/K be a Dy-extension as above, and

assume o #£ 0. Then M /K can be embedded in a quasi-dihedral extension along
if and only if the quadratic forms bX?2+2raY?+2braZ? and aU?+2V? +2aW?
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are equivalent over K. Furthermore, if P is a 3 X 3 matriz over K with det P =
a/bra and

b 0 0 a 0 O
P {0 2ra 0 P=|0 2 0],
0 0 2bra 0 0 2a

the quasi-dihedral extensions in question are

M(Vs2)/K = K(\/s0,\/a) /K, s€ K",

where

w=1 +p11\/l_7/\/5+ %[pzz +p23/\/_—p32\/5+p33\/5/\/5]\/§

+ 5[p2o — pas/Va + psan/b+ pss/b/\/a] %%aﬁ.

ProOF. Sufficiency: As stated above, the subgroup of QDs generated by u?
and v is isomorphic to Qg. Stepping up to K(\/E) we are thus left with the (eas-
ier) problem of embedding the biquadratic extension M/K (y/a) into a quater-
nion extension. We have M = K(+/a)(1/0,0+/0) and 6 00 = r?ab. Hence, by
Witt’s Criterion we must find a matrix S with determinant 1/r2ab expressing
the equivalence of r2abX? +0Y 2 + 0022 and U2+ V2 +W? over K(+/a).® This
is done by letting

1/ry/a 0 0 1/\/a 0 0
S = 0 1 of/ry/a|P| 0 1/2 1/2
0 1 —0/r\/a 0 1/2/a -1/2\/a
Hence, a quaternion extension containing M/K(y/a) is obtained by adjoin-
ing \/w, where

w=1+srvayb+ s221/0 + s3301/0
=1+puvb/Va
+ 3 [(p22 + pas/ /@) + (ps2 + pss/ /@) o0 /r+/a] /0
+ 3 [(p22 — p2s/v/a) — (ps2 — pss/\/a) 0/r\/a] 0/O
=1+ puvb/vVa+ 3paz + pas/va — psa/b + pssy/b/\/a]\/0
+ 5[p22 — pa3/\/a+ p32\/b + psa/b//al o\/6.

To get back down to K, we notice that 07w = w, and so M (y/w)/K is Galois.
Also, the pre-images of o7 in Gal(M(y/w)/K) have order 2, and so the Galois
group is the quasi-dihedral group.

Necessity: Let M/K C M(y/w)/K be an embedding along . Then we
get x,y € M* with ow/w = 2% and Tw/w = %2, and it is easily seen that

zoxolroir=—1,yry = —1 and zox oz oy = y 7.

9Technically, it should of course be X2 4+ 00Y? + r2abZ? and U? + V2 4+ W?2. However,
permuting the rows and columns of S cyclically will not change the determinant, and so it
makes no difference to us.
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We consider the embedding ¢: M < Matg(K) corresponding to (say) the

basis
L va, /0, Vav/0, /b, \/a/b, \/03/b, a8, /b

for M/K, and let U and V in Matg(K) represent o and 7 in the same basis. Then
U and V generate a subgroup of GLg(K) isomorphic to Dy, and Ugp(t) = ¢(ot)U
and Vo(t) = p(rt)V for t € M.

We let U’ = ¢(x)U and V' = p(y)V, and look at the subalgebras

Q1= K[p(y/a)U? U+ U?] = (%_2)
Q: = Klp(/DUZ oAU = plo/DU") = (F222) and

Qs = Klo(v/), UV = (%),

K
They centralise each other, and as in the proof of Theorem 6.2.1 we conclude
that Ql >~ QQ. O
If « = 0, then —b is a square in K*, and we may assume b = —1. Then

M/K = K({/r2a,i)/K,i=+/—1, and replacing a by 7?a, we get a D4-extension
of the form M/K = K({/a,i)/K.

THEOREM 6.3.2. Let M/K = K({/a,i)/K be a Dy-extension as above. Then
M/K can be embedded in a quasi-dihedral extension along 7, if and only if

Ip,q € K: p* + ag® = —2.

In this case the quasi-dihedral extensions in question are

K(\/r(l +i)(p+qin/a) Va,i)) /K, reK*

PROOF. We keep the notation from the proof of Theorem 6.3.1.
U We let @ = (1 —14)/(p+ qin/a), y = (1 +4)/(p+ giy/a) and w = (1 +
i)(p + giv/a) V/a.
‘Only if”: We get @1 and Q3 as before, but
[p(V/a)U' = (i /a)U"]? = 0.

Thus, the centraliser of Q; inside Maty(K) (i.e., inside the centraliser of Q3)
contains a zero divisor and is thus split. The same then holds for )i itself.
Hence, —2 is a norm in K (i\/a)/K. O

QDs as Galois group is considered in [Ki] and [GS&S].

Now to describe quasi-dihedral extensions and produce a generic polynomial:
Let M/K be a Dy-extension. By the proof of Corollary 2.2.8, we may assume

M = K(y/r(a+/a), V/b),

where a and b = a — 1 in K* are quadratically independent, and r € K* is
arbitrary. In the notation introduced above, @ = a and # = 1. In particular,
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a # 0, so by Theorem 6.3.1 we can embed M/K into a quasi-dihedral extension
along =, if and only if

bX2 4+ 2raY? + 2rabZ? ~ aU? + 2V2 + 2aW?2.

Thus, the embedding problem is solvable for some r € K*, if and only if the
quadratic form aU? 4+ 2V?2 4 2aW? represents b over K, i.e., if and only if

ar® +2y* + 2022 =b=a—1

for suitable z,y, z € K. Modifying y and z if necessary, we may assume 1 — 22 —

222 # 0 and hence

14297

1l — 22— 222
Choosing our modified y and z with care, we may assume ax? + 2y? # 0 as well.
Now,

2 0 0 b 0 0
Q0 a 0]|Q=|0 2a(ax®+2y?) 0
0 0 2a 0 0 2ab(az? + 2y?)

for
x -2y —2axz

Q=|y ax —2ayz
z 0 ax?+2y?

Also, det Q = b(az? + 2y?).
Thus, the embedding problem is solvable for r» = ax? + 2y%. More generally,
it is solvable whenever

bX? 4 2raY” + 2rabZ” ~
bX"? + 2a(az® + 2y°)Y'? + 2ab(ax® + 2y*) 2"
By the Witt Cancellation Theorem this is equivalent to
2raY? 4+ 2rabZ? ~ 2a(ax® + 2y*)Y'? 4 2ab(ax® + 2y*) 2",
i.e., to
rY? +rbZ? ~ (ax® + 2y%)(Y"? + bZ").

Hence, we must have r = (ax? + 2y2)(p? + bg?) for suitable p,q € K. And since
we can modify r by a factor from K* N (K (y/a, 1/b)*)? without changing M, we

can let p =1 and r = (ax? + 2y?)(1 + bg?). Then
a 0 O b 0 0
Q'l0 2 0]Q =0 2ra O
0 0 2a 0 0 2rab

when
—2(y+aqrz) 2(bgy — axz)

10 T
Q=Q|0 1 —bg|=|y alz—2qyz) —albgz+2yz)]|,
0 ¢ 2z (az? 4+ 2y%)q ax?® + 2y?

and det Q' = rb.
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To use the construction in Theorem 6.3.1 we need

/b 0 0 a 0 0
P=Q'=|0 1/2ra 0 Qtlo 2 0
0 0 1/2rab 0 0 2a

ax /b 2y/b 2az /b

= | —Ww+agzz)/r  (z-2qyz)/r  (az® +2y%)q/r
(bqy — axz)/rb  —(bqx + 2yz)/rb  (azx? + 2y?)/rb

and we get

THEOREM 6.3.3. A QDg-extension has the form

K(\/sw,\/a)/K, s€K",

where
1+ 292
1 — 2 —222

for suitable x,y,z € K, such that a and b = a — 1 are well-defined and quadrati-
cally independent, ax® + 2y% # 0, and

a

T/ a
w=1+
NG
1 qlaz® +2y%)  bgr +2yz = ax?+ 2y?]
+ —|x — 2qyz + + %
2rl " Va Vb Vay/b |
r(a++/a)
[ 2 2 9 9
_|_i x—quz—Q(ax +2y)_bq$+2yz+ax + 2y y
2rl Va Vo Vay/b |

\/_C\L/g 1\/7‘(@—1- Va)

fOT qc K, such that r = (axz + 2y2)(1 + bq2) 7& 0.
EXAMPLE. Let K =Q, 2 =0,y =1, 2= 0 and ¢ = 0. The D4-extension is

then
Q(\/ 2(3+ \/g)v\/g)/@: Q(\/ 3+ \/gv\/§)7

and the quasi-dihedral extensions are

Qa1+ 30/VE+1/VE- 1A+ VB) VA, aeQ

COROLLARY 6.3.4. Let x, y, z, ¢ and s be indeterminates over the field K.
Then the polynomial

F(xvya %54, SvT) = (T2 - 8)4 + SQCQ(TZ - 8)2 + 8361(1_‘2 - S) + S400
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in K(z,y,2,q,8,T) is a generic polynomial for QDg-extensions over K, when
1+ 292
1 — a2 222
h = pa23 + aps2 — p33, k= p22 — p32 + P33,
a =r(h? 4+ ak? + 2hk)/4, B =r(h? + ak® + 2ahk)/4a,
2 = =2(az’/b+20), 1 = 2rz(p3; + abply — ap3y — bp3s

b=a—-1, r=(azx®+ 2y (1+bg?),

—2apaop33 + 2ap23p3z — 2p23p33 + 2ap2aps2),
co = a’z?/b? + 2(a? + a?) — dax’a/b — 2(a? — a3?)

and the p;;’s are the entries in the matriz P above. Specifically, Q Dg-extensions
are obtained by specialisations such that a and b are well-defined and quadratically
independent, and r and s are # 0.

PROOF. f(x,9,2,q,T) = T* + c2T? + 1T + ¢p is the minimal polynomial
for w— 1, where w is as in Theorem 6.3.3. It follows that F(x,y,z,q,s,T) is the
minimal polynomial for 4/sw. O

REMARKS. (1) Let L/k = k(\/A,\/B)/k be a Oy x Cs-extension, and let
0=aq \/Z—i—ag \/§+a3 \/Z\/E, ai,as,as € k, have degree 4. Then the minimal
polynomial for 8 over k is

f(T)=T*—2(a?A + a3B + a2AB)T? — 8a1aa3ABT
+ (a1 A? + a3 B? + a3A?B? — 2a3a3AB — 2a3a3 A’ B — 2a3a3AB?).
We notice that the coefficients in degrees 0 and 2 are expressed in terms of
a} =ad3A, ab, = a3B and a} = a3 AB.
In the case of Corollary 6.3.4, we have L/k = M/K(y/a), A =b and B =
r(a 4+ \/a). Also,

ai :pu/\/;,
as = [pa2 + pas//a+ pa(va—1) +paa(va—1)/y/a], and
asz = %[Pﬂ(\/&_ 1)/b_p23(\/5_ 1)/5\/_—]932 +p33/\/5].

Calculations in Maple V show that ab = r(1++/a)(h+k+/a)?/4\/a = a+ B\/a
and af are conjugate in K (\/5) /K. This simplifies the expressions for ¢y and c¢s.

(2) Any polynomial of degree 8 with QDgs as Galois group is Tschirnhaus
equivalent to a polynomial of the form given in Corollary 6.3.4. Moreover, two
polynomials of degree 8 giving the same () Dg-extension are Tschirnhaus equiv-
alent.

(3) In considering @) Dg-extensions built upon a D4-extension as we have been
doing in this section, we may always assume « # 0: If we have

a? —aB? =ab
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with a = 0, we can simply replace a and § by

B
1/a—1

and 3 = 76(11/5_—’_ 11).

Consequently, the observations about quadratic forms made above can be for-
mulated more generally as follows: Given a biquadratic extension

L/K = K(\/a,V/b)/K,
it can be embedded in a @ Dg-extension cyclic over K (\/5), if and only if the
quadratic forms
X2 —aY? —abZ* and X*-2Y?+2a7% — abW?

are both isotropic over K: The first isotropy guarantees the existence of a and (3,
and a suitable r is then one for which

bX? +2raY? + 2braZ® ~ aX? +2Y? + 2aZ°.
Clearly, such an r exists if and only if
aX?+2Y? +2aZ% — bW?
is isotropic. But from the first isotropy we deduce
aX? - bW? ~ X2 — abW?,

and this gives us the second isotropy above.

6.4. The Cyclic Group of Order 8

The quasi-dihedral group @QDsg has exponent 8, and so the embedding of Dy-
extensions into quasi-dihedral extensions in section 6.3 also (and incidentially)
embeds Cy-extensions in Cg-extensions. With the notation of section 6.3, this
happens over K (1/b).

Looking at the descriptions of Cy- and Dj-extensions in section 2.2 of Chap-
ter 2, we see that Cy-extensions are, loosely speaking, ‘degenerate’ D4-extensions,
happening when b = 1. Thus, we can hope to embed Cjy-extensions in Cg-
extensions by taking the results of section 6.3 and letting b = 1. Again, we
restrict our attention to characteristic # 2.

That this actually works is something of a miracle:

Let M/K = K(\/r(a+ By/a))/K be a Cy-extension as in Theorem 2.2.5,
ie.,a€c K*\ (K*)? a,3 € K with a? — af3? = a, and r € K* arbitrary. Again,
we let 0 = r(a + By/a). As generator for Cy = Gal(M/K) we take

, ﬂH%aﬂ.

THEOREM 6.4.1. Let M/K = K(/0)/K be a Cy-extension as described above,
and assume o £ 0. Then M /K can be embedded in a Cs-extension if and only if
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the quadratic forms X2 +2raY? +2raZ? and aU? 4+2V? +2aW? are equivalent
over K. Furthermore, if P is a 3 x 3 matriz with det P = a/ra and

1 0 0 a 0 0
P {0 2ra 0 P=1{(0 2 0],
0 0 2ra 0 0 2a

the Cs-extensions containing M /K are

K(\/sw)/K, seK*

where

w=1+pii/Va+ 21(p22 — p32) + (P23 + pa3) /v al\/ 0+
%[(Pm + p32) — (P23 — P33)/\/5] LM\/E.
Ja
Proor. ‘If’: Letting
1/ry/a 0 0 1/va 0 0
S = 0 1 of/ry/a|P| 0 1/2 1/2 ,

0 1 —0/r\/a 0 1/2\/a —1/2\/a

we get
r?a 0 0
Sl 0 6 0|S=E
0 0 of

and detS = 1/r?%a. Also,

W = 1+511r\/5+522\/5+5330\/§.

Noting that s33 = os22, we get

cw=1-— 8117“\/5 — 822\/54- S33 0'\/5,

and by using various equalities (as in the proof of Witt’s Criterion), we get
wow = r?a(s1g — s21/0+/0)%.
Hence, M (y/w)/K is Galois. Also,

wow = (s931/0 — 530 01/0),

and letting

_ 523\/5—5320\/5
w

we get 0?w/w = 2% and z 02 = —1. Thus, M(y/w)/K(y/a) is a Cys-extension,
and it follows that M (/w)/K is a Cg-extension.

‘Only if”: Let M(y/w)/K be a Cg-extension. Then ow/w = x? for some
x € M*, and we see that = has norm —1 in M/K. We define an embedding
w: M — Mat4(K) by means of some basis, and let U € Mat4(K) represent ¢ in
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the same basis. Then U* = 1 and Ugp(t) = ¢(ot)U for t € M. Let U’ = ¢(x)U,
and look at the subalgebras

—a,—2
Q1 = K[p(v/a)U, U + U ~ (QT) and
-1, —2ra
Q2 = K[U%, o(/0)U' = o(0/O)U") = (——)
of Mat4(K). They centralise each other, and are thus isomorphic. O

EXAMPLE. Let K = Q, a = 2, a = 2, = 1and r = 1, ie., M =

Q(y/2+ 1/2). The quadratic forms X2 + 4Y2 + 422 and 2U2 + 2V2 + 4W?
are equivalent over Q, and this equivalence is expressed by the matrix

1 -1 0
1/2 1/2 0
0 0 1

Hence, we get

w=1+1/\/2+1/24+2/2+1/2+/2/2V/2
=14 +2v2+ 2024+ V2 +v2V/2+12)

=12+ V2)(2+ 2+ V2)

@(%(2 +y2+V2)/Q req,
of Cg-extensions.

REMARK. More generally: If a = 1+ d* (with d* # —1) we can let o = a/d?,
B=1/d*> and r = d? to get M = K(y/a+ \/a). Using the matrix

and a family

a/(1+d?*) —2d/(1+d*) 0
P=|(d/(1+d*) 1/01+d*) 0],
0 0 1

we get a Cg-extension

Vi erva @yt
K\t ezt 1oa +(1+d2)\/a)/K.

This is an explicit special case of Lemma 5.4.1 in Chapter 5.

If « =0, then —1 is a square in K*, i.e., i = 1/—1 € K*, and we can assume

M = K({/a) and ¢{/a =i {/a. Then
THEOREM 6.4.2. Assume i € K* and let M/K = K(/a)/K be a Cy-
extension. Then M/K can be embedded in a Cs-extension if and only if

EIp,qGK:pQ—aq2:2,
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and all the Cg-extensions containing M /K are then

K(\/r(p+9Va)Va)/K, reK”

Cyclic extensions of degree 8 are considered in [Ki].

From Theorem 6.4.1 we get that a quadratic extension K(\/E)/K can be
embedded in a Cg-extension, if and only if a is a sum of two squares and a =
(1—-2y?)/(2?+222) for some z,y, 2 € K. As we saw in Chapter 5, these conditions
cannot always be combined to provide a generic description of Cg-extensions. It
is, of course, perfectly possible to produce an explicit versal Cg-extension.

It may perhaps be worth noting that Cg does have the arithmetic lifting
property mentioned in Chapter 3: If a = (1 — 2y?)/(2% + 22?) as above, we can
replace a by @ = a[l + (t? — 1)?/(2t)?], where t is an indeterminate, and multiply
x and 2z by 2t/(t> + 1). This gives a regular Cs-extension of K (t) specialising to
the given one for t = 1.

REMARK. As in the case of () Ds-extensions, we can express everything gen-
erally in terms of quadratic forms: If &« = 0, we can again replace o and (3
by

2 B(1/a+1)
1/a—1 1/a—1
to obtain « # 0. It follows that a quadratic extension

L/K = K(/a)/K
can be embedded in a Cg-extension if and only if the quadratic forms

X24+vY2-aZ% and X2 -2Y?%+aZ?+2aW?

and [ =

are both isotropic: The first isotropy ensures the existence of o and (3, and the
second then guarantees the existence of a suitable 7.

6.5. The Dihedral Group Dg

In this section, we will look at the dihedral group Dg of degree 8 as Galois
group. Dg maps onto Dy by 7: ¢ — o, 7 — 7, and since we already know what
Dg-extensions look like, we will start from there.

As before, we assume all fields to have characteristic # 2.

THEOREM 6.5.1. Let M/K = K(1/0,/b)/K be a Dy-extension as in section
6.3, and assume o # 0. Then M /K can be embedded in a Ds-extension along 7 if
and only if the quadratic forms bX24+raY?+braZ? and abU?+2bV2+2aW? are
equivalent over K. Furthermore, if P is a 3x3 matriz over K with det P = 2a/ra
and

b 0 0 ab 0 O
P'(0 ra 0 |P=|0 22 0],
0 0 rba 0 0 2b

the Dg-extensions in question are

K(\/sw,\/b)/K, s€K*,
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where
w=1 —p11/\/5+ %(p32 +p23/\/5)\/§+

%(mz/b —P33/\/5)%a\/§-

PROOF. ‘If: We look first at the problem of embedding M /K (1/b) in a Cs-
extension. M /K (1/b) has the form required in Theorem 6.4.1, if we replace 7, «

and 3 by ' =r/b, ' = a/\/band ' = 3//b. Also, letting

-1 0 0 Vb 00 1/vb 0 0

P=|0 1/2 1/2 0 1 0 |P[ 0o 1/ 0
0 1/2 -1/2/ \ 0o 0 /b 0 0 1
we get
1 0 0 a 0 0
P[0 2ra 0 |P'=(0 2 0
0 0 2ra 0 0 2a
and det P’ = a/ra. The w given above is then exactly the one from Theo-

rem 6.4.1, and so M(y/w)/K(y/b) is Cs. Furthermore, M(y/w)/K is Galois
since 7w = w. The pre-images of 7 in Gal(M(\/w)/K) have order 2, meaning
that the Galois group is either Dg or QDs.

From the proof of Theorem 6.4.1 we get ow/w = 22 for

. r/ay/b(s12 — s31/0+/6)

where
1/ry/ay/b 0 0 1/ya 0 0
S = 0 1 of/r\/a/ob |P| 0 1/2 1/2
0 1 —0/r\/a\/b 0 1/2/a —1/2\/a

Now,
1 1
S12 = —W(plz +p13m)7 and
1 1 1 o
S21 = m [(le% +p31) + (p21% —p31)m]7
and hence

0TS12 = S12  and UTSgl/\/EZ 821/0'\/57

from which we get
rzoTe = 1.
Thus, the pre-images of o7 in Gal(M(y/w)/K) have order 2, and the Galois
group is Ds.
‘Only if”: Let M/K C M(;/w)/K be an embedding along 7, and let x,y € M*
be given by ow/w = 2? and Tw/w = y%. Look at the embedding p: M —
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Matg(K') defined by some basis for M/K, and let U and V represent o and 7
in the same basis. Let U’ = ¢(2)U and V' = ¢(y)V. Then the subalgebras

Q@ = Klo(vB), V]~ (%),
@: = Klp(/ai U2 o(VD(U + U°)] = (522) and

Qs = Klp(VDU, 50(V/B — o /AU = 20(/8 + 01/B)U”]

N ( —b, —ra)
o K
centralise each other, and we conclude Q3 ~ Q3. ]

Ifi=,/—1¢€ K*, we have
THEOREM 6.5.2. Let M/K = K({/a,i)/K, a € K*, be a Dy-extension. Then
M/K can be embedded in a Ds-extension along m if and only if
g€ K:p* —aq® =2,

and all the Dg-extensions in question are then

K(\/r(p+q\/a)Va,i)/K, reK".

Dg as Galois group is considered in [Ki] and [GS&S]. Also, [Bl2, Thm. 4.6]
proves the existence of generic Dg-extensions.

Now, let M/K = K(y/r(a++/a),\/b), b =a — 1, be a Ds-extension. M/K

can be embedded in a Dg-extension along m for some r € K*, if and only
if abU? 4+ 2aV? + 2bW? represents b, i.e., if and only if the quadratic form
abU?% + 2aV? + 2bW?2 — bX? is isotropic. Multiplying by 2ab and removing
square factors, we see that this is equivalent to 2U? 4+ bV? 4+ aW? — 2aX? being
isotropic, or to aU? + 2V? — 2aX? representing —b:
az? +2y*> —2a2 = -b=1-a
for suitable z,y, 2 € K. We may assume 1+ 22 — 222 # 0 and get
1 —2y2
a=——.
14 22 — 222
Modifying y and z properly, we may assume z and b+ 2y? to be non-zero as well.
Now, returning to the criterion of Theorem 6.5.1,

ab 0 O b 0 0
Q[0 2¢ 0]Q=[0 a(b+2y? 0
0 0 2b 0 0 ab(b + 2y?)
for
ylaz -1 —xy/z
Q=|b/2az y —bx/2z

z/2z 0 (b+2y%)/2z
Also, det Q = (b + 2y?)/2.
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Thus, the embedding problem is solvable for » = b+ 232, and more generally
whenever

X2 +rbY? ~ (b4 2y*)U? + b(b + 2y V2.
Hence, we must have r = (b + 2y?)(p? + bg?) for suitable p,q € K. Again, we

can let p =1 and thus 7 = (b + 2y?)(1 + bg?). Then
ab 0 0 b 0 0
Q[0 2¢ 0|Q =(0 ra 0
0 0 2 0 0 rab
when
1 0 0
Q=Q|0 1 —bg
0 ¢g 1

y/az  —(z+qey)/z  (bgz —wy)/z
= | b/2az (2yz —bgx)/2z —(2qyz+ x)b/2z |,
/22 (b+2y?)q/2z (b+2y?)/2z
and det Q' = r/2.
To use Theorem 6.5.1, we need

/60 0 ab 0 0
P=Q'=(0 1/ra 0 Q"0 2a 0
0 0 1/rab 0 0 2b

y/z 1/z x/z

—b(z+qay)/rz  (2yz —bgx)/rz  (b+2y?)bg/raz |,
(bqz — wy)/rz  —(x+2qyz)/rz  (b+2y?)/raz
and we get
THEOREM 6.5.3. A Dg-extension has the form

K(\/sw,\/b)/K, seK*,

1 —2y2
a=——"
1+ a2 — 222
for suitable x,y,z € K, such that a and b = a — 1 are well-defined and quadrati-
cally independent, z and b+ 2y? are non-zero, and

y 2ayz(1 + bq) + ab(1 — q)x + (b + 2y?)b /
= 1 — —
@ Z\/g 2rabz ra+ \/E)

b(b+ 2y2)(1 + b 2(2yz — b
L b+ 27 + bg) + a*(2y= — bew) r(a+ v/a)
2rabz\/5
for q € K, such that r = (b + 2y?)(1 + bg?) # 0.
EXAMPLE. Let K =Q, x =0,y =2, 2z=1 and ¢ = 0. The D4-extension is

then
Q(\/14(7 + V/7),1/6)/Q = Q(1/2(7 + 1/7),/6)/Q,

where
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and the family of Dg-extensions is

Q51— 3/ + /2T + /) - 12T+ VAV,

for s € Q*.
Considering z, y, z, ¢ and s as indeterminates, we get our generic polynomial
for Dg-extensions:

COROLLARY 6.5.4. Let x, y, z, ¢ and s be indeterminates over the field K.
Then the polynomial

G(x,y,2,q,8T) = (T? = 5)* + s%do(T? — 5)® + s3dy (T? — s) + s*dy
in K(z,y,2,q,8,T) is a generic polynomial for Dg-extensions, when
1 —2y2
0= ——"—-,
1+ 22— 222
a=—ylaz, B=—2ayz(1+bq)+ab(l—q)x+ (b+ 2y?)b)/2rabz,
v = (b(b +2y*)(1 + bg) + a*(2yz — bqx))/2ra’bz,
dy = —2a(a® + r32 + ravy* + 2rf3y),
dy = —4raa(B? + ay® + 2aBv) and
do = alaa® + r208* + r2aby* — 2racf? — 2ra’a?y?
—2r2abB%y? + 2r2a Py — 4ra’3y).
Specifically, Dg-extensions are obtained by specialisations such that a and b are
well-defined and quadratically independent, and r and s are # 0.

b=a—1, r=(b+2y°)(1+bg),

PROOF. g(2,9,2,q,T) = T* + doT? + diT + dy is the minimal polynomial
for w — 1, where w is as in Theorem 6.5.3. O

REMARKS. (1) If L/k = k(y/r(a + +/a))/k, where a = 1+ ¢, is a Cy-

extension, the minimal polynomial for an element

0 =ava+By\/ra+va) +vyVa\/r(a++/a) € L

of degree 4 is
F(T) =T* = 2a(a® + r3? + ravy? + 2rf3y)T?
—draa(B? + ay? + 2aBy)T + a(aa® + r’c?p* 4+ r’cta®y*
—2rac®B? — 2ra*a®y? — 2r°ctafP? + 2r2aB3y — 4ra’By).

In the case of Theorem 6.5.4, we let § = w — 1, L/k = M/K(;/b) and ¢ = /b.
(2) In terms of quadratic forms, we get: A biquadratic extension

L/K = K(v/a,/b)/K

can be embedded in a Dg-extension cyclic over K(1/b), if and only if the qua-
dratic forms

X% —aY?—abZ? and X2 —aY?+2aZ%+ 20W?
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are both isotropic over K: From the first isotropy we get
—bX2 4+ baY? ~ X% —qaY?,
and together with Theorem 6.5.1 this gives us the second isotropy.
Dihedral groups of higher degree. Concerning Don-extensions of Q we
mention the following result due to Geyer and Jensen [G&J], obtained by using
the theory of ring class fields:

For any imaginary quadratic number field 2 there exists a unique tower of
Galois extensions of Q:

@CQ:M1CM2CM3CM4C"'

such that Gal(M,,/Q) = Dan-1 for all n (with the convention that D; = Ch
and Dy = V), and M,,/Q is cyclic. The union U2 ; M,, is then a ‘pro-dihedral’
extension of Q.

For Q = Q(/—1) the first layers of this tower are the following:

M2 - Q(\/__lv ﬁ)a
M3 = Q(\/__L \4/5)7

My = Q(v=1, /22 + V/2),
Ms = Q(v/-1, ¥/2y/1+/2) and
Mg = Q(v/—1, {‘/— 32 — 24\/2 + 30/2 + 18(¥/2)?)

(i.e., the splitting field of X 32 4+ 128 X2* — 480X 16 + 4352X8 — 32 over Q).1°

As for the verification, we note that M, is characterised by being the unique
Dyn—1-extension of Q which is cyclic over Q(y/—1) and unramified outside 2.
The verification for Ms, M3, M, and M;5 are straightforward, while Mg needs
some comments: Put

B=W2y\1+2,
o= —32—24/2+30/2 + 18(v/2)

and ¢ = /—1. Then Mg = Q(, \8/5) Obviously, Mg contains the field
Q(4, ¥/2) = M3. Let o be the automorphism of Gal(M3/Q) for which

o(V/2)=i-3/2 and o(i)=i.

Then o(a) = a~3~® where
3 1
y=—1+ 5({‘/5)32'+ /20 4 2i — 5({‘/5)3 +24/2i.

Hence there is a unique extension & of o to Mg for which &({/a) = v/(/a)?
where & turns out to have order 32. Finally, if 7 denote complex conjugation, by
computation with MAPLE, one finds that 707 = 0 ~!. Hence Gal(Mg/Q) = D32
and Gal(Mg/Q) = Cs2. Finally, the field discriminant of Mg is a power of 2.

10The authors are grateful to J. Kliiners/KASH for constructing an explicit polynomial.
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The above sequence of dihedral extensions gives rise to a sequence of quasi-
dihedral extensions as well. Indeed, the pull-back C4 A Dyn—1 with respect to the
epimorphism Dyn—1 — Cy with kernel Dyn—2 has @Dyn—1 as a quotient. Since

Q(y/2+ 1/2) is a Cy-extension of Q containing /2, each M,(y/2+ 1/2) is a

Cy A Dyn-1-extension of Q containing a Q Dyn—1-subextension. For n = 4, 5 and
6, one finds that

Q(/-1,¥/2)/Q is a @ Dg-extension,
Q(v/-1,8y1++/2)/Q is a QDjg-extension, and
Q(v/—1, ¥/a\/2 4+ 1/2)/Q is a QDss-extension.

Moreover, for n > 2 the fields produced in this way are Q) Dyn-2-extensions

of Q(\/~2).

6.6. Heisenberg Groups

Let p be an odd prime. Then the Heisenberg group of degree p, as defined
previously, is the non-abelian group H,s of order p? and exponent p. It can be
realised as the subgroup of GL3(F),) consisting of upper triangular matrices with
1’s in the diagonal.

Let 0 and 7 be generators for C}, x C},. Then Hps maps onto C, x C, by
m:ur o, v+— 7, and we can consider Hs-extensions by looking at embeddings
along 7.

We assume all fields to have characteristic # p.

The case p,CK *. If the primitive p'" roots of unity tp are contained in K*,
we have no difficulty describing C, x C)p-extensions: They have the form

M/K = K(Ya. {/b)/K,
where a,b € K* are p-independent, i.e., the classes of a and b are linearly in-

dependent in the Fp-vector space K*/(K*)P. We pick a primitive p™ root of
unity ¢, and define o and 7 in C, x C, = Gal(M/K) by

or Varm(Va, Yoo V0,
o Nam Ve, Vb (0.

THEOREM 6.6.1. [Ma, Cor. p. 523 & Thm. 3(A)] Let M/K be a Cp x Cp-
extension as above. Then M/K can be embedded into an H,s-extension along 7

if and only if b is a norm in K(}/a)/K. Furthermore, if b = NK(%)/K(Z) for
a z € K(}/a), the embeddings along 7 are M/K C K(}/rw, }/b)/K forr € K*,

where w = 2P~ LgzP=2 ... gP7 2,

PRrROOF. First, let M/K C F/K be an embedding along 7. The fixed field F"¥
inside F is a Cp-extension of K ({/a), and so

FY = K(Y/a, {/) = K(3/w)
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for some w € K(%/a)*. Moreover,

F = M(3/@) = K(/, V).
We may assume wp\/c_u =( ’{/; Let z = up\/c_u/% € M*. Then
zor---oP lr=1
(since uw? = 1) and 7z = ( (since vu = wvw). Let z = {/b/x. Then z €
K(‘{/E)* and NK(%)/K(Z) = b. Hence, b is a norm in K(%)/K

Conversely, assume b = NK(%)/K (z) for some z € K(%/a), and let

x=3X/b/z, w=:P"toP 2. 0P 2,

Then
—1 ow

xox---oP e =1, Tx=Cx, — =2 and Tw=w.
w

It follows that M (}/w)/K is Galois, and since w is clearly not a p'" power in M,
it is an extension of degree p*. We extend o and 7 to M(%/w) by

Ffw=1a%w, TYw=7{ w.
Then Gal(M({/w)/K) ~ E by & — u and 7 + v. O

From this, a construction of Hs-extensions is obvious:
COROLLARY 6.6.2. An Hs-extension of K has the form

K(VTprlgzpfz...Upfz,?,“,VNK(%)/K(Z))/K, TGK*,
where a € K*\(K*)?, and z € K(}/a)/K is chosen such that a and NK(%)/K(Z)
are p-independent in K*.

The general case. Now, let K be an arbitrary field of characteristic # p.
Then K(pp)/K is cyclic of degree d = [K(up): K| | p— 1. Let k be a generator
for Gal(K (p1,)/K). We pick an arbitrary, but fixed, primitive p*® root of unity ¢,
and get k¢ = (¢ for an e € Z \ pZ.

LEMMA 6.6.3. Let w € K (up)* \ (K (up)*)?. Then

(a) K(pp, 3/w)/K is cyclic, if and only if kw/w® € (K (11p)*)?; and
(b) [Mo, Thm. 4.3(2.2)] in that case, the subextension of degree p is K(a)/ K,
where o= Ed;ol FH(R/w) and R is the unique extension of k to K (up, }/w)

K2

of order d.

PROOF. (a) By Kummer Theory, K (,, 1/w)/K is a Galois extension if and
only if kw/w? = aP for some j € {1,...,p — 1} and some x € K(u,)*. We lift &

to K (i, 4/) by
kY w=x 3w,

and let A € Gal(K (pp, 3/w)/K (1)) be given by

Mo =¢Yw.
Then  and A generate Gal(K (1, 3/w)/K), and it is cyclic if and only if kA = Ax,
i.e., if and only if j = e (mod p).
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(b) The subextension of degree p is K’ = K(u,, }/w)®. Clearly, a € K'.

Also, a ¢ K(up), since {/w, (R/w)e, ..., (‘{/LA_))BCF1 are linearly independent
over K (up). Hence, a ¢ K, and so a generates K'/K. O

Next, let M/K be a p-extension with Galois group G = Gal(M/K). Then
M (pp)/ K (1p) is a G-extension as well, and we can identify the groups Gal(M/K)
and Gal(M (pp)/ K (1p)), as well as Gal(M (up)/M) and Gal(K (up)/K).

We define the map ®: M (u,) — M (up) by

d—1 d—2

d(x) =2 ka®  -wTle, oz € M(uy).

Let 7: E — G be a non-split epimorphism with kernel of order p, and assume
that M (up)/K (1p) € M(pp, 3/B)/K (p1p) is an embedding along 7 for some
B € M(up)*. Then 03/8 = 2L for o € G and suitable z, € M (u,)*, and we can

extend o to M (u,, }/B) by
6% =Zs I{/B

We note that

aror X/B/X/B = xo 0, x7t € iy, 0,7 €G.
Letting w = ®(8) and y, = ®(x,), we clearly get ow/w = y2. Moreover,
Kw/w = (B~ =D/PYP and so M (up, 3/w)/K is Galois.
Now, if w = &P for a £ € M (up)*, we must have 0€/§ = (, y» for a (s € p,
and thus i
(2o 027 xm')de = Yo OYr y;rl = Cgl C;l C;-l
It follows that
Lo 07 I;} = 77;1 77;1 Nor
for n, € pup. But then, by picking 7, z, instead of z,, we get 67 = o7, contra-
dicting our assumption that 7 is non-split. Thus, w is not a p'™ power in M (y,,).

We extend o to M(u,, {/w) by

oA W =Yo Wa

and let A € Gal(M (uy, 8/B)/M (11,)) and N € Gal(M (pp, }/w)/M(p,)) be given

by
AMB=¢Y/B and NYw=(Vw,
Then we get an isomorphism
Gal(M (. 3/B)/ K (1)) = Gal(M (Y/w)/K (1))
by
56 and A N9
Thus, M(p,)/K (1p) € M(pp, }/w)/ K (1p) is an embedding along 7 as well.

Also, since rkw/w® € (M (1)*)P, Gal(M (up, }/w)/M) is cyclic, and so

Gal(M(py, /) K (1)) = F % Ca,
where E = Gal(M (%/w)/K (11,)) and Cy is generated by the unique pre-image &

of k of order d. This pre-image is given by &}{/w = B—(e*=1/p( R/w)e.
This gives us the better part of
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THEOREM 6.6.4. Let M /K be a p-extension with Galois group G = Gal(M/K)
and let m: E — G be a non-split epimorphism with kernel of order p. If

M (1) /K (11p) © M (i, 3/ B)/ K (1),
with € M(up)*, is an embedding along 7, so is M/K C M(«)/K, where

d—1
w=(B), R% = 57(861,1)/10 P\/;, and o — Z i %,
i=0

and all embeddings of M /K along m are obtained in this way by replacing 5 with
T forr e K(up)*.

PRrROOF. Most of the theorem is already proved or follows from Lemma 6.6.3.
We only need to prove that we do in fact get all embeddings:

Let M/K C F/K be an embedding along w. Then F(u,)/K(up) is an em-
bedding along 7 too, and hence F(u,) = M(u,, }/r3) for some r € K(u,)*.
Since F'(pp)/M is cyclic, we must have (r3)/(r3)¢ € (M (pp)*)?, from which it

follows that ®(r3) is p-equivalent to (r3)" . Thus, F(up) = M(pp, 3/ 2(r3)),
and we get F//K as above. O

COROLLARY 6.6.5. M/K can be embedded along 7 if and only if M (p,)/ K (t4p)
can.

REMARK. If E is a cyclic p-group, Theorem 6.6.4 is contained in [Al, IX.§7].
If E is non-abelian of order p? (such as the Heisenberg group), it is contained
in [Bt, Th. 4]. More generally, [Mo] deals with the case where G is an abelian
p-group.

COROLLARY 6.6.6. There exists a generic polynomial of degree p? with d(p+2)
parameters for Hps-extensions over K.

PROOF. Given an Hs-extension M /K, M (u,)/K (pp) is an Hs-extension as
in the previous section. From Lemma 6.6.3 we then get that we may assume

a=®(a) and b= (b(NK(pr%)/K(NP)(y)) for some

d—1 .
a=Yaici € K(uy)"

i=0

and

Y= Zyszi(%)j € K(pp, Y/a)*.

M is the splitting field of the minimal polynomial for Z?;ol £ (}/w) over K, and
in the description of w we additionally get an element r = Z?;()l ri¢t € K(pp)*.
Considering the «;’s, y;;’s and r;’s as indeterminates, we have a parametric
polynomial for Hy,s over K. It is generic by Proposition 1.1.5 in Chapter 1, since
the construction depends only on the degree of the pt* cyclotomic field. (I
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ExAMPLE. We look at p = 3. If ug ¢ K*, we must have d = e = 2, and we
see that we can let ®(x) = kz/z. With a, y and r as above, we get

_ klryoy)
ry2oy
and so & {/w = 1/{/w. Now, if f(X) € K[X] is the minimal polynomial for w +
1/w over K, f(X?—3X) is the minimal polynomial for {/w+1/{/w, and so the
generic polynomial is
(X3 —3X —9)(X3 = 3X —07)(X3 - 3X — %),
where
r?yloy? + k(r*yloy?)
ry*oy k(ry*oy) '
As an example, consider K = Q and ¢ = ¢2™/3 and let a = (. Then Q(us, V/a)

is the ninth cyclotomic field Q(ug), and we can let {*/E = v = e2™/9, Next, we
let y = v + 2, and get

B=yoyoly=(+8
and
KB 2-3¢
S 3-2
The numerator and denominator of b both have norm 19 in Q(us3)/Q and are
thus irreducible in Z[{]. Also, they are not associated, and so b is not associated
to a third power in Q(us). It follows that b is not a third power in Q(ug).
Consequently, the C3 x Cs-extension Q(us, %, \3/5)/(@(#3) can be embedded
into an Hy7-extension. More precisely, computer calculations give us an Haz-
polynomial
33079
193

541
3 — —_
(X° = 3X) ~ 755

5 3-307

3 J—
(X = 3X)" =

(X?-3X)% +

over Q.

For larger primes (i.e. > 3), the generic H,s-polynomial constructed will of
course be much more unwieldy. However, the construction can be used to pro-
duce specific example, as for Hy; above. For example, we can get an Hja5-
extension of Q by

— e27r1/5 27i/25 + 647”/25.

« and y=1-—e

The corresponding minimal polynomial has been computed by the authors, but
as the coeflicients are astronomical, there is little point in including it here.

Exercises

EXERCISE 6.1. Prove that the semi-direct product Cs x Cy, considered in
Exercise 2.7 in Chapter 2, and the special linear group SL(2,3) = SLy(F3) are
both subgroups of H*.
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EXERCISE 6.2. Let K be a field of characteristic # 2, and let K (1/)/K be a
quadratic extension. Let K (y/b)an denote the 2"*" cyclotomic field over K (1/b).
Assume that a is a norm in K (/)2 /K, but not a square or b times a square
in K. Prove that K(y/a,/b)/K can be embedded in a Dan-, a QDan- and an
Man+1-extension, all cyclic over K(y/b). [Hint: Proceed in analogy with the
proof of Lemma 5.4.1 in Chapter 5.]

EXERCISE 6.3. (1) Let M/K be a Galois extension with cyclic Galois group
Gal(M/K) = C,, of order n, and let ¢ be a generator for C,. Also, let a €
M*. Define a K-algebra I' = (M, 0,a) as follows: I' is an n-dimensional M-
vectorspace with basis 1,u,u2,...,u" !, and the multiplication is given by ux =
oxu for x € M, and u"™ = a. Prove that I' is a K-algebra, and that it is a
simple ring (i.e., has no non-trivial two-sided ideals) with center K. T' is called
a cyclic algebra. [Hint: Let 6 be a primitive element for M /K. Then v +— ~6 is
an M-linear map on I' (with M acting from the left) and the basis elements are
eigenvectors with distinct eigenvalues. This remains true in a factor ring.]

(2) Note that quaternion algebras are cyclic.

(3) Use Artin-Wedderburn’s Theorem about the structure of simple Artinian
rings (see e.g. [Ja2, 4.4 p. 203]) to prove: If n = p is a prime, then a cyclic
algebra (M, o,a) is either a skew field or isomorphic to Mat,(K).

(4) Prove that (M, o, a) is isomorphic to Mat,, (K) if and only if @ is a norm
in M/K.

(5) Let 6 = 2cos2Z. Then 6 is algebraic over Q of degree 3, with minimal
polynomial X3+ X2—-2X —1, and Q(6)/Q is cyclic of degree 3 with Gal(Q(6)/Q)
generated by o: 6 — 62 —2. Prove that 2 is not a norm in Q()/Q, and conclude
that (Q(0),0,2) is a skew field of dimension 9 over Q. (This is the standard
example of a skew field other than H.)

EXERCISE 6.4. Let K be a Hilbertian field of characteristic # 2, and let
a € K*\(K*)2. Prove that K (y/a) can be embedded into a quaternion extension
of K if and only if @ is a sum of three squares in K.

EXERCISE 6.5. Let K be a field of characteristic # 2. Find the quaternion
extensions of K (t) containing K (t)(1/t? + 1, /t%2 4+ 2) and prove that they are
regular.

EXERCISE 6.6. Assume that the field K has a quaternion extension. Prove
that it has a D4- and a Cy-extension as well.

EXERCISE 6.7. Prove or disprove the following: There exists a Dg-polynomial
f(X)=X3+a; X"+ - 4+a1 X +ag € Z[X], such that f(X) € Fo[X] is irreducible.

EXERCISE 6.8. (1) Let L/K be a Cy-extension in characteristic # 2, and let
b e K*\ (L*)2. Prove that the Cy x Cy-extension L(1/b)/K can be embedded
in an M;¢-extension cyclic over K (\/E) if and only if —b% is a norm in L/K.
Then find the Mig-extensions in question. [Hint: If —b* = Nk (z) then 2%/b
has norm 1. Use Hilbert 90 to find an w.]

(2) Assume L = K(y/a+ +/a) where a = 1+ b?. Find an Mjg-extension
containing L(+/b)/K.
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EXERCISE 6.9. List all the groups of order 16. [Hint: There are fourteen.] For
which of them can the question of the existence of generic polynomials over Q
be answered with the results at your disposal? [Hint: All but two. But see [Le8,
Thm. 6] for Mig.]

EXERCISE 6.10. Let p be an odd prime, and consider the other non-abelian
group Cp2 x C), of order p®. Demonstrate the existence of a generic polynomial
for this group over any field of characteristic # p, and give an explicit example
of a Cy x Cs-polynomial over Q. [Hint: With slight modifications, it can be done
as for the Heisenberg group.]






CHAPTER 7

Solvable Groups II: Frobenius Groups

We continue our treatment of solvable groups as Galois groups by considering
dihedral groups and Frobenius groups. In a more general setting, we consider
wreath products and semi-direct products. In particular, we discuss a theorem
of Saltman — already referred to in Chapter 5— on the existence of generic poly-
nomials for wreath products and semi-direct products under certain conditions.
Applying Saltman’s results to the case of Frobenius groups Fj¢, we give a nec-
essary and sufficient condition for the existence of generic polynomials over Q.

7.1. Preliminaries

DEFINITION 7.1.1. Let p be a prime. A Frobenius group of degree p is a
transitive subgroup G of the symmetric group S, such that

Gi={oeG|oi=i} #1
fori=1,...,p,but G;NG; =1 fori # j.

The precise structure of a Frobenius group of prime degree is given in the
following result by Galois:

LEMMA 7.1.2. [Hu, I1.§3 Satz 3.6] Let G be a transitive subgroup of S, of
order > p, where p > 5. Then the following conditions are all equivalent:

(a) G has a unique p-Sylow subgroup.

(b) G is solvable.

(¢) G can be identified with a subgroup of the group of affine transformations
on Fp.

(d) G is a Frobenius group of degree p.

REMARKS. (1) An affine transformation F, — [, is a map of the form z —
ar + b, where a € F and b € Fy. Thus, it can be considered as the semi-direct
product F,, x F. It follows that a Frobenius group of degree p is a semi-direct
product [, x H, where H is a non-trivial subgroup of F; ~ Cp_;. If H has
order ¢, we denote this Frobenius group by Fjy.

(2) Frobenius groups are solvable, and hence realisable as Galois groups over Q
by Shafarevich’s Theorem. Alternatively, they can be obtained by Ikeda’s The-
orem (section 5.4 in Chapter 5).

(3) As a permutation group of degree p, Fp, is 1- but not 2-transitive for
{ < p—1. (BURNSIDE, [Pa, Thm. 7.3]) Conversely, if G is a 1- but not 2-
transitive subgroup of Sy, then G = Fj; for £ < p—1. (ZASSENHAUS, [Za] or [Pa,

169
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Thm. 20.3]) On the other hand, F,(p—1) is sharply 2-transitive, and furthermore
the only sharply 2-transitive subgroup of S,,.

(4) Let f(X) € K[X] be irreducible of degree p, and let M be the splitting
field of f(X) over K. An immediate consequence of Lemma 7.1.2 is then that
Gal(f/K) is solvable, if and only if M is generated over K by (any) two roots «
and (3 of f(X). An obviuos question is then: Can we describe the other roots in
terms of a and (7

(5) In analogy with the Weber sextic resolvent of Chapter 2, it is possible
to define a resolvent for polynomials of degree p such that the polynomial has
solvable Galois group if and only if the resolvent has a rational root. Unfor-
tunately, this resolvent will have degree (p — 2)!, making it unsuited for actual
computations.

We notice in particular that the dihedral group D, is a Frobenius group of
degree p. So, although dihedral groups are not in general Frobenius in the sense
of the above definition, we will nevertheless treat them here.!

Characterising dihedral polynomials. Now we shall give characterization
theorems for monic irreducible integral polynomials of odd degree n > 3 with
dihedral (and generalized dihedral) Galois groups over a field K of characteris-
tic 0.

First we consider dihedral groups D, of prime degree p. Let p be a prime
> 3. Embedding D, into S}, we may represent the two generators ¢ and 7 by
the following cycles:

c=(123...p)and 7= (1)(2p)(3p—1)...(5(p+ 1) 3(p + 3)).
The sign of 7 is (—1)?~1/2 and so D, C A, if and only if p=1 (mod 4).
Let f(X) be a monic polynomial over K of degree p. We give a characteri-

zation for f(X) to have Gal(f/K) ~ D,. Before stating our theorem, we recall
the linear resolvent polynomial R(zy1 + x2, f)(X) introduced in Chapter 2.

Let f(X) € K[X] be an irreducible polynomial of degree p > 3 and let
1,0z, ...,a; be p roots of f(X) (over K). Then the p; = () elements a; +
aj,1 <i<j <pare all distinct. Let

Pp(X) = R(z1 + 22, )(X) = ] (X —(ai+aq) € K[X].

1<i<j<p

THEOREM 7.1.3. Let f(X) € K[X] be a monic irreducible polynomial of odd
prime degree p. Assume that Gal(f/K) # Cp. Then Gal(f/K) ~ Dy, if and
only if the resolvent polynomial P,,(X) decomposes into the product of (p—1)/2
distinct irreducible polynomials of degree p over K.

REMARK. Let ¢ be a prime such that p = 2¢ 4+ 1 is also a prime, e.g., p =
5,7,11,23,.... Let ®,(X) be the p*® cyclotomic polynomial. The Galois group

IThe definition of Frobenius groups given in [Hu, V.§8] does include dihedral groups, how-
ever. We note that, by [Sn], all Frobenius groups, as defined in Huppert, are Galois groups
over Q.



7.1. PRELIMINARIES 171

Gal(®,/Q) ~ F. Dividing ®,(X) by X?~1/2 = X, we have

11 1
XP 4 XP b X1+ —+ 4+ — =0.
+ to Xttt mt

Put Y = X 4+ 1/X. Then this equation can be rewritten as
Y9+ a, Y 4+ a Y +1=0.

The Galois group of this polynomial over Q is C,.

PROOF OF THEOREM 7.1.3. The dihedral group D,, acts on the set {a;+a; |
i <i<j<p}ofroots of P,,(X) with (p —1)/2 orbits, all of length p, and with
multiplicity 2 in the sense that the stabilizer of a; 4 «; is of order 2 for any pair.

In terms of factorization of the polynomial P,,(X), this says that P,,(X)
factors into a product of (p — 1)/2 distinct irreducible polynomials of degree p
over K.

The above property of D, can be explained geometrically: We identify the
roots of f(X) with the vertices of the regular p-gon, and the sums «; + a; with
the corresponding edges and diagonals. There are altogether p(p — 1)/2 such
lines. The group D, is the symmetry group of the regular p-gon, and so it acts
on the set of p(p — 1)/2 lines intransitively with (p — 1)/2 orbits of length p and
multiplicity 2. C), also acts intransitively on the lines with (p — 1)/2 orbits of
length p, but with multiplicity 1.

Now for sufficiency: Gal(f/K) is a transitive subgroup of S,, and it is an easy
consequence of our condition that it has order at most 2p: Considering the roots
of f(X) as the corners of a regular p-gon, the roots of the resolvent corresponds
to sides and diagonals. Since the factors have degree p, we see in particular
that the Galois group permutes the sides, i.e., preserves ‘neighbours’ among the
roots. This immediately limits the Galois group to consist only of rotations and
reflections. Since Gal(f/K) # Cp, we have the result. O

ExAMPLES. We produce polynomials over QQ having only real roots with Ga-
lois group D,: Let f(X) € Q[X] be a monic polynomial of degree p and let M
denote its splitting field over Q. By Galois’ Lemma, Gal(f/Q) is solvable if and
only if M is generated by two roots of f(X). Thus, if f(X) has two real roots
and Gal(f/Q) ~ D,, then it has p real roots.

(1) Let f(X) = X5+ X*—5X%—4X?4+3X +1 (resp. X°+ X*—6X*-5X?+
3X +1). Then f(X) has five real roots and Gal(f/Q) ~ Ds. The quadratic
subfield contained in M is Q(+/401) (resp. Q(1/817)) with class number 5. Also,

Pio(X) = X" +4x% —9Xx® —45X7 +6X%+
129X° +48X* — 93X3 — 31X2% 4+ 14X + 3
= (X5 +2X* - 6X3 - 15X% - 8X —1)
X (X° 42X —7X% —4X? 410X — 3),
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resp.
Pio(X) = X1 +4X% - 12X8 - 55X7 + 26 X%+
207X° 4+ 45X* —208X% — 7T1X? + 27X +5
= (X°+2X*-9X3% - 6X%2 418X —5)
X (X5 42X —7X3 —17X% - 9X —1)

(2) Let f(X)=X"—X%— X5+ X% - X3 X24+2X + 1. Then f(X) has
exactly one real root and Gal(f/Q) ~ D7. The polynomial P (X) factors as
follows:

Py (X) = (X" —2X% +4X* +12X2 — 27X +13)
x (X" —2X%—2X° +8X*-8X?+5X — 1)
X (XT—2X0 —4Xx*—2X? 4+ X —1).

A generalization (over Q) of Theorem 7.1.3 is due to Williamson [Wil]:

THEOREM 7.1.4. Let f(X) € Z[X] be an irreducible odd degree polynomial
over Q. Let ay,...,ay be its roots in the splitting field M over Q.
(A) Suppose that Gal(f/Q) is dihedral of order 2n, and let K denote the quadratic
subfield of M. Then the following assertions hold:

(a) f(X) is irreducible over K (i.e., Gal(M/K) permutes the roots o; tran-
sitively and the splitting field of f(X) has degree n over K).

(b) K = Q(\/—d), where d is the constant coefficient of any monic irre-
ducible factor p(X) of the resolvent R(x1 — xa, f)(X). Further, p(X) is
an even polynomial, i.e., a polynomial in X?2.

(c) Ifptd(f) remains inert in K, then pOy splits completely in M : pOyr =
p1- - Pn. The decomposition fields for the primes p; in M/Q are distinct.
The polynomial f(X) factors into a linear polynomial times a product of
(n —1)/2 irreducible quadratic polynomials modulo p.

(B) Conwversely, suppose that

(i) The monic irreducible factors of R(x1 — z2, f)(X) are even polynomials
and the field K = Q(\/—_d), where —d is the constant coefficient of some
monic irreducible factor of R(x1 — x2, f)(X), is quadratic over Q and is
independent of the choice of irreducible factor,

(ii) The polynomial f(X) is irreducible over K and the splitting field of f(X)
over K has degree n, and

(iii) for some prime p t d(f) which remains inert in K, f(X) factors into
a linear polynomial times a product of (n — 1)/2 irreducible quadratic
polynomials modulo p.

Then Gal(f/Q) is a generalized dihedral group of order 2n and K is the unique
quadratic subfield of M.

If condition (I1)(i) fails, then Gal(f/Q) cannot be dihedral of order 2n. If
condition (IT1)(i) holds, but (I1)(ii) or (I1)(iii) fails for any prime p t d(f) which
remains inert in K, then Gal(f/Q) likewise cannot be dihedral of order 2n.
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EXAMPLE. Let ¢ = exp(27i/3), and let L/Q = Q(¢, ¥/a)/Q, a € Q* \ (Q*)3.
Clearly, L/Q is a Ds-extension, and we can let o,7 € D3 = Gal(L/Q) be given
by

or Var(Ya, (=g

Y Ve (ed
If L/Q can be embedded in a Dg-extension, L/Q({) can be embedded in a Cy-
extension. Conversely, if L({/3)/Q(C) is a Co-extension, it is easily seen that
L({/875)/Q is a Dg-extension.

Classically, a Cs-extension L/K = K({/a)/K over a field K containing a
primitive third root of unity ¢ can be embedded in a Cy-extension, if and only
if ¢ is a norm in L/K. And if ( = Ny /i (), we can let § = oxo’x? \3/5 to get
a Co-extension L({/B)/K, cf. [Ma].

Thus, L/Q can be embedded in a Dg-extension, if and only if ¢ is a norm
in L/Q(¢), and in that case we can find such a Dg-extension explicitly. More
to the point, we can find a polynomial of degree 9 with this Dg-extension as
splitting field, namely f(X?), where f(X) is the minimal polynomial for 3703
over Q. (873 has degree 3 over Q, since it is T-invariant.)

For example: Let a = 3 and L = Q(¢, ¥/3). Then we can let z = 1+ /3 +
(1 —¢)/3{/3 and get that the polynomial

g(X)=X%—27X% +675X°% - 9 € Q[X]

has Galois group Dg, and that the splitting field contains L.

7.2. Wreath Products and Semi-Direct Products

Frobenius groups are semi-direct products, and can thus in some cases be de-
scribed generically by the same method employed for dihedral groups in sec-
tion 5.5 of Chapter 5. As mentioned there, this method is due to Saltman,
in [Sal, §3].

The main result is

THEOREM 7.2.1. (SALTMAN) Let K be an infinite field, and let N and G be
finite groups. If there exist generic extensions for both N and G over K, then
there exists a generic N ! G-extension over K as well.

This of course immediately implies the analogous result for generic polyno-
mials: If we have generic N- and G-polynomials over the infinite field K, there
exists a generic N { G-polynomial as well.

PROOF. Let S/R and U/T be the generic G- and N-extensions, respectively.
Then R=K|[s,1/s] = K[s1,...,8m,1/s] and T = K[t,1/t] = K[t1,...,tn, 1/t].

By the results of Chapter 5, we are allowed to assume that S/R has a normal
basis (06)scq, and that the determinant |076|, e is a unit in S.

Now, we adjoin to S and R a number of additional indeterminates T =
(to.i)ocq, 1<i<n- Over S, we immediately replace these with U = (ug )0,
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where

Up i = Z opft,;.
peG
If we let G act trivially on T, we then get our; = tugr; and S[U] = S[T]. The
element
U = H t(Uo,1 - Uon)
ocG
is non-zero in K[T], and the extension S[U,1/u]/R[U,1/u] is clearly generic
for G over K.
For o € G, we have a homomorphism ¢, : T — S[U, 1/u], given by

Yo ity = U,
and get a corresponding tensor product
Us, =U Ry, S[U,1/u.
Obviously, U,/S[U, 1/u] is an N-extension. Consequently,

W/S[U, 1/u] = () Us)/S[U,1/u]

ceG

is an NZ-extension, when the tensor product is taken over S[U,1/u], and d = |G].

Moreover, W/R[T, 1/u] is a generic N ! G-extension:

First of all, W/R[T, 1/u] is an N ! G-extension, since o € G maps the p'! set
of u’s to the op'™, and this action clearly extends to the tensor product W as a
corresponding permutation of the tensor factors.

Second, it is generic: Let M/K be an N { G-extension,? and let L/K be the
G-subextension.

Some specialisation ¢: R — K gives us L as S ®, K. But this same special-
isation, extended to R[T,1/u], produces W ®, K, which is simply the tensor
product of d copies of a generic N-extension over L, naturally conjugate with
respect to G. Specialise one of them to get one of the N-subextensions of M/L,
and extend this specialisation by conjugation. This specialisation of U over L
becomes a specialisation of T over K, and we have established genericity. (Il

From Exercise 5.10 and Proposition 5.1.7 in Chapter 5, we then get

COROLLARY 7.2.2. (SALTMAN) Let K be an infinite field, and let A and G
be finite groups with A Abelian. Assume that there exist generic A- and G-
polynomials over K. Also assume that G acts on A by automorphisms, and that
the group orders |A| and |G| have greatest common divisor 1. Then there exists
a generic A x G-polynomial over K.

Conversely (and also from Proposition 5.1.7 in Chapter 5), we have that a
generic A x G-extension implies the existence of a generic G-extension.
In the case of Frobenius groups over QQ, this gives us

2The precise structure of K has played no role in the construction of W, so we need not
bother with the general ‘ground field containing K’ rule.
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THEOREM 7.2.3. Let p be an odd prime, and let £ | p — 1. Then there exists
a generic Fpe-polynomial over Q, if and only if 8 1 £.

Of course, any actual construction of these polynomials, following the algo-
rithm implicit in the proof of Theorem 7.2.1, is hopelessly involved. We invite
the reader to consider the structure of a generic Fb;-extension.

7.3. Frobenius Groups

Now, following [BJ&Y], we will look at Fp,-polynomials over a field K of char-
acteristic 0 with the help of resolvent polynomials as defined in Chapter 2.
The resolvent polynomials we will use are

P, (X) = R(zy + 22, f), p2:( _

p\ _plp-1)
2 2 ’
and

Ppo(X) = R(z1 + 22 + 23, f), p3= <p> _re= D=2

3 6 ’
where f(X) € K[X] is an irreducible polynomial of prime degree p > 5.

We note that F, is contained in A, if and only if (p — 1)/¢ is even, if and
only if Fp, C Fp(p,l)/Q.

LEMMA 7.3.1. Let p be a prime > 5, and let G be a 2- but not 3-transitive
subgroup of Sy distinct from Fp,_1y. If p = 11, then G = PSL(2,11). Otherwise,
p=(q"—1)/(qg—1) for some prime power q and some prime n, and PSL(n,q) C
G CPI'L(n,q). In any case, G C A,.

Here, PT'L(n, q) is the projective group of semi-linear maps on F ', i.e., group
automorphisms ¢: F* — F with p(av) = e(a)p(v) for some automorphism &
on Fy. It clearly acts on the (n — 1)-dimensional projective space P"~(F,) with
p elements.

PROOF. It is proved by Feit in [Fe] that the first part follows from the clas-
sification of finite simple groups. We will leave it at that.

As for the second part: The projective special linear groups are simple, and
thus contained in A,, since otherwise G' N A, would be a normal subgroup of
index 2. Next, PT'L(n,q) is generated by PSL(n,q) and the coordinate-wise
application of the Frobenius automorphism on F,. This latter map is easily seen
to be even, unless p = 5. O

THEOREM 7.3.2. Let f(X) € K[X] be a monic irreducible polynomial of prime
degree p > 5.

(a) Let | p—1, and assume £ odd (resp. even). Then a necessary condition
for Gal(f/K) ~ Fy is that P,,(X) factors into a product of (p —1)/2¢
(resp. (p—1)/¢) distinct irreducible polynomials of degree pl (resp. pl/2)
over K.

(b) Conversely, suppose that P,,(X) has a non-trivial factor. Then G ~ F,
for an €| p—1, and the irreducible factors of P,,(X) all have degree pl
(if € is odd) or pl/2 (if £ is even).
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PrROOF. (a) Assume Gal(f/K) ~ F,. Then the orbit of an unordered
pair {i,j}, ¢ # j, in F,, under Gal(f/K)-action has order p¢ (resp. pl/2), since
the transformation « — —z is not (resp. is) in Fjy.

(b) If P,,(X) has a non-trivial factor, then Gal(f/K) is solvable, and so ~ F,,
for some ¢ | p—1. If £ is odd, the orbit of a root of P,, (X) has order p¢, otherwise
it has order pl/2. O

Clearly, this theorem does not allow us to distinguish between the groups Fj,
and Fjpa, £ odd. Also, if P,,(X) is irreducible, the Galois group may be Fj,,_1),
Fy(p—1)/2 or insolvable.

PROPOSITION 7.3.3. Let p be a prime > 5, and let f(x) € K[x] be an irre-
ducible polynomial of degree p. Assume that d( ) & (K*)%, and that P,,(X) is
irreducible. Then Gal(f/K) ~ F,,—1) if and only if Py, (X ) is Teduczble In this
case, Py, (X) factors as follows:

(a) If p=1 (mod 3), then P,,(x) is a product of a monic irreducible poly-
nomial of degree p(p — 1)/2, a monic irreducible polynomial of degree
p(p —1)/3, and (p — 7)/6 distinct monic irreducible polynomials of de-
gree p(p — 1) over K.

(b) If p =2 (mod 3), then P,,(z) is a product of a monic irreducible poly-
nomial of degree p(p — 1)/2 and (p — 5)/6 distinct monic irreducible
polynomials of degree p(p — 1) over K.

PROOF. ‘Only if’ is clear. ‘If”: Gal(f/K) is 2- but not 3-transitive. Hence,
it is either Fj,,_1) or a projective group. However, the projective groups are
contained in A,.

As for the factorisation of P, (X): Every orbit of three-element sets {4, j,k}
in F, under Fj,,_1)-action contains an element {0,1,a}, a # 0,1. The orbit
of {0,1,—1} has order p(p — 1)/2 elements. The orbit of {0, 1, (1 ++/=3)/2} (if
there is one) has p(p — 1)/3 elements. All others have p(p — 1) elements. O

PROPOSITION 7.3.4. Let p be a prime > 5, and let f(X) € K[X] be irreducible
of degree p. Then Gal(f/K) ~ F,_1y/2 if and only if d(f) € (K*)? and P,,(X)
is reducible over K with the mazimal degree of an irreducible factor being p(p —
1)/2. (Alternatively, if and only if Py, (X) has at least three irreducible factors.)
In that case, we have the following:

(a) If p =1 (mod 12), then P,,(x) is a product of two distinct monic irre-
ducible polynomials of degree p(p — 1)/4, two distinct monic irreducible
polynomials of degree p(p—1)/6 and (p—7)/3 distinct monic irreducible
polynomials of degree p(p —1)/2 over K.

(b) If p = 5 (mod 12), then P,,(x) is a product of two distinct monic ir-
reducible polynomials of degree p(p —1)/4 and (p — 5)/3 distinct monic
irreducible polynomials of degree p(p —1)/2 over K.

(c) If p = 7 (mod 12), then Py, (x) is a product of two distinct monic ir-
reducible polynomials of degree p(p —1)/6 and (p — 4)/3 distinct monic
irreducible polynomials of degree p(p — 1)/2 over K.
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(d) If p=11 (mod 12), then P,,(x) is a product of (p — 2)/3 distinct monic
irreducible polynomials of degree p(p — 1)/2 over K.

PROOF. ‘Only if’ is clear from (a)—(d), proved below. ‘If”: Assume Gal(f/K)
insolvable. Since it is not 3-transitive, we have either Gal(f/K) = PSL(2,11)
(and p = 11), in which case Theorem 2.7.2(b) gives the result, or Gal(f/K) 2
PSL(n, q) for suitable n and ¢ with p = (¢™ —1)/(¢ — 1). If n > 3, there are two
orbits of PSL(n, ¢) on the roots of P, (X), corresponding to lines and triangles
in P"~1(F,), and one of these orbits must have > p(p — 1)/2 elements, except
when p =7, ¢ = 2, n = 3, where Theorem 2.5.3(b) applies. If n = 2, there is
only one orbit.

(a) and (b): We look at the action of Fj,(,_1)/o on three-element sets in I,,.
Considering sets of the form {0,1,a}, there is one orbit of length p(p — 1)/4
(containing {0,1,—1}) and (in some cases) one of length p(p — 1)/6 (contain-
ing {0,1, (1+ +/=3)/2}). The rest all have length p(p — 1)/2.

Now, Fj,,—1) permutes the Fj,_1)/2-orbits, and since there are no Fj,,_1)-
orbits of length p(p—1)/4 or p(p—1)/6, we see that there must be twice as many
of each as counted above. All other orbits must be of length p(p — 1)/2.

(c) and (d): Each orbit of three-element sets in I, under Fp,_1)/2-action
contains a set {0, 1,a}. The orbits of {0, 1, (1++/-3)/2} and {0, 1, (1++/-3)/2}
(if they exist) each have length p(p — 1)/6. All other orbits have length p(p —
1)/2. O

THEOREM 7.3.5. Let p be a prime > 5, and let f(X) € K[X] be a monic
irreducible polynomial of degree p. Then Gal(f/K) is solvable if and only if
d(f) is a square (resp. not a square) and either P,,(X) is reducible in K[X] or
P,,(X) remains irreducible over K but P,,(X) factors into a product of at least
three (resp. two) distinct irreducible polynomials over K.

Proor. If P,,(X) is reducible, then G must be solvable. Thus, it remains
only to prove the following two statements: (1) If G is solvable, d(f) is a square
and P,,(X) is irreducible, then P, (X) has at least three irreducible factors.
(2) If P,,(X) is irreducible and P,,(X) is reducible (with at least three factors
for d(f) € (K*)?), then G is solvable.

(1) From the assumption, we get that G = F,(,_1)/2 and that p =3 (mod 4).
For p > 8, the number of roots of P,, divided by the order of G is > 2, so there is
at least three orbits. For p = 7, we look at Fb1’s action on sets of three elements
in F7: The set {0, 1,3} is mapped to itself by  — 2z + 1, which is in Fp;. Thus,
there is an orbit with seven elements, and so at least three orbits.

(2) From the (proofs of the) previous theorems, we see that P, (X) is ir-
reducible unless Gal(f/K) is either solvable, equal to PSL(2,11), or contained
between PSL(n,q) and PT'L(n, q) for suitable n and ¢. In the latter two cases,
we have square discriminant, but only two factors. ([

And immediate consequence of this, and hence ultimately of the classification
of finite simple groups, is
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COROLLARY 7.3.6. Let p be a prime > 13, and let f(X) € K[X] be monic
and irreducible of degree p. Then Gal(f/K) is solvable if and only if Py (X) is
reducible with at least three irrreducible factors.

Now we shall construct Fj,-extensions of Q:

Let p be an odd prime, and let e be a primitive root modulo p, i.e., F; = (€).
Also, let ¢ = *™/P. Then Gal(Q(s,)/Q) is generated by k, where k¢ = ¢°.

For ¢ | p — 1, we consider the Cy-subextension L/Q of Q(u,)/Q. By Ikeda’s
Theorem (section 5.4 of Chapter 5), L/Q can be embedded in an Fj¢-extension

M/Q.
Clearly, Gal(M/Q) ~ C, x Cp_1, where k € Cp,_; acts on o € C), by

kok =0l for f=ePV/C (mod p)

(or any other element f of order ¢ modulo p).

M (1) = Qlpy, 3/) for some w € Q)" \ (Qup)*)? with o(}/) = ¢ {/.

It is then clear that
R(}/) = o}/
for an 2 € Q(up)* and g = ef*~! (mod p).
Conversely, if we have an element w € Q(up)* \ (Q(pp)*)? with kw/w9 €
(Q(pp)*)P, we get a Cp, x Cp_1-extension Q(u,, 3/w)/Q.
EXAMPLE. Let £ =p — 1. Then we can let f = e and g = 1 to get r(}/w) =
z }/w, from which it follows that No(u,)/0(®) = 1, and hence that we can let w =

a € Q*. The Fp,_1)-extensions of Q containing Q(u,) are thus Q(u,, 1/a)/Q,
a€Q"\(Q)".

Now assume ¢ < p — 1. Replacing g by g + p if necesssary, we obtain p? ¢
gP~ !t —1.

From r({/w) = z(§/w)? we get
Vw= kP~ R/w) = kP20 kP329 ... ﬁx9p73x9p72(’{/;)gp71,

i.e.,

p—3 -2

—(gP 1= — — P
w9 D/P — 1 =20 1 P=329 .. jens9” 09

Since p1 (g~ — 1)/p, we can replace w to assume

— — p—3 p—2
w=rP 2y rP3yI . kyd y?

for an y € Q(up)*, and
A(3/w) =y (R .
3

or w? if necessary, we have M = L(«) for

(p—1)/€-1

a= 3 (),

=0

Replacing w (again) by w?, w

thus getting a ‘parametrisation’ of the Fj¢-extensions containing L/Q.
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DEFINITION 7.3.7. For n € N we define the n'® Chebyshev polynomial as the
polynomial T,,(X) € Z[X] of degree n with

cost = T, (cos(t/n)), teR.

T, (X) is easily found using trigonometric identities.
THEOREM 7.3.8. Let p be a prime = 3 (mod 4), and let Q(u, v) be the function
field over Q with indeterminates u and v. Put

2X

Vu? + po?

Flu,v,X) = (u? + po) P2 T ) — u(u? 4 po?) P2,
Then the following assertions hold:
(a) f(u,v,X) is irreducible over Q(u,v).
(b) Gal(f/Q(u,v)) = Fpp-1)/2-
(c) For any pair (u,v) € Z* with p { uwv, (u,v, X) is irreducible over Q and

Gal(f/@) = Fp(p—l)/2-

PrOOF. To realize F,,—1)/2 with p = 3 (mod 4), we may take f = —e so
that ¢ = —1. The problem is then to find an element w € Q(up)* \ (Q(up)*)?
such that wkrw = 2P for some = € Q(up)*. Now Q(pp) contains the unique

quadratic subfield Q(1/—p). Let

2 2
w= (#)pﬂ(cosﬁ + isind)

with
a b\/§
cos = ——— and sinf=——"——.
Va2 + pb? Va2 + pb?

(And x = (a®+pb?)/4.) Then the real part of {/w (= ({/w+r(}/w))) satisfies
the equation
2X a

T —
p(\/az—i—pb?) Va2 + pb?
In fact, let @ = Re {/w. Then a = ((a® + pb?)/4)'/? cos(#/p) and we have

=0.

2 a? + pb?
Tp<\/m 1 cos(ﬁ/p)) = T, (cos(6/p))
a

Va4 pb?’
The polynomial f(X) is (up to a constant factor) the minimal polynomial of «
and hence it is irreducible over Q. Thus, Gal(f/Q) =~ F,,—1)/2 by construction.

Now we may view a and b as parameters. This gives the assertions (a) and (b).

(c) It is enough to prove that w is not a p*® power in Q(y,), and in fact that
it is not a p'" power in Q(y/—p). If it were, we would have

2°(a® 4+ pb*) P~V (a 4 by/—p) = (c+ dy/—p)"

= cosf =
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for ¢,d € Z with ¢ = d (mod 2). This, however, is a contradiction, since the
coefficient to y/—p on the left is not divisible by p, while the one on the right
is. ([

REMARK. It is clear from the construction that f(u,v,X) is neither generic
nor parametric for Fj,_1)/o-extensions over Q, since we only get Fj,;,_1)/2-
extensions where the cyclic subextension of degree (p —1)/2 is the one obtained
by adjoining 2 cos(27/p).

EXAMPLES. (1) Let p = 7. Then a family of polynomials with Galois group
Fb51 is given by

flu,v, X) =64X" — 112(u? + 70*) X° + 56(u® + T0?)? X
—7(u? + T X — u(u® + T0?)3.
(2) Let
F(X)=X"+14X% - 56X* 4+ 56 X2 — 16.

Then Gal(f/Q) ~ Fb;.

(3) Let

F(X) = X" 33X +396X7 — 2079X° + 4455X > — 2673X — 243.

Then Gal(f/Q) ~ Fjs.

Exercises

EXERCISE 7.1. Let K be an infinite field, and let S/R be a generic extension
for the finite group G over K. Assume that G maps to a transitive subgroup of
the symmetric group S, for some n, and let

H={oeG|o(l) =1}

Also, let o1, ...,0, € G represent the cosets cH in G.
(1) Prove that we may assume S¥/R to be free, and to possess a basis
61,...,0, such that the determinant |o;6,|; ; is a unit in S.

(2) Let N be another finite group, and define the generalised wreath product
with respect to G — S, as the semi-direct product

NigG=N"xG@G,
where G acts on N™ be

oW, sn) = Wo—11y. vy Vg—14).
Assume the existence of a generic N-extension over K. Prove that there exists

a generic N {yy G-extension. [Hint: This generalises Theorem 7.2.1, and can be
proved in much the same way, using (1) above.]

EXERCISE 7.2. Let G be a finite group of order n = |G|, and let G act on
the Abelian group A by automorphisms. Assume that A is uniquely divisible
by n, i.e., for all a € A there exists a unique b = %a € A with nb = a. Prove
Maschke’s Theorem, cf. [Ja2, 5.2 p. 253]: Let B C A be a subgroup of A closed
under G’s action, and assume that B is a direct summand in A: A = B ® C for
some subgroup C' C A. Then C can be chosen in such a way as to be closed
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under G’s action as well. [Hint: Take a projection 7: A — B, and modify it to
respect the G-action.]

Note that this generalises Exercise 5.10 in Chapter 5, and formulate a corre-
sponding generalisation of Corollary 7.2.2.

EXERCISE 7.3. List all groups of order 24. [Hint: There are fifteen, and Sy
is the only one that does not have a normal Sylow subgroup. (Look at the
3-Sylow subgroups, and map the group to Sy if there are four of them.) All
the others are therefore semi-direct products C3 x E or E x C3, where FE is a
group of order 8.] Demonstrate that the results at your disposal answer the
question of the existence of generic polynomials over Q for all of these groups
except SL(2,3) = Qs x Cs.

EXERCISE 7.4. List all groups of order < 32. Prove that Q16 and SL(2,3)
are the only two for which we do not have results proving the existence or non-
existence of generic polynomials over Q.

Hilbert class field theory. One way of obtaining explicit integral polyno-
mials with (generalised) dihedral Galois group is by means of Hilbert class fields,
and more generally by means of ring class fields of imaginary quadratic num-
ber fields. For an extensive treatment, with fuller references, see [K&Y], [C&Y]
and [Y&Z], as well as the more recent [Cn2].

For an algebraic number field K, we denote the ring of integers in K by Ok,
the discriminant of K by dg, the ideal class group of K by Pic(Ok), and the
class number of K by h = hg. It is well known from algebraic number theory
that Pic(Ok) is a finite abelian group of order h.

To any algebraic number field K we can associate the Hilbert class field H.
The Hilbert class field is characterised by being the maximal unramified abelian
extension of K, cf. [Lo3, Kor. 13.2.8] or [Cox, §5]. In the terminology of [Lo3],
H is the class field corresponding to the trivial module m = 1, and so

Gal(H/K) ~ Pic(Ok).

In fact, the isomorphism is induced by the Artin symbol as follows: Let p be a
prime ideal in Of, and let ‘BB be an overlying prime in Op. Then there is a unique
element 0 = (H/K /p) € Gal(H/K), called the Artin symbol, satisfying oz =
2N®) (mod P) for all x € O, where N(p) = [Of :p], and by homomorphic
extension we get a map (H/K/e) from the ideal group of K to Gal(H/K),
inducing an isomorphism Pic(Of) ~ Gal(H/K). See [Cox| or [Lo3, Kap. 7] for
details.
It is clear that H/Q is a Galois extension if K/Q is, and that we then have

(%)= (%)

for p in Ok and 7 € Gal(K/Q).

Now, let K be an imaginary quadratic number field, i.e., K = Q(/—D) for
a square-free positive integer D. Then d = dk is either —D or —4D, depending
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on whether D = 3 (mod 4) or not, and Og = Z[(dx + \/dk)/2]. In this case,
H/Q is a generalised dihedral group:

Gal(H/Q) ~ DPic(OK) = PiC(OK) x Cs.

EXERCISE 7.5. Prove this statement about Gal(H/Q). [Hint: For a non-zero
ideal a in Ok, we have aa = [Ok :a]Ok when a is the complex conjugate ideal.]

It follows that we can produce dihedral extensions on QQ by considering Hilbert
class fields of imaginary quadratic number fields. This (being in the Exercises
section) is of course only an overview, and we refer to [We3] (as well as [Cox])
for a complete treatment of the basic theory.

More generally, let Ok (m) be the order in Ok of conductor m € Z, i.e. the
ring of all integers in K, that are congruent to a rational number modulo m. The
class field for the group of principal ideals generated by numbers in the above
order is called the ring class field for Ok (m) and has the form K(j(a)) for
some « € O (m), where j is the absolute invariant of the modular group (“the
elliptic modular j-function”). This class field is Galois over Q with Galois group
a generalized dihedral group. There is an analogue to the classical Kronecker-
Weber theorem, according to which every absolute abelian number field is a
subfield of a cyclotomic field: Let M be a Galois extension of QQ containing some
imaginary quadratic number field K and assume that Gal(M/Q) is dihedral or
generalised dihedral of order 2n, n odd. Then M is contained in a ring class field
K(j(«)) for some o € K.

In particular, one obtains all dihedral extensions of order 2n that are not
totally real, cf. [Je].

EXERCISE 7.6. Consider a quadratic form of the type (z,y) — ax?+bxy+ cy?
over Z, i.e., a,b,c € Z. We denote this form by [a, b, ¢|, and call it primitive if
ged(a, b, ¢) = 1. The discriminant of [a,b, c] is d = b® — 4ac. From the identity

4a(az® + bry + cy®) = (2ax + by)? — dy?

we see that [a, b, ¢] is positive definite if d < 0 and a > 0.

Two forms [a,b,c] and [A, B, C] are said to be equivalent, if one can be ob-
tained from the other by a linear transformation with determinant 1, i.e., an
element from SLy(Z).

Prove the following result, due to GAuUss: The equivalence classes of posi-
tive definite primitive quadratic forms [a, b, ¢] with discriminant dx correspond
bijectively to the elements in Pic(Ok) by [a,b,c] — (a, (—b+ \/dk)).

REMARK. A form [a,b, | is called reduced, if || < a < ¢, and b > 0 when
|b| = a or a = c. It can be shown (see e.g. [Cox, Thm. 2.8]) that every positive
definite primitive form is equivalent to exactly one reduced form. Using this, it
becomes a simple matter, algorithmically speaking, to determine hy .

Explicit construction of Hilbert class fields. The basic idea is to use
singular values of certain modular function. Let § be a function defined over
the upper half complex plane $). Suppose that f is a modular function for some
congruence subgroup of PSLy(Z) such that for an imaginary quadratic number
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T € 9, f() is an algebraic integer. Let f(X) denote the minimal polynomial of
f(7) over Q of degree h (the class number of K). Then f(X) is given by

h

F0) = [T = f(a)
i=1
where Pic(Ok) = {a; | ¢ = 1,--- ,h} and each a; corresponds to a unique

imaginary quadratic number 7, € $. We may call f the class polynomial as
it depends on the class group Pic(Og). The splitting field of f over Q defines
the Hilbert class field of the imaginary quadratic field Q(7). The Galois group
Gal(f/Q) is isomorphic to the generalized dihedral group Dpic(oy)-

Algorithms for constructing Hilbert class fields. We now describe a
method for constructing class polynomials. The basic idea is to choose a modu-
lar function whose singular moduli (that is, values at imaginary quadratic argu-
ments) are concocted to give rise to the ‘optimal’ class polynomials in the sense
that the coefficients are as small as possible.

(A) Traditionally, the elliptic modular j-function, which is a modular function
for PSLo(Z) was used. Weber computed a number of class polynomials for
small discriminates. Kaltofen and Yui [K&Y] pushed the calculations with j-
function to discriminants of size < 1000. However, the coefficients of these class
polynomials are astronomical, though Gross and Zagier [G&Z] showed that their
constant terms and discriminants are so-called ‘smooth numbers’, i.e., that they
factor very highly. In practice, it is not efficient to construct class polynomials
using singular moduli of j-function.

(B) The next choice of the modular function that can be used in the construc-
tion was Weber modular functions f, f; and fo. The Weber functions are defined
as follows:

f(z) =g B [+,

n=1

f _q—1/48 H _ n 1/2 and

z)=\/§q1/24 H(1+q \/—q1/24H 2n 1 ,
n=1

where ¢ = 2™,

These functions are connected with the relations
Pl2) =) +12(2)°, §(2f(R() = V2
H(2)f2((1+2)/2) = ™*/2 and f1(2)f2(2/2) = V2.
Furthermore, j(z) is related to these functions by the following identities:

iy = P16 (#1(2) +16° _ (i) + 16)°
f24(2) f1'(2) 32
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This means that {24(z), —f34(z) and —f3%(z) are roots of the equation
(X —16)* — Xj(z) = 0.

These functions were used by Weber, Watson, and Yui and Zagier to produce
Hilbert class fields, and class polynomials.

The construction described above for the maximal orders Ok of imaginary
quadratic field K can be extended to orders O of K, according to the following
theorem, which sums up results from Weber [We3], Watson [Wat], and Kaltofen
and Yui [K&Y]:

THEOREM. Let O be an order of discriminant d in the imaginary quadratic
number field K = Q(+/d), and assume d = 1 (mod 4) and 3 { dx. Let h be the
class number of O, and Hy(X) the class equation. Put

Hy(X) = X%<@).

Then the following assertions hold:

(a) fld(X) 18 a monic integral polynomial of degree 3h over Q,

(b) Hy(X) contains an irreducible factor ha(X) € Q[X] of degree h having
212f724(,/d) as its root, and

(c) ifd=1 (mod 8) and we write hq(X) = H?Zl(X—ai), a judicious choice
of 24 roots of the o;’s makes the polynomial

h
1
ha(X) = X" T](5 =i’
i=1

integral and irreducible with the ring class field of O as splitting field,
and hence with Galois group

Gal(ha/Q) ~ Dpic(0)-

EXERCISE 7.7. Prove the above Theorem. [Hint: See the article of Yui and
Zagier [Y&Z].]

EXAMPLES. (1) Let dg = —127. Then h = 5, and
hoqo7(X) = X% - X*—2X3 4+ X2 43X — 1.
(2) Let dg = —191. Then h = 13 and
hoqo1(X) = X" —6X"2 +10X" — 16X 4+ 22X° — 19X°
+11X7T - 5X5 — X5+ 5X* —4X3 42X — 1.
(3) Let dg = —359. Then h = 19, and

h_350(X) = X' — 14X £ 50X 17 — 113X 91X 4 19x
—90XB +51x2 4 oxt _5x19 4 9x% - 30X8
+22X7T 4+ 7X5 —14X5 +3X* +2X% —2X%2 42X — 1.
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(C) At present, the optimal choice for the modular function appears to be
the Schertz function [Sczl, Scz2, Scz3, Sczd, Sczb|, which is defined in terms of

1 products as follows: Let K = Q(\/@) be an imaginary quadratic field over
Q. Let Pic(Ok) = {a1,0a9,--- ,ap}. Let p and g be ideals of K of norm p and g,
respectively.

An ideal p is primitive if p is an integral ideal and there is no positive integer
n > 2 for which p/n is also integral. A primitive ideal p can be written as
p=pZ® %Z with p = N(p) and u € Z determined by u?> = D (mod 4p).
Assume that

(i) the ideals a; are all primitve,
(ii) the ideals p and q are primitive non-principal,
(iii) if both classes of p and q are of order 2 in the class group, these classes
are equal,
(iv) for all ¢, pqa; is primitive, and
(v) e is a positive integer such that 24 | e(p — 1)(¢ — 1).

Define
n(r/p)n(t/q)

el = gt

where a;pq = a;(pgZ + % “ldK) = a;(pgZ + 7;Z). Then g, q.(a) may replace

the singular moduli j(a), or f(a) in the construction of the Hilbert class field.
EXERCISE 7.8. Prove the following theorem:

THEOREM. (SCHERTZ) Let

Py q.e(X) = H (X = gp.a.e(ai))-
i=1,,h
Then Py q..(X) € Z[X] is irreducible over K, and K[X], its constant term is
+1, and its splitting field over Q is the Hilbert class field of K.

ExAaMPLES. (1) Let dx = —191. Then
Ppge(X)=X"—-2X" 442" —5X° 4+ X® 4+ 5X”
—11X54+19X5 — 22X* +16X3 — 10X2 4+ 6X — 1.
(2) Let dxg = —359. Then
Pyqe(X) =X —2x" 4 oX17 —2x16 _3X1° 4 14x1 - 7X13
—22X12 430X —9x10 45X —2X8 —51X7
+90X5 —19X° —91X* +113X3 - 59X? + 14X — 1.

We refer to Cohen, [Cn2, Ch. 6] for further details about Schertz functions
and their implementation in GP/Pari.






CHAPTER 8

The Number of Parameters

8.1. Basic Results

One of the questions (D) asked in the Introduction was: Assuming the existence
of generic polynomials for the finite group G over the field K, what is the minimal
number of parameters required? In some cases, the answer is obvious: X2 —t is
generic for quadratic extensions over any field of characteristic # 2, and clearly
one parameter is the absolute minimum. On the other hand: As we saw in
Chapter 2, the polynomial X% — 2s(1 + ¢2) X2 + s%2(1 + t2) is generic for Cy,
and (X2 — s)(X? —t) is generic for Vj (both in characteristic # 2 as well). In
both cases, we have two parameters. Is this optimal, or is it possible to make do
with one? Intuitively, two parameters is ‘natural’ for V;: A Vj-extension consists
of two quadratic extensions, and how can we hope to ‘capture’ them both by a
single parameter?*

It is difficult to establish exact minima in general. However, it is possible to
give some lower bounds, and we will do so in this section. We start by considering
the following question: When is one parameter enough? To this end, we need a
preliminary result:

PROPOSITION 8.1.1. (ROQUETTE [Ro], OuM [O]) Let L/K be a field exten-
sion of finite transcendence degree, and let M /K be a subextension of L(t)/K
with tr.degp M < tr.degy L. Then M/K can be embedded in LK.

First, a technical lemma:

LEMMA 8.1.2. Let M/K be a field extension of finite transcendence degree,
and let v be a valuation on M with residue field i, such that v is trivial on K
and tr.degy p = tr.degy M. Then v is trivial.

PROOF. Let y1,...,yn € O,, such that 71,...,7, is a transcendence basis
for u/K. Then y1,...,y, is a transcendence basis for M/K, and the residue field
of V| (yy,...yn) 18 K(F1,---,Un). Now, K[y1,...,yn] C Oy, and Kly1,...,yn] N
m, = 0. It follows that K(y1,...,yn) C O,, i.e., v is trivial on K(y1,...,yn)-
Since M/K (y1,...,yn) is algebraic, it follows that v is trivial on M as well. O

PROOF OF PROPOSITION 8.1.1. By extending M inside L(t), we may assume
tr.degy M = tr.degy L.

lof course, one should be wary of the intuitively obvious. If char K = 2 and K # Fa, it is
in fact possible to find a generic Vi-polynomial with only a single parameter, cf. Chapter 5.)

187
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If L/K is algebraic, the result is clear: L consists exactly of the elements
in L(t) that are algebraic over K, and since M/K is algebraic, we must have
M C L.

If L/K has transcendence degree n > 0, we let z1,..., z, be a transcendence
basis for L/K. Now, L(t)/M(t) is algebraic, and so there exists non-zero poly-
nomials f;(¢t,X) € M[t, X] with f;(¢,z;) = 0. Let S be the set of all the non-zero
coefficients in the f;’s as polynomials in ¢t and X, as well as in X alone, i.e., if

Fit, X) =Y (O aput®) X7
ik

we include in S all the a;;,’s and the polynomials )", ajktk. It is a finite set,
and so there are only finitely many (¢ — ¢)-adic valuations on M (t) for which it
is not contained in the group of units. In particular, for j > 0 we can let ¢ = z{ .
Denote the (¢ — ¢)-adic valuation by v.

Under the canonical map O, — L, the equation f;(¢, z;) =0 becomes f;(c, z;) =
0, and since S C O}, the z;’s satisfy non-zero polynomial equations over p[c],
where p is the residue field of M. If we pick j to be larger than the degree
(in z1) of fi(t,21), we see that z1 is algebraic over u. Hence, so is ¢ = 2{, and
ple] = p(e) is a finite field extension. It follows that L/u is algebraic, and from
the Lemma we get that v is trivial on M, i.e., M ~ u C L. ]

NOTE. As mentioned in the Introduction, several examples of unirational but
not rational varieties have been constructed over algebraically closed fields, or
over R. However, we are mostly interested in the case where the ground field is Q.
Here, the first example appears to be the one given by Beauville, Colliot-Thélene,
Sansuc and Swinnerton-Dyer in [Be&al], where it is proved that there exists a
non-rational subextension of Q(x1, 2,22, x4, z5)/Q of transcendence degree 2.
(In fact, the subextension considered in [Be&al] is stably rational, but for our
purposes this stronger statement is not needed. See also [Oj].) It follows from the
above result that in fact there exists a non-rational subextension of Q(z,y)/Q,
thus answering Liiroth’s Problem in the negative even for degree 2.

In the Example on p. 57 in Chapter 2 we constructed a non-rational subex-
tension of Q(s,t,u)/Q.

From Liiroth’s Theorem (Theorem 0.3.1 in the Introduction) we now get

COROLLARY 8.1.3. Let K(t1,...,t.)/K = K(t)/K be a rational extension,
and let L/ K be a subextension of transcendence degree 1. Then L/K is rational.

As an immediate consequence of this Corollary, we have

PrOPOSITION 8.1.4. Let K be a field and G a non-trivial finite group. Then
a necessary condition for the existence of a one-parameter generic polynomial

for G over K is that G — PGLy(K).

PROOF. Let P(s,X) € K(s)[X] be a one-parameter generic G-polynomial.
Also, let G act transitively on a set t of indeterminates. Then K (t) is the
splitting field over K ()¢ of a specialisation P(t, X) of P(s, X). It is clear that ¢
cannot be in K, since K (t)/K (t)¢ is not induced by a G-extension of K. Thus, ¢
is transcendental, and the splitting field M of P(t, X') over K (t) is a G-extension
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contained inside K (t). By the Corollary, M is rational over K: M = K(u) for
some u. Hence, G C Autg K (u) = PGL2(K). O

REMARK. It is easy to see that PGL2(Q) does not contain any elements of
finite order 4, 5 or > 7.2 Thus, for the groups Cy, Dy, Sy, Cs, D5, Fag, As and
Ss, the generic polynomials we have found (with two parameters) are optimal.
Similarly for Ay, since this group is not a subgroup of PGL2(Q).

ExaMPLES. The Klein Vierergruppe V, and the cyclic group Cg of order 6 are
both subgroups of PGLy(Q). However, in neither case is there a one-parameter
generic polynomial, thus demonstrating that the condition of Proposition 8.1.4
is not sufficient.

(1) Assume P(s, X) € Q(s)[X] to be a generic V4-polynomial, and consider the
extension Q(x,y)/Q(x2,4?). As in the proof above, the splitting field of P(s, X)
over Q(s) has to be rational, i.e., equal to Q(¢) for some ¢, allowing us to identify
Vi with a subgroup of PGL2(Q). Now, every non-trivial element in PGL2(Q) is
conjugate to one represented by a matrix (9 ¢), and if the element has order 2,
we must have b = 0. Thus, by choosing ¢ properly, we may assume that one of
the elements in Vj acts by t — a/t for a (fixed) a € Q* \ (Q*)2.

Now, Q(z,y)/Q(x?,y?) is obtained by specialising P(s, X), and the special-
isation is necessarily in a transcendental element. Thus, Q(¢)/Q(s) can be em-
bedded into Q(z,y)/Q(x?,y?) (as a Vi-extension). In particular, a is a norm
in Q(z,y)/L, where L/Q(x?,4?) is one of the three quadratic subextensions
of Q(x,y)/Q(x2,4%). We may assume L = Q(x2,y). But it is clear that a
non-square element in Q is not a norm in Q(x,y)/Q(22,y). Thus, we have a
contradiction, and conclude that V, requires two parameters.

(2) Next, suppose Q(s, X) € Q(s)[X] to be generic for Cg over Q. Then, as
above, the splitting field is rational over Q, and we write it as Q(t) for some ¢.
Up to conjugation, there is only one element of order 6 in PGL2(Q), represented
by (9 73?), meaning that we may assume a generator for Cs to act on Q(t)
by t +— 1/(3 — 3t). It follows that ¢ has norm —1/27 in Q(¢)/Q(s).

Consider now the Cg-extension Q(z,y)/Q(u,v), where

—y3+3y—1
y-y°

cf. section 2.1 in Chapter 2. Then, since Q(s, X) is generic, Q(¢)/Q(s) embeds

into Q(x,y)/Q(u,v), implying in particular that —1/27 is a norm in the ex-

tension Q(z,y)/Q(u,v). But then —1/27 is also a norm in Q(x,v)/Q(u,v) =

Q(z,v)/Q(22,v), in contradiction to the observation in point (1) above. It fol-

lows that Cg does mot possess a one-parameter generic polynomial over Q, but

needs at least two parameters. On the other hand, as with Vj, it is obvious that
two parameters are sufficient.

u=2? and v= ,

2Hint: A matrix A representing an element of order n > 1 must satisfy both its own
characteristic equation and X"™ —a for suitable a € Q*. Thus, the characteristic equation must
in fact divide X™ — a, and we only have to see that this is not possible for n = 4, 9 or p, where
p is a prime > 5.
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REMARK. It is clear that Cg does possess a one-parameter generic polynomial
over the sixth cyclotomic field, namely X% — ¢. On the other hand, as we shall
see below, it is never possible (in characteristic # 2) to find a one-parameter
generic polynomial for V.

8.2. Essential Dimension

Following Buhler and Reichstein we now introduce the concept of essential di-
mension. The results in the following are mostly taken from their paper [B&R1],
although the arguments given here are different, in that they do not make use
of algebraic geometry. See also [B&R2].

DEFINITION 8.2.1. Let M/L be a finite separable extension of fields contain-
ing K. If, for an intermediate field L', K C L’ C L, there exists an exten-
sion M'/L’ of degree n = [M : L] inside M, such that M = M’L, we say that
M/L is defined over L'. Moreover, we define the essential dimension of M/L,
edg (M/L), to be the minimum of the transcendence degree tr.deg, L', when
L’ runs through all intermediate fields over which M/L is defined.

Clearly, the essential dimension is always finite: M is generated over L by
some primitive element 6, and M/L is then defined over the subfield obtained
from K by adjoining the coefficients of 8’s minimal polynomial over L. And since
it is always possible to find a primitive element with trace 0 or 1, we in fact get
edg(M/L) < [M:L].

The essential dimension is an expression of the ‘complexity’ of the exten-
sion M/L (over K), in that it gives the number of algebraically independent
‘parameters’ needed to describe the structure of M/K (in the form of M'/L’).

LEMMA 8.2.2. Let M/L be a G-extension of fields containing K, and let d =
edg (M/L). Then there exists a subfield M’ of transcendence degree d on which
G acts faithfully, and hence the essential dimension of M /L can be obtained from
a G-extension M'/L’" of subfields.

PRrROOF. Pick M"/L" realising the essential dimension. Then M contains the
Galois closure M’ of M" over L”, and we let L' = M'C. Since M’ D M”, we
have M = M'L, and M'/L’ gives us the desired G-extension. O

DEFINITION 8.2.3. Let G be a finite group, and let G act regularly on a set
t = (t5)seq of indeterminates. Then we define the essential dimension of G over
a given field K, edy G, to be the essential dimension of K (t)/K(t)¢ over K.

ExAMPLES. (1) edg1l = 0. (This is clear.)

(2) edg Ca = edg C3 = edg S3 = 1. (These follow easily from Proposition 8.2.4
below, together with the fact that the trivial group is obviously the only group
with essential dimension 0.)

(3) We have

edQV4 = edQ 04 = edQ D4 = edQ A4 = edQ S4 = 2,
edQ C5 = edQ D5 = edQ F20 = edQ A5 = edQ 55 = 2,
as well as  edg Cs = 2.
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(In all cases, an upper bound of 2 follows from Proposition 8.2.4 below, together
with the results of Chapter 2. And for all except Vy and Cg, equality then follows
in analogy with the proof of Proposition 8.1.4 above. For V; and Cg, more is
needed: Either Theorem 8.2.11 below, or Proposition 8.2.8 in conjunction with
the arguments of the Examples on p. 189 above.)

PROPOSITION 8.2.4. Let P(s,X) € K(s)[X] = K(s1,...,8,)[X] be a generic
G-polynomial over K. Then

edKGS n.

In other words: The essential dimension gives a lower bound on the number
of parameters required in a generic polynomial.

PrOOF. K (t)/K(t)¢ is realised by a specialisation of P(s, X), say P(a, X).
But then K (t)/K(t)€ is defined over K (a), which has transcendence degree at
most n. g

To make proper use of the essential dimension, we need to record a generali-
sation of Proposition 8.1.1:

PROPOSITION 8.2.5. Let L/K be a field extension of finite transcendence de-
gree, and let M/L be a G-extension. FExtend the action of G to the function
field M(t) by ot =t for o € G, and let F be a subfield of M(t) on which G acts
faithfully, with E = FS. Assume that tr.degy F < tr.degy L. Then F/E can
be embedded in M/L (as a G-extension).

PROOF. We may assume tr.degy ' = tr.degy L. The proof of Proposi-
tion 8.1.1 gives us a ¢ € L, such that the (¢ — ¢)-adic valuation v is trivial on E.
Clearly, v is defined on M (t), and as such it is trivial on F. Since the canonical
map O, — M preserves the G-action, we get F//E embedded in M/L. O

COROLLARY 8.2.6. Let L/K be a field extension of finite transcendence degree,
and let M/L be a G-extension. Then

edg (M (t)/L(t)) =edg(M/L).
PROPOSITION 8.2.7. Let H be a subgroup of G. Then
edK H S edK G.

PROOF. Let G act regularly on the indeterminates t = ({5 )scq, and let H act
regularly on the indeterminates s = (s,),cx. Then edg (K (t)/K(t)?) < edk G.
Also, s, — t, gives an embedding of the field K(s) into K (t) that respects the
H-action. Thus, K(s)/K(s)? — K(t)/K(t)". By the No-name Lemma (p. 22
in Chapter 1) we get that K (t)/K(s)H is rational, and the Proposition follows
from Corollary 8.2.6. O

PROPOSITION 8.2.8. Let G act faithfully on the finite-dimensional K -vector
space V. Then

edr (K(V)/K(V)%) = edk G.
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PROOF. Let U be the K-vector space K|[G] with regular G-action. Then
K({U®aV)/K(U® V)% is obtained from both K(U)/K(U)% and K(V)/K(V)¢
by adjoining indeterminates (the No-name Lemma), and by Corollary 8.2.6 all
three extensions have the same essential dimension. (]

Hence, edx G < n if G — GL,(K).
COROLLARY 8.2.9. edi(G x H) <edx G +edg H.

PROOF. Let G and H act regularly on U = K[G] and V = K[H]. Then
K(U)/K(U) and K(V)/K(V)H both sit inside K(U® V). Let F//E and F'/E’
realise edx G and edx H. Then K(U @ V)/K (U @ V)¢*H is defined over EE’,
and edg (G x H) < tr.degy FE' = edg G + edg H. O

REMARK. We do not in general have equality: Over C, any cyclic group has
essential dimension 1, regardless of whether it can be written as a direct product
of proper subgroups or not.

In analogy with the proof of Proposition 8.2.4 we see that the number of para-
meters in a generic G-polynomial is bounded below by the essential dimension
of any G-extension of fields containing K. However, this is no improvement:

PROPOSITION 8.2.10. Let M/L be a G-extension of fields containing the infi-
nite field K. Then

edK(M/L) S edK G.

PROOF. Let G act regularly on t = (t,)seq. We can find a normal basis
0 = (00),cq for M/L, such that any prescribed non-zero polynomial in ¢ € K|[t]
is #0in 6.

Now, let the G-extension F/E inside K(t)/K(t)¢ realise the essential di-
mension, i.e., it has transcendence degree equal to the essential dimension of G
over K. F/E has a normal basis a = (0a),cq, and we can pick t € K[t]“ \ (0)
such that K[t,1/t] contains a, (ca —a)~! for all 0 € G\ 1, and a generating
set S for F/K with the following property: S contains a transcendence basis T
for F/K, and all the remaining elements of S, as well as a, are integral over K[T].
Define a map ¢: K[t,1/t] — M by t, — o6, and extend it to R = K[t,1/t]m
for m = ker ¢. It respects the the G-action, and since opa # @a for o # 1, G acts
faithfully on the field F’ generated over K by ¢(a) and ¢(S), meaning that M/L
is defined over E' = F'Y. But clearly tr.degy E' < tr.degy F = edx G. O

THEOREM 8.2.11. Let K be a field of characteristic O containing the primitive
p™ roots of unity, p prime, and let G be a finite group. Assume that K does
not contain the primitive r'" roots of unity for any prime r # p dividing | Z(G)|.

Then
edg (G x Cp) =edrx G+ 1.

Proor. ‘<’ is clear from Corollary 8.2.9, since edg Cp, = 1.

>’ Let G — GLg(U), and let ¢ € K* be a primitive p'* root, of unity. Then
G x Cp— GLg(V) for V=U@&® K, and K(V) = K(U)(t) for an indeterminate
t representing a basis vector in K, with a generator for C, acting by t — (.
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Let the G x Cp-extension F/E inside K (V)/K(V)“*C» have transcendence
degree equal to d = edx (G x Cp). Also, let v be the t-adic valuation on K (V).
Since v = voo for 0 € G x Cp, the residue map O, — K(U) respects the G x C-
action. It follows that v is non-trivial on F: If not, we would have F C O,, and
hence get a map F < K (U) respecting the Cp-action, in contradiction of the
fact that Cp acts trivially on K(U) but not on F. Consequently, the residue
field F’ of v|p inside K (U) has transcendence degree < d — 1 by Lemma 8.1.2.

We claim that G acts faithfully on F’, and demonstrate this by proving two
technical lemmas:

LEMMA 8.2.12. Let F'/K be a field extension, and let v be a discrete valuation
on F with residue field F'. Also, let 0 € Autgx F have finite order not divid-
ing char K. Assume that v is trivial on K and invariant under o. Then o is the
identity on F if and only if it induces the identity on both F' and m,/m2.

PROOF. ‘Only if’ is clear. ‘If’: The assumptions are that oz — x € m, for
all z € O, and that ox — 2 € m2 for all # € m,. It follows by induction that
ox —x € m! for all n and all z € m”.

If o # 1, we have some z € O, with y = cx —x # 0. Let n = v(y). Then

oy —y € m? ! and it follows that o’z = x + jy (mod m?*!) for all j. This
gives a contradiction for j = |o]|. Q.E.D.

LEMMA 8.2.13. Let F/K be a field extension in characteristic 0, and let v
be a discrete valuation on F with residue field F'. Also, let H be a finite group
of K-automorphisms on F, and assume that v is trivial on K and H -invariant.
Also assume that K is relatively algebraically closed in F'. Then the inertia
group for v (for my) is a central cyclic subgroup of H, isomorphic to a group of
roots of unity in K.

PROOF. Let I be the inertia group. Since I (by definition) acts trivially on F’,
we get from the previous Lemma that an element 7 € I is given completely by
its action on m,/m2. As this is a one-dimensional F’-vector space, T must act as
multiplication by a suitable root of unity {(7) € F’. We conclude immediately
that I is cyclic, and that conjugation with elements from H corresponds to the
Galois action on F': For 7 € I and o € H we have ((o70~!) = 0 ((7). Moreover,
since K is assumed relatively algebraically closed in F’, we in fact have ((7) € K,
meaning that conjugation acts trivially: ((c70™!) = o ((r) = {(7). Thus, I is
central in H. Q.E.D.

Continuing the proof of Theorem 8.2.11, we assume that G does not act
faithfully on F’. Then the inertia group I for v|r contains C, properly, and
by Lemma 8.2.13 it is central cyclic in G x C,. This is clearly only possible if
I ~ Cpp, for some h > 1 not divisible by p. But Lemma 8.2.13 also gives us that
I — K*, and our assumption about roots of unity in K is exactly that no such
h exists. This gives the desired contradiction.

Thus, there exists an element in I\ 1 acting trivially on m,/m2. But by
Lemma 8.2.12, this element must then act trivially on F', contradicting the faith-
fulness of G.
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All in all: K(U)/K(U)% is defined over E' = F'%, and so we have edf G <
d—1. O

REMARK. Thus, for instance,
edQ(G X CQ) = edQ G+1
for any finite group G.

Since clearly ed; G < edx G when L DO K, we also get
COROLLARY 8.2.14. Let K be a field of characteristic 0. Then
edg Cg >n

for all primes p.

This gives an alternative proof of edg V4 = 2. More generally, we see that

edQ Cg = edQ Cg =n.

It follows that Ca, Cs and S3 are the only finite groups with essential dimension 1
over Q, and hence the only groups admitting one-parameter generic polynomials.

REMARK. In [B&R1], Buhler and Reichstein provides a sketch of an alterna-

tive cohomological proof of
edgCy =n

due to J.-P. Serre. The argument goes as follows: Quadratic forms in n variables
arise from trace forms of multiquadratic extensions. For r < n, we have H"(K) =
0 for a field K of transcendency degree r over an algebraically closed field. Since
the n'! Stiefel-Whitney class for an n-dimensional quadratic form is generically
non-zero, it follows that C3 must have essential dimension at least n over an
algebraically closed field.

Another easy consequence is

COROLLARY 8.2.15. Let K be a field of characteristic 0. Then
edg Sn+2 >edrg S, +1
for all n. In particular, edx S, > |n/2], where | | denotes integer part.
Similarly,
edg An+4 >edg A, +2
forn >4, and so edg A, > 2|n/4].
PRrROOF. SnJrQ 25, x(Cy and An+4 D) An X V. 1AISO7 edg S1 = O, edg So =1
and edg A4 = 2. O
To obtain an upper bound for ed S, we make use of
THEOREM 8.2.16. Let K be an infinite field, and let f(X) € K[X] be a monic
polynomial with no multiple roots and degree n > 3. Then f(X) is Tschirnhaus
equivalent to a polynomial of the form
g(X)= X"+ a, 2 X" 2+ -+ axX?+ a1 X +a; € K[X],
i.e., a polynomial in which the (n — 1) degree term is 0 and the coefficients in
degrees 0 and 1 are equal.

First, we need a technical lemma:
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LEMMA 8.2.17. Let K be an infinite field and let h(x) € K[x] = K[z1,. .., Zy)].
If the linear polynomial £(x) € K[x]\ K does not divide h(x), then there is a
point a € K™ with ¢(a) =0 and h(a) # 0.

PROOF. We write £(x) = byz1 + - - -+ bz, + ¢, where we may assume by # 0.

Since £ 1 h, we have h ¢ 4/({), and so, by the Hilbert Nulstellensatz (in
section A.4 of Appendix A below), there is a maximal ideal m in K[x] with £ € m
and h ¢ m. Thus, in L = K[x]/m we have {(Z1,...,Z,) = 0 and h(Z1,...,Tn) #
0, from which we conclude that h(—(baxa + -« -+ bpxy +¢) /b1, 22, ..., x,) is not
the zero polynomial. Since K is infinite, this means that there is a point in which
it is not zero. (]

PROOF OF THEOREM 8.2.16. It is of course enough to find a g(X) of the
form X" 4+ a,_o X" 24+ ... 4 a1 X + ap with ag,a; # 0, since a simple scaling
will then give us ap = as:

Let 61,...,0, be the roots of f(X), and let yo,...,yn—1 be indeterminates.
We define

n

g(va) = H[X - (yO +y191 + - +yn—19?_1)] S K[yuX]
=1

The coefficient to X"~ in g(y, X) is

(Yo -y Yn—1) = —(nyo + c1y1 + -+ + Cn_1Yn-1),
where ¢1,...,cn1 € K.

The polynomials —(z1 + -+ + x,,) and h(x) = e,(x)en—1(x)d(x) (e; being
the i elementary symmetric symbol) satisfy the conditions of the Lemma, and
since the substitution

Ti = yo + Y10+ Yna07

is invertible (over K (61, . ..,60,)), so do the polynomials £(y) and h({}, yi6};) €
Kly]. Thus, there is a point a € K™ where g(a, X) has no multiple roots, degree-
(n — 1) coefficient 0 and non-zero constant and first-order terms. O

COROLLARY 8.2.18. The polynomial
X"+ tn_QXn_z + -+ t2X2 +t1 X+t € K(tl, . 7tn_2)[X],
where n > 3, is generic for Sy, over any infinite field K. In particular, edg Sy, <
n—2.
In [B&R1, Thm. 6.5], it is proved that in fact edg S, < n — 3 for n > 5.

Concerning bounds on the essential dimension, we also prove the following
simple result:

LEMMA 8.2.19. Let K be a field and G a finite group. Then
edKG§ [GH] -edKH

for any subgroup H of G.
Le., edxg G/|G| does not grow with G.
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PROOF. We let G act regularly on a set t = (t,)seq of indeterminates.
Obviously, H then acts regularly on t' = (¢;);cm, and there exists a sub-
field F' of K(t') such that tr.degy F' = edx H and H acts faithfully on F. Let
F' = [ eq o F be the composite in K (t) of the images of ' under the G-action.
AsTF =F fort € H, and oF C K(ot') = K({t;}reon) for o € G, there must
be exactly [G: H| distinct conjugates, with oF = ¢'F if and oH = o’H, and
ocF No'F = K otherwise.

Now, F” is closed under the G-action, and this action is faithful: Let o0 € G
act trivially on F’. Then it in particular maps F to itself, and so o € H. But
on F', H acts faithfully, meaning that o = 1. O

REMARK. Reichstein has extended the notion of essential dimension from
finite groups to algebraic groups. See [Re] and [Re&Y].

8.3. Lattices: Better Bounds

Following unpublished work by Buhler and Reichstein [B&R3], we will now de-

scribe an upper bound on the essential dimension of certain semi-direct product.

In particular, we will improve the upper bound on edg Cy,, n 0odd, obtained in sec-

tion 5.3, where we proved edg Cy < p"~!(p—1)/2 for an odd prime power ¢ = p".
Our goal is to prove

THEOREM 8.3.1. Let ¢ = p™ be a prime power, and let ¢ denote the Euler

w-function. Then
edg(Z/q = (Z/q)*) < p(p - 1)p"~".

REMARKS. (1) In [B&R3], Theorem 8.3.1 (and the more general Proposi-
tion 8.3.5 below) is proved only for the cyclic group Z/q itself, and not for the
semi-direct product. Our proof is a modification of Buhler and Reichstein’s
argument, which can be recovered simply by removing all references to 7 below.

(2) For a cyclic group of prime order, the result is due to Hendrik Lenstra.

(3) Tt is trivial that p(p — 1) < (p — 1)/2, and unless p is a Fermat prime the
inequality is strict. Thus, the Theorem improves the bound on edg C, given by
Smith’s Theorem 5.3.5.

(4) From the Theorem, we get that edg Cs and edg Dg are both < 4. This
improves the bound of 5 implicit in the descriptions in Chapter 6.

EXAMPLE. Let ¢ = 7. We know that edg C7 > 1, and so
ed(@ 07 = edQ D7 = edQ F21 = edQ F42 = 2.

The proof of Theorem 8.3.1 makes use of multiplicative group actions on
rational function fields, as opposed to the linear actions we have considered
above:

Let £ be a lattice, i.e., a finitely generated free abelian group. Then the group
ring K[L] is a domain, and if ¢y, ..., £, is a basis for £, then K[L£] is the Laurent
polynomial ring in indeterminates z1,...,xz, corresponding to f1,...,¢,. In
particular, the quotient field K (L) is a rational function field of transcendence
degree equal to the rank of L.
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If the finite group G acts on L, we call £ a G-lattice, and clearly the action
extends to K (£). This is a multiplicative (or monomial) G-action on the function
field K(L).

EXAMPLES. (1) Let Cy = (o) act on Z by o: a — —a. This translates to
T:x+— 1/x on K(z).

(2) Let C3 = (r) act on Z? by 7(a,b) = (—=b,a — b). This translates to
T:x— vy, y— 1/xzy on K(z,y), and we recognise this multiplicative action as
the one considered in connection with A4 above.

Multiplicative and linear G-action coincide in the case of a permutation lattice,
i.e., a G-lattice P possessing a basis permuted by G. In this case, K (P) = K(V),
where V = K ®z P.

It should be clear that there is a MULTIPLICATIVE NOETHER PROBLEM: Con-
sidering a faithful G-lattice £, is the extension K (L£)%/K rational?-and that
an affirmative answer will give rise to generic polynomials in the case where K
is infinite, by Proposition 1.1.5 from Chapter 1 and Exercise 8.6(1) below. It
should also be clear that this problem has an interesting (i.e., non-trivial) gener-
alisation: If G acts faithfully on both K and £, it acts on K (L) as well, and we
can ask if K(£)%/ K¢ is rational. Unlike the corresponding question for semi-
linear actions, which has an affirmative answer by the Invariant Basis Lemma,
examples are known where K (£)/K¢ is not rational. Regarding this problem,
we cite the following positive result (from [Vo2, Thm. 2]):

THEOREM 8.3.2. (VOSKRESENSKII) If char K = 0 and G is finite cyclic, the
extension K (L£)¢/ K is rational if and only if it is stably rational.

Returning now to Theorem 8.3.1, we let ¢ = p™ be a power of the prime p
and consider a field K of characteristic # p, such that the ¢*" cyclotomic ex-
tension K (ug)/K is cyclic. We denote the degree of K(uq)/K by D. Thus,
D =dp°, whered |p—1and e <n—1.

If f € Z is a primitive D' root of unity modulo g, the Galois group G, =
Gal(K (j14)/K) is generated by r, where k¢ = ¢/ for ¢ € p,.

We are interested in the semi-direct product

D

CyxCp=(o7|c?=7"=1, Ta:af7'>.

In order to get a bound on edx C; x Cp, we need a suitable faithful linear
representation over K. We obtain one as follows:

Let t = (t¢)cen, be indeterminates indexed by fi,, and define an action of
Cq x Cp on the function field K (uq)(t) by

o:te—=Cte and T:te—=tee, (€ g

This action is defined over K (p,) instead of K, but we will correct that below.
Next, extend G,’s action from K (pq) to K (1q)(t) by

K:ite = tee, €€ g
Then difference between k and 7 is then that 7 acts trivially on K (u).
Since
or =710l, ok=rko and Tk = kT,
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we have an action of G, x (Cy x Cp) on K (pg)(t), and this action is faithful.
By the Invariant Basis Lemma, the K (y4)-vector space generated by t has a
Gg-invariant basis s = (s1,...,sp), and Cy x Cp then acts linearly on K(s) =
K(t)%.
Consider now the group ring Z[u,| as a lattice. To avoid confusion, we write
the elements in Z[ug] as 3¢, acec. We then have a Gig-action given by r: e¢ +—
exc. Also, we have a G -equivariant map A: Z[u,| — g defined by

A acec) = T ¢«

CE€nq CEpq

A Gg-sublattice £ of Z[u,] is non-degenerate, if \: £ — g is onto.
The key step in establishing Theorem 8.3.1 is the following Lemma:

LEMMA 8.3.3. Let L C Z[ugy] be a non-degenerate G4-sublattice. Then
edg (Cq x Cp) <rank L.

PROOF. We consider K (uq)(£) as a subfield of K (uq)(t).
For convenience, we denote the monomial ng e tZC corresponding to a =
> cep, Acec by 1%, and see that

Kkt = 71t* =" and ot = A(a)t”.

Thus, K (uq)(L) is closed under the G, x (C; x Cp)-action. Moreover, this action
is faithful:

Assume that x € G, and p € C; x Cp act identically on K (ug)(L). As
K(pq)(L) contains K (uq), where G4 acts faithfully and Cy x Cp acts trivially,
we see that x = 1, and that therefore p acts trivially on K(uq)(L). Write
p =Tl with0)<i<gqgand0 < j < d, and pick a € £ such that A(a) is a
primitive ¢*® root of unity. Then

plt%) = Aay't™* = 1,

meaning that j = 0 and p = 7°. But on the monomials, the Cp-action is faithful,
and so p = 1.

Thus, C, x Cp acts faithfully on K (p,)(£)% C K(s). And by construction,
tr.degy K (uq)(L£) = rank L. O

It only remains to find a non-degenerate G -sublattice of Z[u,| of the right
rank:

LEMMA 8.3.4. Let G be a cyclic subgroup of Aut piq of order D = dp® as above.
Then there exists a non-degenerate G-sublattice of Z[uq] of rank ¢(d)p®.

PROOF. Again, we let f be a primitive D*® root of unity, such that a generator
K for G is given by ¢ = ¢/ for ¢ € pg.

First we note that f is a primitive d'® root of unity modulo p: It has order
dividing d, since f¢ = fP = 1 (mod p). And on the other hand, if f¢ = 1

n—1

(mod p) for some ¢ € {1,...,d—1}, we get f¢ =1+piforani, and so f? =1
(mod ¢), meaning that D must divide cp”~!, contradicting 0 < ¢ < d.
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Next, we define

€

P(t) =[] ®ap®) and Q) =[] ] ®rp
§=0 J=0 k|d
k<d
where ®,,(t) is the m*™ cyclotomic polynomial over Q. Then P(t)Q(t) =t —1,
and Q(t) consists of all the factors ®,,(t) of tP — 1 with p t ®,,(f). Thus,
p1Q(f). Also, deg P(t) = o(d)p°.
We can make Z[t]/(tP — 1) into a G4-lattice by letting & act as multiplication
by t. If ¢ € p, is a primitive ¢*" root of unity, the map

D—1 D-1
g a;tt — g Qilyic
i=0 i=0

is then a G-equivariant monomorphism from Z[t]/(tP — 1) into Z[u,].

Also, Z[t]/(P(t)) is a G4-lattice when k acts as multiplication by ¢, and g(t) —
g()Q(t) is a G-equivariant monomorphism from Z[t]/(P(t)) into Z[t]/(tP — 1).
We claim that the image of Z[t]/(P(t)) in Z[ug] is non-degenerate. This proves
the Lemma, since clearly Z[t]/(P(t)) has rank equal to deg P(¢).

So, look at the element 1 in Z[t]/(P(t)). Tt is easy to see that \(g) = ¢/
for any g € Z[t]/(tP — 1) considered as an element in Z[u,]. Thus, the image
of 1 € Z[t]/(P(t)) has M\-value (?f), and this is a primitive ¢** root of unity by
assumption, making Z[t]/(P(t)) non-degenerate. O

PROPOSITION 8.3.5. Assume that K (ug)/K is cyclic of degree D = dp®, where
dlp—1ande <n-—1, and let Gg = Gal(K(uq)/K) act on Cq by cyclotomic
action (i.e., by identifying Cq and piq). Then

edr (Cq X Gq) < p(d)p°.

PrROOF OF THEOREM 8.3.1. For odd p, the Theorem follows from Proposi-
tion 8.3.5. For p = 2, we note that Z/q x (Z/q)* has a faithful linear represen-
tation over Q of degree ¢/2, and that we therefore have

edo(Z/q > (Z/q)") < q/2.
O

REMARKS. (1) Using Corollary 8.2.9, it is of course now a simple matter to
bound the essential dimension of any finite abelian group over Q.

(2) Similarly, by using that D, xn < Dy, x Dy, (with Dy understood to be Cy),
we can bound edg D4 for any finite abelian group A, and see that the bound
obtained is the same as for A itself.

ExAMPLE. Consider the case ¢ = 7 over Q. Then, as stated earlier, edg C7 =
2. Let us go through the argument above in this special case, to see what is
actually involved. (We restrict ourselves to C7 rather than C7 x Cg for simplicity.
However, remember that x and 7 act identically on the indeterminates.)
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We have D = d = 6, and can pick f = 3. Let ¢ = ¢>™*/7 be a primitive 7"
root of unity. On the indeterminates t = (t1,%¢,...,t¢s) we then have o and &
acting by

oty =ty and k:ty et for g€ pr.
We get
Pt)=t*—t+1 and Qt)=t*+t>—t—1,
from which it follows that the Gr-sublattice £ of Z[u7] is generated by
eca +ecs —ees —ec and  ecs +eca — ez — ecs,
and hence that

Qur) (L) = @w)(

t<4 tCG tcs t<4

tcatq ’ t<2t<3) - Q(M7)($7y)7
with
o:x— 2z, y—Cly, and k:x—y, y—y/x.

The essential dimension of C7; over Q is then realised (inside Q(u7)(t)%7) by
Q(p7)(z,v)47/Q(ur) (z,y) 77 and there exists a generic polynomial with two
parameters if the fixed field Q(u7)(z,y)7*C7 is rational over Q.

It is straightforward to find the fixed field of Cr:

Q(ur)(@, )" = Qur)(a", z'y) = Qlur)(u, v),
where
K v»—»Z— and ¢ — ¢

The question is then: Is Q(u7)(u, v)“7/Q rational? If this is answered (explicitly)
in the affirmative, the actual construction of a generic C7-polynomial with two
parameters will boil down to linear algebra, cf. the Remark on p. 37.

By Voskresenskii’s Theorem 8.3.2 above, Q(u7)(u,v)%7/Q is rational if and
only if it is stably rational. We will prove that the extension s stably rational,
and hence that there exists a two-parameter generic C7-polynomial over Q. Un-
fortunately, this result is completely non-constructive. and so we are not able to
actually find the polynomial.

Consider a short-exact sequence of Gr-lattices

0— L — Ly —P—0,

where G7 acts faithfully on £; and £y, while P is a permutation lattice. By Ex-
ercise 8.7 below, the extension Q(u7)(L£2)%7/Q(u7)(L£1)C7 is rational, and hence
Q(p7)(£1)%7/Q is stably rational if and only if Q(u7)(L2)%7/Q is.

In this case, we start with the lattice ZU + ZV, where kU = 7V — 4U and
kV =5V — 3U. Replacing the basis (U, V) with (X,Y) = (U — V,2V - U), we
get instead kX =Y and kY =Y — X, and so the lattice is just Z[t]/(t> —t + 1)
with k acting as multiplication by t.
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Consider the short-exact sequences

o ZM z[t) Lz
—-t+1) @@-t+1HE3-1) (@B -1) ’
0 z[t) ~ z[t) Lz,
(2—t+ )2 +t+1) FB—t+1)E3-1) (t—1) ’
Z|t] Zt] Zi]

T ety rt+) (-1  (@-1
Applying them in order, we ‘reduce’ our lattice to the permutation lattice M =
Z[t]/(#5 — 1), where the field Q(u7)(M)Y7 is trivially rational over Q by the
Invariant Basis Lemma. Thus, Q(u7)(u,v)%7/Q is rational.

8.4. p-Groups in Characteristic p, Revisited
We now interpret the results of section 5.6 in Chapter 5 in terms of essential
dimension:
THEOREM 8.4.1. Let G be a p-group for some prime p, and let the order of
the Frattini subgroup ®(G) be p¢. Then
edFP(u) G<e+1,
where u is an indeterminate. Moreover,
ed]Fp G<e+2
if the group G is non-cyclic, whereas
ed]Fp Opn S n.
THEOREM 8.4.2. Let ¢ = p™ be a prime power, and let Cq be a cyclic subgroup
of (Z/q)*. Then
ed]Fp(Z/q X Od) <n.
This shows that p-groups (and some related groups) have very low essential
dimensions in characteristic p.
As for lower bounds: An elementary Abelian p-group A has essential dimen-
sion 1 over K if and only if |K| > |A|, and otherwise 2. For all other groups, the
essential dimension is at least 2 over any field of characteristic p.

8.5. Generic Dimension

The essential dimension gives a bound on the number of parameters needed in a
generic polynomial. For completeness’ sake, we introduce the concept of generic
dimension:

DEFINITION 8.5.1. Let K be a field and G a finite group. The generic dimen-
sion for G over K, written gdy G, is then the minimal number of parameters in
a generic polynomial for G over K, or oo if no generic polynomial exists.

We then clearly have

PROPOSITION 8.5.2. edx G < gdgi G.

No examples seem to be known of edx G < gdy G, except of course when
gd; G = co. We may therefore propose a
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CONJECTURE. If gd; G < o0, then edg G = gdyi G.

Notice that many of our upper bounds on essential dimensions are in fact
upper bounds on the generic dimension. Thus, for instance

PROPOSITION 8.5.3. Let K be an infinite field of prime characteristic p, and

let G be a p-group with |®(G)| = p°. Then
gdp G <e+1.
and
PROPOSITION 8.5.4. For n > 3, we have
In/2] <gdg S, <n-—2

for any field K of characteristic 0.

Also, from Exercise 5.6 in Chapter 5, we get the analogue of Corollary 8.2.9
for generic dimension:

PROPOSITION 8.5.5. Let K be an infinite field, and let G and H be finite
groups. Then

gdx G, gdi H < gdy (G x H) <gdy G+ gdg H.

Note that a result like gdp H < gdi G for H C G is not generally true
(consider e.g. Cs and Dg over Q). And it is by no means obvious whether it is
true even assuming both generic dimensions to be finite.

For semi-direct products, Exercises 7.1 and 7.2 in Chapter 7, combined with
Proposition 5.1.7 from Chapter 5, gives us

PROPOSITION 8.5.6. Let K be an infinite field, and let G and A be finite groups
of mutually prime orders |G| and |A|. Moreover, assume that A is Abelian, and
that G acts on A as automorphisms. Let N C G be the kernel of this action.
Then

gdg (A x G) < gdg(G) + [G: N] - gdg (A).

This is similar to the result of Exercise 8.4 below.

Finally, Lenstra’s result (stated in the Introduction and proved in Chapters 2
and 5) can be restated as

THEOREM 8.5.7. (LENSTRA) For a finite Abelian group A, we have gdg A =

oo if and only if A contains an element of order 8.

Known bounds. We conclude this section by a brief survey summarizing the
present knowledge about the generic dimension over Q of groups of small degree.
For the three groups PSL(2,7), A7 and Qi¢, it is unknown (to the authors)
whether the generic dimension is finite or infinite.

(8.5.8) Let G be a transitive subgroup of S,,, where 2 <n < 7:

For n = 2, we have G = (3, and we know that
ng(Cz) =1
For n = 3, GG is either C5 or S3, and we have
ng(CS) = ng(Sg) =1



8.5. GENERIC DIMENSION 203

For n = 4, G is one of Vy, Cy, D4, A4 and Sy, and we have
ng(V4) = ng(C4) = ng(D4) = ng(A4) = ng(S4) =2.
For n =5, G is one of C5, D5, Fyy, As and S5, and we have
gdo(Cs) = gdg(Ds) = gdg(Fa0) = gdg(As) = gdg(55) = 2.
For n =7, G is one of Cy, D7, Fo1, Fyo, PSL(2,7), A7 and S7, and we have
ng(C7) = 27
2 <gdg(Fa1) <7,
2 < ng(F42) < 14,
2 < gdg(PSL(2,7)), gdg(A7),
(8.5.9) For the four groups of order 16 and exponent 8, we know that
2 < gdg(QRDs), gdg(Ds) <5,
3 < gdg(Mis) <5,
2 < gdp(Q1e)-

The result for Mie follows from [Le8, Thm. 6] and Exercise 8.9. It is not known
whether (016 has a generic polynomial.

(8.5.10) For the groups of order < 24 the generic dimension is finite except
for Cs, Cg x Cq, C16 and perhaps @14. For some individual groups the exact
value of the generic dimension is given in Exercise 8.15 below.

(8.5.11) For the groups of order 24, there is only one group for which the
question of existence of a generic polynomial is unanswered, namely SL(2, 3).
For the remaining groups, the generic dimension is finite, except for Cy4 and the
semi-direct product Cs5 x Cs.

It is a little laborious, but not fundamentally difficult, to establish bounds on
the generic dimensions of ‘small’ groups, say of order < 32, except of course Q16
and SL(2,3).

(8.5.12) For infinite families of groups, we have already covered S,, in Propo-
sition 8.5.4 above. The alternating groups A,, n > 6, satisfy

2[n/4] < gdg(An),

but it is not known whether generic polynomials exist.
If n is odd with prime factorisation

n:pil ...pi7‘7
we have
1 e €
2 <gdg(Cn) < 5(01) + - +0(1))),
2 < gdg(Dy) <1+ (@) + -+ @(pi))).
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For highly composite n, these bounds are relatively low.

Exercises

EXERCISE 8.1. (1) Let G be an infinite subgroup of Autx K (z,y), where z
and y are indeterminates. Prove that K (x,y)%/K is rational. (In particular, by
combining this with the the Remark on p. 23, we get a result by Noether: If G
is a subgroup of GLa(K), then K (z,y)“/K is rational.)

(2) Let K be an infinite field. Find K(z,y)¢ for G = SLa(K) and GLa(K)
(with linear action), and for G = SL2(Z) and GL3(Z) (with monomial action).

EXERCISE 8.2. Let K be an infinite field, and let G — GLk (V') be a faithful
linear representation of the finite group G. Prove that there is a generic G-
polynomial over K with edx G parameters if and only if the essential dimension
can be realised inside K (V)/K (V)% by a G-extension F/FE with E/K rational.

In particular, prove that G has a one-parameter generic polynomial over K if
and only if edg G = 1.

EXERCISE 8.3. Let L/K be a finite Galois extension. Prove that

edKGS [LK] ~edLG
for any finite group G.

EXERCISE 8.4. Let G and N be finite groups, and assume that G acts on N
with kernel H. Prove that

edK(N X G) < [GH] -edKN+edK G.
QUESTION. Let G be a finite group, and let N <G be a normal subgroup. Is
edK(G/N) S edK G?

(At first glance, this looks plausible, and it would give another way of producing
lower bounds. For instance, it would imply edx G > n whenever G is a p-group
minimally generated by n elements, and K is a field of characteristic 0. Unfor-
tunately, it is known to fail for algebraic groups, cf. [Re, Ex. 3.9 + Thm. 9.3],
which would indicate that it probably does not work for finite groups either.)

EXERCISE 8.5. By Lemma 8.2.19, we have edg S, < 2edgA,. Is this an
improvement over our previous results?

EXERCISE 8.6. (1) Let G be a finite group. Prove that any G-lattice can be
embedded into a permutation G-lattice. [Hint: The proof of Proposition 1.1.4
in Chapter 1.]

(2) Consider the monomial action of Cy = (o) on Q(z,y) given by o: x —
y +— 1/z. Prove that Q(x,y)%/Q is rational. [Hint: Look at (z — 1)/(x + 1).]

EXERCISE 8.7. Let G be a finite group, and let M be a G-lattice. Let
L C M be a G-sublattice such that G acts faithfully on £, and such that
the factor group P is a permutation lattice with the induced G-action. Also, let
K be a field with a (not necessarily faithful) G-action. Prove that the exten-
sion K(M)%/K(L£)% is rational. [Hint: The Invariant Basis Theorem applied
over K(L£).]

EXERCISE 8.8. Prove that edg Q2» < 2"~! for n > 3.
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EXERCISE 8.9. Prove that 3 < edg Ma» < 2"=2 for n > 4.

EXERCISE 8.10. Let p be an odd prime, and let Hps be the Heisenberg group
from Chapter 6. Prove that

edg Hys < p2 —p.

EXERCISE 8.11. Let p be a prime, and let P be a group of order p™. Prove
that edg P < p"Lp(p —1).

EXERCISE 8.12. Let the notation be as in section 8.3.

(1) Prove that K(u,)(£)%*%¢/K is rational if and only if the extension
K (114)(£)%/ K (14) has a generating transcendence basis consisting of k-invariant
elements.

(2) Prove that the extension K (114)(£)“1/ K (1) is always rational, and in fact
of the form K (uq)(L") for a G4-sublattice £’ of L.

(3) Prove that the lattice £’ from point (2) is isomorphic to £ (as a G,-lattice)
if f can be chosen with P(f) = g. Then prove that this is possible for K = Q
and ¢ =9, 11 and 13.

(3) Prove that Q(pq)(£)%4/Q is stably rational for ¢ = 9, 11 and 13, and
formulate the corresponding existence theorems for generic polynomials.

EXERCISE 8.13. Find a one-parameter generic polynomial for C3 over Q using
the construction of section 8.3.

EXERCISE 8.14. Let p and ¢ be distinct primes with p > 3. Prove that

edQ(Mq) Op Z 2.

EXERCISE 8.15. Show that the groups 010, 012, 014, 015 and Cy; all have
generic dimension 3 over Q. [Hint: Theorem 8.2.11 applied over Q or Q(us).]

EXERCISE 8.16. Find the essential dimensions over QQ of the dihedral groups
Dy5 and Ds;. [Hint: See Exercise 8.15 above.] Then demonstrate the existence
of a generic Dis-polynomial over Q with exactly edg D15 parameters.

EXERCISE 8.17. Consider the semi-direct product C3 X Qg, where Qg acts
non-trivially on C3. Prove the existence of a five-parameter generic polynomial
over Q. [Hint: A C5 X Qg-extension is the composite of a Qg- and an Ss-
extension. ]

CONJECTURE. edg D, = edgi C), for any field K of characteristic 0 and any
odd number n. (This conjecture is supported by Theorem 8.3.1, and Hashimoto
and Miyake’s result from Chapter 7.)

OPEN PROBLEM. Colliot-Thélene has given the quotient field K of
Qlz,y, 2/ (y* + 2° — 2° + )
as an example of an extension of Q that is unirational but not rational. By
Proposition 8.1.1, it can be realised as a subfield of Q(s,t), and it is clear that
Q(s,t)/K is then a finite extension. Is there a non-rational subextension L/Q
of Q(s,t)/Q (possibly isomorphic to K/Q) such that Q(s,t)/L is a Galois exten-
sion? If so, with what Galois group?






APPENDIX A

Technical Results

This appendix contains various results and definitions that are of relevance to
the main text but did not fit into it. With the exception of the section on linear
disjointness, which depends on the use of tensor products, the sections can be
read independently.

A.1. The ‘Seen One, Seen Them All’ Lemma

If M/K is a finite Galois extension with Galois group G = Gal(M/K), and
n: E — G is an epimorphism! of the finite group E onto G, we can ask whether
there exists a Galois extension F/K with M C F and Gal(F/K) ~ E, such
that the restriction map res: Gal(F/K) — G corresponds to =, i.e., such that
res = 7 o @ for a suitable choice of isomorphism ¢: Gal(F/K) ~ E. This is the
(Galois theoretical) embedding problem given by M/K and 7, and in the case of
an affirmative answer, we say that F//K is a solution to the embedding problem,
and that M/K C F/K is an embedding along 7.

Clearly, embeddings along epimorphisms allow us to build up Galois exten-
sions step by step.

Now, let p be a prime, and let K be a field of characteristic # p containing
the primitive p*" roots of unity tp. Also, let M/K be finite Galois with Galois
group G = Gal(M/K), and let 7: E — G be an epimorphism with kernel of
order p. Then we have

LEMMA A.1.1. Assume that m: E — G is central, i.e., kerm C Z(FE), and
non-split, i.e., kerm is not a direct factor of E, and let M/K C F/K =
M(W)/K, w € M*, be an embedding along w. Then all embeddings along m
are M/K C M(}/rw)/K forr e K*.2

PROOF. Let r € K*. If r € (M*)?, we have M (%/rw) = M(%/w), and there
is nothing to prove. Hence, we may assume r ¢ (M*)P. Then
Gal(M(¥/w, {/7)/K) = E x G,

where

E = Gal(M (Y/w, V/r)/K(}/r)

1A surjective homomorphism
2That is, these are all embeddings along 7 and every embedding along 7 has this form. Of
course, different r’s may give the same embedding.

207
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and
Gy = Gal(M(X/, }/7)/M(3/2)).

Let ¢ € pp be a primitve ptP root of unity, and let x € F and &’ € C) be given

by
KV w=¢w and WR/r=(r,

respectively. Then M (}/rw) is the fixed field of (k,x’) € E x Cp. Also, (k, k')
is central in E x Cp, and so M({/rw)/K is Galois with Galois group E x
Cp/{(k,k")). This group can be identified with E by letting e € E correspond
to the coset of (e,1) € E x C,. Thus, M/K C M(}/rw)/K is an embedding
along 7.

Conversely, let M/K C M(X/X\)/K, A\ € M*, be an embedding along .
If M(%/w) = M(X/)) there is nothing to prove. Hence, assume M (}/w) #
M(X/X). Then M(}/w,}/N)/K is Galois with Galois group

EXE:={(e,f)e ExE|ely=flm}~=ExCp,

where the factors are E = {(e,e) | e € E} and C, = ((1,k)), with x being a
generator for Gal(M(%/w, {/\)/M(%/w)). The fixed field of F is a Cp-extension
of K, i.e., K({/r) for some r € K*, and so M(X/\) = M(}/r'w) for some
ie{l,....,p—1}. O

We will first and foremost use Lemma A.1.1 in the case p = 2, where 7 is
necessarily central.

REMARKS. (1) The notation (M*)? used in the above proof to denote the set
of p'" powers in M* will be our standard notation with respect to a field M.
Furthermore, for elements a and b in M™*, we say that a and b are p-equivalent,
written a =, b, if the residue classes @ and b in M*/(M*)P are equal. Also, we
say that elements a1, ...,a, € M* are p-independent, if the p-equivalence classes
are linearly independent in the IF,-vector space M™*/(M*)?P.

If p = 2, we say quadratically equivalent, square class and quadratically inde-
pendent instead of 2-equivalent, 2-equivalence class and 2-independent.

(2) Lemma A.1.1 remains valid if M/K and F/K are assumed to be Galois
algebras, cf. section 4.3 in Chapter 4, with the understanding that M (p\/u_)) is
then taken to be the ring M[t]/(#? — w). In that case, it is not necessary to
assume 7: F — G non-split.

(3) The embedding problem considered in Lemma A.1.1 is an example of a
Brauer type embedding problem. Such embedding problems have been extensively
studied, most notably for p = 2. References can be found in Chapter 6, in
particular in the Remark on p. 134.

The characteristic p case. Let M /K be a G-extension in prime character-
istic p, and let 7: E — G be, as in Lemma A.1.1, be central and non-split with
kerm ~ C,. Then the embedding problem given by M/K and n: E — G has
a solution, and as above we can describe all the solutions if we know one. For
use in Chapter 5, we will prove this result here. Our reference is Witt’s classical
paper [Wil] from 1936.
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We pick an isomorphism ¢: ), ~ ker m and get a short-exact sequence
0—-F, —F—G-—1 (A.1.1)
L ™

A map s: G — E with mos = 1g is called a section and gives rise to a map
c:GxG—T,by
Ueor) = 50375;7}7

cf. [Wei, §5—-1]. This map is called a factor system and satisfies

Cp,o + Cpo, 7 = PCo,r + Co,or-

(This comes from the associative law in E.) Our assumption about (A.1.1) being
non-split is equivalent to saying that s cannot be picked to be a homomorphism.

LEMMA A.1.2. Suppose that M/K is a Galois extension with Galois group
G = Gal(M/K). Then the following hold, cf. [Wei, Cor. 3-1-4]:

(a) (ADDITIVE HILBERT 90) Any additive crossed homomorphism f: G —
M s principal, i.e., a map f: G — M satisfying for = fo +0fr has the
form fo = ca — a for somea € M.

(b) Any factor system c: G x G — M s split, i.e., any map ¢: G x G — M
satisfying

Cp,o + Cpo, 7 = PCo,1 + Cp,oT
has the form
Cor = Qg +oar — agr

for some map a: G — M.

PROOF. Let £ € M be an element with trace 1.
(a) Let a= =3 ¢ fopa.
(b) Let ag = 3_ e CopopT. O

REMARKS. (1) It is well-known, and an obvious consequence of point (a) in
the Lemma above, that a Cp,-extension in characteristic p has the form K (6,)/K,
where 6, is a root of the polynomial X? — X — a (the characteristic p equivalent
of a p'® root), and as generator of C), = Gal(K (6,)/K) is given by 0, — 60, + 1.
Also, the only elements y € K(6,) for which y?» — y € K are those of the form
y = hf, + b, with h € F, and b € K. We denote the Artin-Schreier map
y—y? —ybyp.

(2) Since we will be using the Lemma to build up p-extension step-wise, we
note the following about elements with trace 1: Let M /K be a Galois extension
in characteristic p, and let © € M have trace 1. If w € M is such that M (6,,)/K
is Galois as well, with 6, ¢ M, then —z6?~! € M(6,,) has trace 1. In particular,
if K(0a,,...,0a,)/K is a C}-extension, the element (—1)" []:_; 62" has trace 1.

Now, returning to our embedding problem from above, we have, by the
Lemma, a map a: G — M such that

Vo, 7 € G: Cor = G5 + 0Cr — Qor.

Moreover, since pz = 0 for z € Fp, the map o — pa, is an additive crossed
homomorphism, meaning that there is an w € M such that

VoeG:aP —a, = ow — w.
o
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It is now an easy matter to see that F/K = M(6,,)/K is a Galois extension with
Galois group ~ E. In fact, we can extend o € G to & € Gal(F/K) by

g:0,—0,+a,,

and get & to correspond to the s, € F chosen above. Thus, F/K is a solution
to the embedding problem given by M/K and 7n: E — G.

Similarly, of course, M (0,+.)/K is a solution for all r € K.

On the other hand, by an argument similar to that in the proof of Lemma A.1.1,
we see that this gives us all solutions to the embedding problem.

ExaMPLE. Consider the quaternion group Qg of order 8, as defined in Chap-
ter 6.

In characteristic 2, QJs-extensions are found as follows: Let a,b € K, such
that K (0,,6y)/K is a Vy-extension, and define 0,7 € V4 = Gal(M/K) by

o: O 0,+1, 0+ 6O,
T: 04— 0, Op — 6, + 1.
Now, let
w=ab,+ (a+b)0,, =10, and y=20,+0.

Then

ow—w=a=z>—z and Tw-w=y>—y.

Thus, F/K = M(6,,)/K is Galois, and since
r+or=y+71y=1 and z+oy=y+7x+1,
we see that F'/K has degree 8, and that o and 7 can be extended to F by
00,=60,+x and 70,=0,+y.

In this way, o and 7 in Gal(F/K) corresponds to i and j in Qg, and so F/K is
a QQg-extension.
The Qs-extensions containing M /K are thus

K(9r+a9a+(a+b)9b)/K7 re K.

(Notice that w = af, + (a + b)) is invariant under cyclic permutation of a, b
and a +b.)

A.2. Tensor Products

The basic theory of tensor products is probably known to the reader, and can
be found in many algebra textbooks, e.g. [Ja2, 3.7].> We include it here only for
completeness.

3Where the index inexplicably lists it as ‘tensor product of molecules’.
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Bilinear forms. Let A be a ring (not necessarily commutative, but with
unit), and let M and N be a right and left A-module, respectively. A bilinear
form @p: M x N — A, where A is an abelian group, is then a map with the
properties

(i) ¢(m+m’,n) = @(m,n) + ¢(m’,n),
(ii) p(m,n+n') = @(m,n) + ¢(m,n’), and

(iii) p(mA,n) = p(m, An)
for m,m’ € M, n,n’ € N and A € A.

EXAMPLES. (1) The maps (A\,n) — An and (m, \) — mA are bilinear forms
AXxN—-Nand M x A —> M.
(2) More generally: The maps

A, Asn) = (An, ..o, sn) and  (my A, ..., Ag) = (M1, ..., mA)
are bilinear forms A* x N — N® and M x A% — M?.

The tensor product. Given, as above, A-modules M and N, we define a
tensor product of M and N (over A) to be a pair (T,1), where T is an abelian
group and ¢: M x N — T is a bilinear form, such that the following condition
is satisfied:

Given any bilinear form ¢: M x N — A, there is a unique group homomor-
phism @: T' — A with the property that ¢ = @ o). In other words: Bilinear
forms from M x N correspond to group homomorphisms from 7.

It is clear that this is a universal property, characterising the tensor product
up to canonical isomorphism.

As for the ezistence of a tensor product, we proceed as follows: Let Z(M*N)
be the free abelian group with a basis indexed by the elements of M x N. We
denote this basis by (€(m,n))(m,n)xMxN-

In a tensor product (T,%), the images of the elements of M x N must sat-
isfy the bilinearity conditions (i)—(iii) above. Thus, we take the submodule S
of ZM*N) generated by all elements of the forms

€(m+m/,n) — €(m,n) — Em/,n;
€(m,ntn’) — €(m,n) — E(mn/) and
€(mA,n) — €(m,An)

for m,m’ € M, n,n’ € N and X\ € A, and let T = ZM*N)/S and 4)(m,n) =
€(m,n)-

(T, ) is now in fact a tensor product: v is bilinear by construction, and if
@: M x N — A is a bilinear form, we see that the homomorphism from T to A
given by e, ) = ¢(m, n) disappears in S, giving us a well-defined induced map
@: €(mn) — @(m,n) from T to A. Clearly, ¢ = o), and ¢ is unique with that
property.

Thus, tensor products exist and are essentially unique. We will therefore refer
to the tensor product of M and N, denoted M ®, N, and use the notation m®mn
for the image of (m,n) in the tensor product.
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REMARK. Notice that M @ N is generated by the elements m ® n. This is
clear from the construction, but can also be seen using the universal property.

EXAMPLE. From the bilinear map A®* x N — N* in the previous Example,
we get a homomorphism A®* @ N — N*®, given by

A, ) @n— (An, ..., Asn).

This is actually an isomorphism: Let ej,...,es be the canonical basis for A®,
and define a homomorphism N® — A® @ N by

(N1,y...,ng) —e1@ny + -+ e5 @ ng.

The two maps A*®a N — N® and N° — A°®, N are then each others inverses.

Similarly, M ®x A® ~ M?*.

We leave the proof of the following Proposition as an exercise for the reader:

PROPOSITION A.2.1. (a) M ®4 (P, Ni) ~ @,(M ®@x N;) by m ® (n;); —
(m @ n;)i, and similarly (B; M;) @a N ~ ,;(M; @x N).

W) Iff: M — M' and g: N — N’ are A-homomorphisms, there is an induced
group homomorphism f ® g: M @y N — M’ @5 N’, given by (f ® g)(m ®n) =
f(m) @g(n).

() M@y N~ N Qpoo M byme@n— nQm.

The tensor product as a module. Let I' and A be rings. A I'-A-bimodule
is then an abelian group M equipped with both a left I'- and a right A-module
structure, such that

Y(mA) = (ym)A
formeM,yeT and A€ A .

ExaMpPLES. (1) If R is a commutative ring, any R-module is trivially an
R-R-bimodule.

(2) If K is a field, the vector space Mat,,xn,(K) of m X n matrices is a
Mat,,, (K)-Mat,, (K )-bimodule.

If M is a I'-A-bimodule rather then just a right A-module, the tensor product
M @4 N gets a left I'-module structure by

Y(m®n) = (ym)@n :

For given (fixed) v € T, the map (m,n) — (ym) ® n is a well-defined bilinear
form M®N — M ®x N, and so induces a homomorphism v-: m®@n — (ym)®@n
on M ®x N. It is easily seen that this gives us a module structure.

In the same way, M ®x N becomes a right I'-module if N is a A-T'-bimodule.

In particular, M ® g N is an R-module when R is commutative.

PROPOSITION A.2.2. (a) Assume that M is a right T'-module, N a T'-A-
bimodule, and P a left A-module. Then M ®pr (N @A P) ~ (M ®r N) @ P
bym @ (n@p) — (m@n) Qp.

(b) If M and M’ are T-A-bimodules, and f: M — M’ is a bimodule ho-
momorphisms (i.e., both a T'- and a A-homomorphism), the induced map f ®
1: M@y N — M’ @, N is a T-homomorphism. Similarly from the other side.

PRrooOF. Exercise. O
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Tensor products of algebras. Let R be a commutative ring. An R-
algebra is then a ring A together with an R-module structure on the additive
group (2, +), such that

r(ab) = (ra)b = a(rd)
for r € R and a,b € ™. Examples of algebras are matrix rings Mat,, (R) and field
extensions L/K.

If A and B are R-algebras, we can define a multiplication on the tensor

product A ®r B by

(a®b)(a ®V') = (ad’) @ (bb')
for a,a’ € 2 and b,b’ € B. In this way, the tensor product again becomes an
R-algebra, and we will always understand it to be an algebra in this way.

EXAMPLE. Mat, (R)®r2 ~ Mat,, (). In particular, Mat,, (R)®gMat, (R) ~
Matn (R).

If S is a commutative R-algebra, it is also an S-R-bimodule, and consequently
the tensor product S ®p 2 becomes an S-algebra by s(s’ ® a) = (ss') ® a. In
this case, we refer to S ®@g 2 as the scalar extension of /U to S.

EXAMPLES. (1) The scalar extension of R[X] to S is S[X].
(2) The scalar extension of Mat,, (R) to S is Mat,, (S).

A.3. Linear Disjointness

DEFINITION A.3.1. Let K be a field, and let L/ K and M /K be subextensions
of a field extension N/K. Then we say that L and M are linearly disjoint over K
if one of the following two equivalent conditions are satisfied:
(i) Elements in L are linearly independent over M if they are linearly inde-
pendent over K.
(ii) Elements in M are linearly independent over L if they are linearly inde-
pendent over K.
That these two conditions are equivalent is trivial.
ExaMPLES. (1) If L/K and M/K are finite of mutually prime degrees, they
are linearly disjoint.
(2) K(z) and K(y) (inside K(z,y)) are linearly disjoint over K.
If L/ K is finite, it is easy to produce an extension N/K containing both L/K
and a given arbitrary extension M /K. In this case, we have
PROPOSITION A.3.2. Assume L/K finite. Then L and M are linearly disjoint
over K if and only if L @ M is a field.

Thus, there is no need to find an N in advance: Just look at L ®x M.

PROOF. We consider the map £ ® m +— ¢m from L @ M to N.

‘If’: Clearly, the map is injective if L ® x M is a field, and so we may assume
N = L ®kg M. From the Example on p. 212, we now get property (i) in the
Definition above.

‘Only if”: Let (¢;); be a basis for L/K. Then (¢; ® 1); is a basis for L @ x M
over M, and (¢;); is a basis for LM C N over M. It follows that L&x M ~ LM,
and hence that L ®x M is a field. O
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PROPOSITION A.3.3. Let L/K and M/K be finite Galois extensions. Then L
and M are linearly disjoint if and only if LN M = K.

This condition is well-defined, since the composite of L and M is unique up
to isomorphism.

PROOF. By basic Galois theory, we have LNM = K if and only if [ML: K] =
[M:K]|[L: K], if and only if [ML:L] = [M: K], if and only if a basis for M/K
is also a basis for M L/L. O

A.4. The Hilbert Nulstellensatz

THE HILBERT NULSTELLENSATZ. Let K be an arbitrary field, and let x =
(1, ...,2n) be indeterminates. Then the following statements hold:

(a) A family f1,...,fs of polynomials in K[x] generates a proper ideal if
and only if they have a common zero in M™ for some finite field exten-
sion M/L.

(b) Let m be a mazimal ideal in K[x]. Then K[x]/m is a finite extension
of K.

(c) Let a C K[x] be an ideal. Then

Va=(m.

mIa
where the m’s are understood to be maximal ideals.

REMARKS. (1) Normally, the Nulstellensatz is formulated for an algebraically
closed field K, and the statements (a) and (b) are then referred to as the weak
Nulstellensatz, while (¢) is the strong Nulstellensatz.

(2) A consequence of point (b) in the Nulstellensatz is that a maximal ideal
in a polynomial ring K[x] is given by a tuple a = (a1, ..., a,) of elements in an
algebraic extension M/K as the polynomials that vanish in a.

PROOF OF THE NULSTELLENSATZ. (a) ‘If’ is clear. ‘Ounly if’ is proved by
induction on n, where n = 1 is obvious.

We can of course assume that m = (fi,..., fs) is a maximal ideal in K[x].
There are then two possibilities:

(1) mN Kz1] # 0: Then there is a non-trivial polynomial 7(x;) in m. Let L
be the splitting field of 7(z1) over K. Since L[x]/K|[x] is an integral extension,
mL[x] is a proper ideal in L[x] and thus contained in a maximal ideal m’. Also

contained in m’ is 1 — 6 for a root 0 € L of w(x1). It follows that Llza,. .., xy)
maps surjectively onto L[x]|/m’, and since f1(0,za,...,xy),..., f2(0,22,...,z,)
are in the kernel, they generate a proper ideal in L[zs,...,2,]. By induction,

they have a common zero in a finite extension M of L.

(2) mN K[z1] = 0: We localise in K[x1]\ 0 to get a maximal ideal (f1,..., fs)
in K(z1)[x2,....z,]. By induction, there is a finite extension M/ K (z1) in which
fi,---, fs have a common zero (x1,03,...,0,). For a suitable z € K[z], the
©,’s are integral over K[z1,1/x]. Also, there is a 6 algebraic over K with z(0) #
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0, giving us a surjection
Klz1,1/2] — L=K(0)

x1+—0
The kernel is a maximal ideal in K[z, 1/z], and so is contained in a maximal
ideal in the integral closure of K[x1,1/x] in M. Call the quotient field M. Then
10, 29— 0Oq, ..., zp— O,

gives us a homomorphism K[x] — M with kernel m. In particular, the minimal
polynomial of § over K (with respect to 1) is in m, contradicting our assumption.

(b) is an immediate consequence of (a), when the f;’s are taken to be gener-
ators for m.

(c) ‘C is obvious. Now, let g €
in K[x,Y] containing a. Since

K C K[x]/(M N K[x]) € K[x,Y]/Mm,
K[x]/(MN K][x]) is a field, and so M N K[x] is a maximal ideal in K[x] contain-
ing a. Thus, g € M N K[x], and hence g € M. It follows that no maximal ideal
in K[x,Y] contains both a and 1 — gY. Consequently, there exists polynomials
fi,--,fs €aand hy,..., hs,h € K[x,Y], such that
hifi+ -+ hsfs +h(1—gY)=1.

Setting Y = 1/g, we get

hi(x,1/9) fi(x) + -+ hs(x,1/9) fs(x) = L.
Now, hi(x,1/g) = H;(x)/g(x)¢ for some H; € K[x] and some number e, and so
H1f1+"'+Hsfs :gev

ie,g¢€ \/E. (]

moa M and let 991 be a maximal ideal






APPENDIX B

Invariant Theory

In this Appendix we give a brief introduction to classical invariant theory, needed
in the proof of Hermite’s results concerning quintic polynomials as given in Chap-
ter 2. Our references are [Ol] and [D&C]. We are also indebted to P. Wiggen,
whose thesis (Invariants of Binary Forms and Tschirnhaus Transformations,
Reed College, 1998) contains an exposition of the invariant theory necessary for
Hermite’s proof.

For convenience, we work over the complex number field C.

B.1. Basic Concepts

We will be concerned with binary forms, i.e., homogeneous polynomials

P(z,y) = znj (7;) ajziy" (B.1.1)

=0

in two indeterminates of some degree n. (Not to be confused with quadratic
forms, which are homogeneous polynomials of degree 2 in some number n of
indeterminates.)

The binomial coefficients in (B.1.1) are included purely for convenience, and
have no real bearing on the theory. We refer to Exercise B.3 for a proof of this
fact, and to Exercise B.1 and the formula (B.3.2) below for examples of the
convenience.

Associated to P(z,y) is a corresponding polynomial

P(z) = P(2,1) = znj (7;) a;z'.

=0

Whenever we look at P(z), we will keep n in mind and consider it formally to
be the degree of P(z), even if a,, = 0. This allows the reconstruction of P(z,y)
from P(z) by

P(z,y) = P(z/y)y".

This situation is somewhat similar to that of Exercise 1.6 in Chapter 1, where
f(X) and g(X) did not necessarily have degrees m and n, but required us to
specify m and n separately from the polynomials.

Whenever o € C is aroot of P(z), the linear polynomial z—ay divides P(x, y).
And if the actual degree of P(z) is d < n, we also get y as a (n — d)-fold factor

217
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of P(z,y). These linear factors can be scaled, giving us factorisations of the form

n

P(z,y) = [[(wiz — ziy). (B.1.2)
=1

We will call such a factorisation normal. It is of course not unique, except in the
usual sense, i.e., up to re-scaling and permuting the factors.

A matrix

0

induces an automorphism on Clz, y] by

A= (3 6) € GLy(C)

T +— ar+ By, y+— yr+iy.
Alternatively, it defines a new pair of generating indeterminates
T=ax+ Py and Y=~z -+ dy,
and a corresponding binary form P(Z,%) given by
0z — By —yz+ ay)
ad — By’ ad — By

n n
— Z ( ,)aﬁy"‘z.
. 1

As for normal factorisations: Applying the transformation factor-wise to (B.1.2),
we get

Pmm=P@w=P(

S TT( %0y ami+ By
P<x7y)_i1:[1(015—6’7$ 00— y) (B.1.3)

NOTE. It is clear that the transformation
a=(ag,...,an) — a= (ag,...,an)

is linear in a, and from the definition it follows that it is homomorphic in A,
i.e., if we denote a by Aa, we have

(BA)a = B(Aa).

Thus, the transformation P(z,y) — P(Z,7) can be considered as a GLg(C)-
action on the vector space C"*1.
For instance, for n = 2 we get

a?ag — 2aBar + B2as

[ Y
G, — 00+ (a6 + By)ar — Bdas
L (@b — 37)2 ’

B v2ag — 2yda; + 62ay
(a6 —py)2 7
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meaning that A acts on C? as

R 1 a? —2a0 32
A=———|—-ay ad+p0y —-06
(ad — Bv)? +2 —276 52

This homomorphism from GL2(C) into GL3(C) has, as we see, a particularly
‘algebraic’ form: The entries in the image matrix A are rational functions in
the entries of the argument matrix A. This is more generally true for any n, of
course, and we refer to such representations of a general linear group as rational.
If the entries are in fact polynomials, we use the term polynomial representations.

Projective zeroes. We define the (complex) projective line P1C as the set
of non-zero vectors in C? modulo non-zero scalar multiplication, i.e., as the set
of lines through the origin in C2.

The element of P!C containing (or passing through) a point (a,b) € C?\
{(0,0)} is denoted [a,b]. We call it a projective point, and call [a,b] the ho-
mogeneous coordinates. The map a — [a, 1] from C into P!C covers all of the
projective line, except for the one point co = [1,0], referred to as infinity. We
identify C with its image in P!C, and see that [a,b] = [a/b, 1] if b # 0.

A binary form

n
P(z,y) = (n) aiz'y" "t € Clx,y
wn=3; 2.3]
has the special property that its non-trivial zeroes (i.e., zeroes other than (0,0))
lie on lines through the origin, and therefore make up projective points. When-
ever [a,b] € P'C is such a projective zero, we get a linear factor bx —ay of P(x,y).
We can now define the multiplicity of a projective zero as the number of times the
associated factor divides P(z,y). For an ordinary zero « of P(z), the multiplicity
of [, 1] coincides with the usual multiplicity of . For co, the multiplicity is the
difference between the formal and ordinary degrees of P(z). The multiplicities
of the projective zeroes therefore add up to n.

The matrix transformation considered above induces a map
[z,y] = [Z,7] = [ax + By, vz + 6y
on the projective line, which we also denote by

az+ 3
vz + 6

Z

and call a fractional linear transformation. (This agrees with the usual division
in C, modulo the convention that a/0 = oo and a/oo = 0 for a € C\ {0}.)

Classical invariant theory can be considered as the study of properties of
a polynomial P(z) that are unchanged under fractional linear transformations.
(See also Exercise B.2.) Note that the ordinary degree of P(z) is not such a prop-
erty, whereas the formal degree is, by definition. Multiplicities of (projective)
zeroes are preserved.
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In the following, we will consider invariant theory in terms of binary forms.
We invite the reader to work out the implications for one-parameter polynomials.
(Exercise B.10 would be an example.)

B.2. Invariants

Let again P(x,y) € C|z,y] be a binary form of degree n. Then we define an
invariant of P(z,y) to be a function (mostly a polynomial) I(a) = I(aq, ..., a,)
depending on the coefficients of P(z,y), such that

I(a) = det A* I(a)

whenever A € GLy(C) is as before, and a = (o, ..., a,) are the coefficients of
the transformed binary form P(Z,7). We then refer to the exponent k as the
weight of I, written k = wt I.

Notice that this concept is not really all that interesting if we only look at a
single binary form P(x,y). But since the coefficients of P(Z,y) depend linearly
on those of P(x,y), it is understood that we really consider a and a to be elements
of Cnt1,

REMARK. In what sense is I an invariant? When a group G acts on a set X,
the invariants are the elements in

XC¢={reX|VoeG: ox=ua}
If G acts on both X and Y, we get a G-action on the set Y of maps X — Y
by the so-called diagonal action
of:x—of(c ),
i.e., by demanding of: oz +— of(z). In this case, the invariants are also some-
times called equivariants. They satisfy
Voe@, ze€ X: flox) =of(x).

In our case, GLa(C) acts on C"*!  and I is a map from C"*! into C. We
thus need to consider possible GLy(C)-actions on C. These are clearly given by
characters, i.e., homomorphisms y: GLy(C) — C*,* through

A:z— x(A)z.
We then have that I is a invariant (with respect to x), if
I(A-a) = x(A)I(a).

So, what does x look like? We will restrict our attention to rational charac-
ters, cf. the Note of p. 218.2 By [Hu, II Satz 6.10], the commutator subgroup
of GL,(C) is the special linear group SL,(C). (See also Exercise B.5.) In par-
ticular, any character y: GLy(C) — C* factors through the determinant. Thus,
it has the form x = ¢ odet for some endomorphism ¢ on C*. Since we require x

L Also sometimes referred to as linear characters, or characters of degree 1.
2There are of course many non-rational characters as well, including obvious ones like the
conjugate of the determinant.



B.2. INVARIANTS 221

to be rational, we have a rational function f(X) = f({z;}i,;) € C[x], such that
X(X) = f(x) when X = (z;;); ; in the matrix with (i, )" entry x;;. From

X

p(r) = x
1
we get that ¢ is a rational function: ¢(x) = p(z)/q(x) for p(z),q(x) € Clz]
mutually prime. Since ¢ is multiplicative, we have
p(a)p(z)q(ax) = q(a)q(x)p(ax)

for a € C*, i.e., p(z) | p(ax) and q(z) | g(ax), from which we see that ¢(x) = z*.
Thus, in this case the only characters are the powers of the determinant, and

our concept of invariant makes sense.

When looking at polynomial invariants, it is clear from the transformation
rules that the homogeneous components (in a) are again invariants, of the same
weight, and conversely, that adding invariants of the same weight k results in a
invariant of weight k.

Regarding homogeneous polynomial invariants, we have

PROPOSITION B.2.1. Let I(a) be a (non-zero) homogeneous polynomial in-
variant of degree d and weight k. Then

dn = 2k.
PRrROOF. Consider a scalar matrix
a 0
A ( ° a) |

By Exercise B.6(1), the corresponding transformation is

From the definition of invariant, we now get
I(a) = det A* I(a) = o* "] (a),

since I is homogeneous. But that means a?*~9" =1 for all a, and hence 2k —

dn = 0. (]
COROLLARY B.2.2. Polynomial invariants are homogeneous.

ProOOF. The homogeneous components all have the same degree. O
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B.3. Bracket Polynomials

Let once again P(z,y) € C|z,y] be a binary form as in (B.1.1), and consider a
normal factorisation
= [[wiz — ziw).

i=1

As we saw, a transform P(Z,%) of P(x,y) then has an induced normal factori-
sation
5 Tr( T+ 0y o+ By
P(z,y) = ( T — y>7
@3) 1;[1 ad — [y ad — [y

and we can think of this as giving a transformation

(@i90) o (T, 51) = ax; + Byi yxi + 0y
iy Yi i Yi aé—ﬁv’ ad — By

(B.3.1)

We can then look at the determinant
Ty Ty

17| = = Z;Y; — TiY;,
[ j] v iYj iYi

which almost qualifies as an invariant of weight 1, since
T; X x; :CJ
Yi Yy Yi  Yj
Of course, it is not in fact an invariant, since it is not a well-defined function

of a.
All we actually know about the x;’s and y;’s is that they satisfy the relations

> HIiHyi—(—l)"d<g>ad, 0<d<n,

IC{1,...,n}i¢lI i€l
[I|=d

= (ad = f7)

or more simply put:

Ap—d = CTod  Yo(d+1)  Yon, 0 < d <. (B.3.2)

gESy,
Certain polynomials in the z;’s and y;’s can therefore be rewritten as polyno-
mials in a. In particular, we can hope to construct invariants in this way: If
the polynomial happens to be homogeneous of degree k, and expressible as a
polynomial in the [i j]’s, it will be an invariant of weight k/2. We will refer to
the [i j]’s as brackets, and to polynomials in the [i j]’s as bracket polynomials.

EXAMPLE. We can define the discriminant of a binary form P(z,y) as
d(P) = [T(wiz; — wsu;)* = Tl )%
i<j 1<j
This expression is independent of the choice of normal factorisation, and is by
construction a bracket polynomial. And it is not hard to see that d(P) is a



B.3. BRACKET POLYNOMIALS 223
polynomial in a: Think of the z;’s and y;’s as indeterminates, and define the a;’s

by (B.3.2). Let
0= ()

i=0
Then P(z,y) = any™p(z/y), and the zeroes of p(z) are z;/y;. Rewriting

d(P) = [[wiz; — wiy;)* = ax" ™" H(I_J - ﬁ)2 = a;" Md(p),
i<j i<j Yi Y
we get the desired result: d(p) is a polynomial in ag/an,...,a,—1/a,, and from

the resultant formula in Chapter 1 we get that d(p) has total degree 2(n—1) in the

coefficients of p(z). Hence, the multiplication by a2

and gives us a polynomial.

We conclude that the discriminant is an invariant of weight n(n — 1), and is
homogeneous of degree 2(n — 1) in the a;’s.

For instance, for n = 2 the discriminant is

d(P) = 4(a% — apag),

clears the denominators,

and this is an invariant of weight 2.
Note that, like the usual discriminant of a polynomial, d(P) vanishes if and
only if P(z,y) has a multiple (projective) zero.

We will look at the abstract question of which polynomials in the polyno-
mial ring C[x,y] = Clz1,...,%n,%1,--.,Yn] are polynomials in a, when a =
(ag,...,an) is defined according to (B.3.2):

First of all, since the a;’s are simultaneously symmetric in x and y (i.e., in-
variant when the same permutation is applied to both the z;’s and the y;’s), a
polynomial in C[x,y] cannot be in Cla] unless it is simultaneously symmetric.
However, this is not a sufficient condition, simply by reason of the transcen-
dence degrees: C(x,y)°" has transcendence degree 2n over C, whereas C(a) has
transcendence degree at most n + 1.3

Second, we note that aqg, . . ., a, are algebraically independent: Up to signs and
binomial coefficients, ag/an, . . ., an—1/a, are the elementary symmetric symbols
inx1/y1,. .. Tn/Yn, and an = Y1+ Yn. AS T1/Y1,- -, Tn/Yn, Y1 - * Yn are triv-
ially algebraically independent, the result follows.

The a;’s are homogeneous (of degree n) as polynomials in C[x,y] and conse-
quently the subalgebra Cla] they generate is graded: If we write f(x,y) € Cla]
as

f(X,}’) = Zfi(xa}’);
i=0
where f;(x,y) is the homogeneous degree-i component, then f;(x,y) € C|a].

Moreover, the a;’s are a very special kind of homogeneous polynomials, in that
they are regular:

3And we are not really interested in the case n = 1.
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DEFINITION B.3.1. A homogeneous polynomial f(x,y) € C[x,y] is called
k-regular if its (non-zero) terms

satisty iq + jq = k for all d.

The degree of a k-regular homogeneous polynomial is of necessity kn.

Clearly, the a;’s are 1-regular, and since the product of a k-regular and an ¢-
regular polynomial is a (k + ¢)-regular polynomial, we see that the homogeneous
components of an element in C[a] must be regular.

PROPOSITION B.3.2. The elements of Cla] are exactly those simultaneously

symmetric polynomials in C[x,y] for which all the homogeneous components are
reqular.

PROOF. We have already seen that the elements in C[a] have this form. Con-
versely, let f(x,y) € C[x,y] be simultaneously symmetric and k-regular. We
write

f(x7y) = (yl : yn)kg(ﬂu ”7:6_")7
Y1 Yn
where

9(z) = g(z1,---,2n,1,...,1) € Clz]
is a symmetric polynomial in the z;’s. Hence, ¢g(2z) is a polynomial in the elemen-
tary symmetric symbols e = (e, ..., e,) of z; it follows that g(x1/y1,. .., Zn/Yn)
is a polynomial in ag/an, ..., an—1/an:

e @ Ap—1
f(xay)_anh(ana-“v an )

for some h(e) € Cle]. Since the degree of g(z) in any given z; is at most k, we
see from the standard algorithm for producing h(e), cf. e.g. [Jal, 2.13], that h(e)
has degree at most k. Thus, the factor a¥ clears the denominators, and f(x,y)
is a polynomial in the a;’s. ([l

COROLLARY B.3.3. If f(x,y) € C[x,y] is a simultaneously symmetric and
regular bracket polynomial, then it is an invariant.

The discriminant is an example.

More generally, we can now produce invariants systematically as follows:

(1) In order for a bracket monomial [i1 j1]---[ix ji] to be regular, it is (of
course) necessary and sufficient that the individual terms in the expanded prod-
uct are regular. These terms have the form

+ H(Ile yjz) ’ H(yiz xje)
el e¢1

for a subset I of {1,...,k}. A monomial is regular if substituting z; for y;
throughout results in a power of x; - - - x,,. In this case, this gives us

+
¢

(:Eiesz)u

k
=1
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and so we see: The bracket monomial is regular if and only if all numbers 1,...,n
occur in 4y, . .., ik, j1,- - -, jk an equal number m of times. As a consequence, we
must have mn = 2k, and the monomial is m-regular.

(2) If a bracket polynomial is regular, we can write it as a homogeneous
polynomial in the bracket symbols, such that each monomial term is regular
according to (1).4

(3) In order to ensure symmetry, we can do the following: Replace the poly-
nomial f(x,y) under consideration by

% Z flox, oy).

oES,

It is clearly simultaneously symmetric, and if f(x,y) was simultaneously sym-
metric already, we have changed nothing.

In this way, we can find all bracket invariants of prescribed weight.

EXAMPLE. Let n = 2. Then there is (essentially) only one bracket [12], and
we see that the only bracket invariants (up to scalar multiples) are the even
powers. In other words, the only bracket invariants are

(a? — apaz)®, k>0.

EXAMPLE. Let n = 3. Then we get the even powers of [12][13][23] as the

only bracket invariants, i.e.,
(3a%a3 — ada? — 4apa3 — 4adas + 6agarazaz)®, k> 0.

The expression in the parentheses is d(P)/27.

EXAMPLE. Let n = 4. Then a bracket invariant must have even weight.
For k = 2, there is nothing. For k = 4, we get an invariant

1 = apayq — 4aia3 + 3a§,
corresponding to
247 = [12]*[34] + [13]*[24)* + [14]*[2 3]
For k = 6, we get only
Gp ap G2
j = |a1 a2 a3| = apa204 + 2&1@2&3 — a0a§ - CL?CL4 - CL%,
g a3 Qa4

from starting with the bracket monomial [12]?[3 4]2[1 3][24].

For k = 8, the only bracket invariant is i?, and for k = 10 we get simply ij.

For k = 12, we immediately get i®, j2 and d(P). In fact, i*> and j2 generate
the space of weight-12 bracket invariants, and a computation shows that
.3 .2 1
10— 275° = 256d(P).
By Proposition B.2.1, the possible weights of invariants for the quartic binary
form are the even numbers. From the above, it is clear that we can find invariants
of any even weight > 4, just by taking polynomials in 7 and j.

40f course we are free to add spurious terms like [i j] + [5 i], but why should we?
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As the above results indicate, it is true that all invariants for the binary
quartic are polynomials in ¢ and j. This is not, however, a trivial result, and we
will not prove it.

In principle, we can determine C-bases for the spaces of weight-k bracket
invariants for any binary form P(z,y) and any k, using the above procedure
together with some linear algebra.

NoTE. Apart from the obvious relation
i3] = =151 (B.3.3)

between brackets, there is also an equality
[0 g1k €] = [ ][k 5] + [i k][5 €] (B.3.4)

This can be used, for instance, to reduce the number of bracket polynomials
needed to produce invariants.

EXAMPLE. For use in Chapter 2, we need to know something about bracket in-
variants for the binary quintic. Specifically about invariants of weights 5 and 35.

For weight 5, the matter is easily dealt with: We start with a product of
five brackets, with each digit 1,...,5 occuring twice. Up to permutation, this is
either

[12][23][34][45][51] or [12)2[34][45][53].

In the first case, the permutation (25)(34) changes the sign of the bracket mono-
mial, and in the second this is accomplished by (45). In either case, the symmetri-
sation is therefore 0, and there are no non-zero bracket invariants of weight 5
(and degree 2).

Beyond that, however, it is convenient to limit the scope of the search before
actually starting:

The possible weights of an invariant are the multiples of 5, i.e., k& = 5m.
The degree is then d = 2m. A bracket invariant is a linear combination of
symmetrisations of bracket monomials of the form

[12]°12[1 3]°3[1 4]+ [1 5]°*3[2 3]°23[2 4]°24 [2 5] ®>5[3 4] *34[3 5] 35 [4 5] 43,
where the exponents e;; lie between 0 and 2m, and satisfy the equations

2m = e12 + €13 + e14 + €15,
2m = e + €23 + €24 + €25,
2m = e13 + e23 + €34 + €35,
2m = e1q + €24 + €34 + €45,

2m = e15 + ea5 + €35 + €45.
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(Since each digit must occur in exactly 2m brackets.) This system is easily
solved, giving us
€12 = €34 + €35 + €45 — M,
€13 = €24 + €25 + €45 — M,
€14 = 2m — €24 — €34 — €45,
€15 = 2m — eg5 — €35 — €45,
€23 = 3Mm — egq — €a5 — €34 — €35 — €45.
Using the relation (B.3.4), we can reduce to the case where at least two exponents
are 0. Permuting, we may therefore assume e35; = e45 = 0 or ey = e35 = 0.
In the first case, the equations become
€12 = €34 — M,
€13 = €24 + €25 — M,
€14 = 2m — e24 — €34,
e1s = 2m — egs,
€23 = 3m — €24 — €25 — €34,

which result in valid sets of exponents for

m < ez <2m, 0< ey <2m— eaq,
max{0,m — eag} < ess < min{2m,3m — eaq — €34}.
For m = 7, this gives a total of 204 cases, all of which have symmetrisation 0.
(This is best checked by computer.)
In the second case, we get the equations

€12 = €34 +eq5 — M,

€13 = €25 + €45 — M,

€14 = 2m — e34 — €45,

€15 = 2m — eg5 — €45,

€23 = 3M — €95 — €34 — €45,
and may assume that esq and ess are the only exponents equal to 0. The valid
exponents are then obtained for

1<eq5 <2m, max{l,m+1—eys} <ezs <2m—1— eys,
max{l,m+1—ey5} < egs <min{2m — 1 —e45,3m — 1 — e34 — €45}.

For m = 7, this results in 272 cases, and again all symmetrisations are zero.

Thus, we may conclude that there are no weight-35 (degree-14) bracket in-
variants for the binary quintic.

B.4. The First Fundamental Theorem of Invariant Theory

We are still looking at a binary form P(z,y) of degree n.
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THE FIRST FUNDAMENTAL THEOREM. Let I(a) € Cla] be a polynomial in-
variant for P(xz,y). Then I(a) is a bracket polynomial when written out in terms
of x and 'y according to (B.3.2).

In other words: The brackets invariants introduced in the previous section are
the only polynomial invariants for a binary form.

REMARK. The Second Fundamental Theorem of Invariant Theory states that
(B.3.3) and (B.3.4) gives all algebraic dependencies between the bracket sym-
bols [i j]. These two relations are known as syzygies.

In order to prove the First Fundamental Theorem, we need a good deal of
preparation.

We start by noting that the transformation (B.3.1) is not really the most
natural way to define an action of GL2(C) on C?: It has

Av
A: _—
VT Gt A
where one would expect
A:v— Av,

ie.,

(@i, i) = (&0, i) = (o + Byi, vz + 6y3).-
Now, let I(a) be a polynomial invariant of weight k, and write it as a polynomial
in (x,y) by (B.3.2). Then I(x,y) is homogeneous of degree 2k (by Proposi-
tion B.2.1), and

I(x,y) =det A* I(%,5) = det A% I(%,¥),

or
I(%x,y) = det A* I(x,y). (B.4.1)
Conversely, if I(a) = I(x,y) satisfies this last relation, then it is in fact an
invariant of weight k.
Thus, to prove the Fundamental Theorem we can look at polynomials I(x,y)
satisfying (B.4.1) and demonstrate that they are polynomials in the bracket
symbols. This is exactly what we will do.

First, we introduce notation to reflect our new viewpoint: Let G = GL2(C).?
A linear representation of G is then an action of G as automorphisms on a
finite-dimensional C-vector space V, i.e., a homomorphism G — GL¢ (V). The
dimension of the representation is the vector space dimension dim¢ V.

A relative invariant is a map f: V — C satisfying

flov) =x(o)f(v), VoeG, vev,

for some character x: G — C*. The character x is called the weight of f.
We will be interested in polynomial representations and relative invariants: If
(v1,...,0m,) is a basis for V, the matrix representing the action of ¢ € G on V

5Much of what is said in the following can be done more generally, either for an arbitrary
group, or at least for subgroups of GL,(C). We invite the reader to make the necessary
generalisations.
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in this basis should have entries that are polynomials in the entries of . Also,
the image under f of a vector v = Zl b;v; should be a polynomial in by, ..., by,.
In particular, from the Remark on p. 220 we get that a character x is nec-
essarily a (non-negative) power of the determinant map det: G — C*. We will
therefore speak of a relative invariant as having weight k, when y = det”.

If the polynomials expressing a polynomial representation or relative invariant
are all homogeneous of the same degree, we speak of homogeneous representations
and relative invariants.

The concept of polynomial/homogeneous representations and relative invari-
ants is clearly independent of the choice of basis. In fact, the polynomials in-
volved can be considered as elements of the ring C[V*] of polynomial maps on V.
(Here, V* = Homgc(V, C) is the dual space.)

If G acts on spaces Vi,...,V,, a joint (or simultaneous) relative invariant of
weight k is a map f: V; x --- x V. — C satistying

flov,...,ov.) =det(a)* f(v1,...,v.)
for all 0 € G and all (vq,...,v.) € Vi x --- x V... This is the same as a relative
invariant f: V — W, when G acts entry-wiseon V =V} x --- x V..
We can now offer the first precise formulation of the result we aim to prove:
FUNDAMENTAL THEOREM, V. 2. Let

I:(v1,...,00) — I(v1,...,0p)
be a homogeneous joint relative invariant of weight k and degree d in n vectors
Vi,...,0, from C2. Then d = 2k, and I is a linear combination of products of
the form
|vi1 vj1| T |vik Uj |7

where 1 < ig,5¢ < n, and |v;v;| is the determinant of the 2 X 2 matriz with
columns v; and v;.
The Fundamental Theorem as first formulated clearly follows from v. 2, simply
by letting
vi = (@3, 44),
and hence
|vi v;| = [i j].
But we can reformulate even further:
Let f(z) = f(z1,...,2m) be a homogeneous polynomial of degree d, and let

Z1,...,2Zq be d sets of m indeterminates. Then we can write
f(/\1Z1 + "'+)\dzd) = Z )\ifi(zl,...,zd), (B42)
li|=d
where we have used the standard notation for multi-indices: For A = (A1, ..., Aq)
and i= (i1,...,iq) € N we let Al = A\ - N and |i| = i1 + -+ + dq.
This decomposition is unique, and we can recover f(z) from any fi(z1,...,%q)
by

1

Nt@) = fita...,),
(5)
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d\ d o a
i) \d1,...iq)  dale--ig)!

is the multinomial coefficient. For: Letting z; = --- = z4 = z, we get

> Afilz,. o z) = F(M -+ Aa)z)
li|=d d\ -
=M+ A) f(z) =D (i))\‘f(z).

li|=d

where

We define the polarisation of f(z) as
Pf(Zl,...,Zd)Zf(l 7777 1)(Z1,...,Zd).

From the definition of fi(z1,...,24), it is then clear that the polarisation is
multilinear and symmetric in z1, ..., 24, and that we can get f(z) back through

f(z) = %Pf(zl,...,zd).

If f: C™ — C is a relative invariant, the uniqueness of the decomposi-
tion in (B.4.2) ensures that each fi(z1,...,2,) will be a joint relative invariant
on C™ x .. x C™.

Specifically, we have

ProrosiTION B.4.1. Let f: U — C be a homogeneous relative invariant of
degree d, and let Pf: U? — V be the polarisation. Then Pf is a multilinear
(joint) relative invariant.

This allows us to reduce v. 2 of the Fundamental Theorem above to

FUNDAMENTAL THEOREM, V. 3. Let

Ji (v, vn) = J(vg, ., 0p)

be a non-zero multilinear joint invariant on C? x --- x C? of weight k. Then
n =2k, and J(vi,...,vy,) is a linear combination of expressions
|U01 UU2| T |’Ua'('n,71) Uanl
foroeS,.
PROOF OF v. 3 = V. 2: Let I(vy,...,v,) be a homogeneous joint invariant

as in v. 2. We let v = (v1,...,v,) € C?" and polarise: If I(v) has degree d, we
get a multilinear relative invariant

PI(Vlv"'vvd)v

where the v;’s are in C?”, and G’s action is given as matrix multiplication on
pairs of coordinates (as for v). Write each v; as

n

Vi = Z V(i.5)>

Jj=1
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where v(; ;) has the same coordinates as v; on the (2j — 1)*™® and 25" places,
and zeroes elsewhere. Then v; ;) is effectively an element of C?, and G acts on
it by matrix multiplication. Expand

PI(Vl,...,Vd): Z PI(V(17j1),...,V(d7jd)).

Each summand is then a multilinear relative invariant over copies of C?. From
v. 3 we get that these summand are linear combinations of product of 2 x 2
determinants, and when we specialise the polarisation to get our original in-
variant back, v(; ;) specialises to v;, and the determinants to |v; v;|’s.  This
proves v. 2. (I

The hard part is now to prove v. 3.

Semi-simple algebras. The proof of v. 3, as we give it, makes use of some
structure theory of finite-dimensional semi-simple algebras over C. We refer to
e.g. [Ja2, 3.5 & 4.3—-4.4] for more comprehensive accounts, as well as the Appendix
in [D&CJ.

For simplicity, we will assume in this section that all rings are finite-dimensional
C-algebras (with units), and that all modules are finitely generated unitary left
modules.

DEFINITION B.4.2. Let 2 be an algebra, and let M be a module.

(i) M is called irreducible, it M # 0 and the only submodules are 0 and M.
(ii) M is called completely reducible, if M is a direct sum of irreducible
submodules.
(iii) A is called simple, if A # 0 and the only two-sided ideals are 0 and 2.
(iv) 2 is called semi-simple, if 2 is a direct sum of simple rings.

LEMMA B.4.3. The following conditions are equivalent for an A-module M :

(i) M is completely reducible.
(ii) M is a (not necessarily direct) sum of irreducible submodules.
(iii) Ewery submodule of M is a direct summand.
(iv) M is a subdirect product of irreducible modules, i.e., M embeds into a
direct product [ [, N; of irreducible modules, such that M — [], N; - N;
is surjective for all i.

Moreover, a submodule of a completely reducible module is completely reducible.

PROOF. (i) = (ii) is clear. (ii) = (iii): Let M = ). N; wth N; irreducible.
We may assume the sum to be finite, i.e., M = Ny +---+ N,. Also, let N be an
arbitrary submodule. We can then write M = N ® N;, © --- @ N;, by letting i;
be the smallest ¢ with N; € N @ N;, & --- & N;,_,.

It follows from this argument that every submodule is completely reducible:
Given N C M, we write M = N & N’ and get N ~ M/N' =" .(N; + N')/N’.
Since (N;+ N')/N’ ~ N;/N; NN’ is either 0 or irreducible, we have (iii) satisfied
for the module N.

(iii) = (i) is obvious, as is (i) = (iv).
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(iv) = (i): By assumption, we have submodules M; of M, such that (), M; =0
and M /M; is irreducible. Since M is finite-dimensional over C, we in fact have
a finite intersection M; N --- N Mg = 0. Thus, M embeds into the completely
reducible module M/M; & --- & M /M. O

SCHUR’S LEMMA. Let M and N be irreducible A-modules. Then any module
homomorphism ¢: M — N is either zero or an isomorphism.

THE DENSITY THEOREM. Let M be a completely reducible 2-module. Also,
let B = Endg M and € = Endys M. Then the map

a+— [m— am)

from A into € is surjective.

PROOF. First, we note that an 2-submodule N of M is also a €-submodule:
Write M = N & N’, and let w: M — N be the corresponding projection. Then
m € B, and for ¢ € € we get ¢cN = cnM = n(cM) CwM = N.

What we need to prove is the following: Given mq,...,m, € M and c € €,
there is an a € A with am; = c¢m; for all 4. This is clearly enough, since M is
finitely generated.

Assume first that n = 1, and that we therefore have m € M and ¢ € €.
By our observation above, N = 2Am is a €-submodule of M, and so cm € N,
i.e., cm = am for some a € 2.

For an arbitrary n, we first replace M by M™. An 2-endomorphism on M™

is essentially an n X n matrix of elements from %, and the map (mq,...,my,) —
(emq,...,emy) is an Endg (M™)-endomorphism on M™. Thus, by the n = 1 case,
for any (m1,...,m,) € M", there exists a € 2 with am; = em; for all i. O

COROLLARY B.4.4. An algebra 2 is simple if and only if A ~ Mat, (C) for
some n.

Proor. ‘If’ is clear. ‘Only if’: Let M be an irreducible 2A-module. By
Schur’s Lemma, the algebra 8 = Endg M is a skew field, and since it is finite-
dimensional over C, we have 8 = C. Thus, by the Density Theorem, 2l maps
onto End¢ M ~ Mat,,(C) (with n = dim¢ M). Since 2 is simple, the map is
injective, and hence an isomorphism. O

LEMMA B.4.5. Let A be simple. Then 2 is completely reducible as an 2A-
module, and any two irreducible A-modules are isomorphic.

PRrROOF. Write 2 ~ Mat,,(C), and let a; be the left ideal consisting of matrices
that are zero outside of the i*® column. Then a; is irreducible, and A = a1 &- - -
a,. If M is an irreducible 2A-module, we have M = 2Am for some m € M, and
hence M =aym+ --- + a,m. For some i, a;m # 0 and so a; ~ a;m = M. O

THEOREM B.4.6. The following conditions are equivalent for an algebra 2A:
(i) 2A is semi-simple.

(ii) A is isomorphic to a direct sum of matriz rings over C.
(i) A is completely reducible as an A-module.
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PROOF. (i) < (ii) is obvious, and (i) = (iii) follows from the Lemma.
(iii) = (i): Write 2 = a1 @ - - @ a,, where the a;’s are minimal left ideals (and
hence irreducible). Then we have

A — Endca; ®--- @ Endc ag
by

ar— (z—ax,...,x— ax).
As in the proof of Corollary B.4.4, we see that 2 — Endc a; is onto, and hence
2 is a subdirect product of simple rings.
Considering 2 as a module over A ®¢ A°P by (a ® b)z = abx, we see that this

means: 2 is completely reducible as an A ®¢ A°P-module, and is thus a direct
sum of irreducible submodules, i.e., a direct sum of simple rings. ([l

It is clear that the decomposition of a semi-simple algebra as a direct sum
of simple rings (so-called simple components) is unique. From this again, we
get that every module over a semi-simple algebra is completely reducible, and
that the decomposition into a direct sum of irreducible submodules is essentially
unique. We then speak of irreducible components.

The center
Z(a)={aeU|VbeA: ab=ba}
of an algebra 2l is a subalgebra, and from the above structure theorem we see
that
Z(A) ~ C?,
for a semi-simple algebra 2, where d is the number of simple components. This

d is also the number of isomorphism classes of irreducible 2-modules (and/or
minimal left ideals in ).

THE SCHUR COMMUTATOR THEOREM. Let N € N, and let 2 be a semi-
simple subalgebra of Maty (C). Also, let

B = Cpaey (0) (™) = {b € Matn(C) | Va € A: ab = ba}

be A’s commutator. Then the following statements hold:
(a) If
A ~ Mat,,, (C) & - - - & Mat,,, (C)

is the decomposition of A into simple components, and
CN >~ (C™)y @ ... @ (C™e)ne

is the corresponding decomposition of CN into irreducible components,
then
B ~ Mat,, (C) & - - - ¢ Mat,, (C).

In particular, B is semi-simple.

(b) A = Chrpaty () (B).
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(c) If a € A generates a minimal left ideal in A, then aCY is an irreducible
B-submodule of CN. Furthermore, every irreducible B-submodule of CN
has the form aCN for some a € A generating a minimal left ideal. If a
and a’' generate isomorphic minimal left ideals in A, then aC" and o’CN
are isomorphic irreducible B-modules.

PROOF. Consider a decomposition of 2 and CV as in (a), and pick the ‘obvi-
ous’ basis for CV over C, consisting of the vectors corresponding to the canonical
bases for C™, ..., C™4. In this basis, an element a € 2 corresponding to a tu-
ple (Aq,...,Ay) in the decomposition will be represented by the block diagonal
matrix

A

A,
Ay

Ag

Ay
with n; occurences of the matrix A; along the diagonal.

Using block matrix multiplication, it is easy to see that the centraliser of A
then consists of the matrices

bVE; ... WY E

bS};El bSR,;El
OB, . 0m, |
bﬁi):lEd befi),:dEd

where E; is the n; X n; unit matrix, and bgf) € C. The i** block then gives a
summand of B isomorphic to Mat,,, (C). This proves (a).

This representation of 5 also demonstrates that C™ occurs exactly m; times
in a decomposition of C. From (a) it then follows that

Chat v () (B) ~ 2.
Since 2l is trivially contained in the centraliser of %, they must therefore be
equal. This proves (b).

As for (¢): By (b), we may interchange 2 and B. Also, by a proper choice
of basis, we may assume the minimal left ideal of B to consist of matrices
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with bz(-f) =0forj >1ork > 1. A generator b is then given by any choice

of (bgll), NN bglll)l) other than the zero vector, and we see that bC" is isomorphic
to C™ as an A-module.

Conversely, if we have an irreducible 2-submodule of CV, we may assume it
to consist of all vectors that are zero outside of the first m; coordinates, and we
can get it by letting bgll) =1 and letting all other bgf)’s be zero.

Finally: If ¢ and a’ generate isomorphic minimal left ideals in 2, then there
exist units p and u in A* with a’ = puap~'. (This is clear, since we are in
effect looking at a matrix ring Mat,,(C).) Now, multiplication by pu is a B-

automorphism on CV, and
a'CN = puap™'CY = puaC ~ aC".
This completes the proof of (c). O

An important example (for us) of semi-simple algebras is group rings:

MASCHKE’S THEOREM. Let G be a finite group. Then the group ring C[G] is
semi-simple.

We refer to Exercise 7.2 in Chapter 7 for proof.

The number of simple components in a group ring C[G] is equal to the number
of conjugacy classes in G, since an element ) .. a,0 is central if and only if
the coefficients a, and a, are equal whenever ¢ and 7 are conjugate. This, then,
is also the number of non-isomorphic minimal left ideals in C[G].

Young tableaux. To prove the Fundamental Theorem, we need to know the
structure of the minimal left ideals in the group ring C[S4]. This ring is of course
semi-simple by Maschke’s Theorem.

To describe the minimal left ideals, we make use of the so-called Young
tableaux. Of course, our exposition will be brief and superficial. For a much
more thorough account of Young tableaux, we suggest [Ful].

A Young diagram X is a non-increasing sequence of positive integers: A =
(M, Ar) with Ay > Ay > -+ > A\ > 1. A Young diagram can be readily
visualised in the form

A=(7,6,4,3,3)
A Young diagram is just a partition of the number d = |A\| = Ay + -+ + Ay,
which we refer to as the size of .
From the visualisation, it is clear that a Young diagram ‘hides’ a second
partition of d as well, obtained as the lengths of the columns rather than the
rows. In the example above, this second partition would be
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A= (5,5,5,3,2,2,1)
This ‘flipped-over’ diagram is called the conjugate of A, written A

The whole point of Young diagrams (from our point of view) is to produce
such pairs of related partitions.

Given a Young diagram A, a Young tableau ¥ is a family
E)\:(mij|1§i§1", 1§]§)\1)

of distinct integers between 1 and d = |)|, corresponding to the boxes in the
diagram:

mi1 mi2 e mul

ma1 . max,

meq ce meX,
In other words: We have distributed the numbers 1,...,d in the diagram.
The symmetric group Sy acts (regularly) on the set of tableaux corresponding
to a single diagram A by acting on the entries: o(m;;);; = (om; ;): ; for o € Sy.
Corresponding to a tableaux Xy, we get two subgroups R(X)) and C(X))
of Sy, consisting of those permutations preserving the rows, resp. the columns,

of ¥x. Thus, R(X)) contains those elements of Sy with orbits inside

{ml,lv"'amlkl}v {m21;"'7m2)\2}5 ey

and similarly for C(25).
It is obvious that

R(ZN) NC(EN) =1,
and that we have
R(0X)\) = oR(Zx)o™, C(0%y) = aC(Zy)o !

for o € Sq.
In particular, the decomposition of an element in the product set

R(ENC(EN) = {pr | p e R(EN), k€C(EN)}
is unique.

LEMMA B.4.7. (VON NEUMANN) Let £y and X be two Young tableauz cor-
responding to the same Young diagram X, and assume that no two integers occur
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in the same row of ¥y and the same column of ¥. Then there exist p € R(X»)
and k € C(Xx) with
prEy = Xi.

PrROOF. The elements in the first row of ¥, must all be in different columns
of ¥, meaning that there exists k1 € C(X)) such that ¥ and 1%} have the
same elements in the first row. Forgetting about the first rows, we repeat the
process, and eventually get a &’ € C(XZ)) such that ¥y and 'Y/ have the same
elements in each row. In other words:

pXa = K'X)
for some p € R(X»). Now,
KL e OBV T =C(K'E)) = C(pEa) = pC(Zn)p ™,
and so k = p~1k/71p € C(X)). Since
¥ = K 71pS\ = prEa,

we have the result. (]

REMARK. If A and p are different Young diagrams of the same size d, we may
assume A > u in lexicographic ordering. Any Young tableaux X, and EL must
then necessarily have the property that some pair of integers occur in the same

row of ¥\ and in the same column of ¥ . (Since at the very latest they must
exist in the first row of X that is longer than the corresponding row of Z/u)

COROLLARY B.4.8. If o € Sq\ R(X)C(0x) then there exists a transposition
T € R(E)\) with o~ 10 € C(E)\)

ProoOF. By von Neumann’s Lemma there must be integers ¢ and j found in
the same row of ¥ and in the same column of ¥} = 0X). Let 7 = (ij). Then
T ER(EY) =oR(ZN)o™ L, ie., 0710 € C(T)). O

Given Xy, we now let

ax\ = Z Py

PER(XN)

Z sign(k) K

KEC(ZN)

B

in C[Sy], where sign(x) is the sign of the permutation .

Picking another tableau corresponding to A just means applying a conjugation
to ay and .

Since no terms in the product can cancel each other out, it is clear that

Y = axfBx # 0.
Also,
payx =axp=ay for peR(E))
and
KBy = Oak =sign(k) Bn  for k€ C(X)).
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THEOREM B.4.9. The left ideals C[S4]yx in C[S4] are minimal, and every
minimal left ideal in C[Sq] is isomorphic to C[Sq]yn for a unique Young dia-
gram \.

PROOF. First of all: The number of isomorphism classes of minimal left ideals
is equal to the number of conjugacy classes in S;. Elements in Sy are conjugate
if and only if they have the same cycle type. And a cycle type corresponds to a
Young diagram in which there is a row of length e for every e-cycle. Thus, the
number of isomorphism classes is equal to the number of Young diagrams.

Since we know that the isomorphism class of C[S4]vy, depends only on the
diagram A, and not on any particular tableaux, we only need to prove

(a) C[Sq]7va is a minimal left ideal, and
(b) if A and p are different Young diagrams of size d, the ideals C[Sq]va
and C[Sg]7y, are not isomorphic.

(a) Let a be a minimal left ideal contained in C[S4]yx. Then
8 € YAC[Sa)a € axC[SalBx.

We prove below that ayC[S4]8x = Cv,. Hence, yya is zero- or one-dimensional
over C. Now, since a is a minimal left ideal in a semi-simple algebra, we have
a? # 0 (in fact one-dimensional), and as yxa 2 a2, we have yya = Cr,, and
hence C[Sg]va = C[Sq]vaa C a, i.e., a = C[S4]7a.

(b) Assume A > p in lexicographic ordering. We prove below that axz8, =0
for all € C[Sq]. It follows that C[Sq]yx - C[S4]vy, = 0, and hence that C[S4]vyx
and C[Sq]y, are not isomorphic.

It now remains to prove that a\C[Sg]f\ = Cyx and that a\C[S4]5, = 0 for
A >

Let 0 € Sg. If 0 = pk for p € R(X)) and k € C(X)), we have a8\ =
sign(k) vx. Otherwise, pick a transposition 7 € R(X)) with e ~tro € C(Z,) and
write

axofy = —axo (o7 7o) By = —ano By,
i.e., ayofBy = 0. This proves the first claim.
Next, let again ¢ € S4. By the Remark following von Neumann’s Lemma,

there must then be integers ¢ and j in the same row of ¥, and the same column
of 03, Let 7 = (ij). Then 7 € R(Xx) NC(0%),), and so

aA(Jﬂ‘uafl) = —oz;ﬂ'(aﬁﬂafl) = —aA(Jﬁﬂafl),

i.e., axoB, = 0. This proves the second claim. ([

Homogeneous representations. Let p: G = GL2(C) — GL,(C) be a
homogeneous linear representation of degree d, and let U = C2. Also, let
e1 = (1,0),e2 = (0,1) be the standard basis for U.

For a multi-index i = (i1, ...,iq) € I? = {1,2}¢ we let

e =¢€ Q¥ Qe
The e;’s then form a basis for the 2?-dimensional space

Ul =U®c - QcU.
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The symmetric group Sy acts on multi-indices by

(i1, yid) = (ig=11, -« ig—14),
and hence on U®? by
0€j = €E4i.

It follows that we have the group ring C[S;] mapping to the endomorphism
ring Endc(U®?). We now define the algebra 21, as

g = Cgnac(weq)(C[Sal),
i.e., as the commutator of this image: The elements in 2, are exactly those
endomorphisms ¢ on U®? for which

cop=poo, Yoé€SY,.

Since C[Sy] is semi-simple by Maschke’s Theorem, it now follows from Schur’s
Commutator Theorem that 24 is as well.

In particular, any finitely generated 2A4-module is a direct sum of irreducible
submodules, and this decomposition is essentially unique.

bi1 b2
B = ,
(b21 b2z
we get an element B®? in QA4 by
B®: ¢, @ ---Qe;, — (Bej,) ®--- @ (Bey,).
With respect to the basis (e;);c e for U®4, B®? is represented by the matrix
(Bij)ij = (biyjy -+ bigja)ij-
We note that Bj; = Bosiej for 0 € Sg. It is easy to see that this property
characterises the elements of 2:
Let C = (Cj)i; be in Endc(U®?). Then C € 2, if and only if Cyj = Coi o
for all o € Sy.
THEOREM B.4.10. A homogeneous representation
p: GLy(C) — GL,(C)
of degree d factors in a unique way through a homomorphism

p: Aq — Mat, (C).

Given a matrix

PROOF. A homomorphism p: 24 — Mat, (C) induces a representation by
p: B — p(B®Y).
Conversely, let p be given:
The different maps B +— Bj; = b;,;, - - - b5, are linearly independent over C,
and two such maps are different if and only if they cannot be mapped to each

other by simultanous permutations of the two multi-indices i and j.
Thus, we can write the k¢*® component of p(B) uniquely in the form

pre(B) = Z Ck,0,i,jBij

ij
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by requiring
Cht,0i,0f = Cheijs O € Saq.

Another way of saying this is that the subspace of 24 generated by the image
(under —®%) of Maty(C) has orthogonal complement 0 with respect to the inner
product

(ei)ig(ds)ig = D eiyds

i

from which we get that the image of Mato(C) actually generates g4, cf. Exer-
cise B.19.
We can therefore define p by

Pre(X) = Z Ch,0,1,jXij

i

for X = (5)1,5, and conclude that it preserves matrix products: By construction,
p(X)p(Y) = p(XY) when X and Y are in the image of GL(C). This can be
expressed in terms of a family of polynomial equalities in the 2 x 2 matrix entries,
that hold whenever the matrices have non-zero determinants. Then, trivially,
they hold for arbitrary determinants, meaning that we can take X and Y in the
image of Mats(C). These images generate 24, and so the map is multiplicative
for all X,Y € 4. |

From the definition of p, it is clear that 24-submodules of C™ are C[GL2(C)]-
submodules as well, and vice versa. Thus, we get

COROLLARY B.4.11. If p: GL2(C) — GL,(C) is a homogeneous representa-
tion, then C™ is a completely reducible C[GLy(C)]-module.

In particular: If I(vy, . ..,vq) is a non-zero multilinear relative invariant on U¢
of weigh k > 0, then we get an induced linear relative invariant I’: U®¢ — C,
i.e., an Az-homomorphism. Consequently, C (with GLy(C) acting through det®)
is a direct summand of U®?, and I’ is a projection.

It is thus of interest for us to find the 2 -submodules of U®? of dimension 1
(over C). Such a submodule is of course irreducible.

By the results of the section on Young tableaux, irreducible 24-modules have
the form vy U®?, where

m=ab=( > p)( D sign(r) k)

PER(TS) REC(ZN)

for some Young tableau ¥, of size d. Since the map C[Sy] — Endc(U®9) is not
necessarily injective, we may get that some of the vy U®%’s are 0. However, if
v U® is non-zero, it is irreducible.

Since v, U® is independent of the choice of tableau (up to isomorphism), we
will denote it simply by Wy, and refer to it as a Weyl module.
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The particular tableau we will use to describe W) is the following: Let the
conjugate diagram be p =X = (u1,..., ts), and fill in A column by column:

1 w+1 o d+1—ps
5 . .

pr—1 pn+ peo
M1

A ‘typical’ element in U®? is a tensor product
U=u1 Q- Qug, u; €U,
and to determine how ) acts on it, we ‘decompose’ it as
U=wW Q- QWs, Where Wi = Uy 4ogpy_141 QO Upy4ooogpis s

i.e., w; contains the u;’s corresponding to the it column of our tableau.
We first consider the action of 5y on v: Any k € C(X,) can be written uniquely
as

K=Ky K,
where r; acts only on the i*" column. We then have

Bru= Y (sign(r1) k1wy) ® -+ @ (sign(k) £ws)

.....

The expressions in the last line are called anti-symmetrisations: If S, acts on
the n*® tensor power V& of a vector space V by

U('Ul ®®Un) =VU5-11 Q- Q VUg-1p,
the anti-symmetrisation is the map
AV Q- Uy Z Sign(o) vy—11 @ -+ @ Vg—1p,. (B.4.3)
g€eSy,

We leave it to the reader (in Exercise B.20) to verify that the anti-symmetrisation
satisfies the following two properties:

a1 ® - Qu,) =0 if dimcV < n, (B.4.4)

and
a(v1 @+ Qup) =|v1...0]ale1 @ - ®ep) if dimcV =n, (B.4.5)
where ey, ..., e, isabasisfor V, and |v; ... v,| is the determinant with i column

consisting of the coordinates of v; in that basis.
It is now clear that W = 0 if the first column of A has length > 2.

THEOREM B.4.12. The Weyl module Wy is one-dimensional if and only if all
columns of X have length 2 (i.e., if d is even and A = (d/2,d/2)).
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Proor. ‘If’: With notation as above, we have
Bau = vy va| -+ |vg—1v4| - ale1 @ ez) ® -+ @ aleq—1 ® eq).
Expanding the tensor part of this expression shows us that the term
e1Rera®e1Rea®@- - Qe ®er

only shows up once. This term is invariant under the action of R(X) since R(Xy)
permutes the odd- and even-numbered coordinates in the tensor separately. In
particular, in the expansion of

ara(er ®e2) ® - ®aleqg—1 @ eq)

we get that one term (d/2)!? times, with nothing to cancel it out. Thus, the
expression is not zero, and we see that W42 4/2) is one-dimensional.
Also, we note that

Y(Av ® - @ Avg) = det A%/? (v ® - ®vq)
for A € GL3(C), meaning that GLo(C) acts on W4/2.4/2) as multiplication
by det?/2.

‘Only if’: We already know that W, = 0 if A has a column of length > 2.
Hence, we may assume all columns to have length at most 2, with at least one
column of length 1. Our diagram is therefore

1 3 ... 2h—=1 2h+1 ... d—1 d
2 4 ... 2h

for some h with 0 < h < d/2. We now consider two u’s, namely
h times

u=(€e1®e)Q - ®(e1Qer)Ve1 Q- @ e,

us=(e2®e1) Q- R (e2®e1) Ve ® -+ R ea.

In Byui, the term wu; itself occurs exactly once, and is not cancelled out by any
other term. Also, it is R(X)-invariant. Consequently,

VAU = 2Mu; + (other terms) # 0.

Also, vyu1 and v ue have no tensor terms in common, since all tensor terms

in v)u; has h entries equal to e;, and d — h > h entries equal to es_;.
Consequently, yauq and yyus are linearly independent, and W) has dimension

at least 2. [l

Proof of the Fundamental Theorem (v. 3). Let J(vy,...,v,) be a non-
zero multilinear joint invariant on U"™. We replace J by the induced linear
invariant J on U®".

In C[Sy], we can write

m
1= E Ci,
i=1
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where the ¢;’s generate minimal left ideals. Correspondingly, we get

m
V= g civ
i=1

for v € U®", and therefore

J(vl,...,vn):J(v1®-'-®vn):Zj(ci(m@“-@vn))-

Now, J’s restriction to ¢;U®" is zero by Schur’s Lemma, unless ¢;U®" has di-
mension 1, i.e., unless ¢;C[S4] is isomorphic to (5, /2,n/2)C[Sa]. Thus, n must be
even.
If ¢;C[Sa] >~ Y(n/2,n/2)C[S4], we have
Ci = PUY(n/2,n/2)D
for units p and u in C[Sg]*. Write

pil = Z 4o 0.

oESy
Then
J(ci(v1 ®@ - @vp)) = J(PuY(nj2m/2p (01 @ -+ @ vp))
= J(PuY(n/2,n/2) Z 140 (V1 ® - Quy))
oeSq
= Z QUj(pU’Y(n/2,n/2) (’UU*ll @ ® vafln))
o€Sy
= Z qO’TU|’UU*11 00*12| T |’UU*1(n71) vcr*ln|a
o€Sy
where

Ty = j(pu’Y(n/Qyn/Q)(eg—ll R Q ea—ln)).
This completes the proof, since J is then a linear combination of determinant
products. (Il

A few remarks on dimension. Let GL3(C) act on V = C"*! via a binary
form P(z,y). Then GL2(C) of course also acts on the polynomial ring C[V], and
on the homogeneous degree-d part Vy of C[V].

This action of GL2(C) is not homogeneous according to our definition, but
that is not important: By Exercise B.6, it becomes homogeneous of degree nd if
we multiply it by the nd*™ power of the determinant. This multiplication does
not change the submodules in any way, and so we have:

RESULT B.4.13. V; is completely reducible as a C[GL2(C)]-module, and de-
composes into a direct sum of Weyl modules Wy, where |\| = nd.

The subspace of V; consisting of invariants is of course also completely re-
ducible and a direct sum of Weyl modules. Since GL2(C) acts on this subspace
(with the corrected homogeneous action) as multiplication by the (nd/2)** power
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of the determinant, and as this is also the action on W,,4/2 n4/2), we immediately
get,

PROPOSITION B.4.14. The invariant subspace of Vy is exactly the part gener-
ated by the irreducible components ~ W,q/2.nas2)- In particular, the dimension
of the space of weight-(nd/2) invariants equals the multiplicity of the irreducible
component Winq/2.nds2) i Va.

This is the beginning of the dimension theory for invariants, which results in
combinatorial formulas for the dimension of invariant spaces. In this way, the
results on binary quintics in the Example on p. 226 can be established in a less
make-shift manner. We refer to the literature, e.g. [St], for details.

Exercises

EXERCISE B.1. Let P(x,y) be a binary form of degree n. Describe %P(m, Y)
and %P(m, y) as binary forms of degree n — 1.

EXERCISE B.2. Let P(z,y) be a binary form of degree n, and let P(Z,7)
be the transform. Describe the transformed one-parameter polynomial P(Z) in
terms of P(z), and vice versa.

EXERcCISE B.3. Let (p,...,(, be non-zero complex numbers, and consider
binary forms of the form

Qz,y) =Y Gaa'y" .
=0

Define an action of GLa(C) on C"*! in this case, and determine how it relates
to the action considered in the text.

EXERCISE B.4. Look at the homomorphism A — A from GLy(C) into GL3(C)
as given on p. 219.

(1) Prove that det A = det A=3.

(2) Prove that A — det A - A gives a map PGLy(C) «— SL3(C).

EXERCISE B.5. Let K be field with more than three elements. Prove that the
commutator subgroup GLg(K)" of GLy(K) is the special linear group SLa(K).
[Hint: Compute various commutators between diagonal matrices, row operation
matrices and (9 §).]

EXERCISE B.6. Consider the action of GLy(C) on C**! for an arbitrary n. Let
A eGL, (C) be the matrix expressing the transformation a — a corresponding
to A € GLy(C).

(1) Prove that the entries in A are homogeneous rational functions of de-
gree —n, with denominator det A”. Find explicit expressions for the entries in
the first and last rows of A. Write down A when A is a diagonal matrix.

(2) Prove that det A = det A="("t1)/2_ [Hint: A — det A is a rational
character.|

(3) Find the kernel of A — A.

EXERCISE B.7. How does the discriminant of a binary form P(z,y) relate to
the discriminant of the associated polynomial P(z)?
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EXERCISE B.8. Check by direct computation that the discriminant for a bi-
nary form of degree 2 is an invariant of weight 2.

EXERCISE B.9. Let P(x,y) be a binary form of degree n. Prove that d(P)/n™
is a polynomial in Z[a].

EXERCISE B.10. Let p(z) = 2+ 4a323 4+ 6a22% +4a1 2+ ag be a monic quartic
polynomial (i.e., ay = 1), and consider the invariants ¢ and j from the Example
on p. 225. Prove that p(z) has a root of multiplicity > 3, if and only if i = j = 0.
[Hint: Assuming i = j = 0, first prove that p(z) has a root of multiplicity > 2.
Perform a fractional linear transformation to make 0 that root.]

EXERCISE B.11. Let ¢ and j in Clao, ..., a4 be the invariants for the binary
quartic defined in the Example on p. 225. Prove that ¢ and j are algebraically
independent over C.

EXERCISE B.12. Evaluate the invariant
[12][13][24][34] + [13][23][14][24] + [23][21][34][14]
for the binary quartic. [Hint: (B.3.4)]
EXERCISE B.13. Verify by direct computation that
ap a1 a2 as
ap a2 a3z a4
az a3 Qa4 Aas
a3z a4 a5 0ag
is an invariant for the binary sextic. [Hint: A computer algebra package might
be useful here.] Suggest a generalisation.

EXERCISE B.14. Let P(x,y) be a binary form of degree n.

(1) Assume n even. Prove that there are no non-zero bracket invariants of
weight n/2, but that there are non-zero polynomial invariants of weight n. [Hint:
Sums of squares.]

(2) Assume n odd. Prove that there are no non-zero bracket invariants of
weight n, but that there are non-zero polynomial invariants of weight 2n.

EXERCISE B.15. Let V be the space of symmetric 2 x 2 matrices over C, and
let GL(C) acts on V by A = gAc'. Prove that det: V. — C is a relative
invariant of weight 2.

EXERCISE B.16. Recall the definition of (m,n)-resultant from Exercise 1.6 of
Chapter 1, and define the resultant of two binary forms P;(x,y) and Py(z,y) of
degrees m and n to be

Res(P1, P2) = Res(m n) (P1(2), P2(2)).
(1) Let

m

Pi(z,y) = [[(iz —ziy) and  Py(x,y) = [ ] (vj — u;yp)

i=1 j=1
be normal factorisations. Prove that
Res(Pl, Pg) = H(’iji — ’U,Jyl)

4,J
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(2) Prove that Res(Py, P;) is a joint invariant for Pj(x,y) and Pa(z,y) of
weight mn.

EXERCISE B.17. Describe the simple components of C[A], when A is finite
abelian.

EXERCISE B.18. Let D4 be the dihedral group of degree 4, cf. Chapter 2, and
let Qs be the quaternion group of order 8, cf. Chapter 6. Prove that C[Dy4] ~

ClQs]-
[Cli_]j(ERCISE B.19. Let K be a field and V a finite-dimensional K-vector space.
An inner product on V is a bilinear map B: V x V — K satisfying
B(v,w) = B(w,v), v,weV.
The orthogonal complement of a subspace U of V is
Ut ={veV|YueU: Blu,v) =0}

(1) Prove that U+ is a subspace of V.
(2) Assume U N U+ = 0. Prove that V = U @ U~+. [Hint: Use the inner
product to produce a short-exact sequence

0-Ur =V -U*—0,
where U* = Homg (U, K) is the dual space.]
(3) Assume U+ = 0. Conclude that U = V.

EXERCISE B.20. Consider the anti-symmetrisation map as defined in (B.4.3).
Prove properties (B.4.4) and (B.4.5). [Hint: Compose a with a permutation.
Then let the v;’s be basis vectors.] Conclude that the image of a is one-
dimensional when n = dimc V.



Bibliography

S. S. Abhyankar, Galois embeddings for linear groups, Trans. Amer. Math. Soc. 352
(2000), 3881-3912.

A. A. Albert, Modern Higher Algebra, Cambridge University Press, 1938.

M. Artin & D. Mumford, Some elementary examples of unirational varieties which
are not rational, Proc. London Math. Soc. 25 (1972), 75-95.

M. F. Atiyah & I. G. MacDonald, Introduction to Commutative Algebra, Addison-
Wesley, 1969.

A. Beauville, J.-P. Colliot-Thélene, J. Sansuc, H. P. F. Swinnerton-Dyer, Variétés
stablement non rationalles, Ann. Math. 121 (1985), 253-318.

S. Beckmann, Is every extension of Q the specialization of a branched covering?,
J. Algebra 164 (1994), 430-451.

G. V. Belyi, Galois extensions of a mazimal cyclotomic field (Russian),
Izv. Akad. Nauk SSSR Ser. Mat. 43 (1979), no.2, 267-276, 479.

, On extensions of the mazimal cyclotomic field having a given classical Galois
group, J. Reine Angew. Math. 341 (1983), 147-156.

E. V. Black, Arithmetic lifting of dihedral extensions, J. Algebra 203 (1998), 12-29.
, Deformations of dihedral 2-group extensions of fields, Trans. Amer.
Math. Soc. 351 (1999), 3229-3241.

M. P. Blue, Generic Galois extensions for groups of order p®, Ph.D. Thesis, Univer-
sity of Texas at Austin, May 2000.

G. Brattstrom, On p-groups as Galois groups, Math. Scand. 65 (1989), 165-174.

A. A. Bruen, C. U. Jensen & N. Yui, Polynomials with Frobenius groups of prime
degree as Galois groups II, J. Number Theory 24 (1986), 305-359.

G. Bucht, Uber einige algebraische Kérper achten Grades, Arkiv for Matematik,
Astronomi och Fysik 6/30 (1910), 1-36.

J. Buhler & Z. Reichstein, On the essential dimension of a finite group, Compositio
Mathematica 106 (1997), 159-179.

J. Buhler & Z. Reichstein, On Tschirnhaus transformations, Topics in Number The-
ory (eds. S. D. Ahlgren & al.), Kluwer Academic Publishers, 1999, 127-142.

J. Buhler & Z. Reichstein, Versal cyclic polynomials, unpublished manuscript.

W. Burnside, The alternating functions of three and four variables, Messenger of
Math. 37 (1908), 165-166.

G. Castelnuovo, Sulla razionalita delle involuzioni piane, Math. Ann. 44 (1894),
125-155.

S. U. Chase, D. K. Harrison & A. Rosenberg, Galois theory and and Galois cohomol-
ogy of commutative rings, Mem. AMS 52 (1965), 1-19.

I. Chen & N. Yui, Singular values of Thompson series, Groups, difference sets, and
the Monster (Columbus, OH, 1993), Ohio State Univ. Math. Res. Inst. Publ. 4, Walter
de Gruyter, 1996, 255-326.

H. Clemens & P. Griffiths, The intermediate Jacobian of the cubic threefold, Ann of
Math. 95 (1972), 281-356.

H. Cohen, A Course in Computational Algebraic Number Theory, Graduate Texts in
Mathematics 138, Springer-Verlag, 1996.

247



[EF&M]

BIBLIOGRAPHY

, Advanced Topics in Computational Number Theory, Graduate Texts in
Mathematics 193, Springer-Verlag 2000.

P. E. Conner & R. Perlis, A survey of trace forms of algebraic number fields, Series
in Pure Mathematics 2, World Scientific Publishing Co., Singapore, 1984.

D. F. Coray, Cubic hypersurfaces and a result of Hermite, Duke J. Math. 54 (1987),
657-670.

D. A. Cox, Primes of the form x? 4+ ny?, Wiley-Interscience, New York, 1989.

H. S. M. Coxeter & W. O. J. Moser, Generators and Relations for Discrete Groups,
Ergebnisse der Mathematik und ihrer Grenzgebiete 14 (4. ed.), Springer-Verlag, 1984.
T. Crespo, Explicit contruction of A, type fields, J. Algebra 127 (1989), 452-461.

, Explicit solutions to embedding problems associated to orthogonal Galois
representations, J. Reine Angew. Math. 409 (1990), 180-189.

R. Dedekind, Konstruktion von Quaternionenkorpern, Gesammelte mathematische
Werke, II. Band, Vieweg, Braunschweig, 1931, 376-384.

F. R. DeMeyer, Generic Polynomsals, J. Alg. 84 (1983), 441-448.

F. DeMeyer & E. Ingraham, Separable Algebras over Commutative Rings, Lecture
Notes in Mathematics 181, Springer-Verlag, 1971.

J. A. Dieudonné & J. B. Carrell, Invariant Theory—OIld and New, Academic Press,
1971.

F. Enriques, Sulle irrazionalita da cui pud farsi dipendere la risoluzione d’un
equazione algebrica f(xyz) = 0 con funzioni razionali di due parametri,
Math. Ann. 49 (1897), 1-23.

D. W. Erbach, J. Fischer & J. McKay, Polynomials with PSL(2,7) as Galois group,
J. Number Theory 11 (1979), 69-75.

D. K. Faddeyev, Constructions of fields of algebraic numbers whose Galois group is
a group of quaternion units, C. R. (Dokl.) Acad. Sci. URSS 47 (1945), 390-392.

G. Fano, Sul sistema oo? di rette contenuto in una varietd cubica, Atti R. Ac-
cad. Sci. Torino 39 (1904), 778-792.

W. Feit, Some consequences of the classification of finite simple groups, AMS
Proc. Sympos. in Pure Math. 37 (1980), 175-181.

M. D. Fried & M. Jarden, Field Arithmetic, Ergebnisse der Mathematik 11, Springer-
Verlag, 1986.

A. Frohlich, Orthogonal representations of Galois groups, Stiefel-Whitney classes and
Hasse-Witt invariants, J. Reine Angew. Math. 360 (1985), 84-123.

A. Frohlich & M. J. Taylor, Algebraic Number Theory, Cambridge Studies in Ad-
vanced Mathematics 27, Cambridge University Press, 1991.

W. Fulton, Young Tableauz, London Mathematical Society Student Texts 35, Cam-
bridge University Press, 1997.

Ph. Furtwéangler, Uber Minimalbasen fur Korper rationaler Funktionen, S. B. Akad.
Wiss. Wien 134 (1925), 69-80.

G. Garbe & J. L. Mennicke, Some remarks on the Mathieu groups,
Canad. Math. Bull. 7 (1964), 201-212.

W. Gaschiitz, Fizkérper von p-Automorphismengruppen rein-transzendenter Korper-
erweiteriungen von p-Charakteristik, Math. Zeitschr. 71 (1959), 466—468.

W.-D. Geyer & C. U. Jensen, Prodihedral groups as Galois groups over number fields,
J. Number Theory 60 (1996), 332-372.

C. Greither, Cyclic Galois Extensions of Commutative Rings, Lecture Notes in Math-
ematics 1534, Springer-Verlag, 1992.

W. Grobner, Minimalbasis der Quaternionengruppe, Monatshefte f. Math. und
Physik 41 (1934), 78-84.

B. Gross & D. Zagier, On singular moduli, J. Reine Angew. Math. 355 (1985), 191
220.

H. G. Grundman, T. L. Smith & J. R. Swallow, Groups of order 16 as Galois groups,
Expo. Math. 13 (1995), 289-319.

s



[TL&F]

[1&M]
[Iw]
[Jal]
[Ja2]

[Je]
[J&Y82]
[J&Y8T7]

[Jou]

[K&Y]

BIBLIOGRAPHY 249

C. R. Hadlock, Field Theory and its classical Problems, Carus Mathematical Mono-
graphs 19, Mathematical Association of America, 1978.

M. Hajja, The alternating functions of three and of four variables, Algebras Groups
Geom. 6 (1989), 49-54.

D. Haran, Hilbertian fields under separable algebraic extensions, Invent. Math. 137
(1999), 113-126.

D. Harbater, Galois coverings of the arithmetic line, Number Theory: New York,
1984-85, Lecture Notes in Mathematics 1240, Springer-Verlag, 1987, 165-195.

, Fundamental groups and embedding problems in characteristic p, Recent
Developments in the Inverse Galois Problem (Seattle, WA, 1993), Cotemp. Math. 186
(1995), 353-369.

K. Hashimoto & K. Miyake, Inverse Galois problem for dihedral groups, Develop-
ments in Mathematics 2, Kluwer Academic Publishers, 1999, 165—-181.

H. Hasse, Invariante Kennzeichnung relativ-abelscher Zahlkérper mit vorgegebener
Galoisgruppe tber einem Teilkérper des Grundkorpers, Abh. Deutsche Akad. Wiss,
math.-naturw. Kl. 1947(8), 1-56.

, Bxistenz und Mannigfaltigkeit abelscher Algebren mit vorgegebener Galois-
gruppe uber einem Teilkérper des Grundkorpers I-III, Math. Nachr. 1 (1948), 40-61,
213-217, 277-283.

, Vorlesungen 1iber Zahlentheorie, Grundlehren der mathematischen Wis-
senschaften 59, Springer-Verlag, 1964.

C. Hermite, Sur l"invariant de 18° ordre des formes du cinquieme degré et sur le role
qu’il joue dans la résolution de l’équation de cinquieme degré, extrait de deux lettres
de M. Hermite a Uéditeur, J. Reine Angew. Math. 59 (1861), 304-305.

D. Hilbert, Ueber die Irreducibilitat ganzer rationaler Functionen mit ganzzahligen
Coefficienten, J. Reine Angew. Math. 110 (1892), 104-129.

B. Huppert, Endliche Gruppen I, Grundlehren der mathematischen Wissenschaften
134, Springer-Verlag, 1967.

A. Hurwitz, Ueber algebraische Gebilde mit eindeutigen Transformationen in sich,
Math. Ann. 41 (1893), 403-442.

Y. Ihara, K. Ribet & J.-P. Serre (eds.), Galois Groups over QQ, Mathematical Sciences
Research Institute Publications 16, Springer-Verlag, 1987.

M. Ikeda, Zur Existenz eigentlicher galoisscher Kérper beim Einbettungsproblem fir
galoissche Algebren, Abh. Math. Sem. Univ. Hamburg 24 (1960), 126-131.

V. V. Ishkhanov, B. B. Lur’e & D. K. Faddeev, The Embedding Problem in Ga-
lois Theory, Tranlations of Mathematical Monographs 165, American Mathematical
Society, 1997.

V. A. Iskovskih & Yu. I. Manin, Three-dimensional quartics and counterexamples to
the Liiroth problem (Russian), Mat. Sb. (N.S.) 86 (128) (1971), 140-166.

K. Iwasawa, On solvable extensions of algebraic number fields, Ann. Math. 58 (1953),
126-131.

N. Jacobson, Basic Algebra I, W. H. Freeman and Company, New York, 1985.

, Basic Algebra 1I, W. H. Freeman and Company, New York, 1989.

C. U. Jensen, Remark on a characterization of certain ring class fields by their
absolute Galois group Proc. Amer. Math. Soc. 14 (1963), 738-741.

C. U. Jensen & N. Yui, Polynomials with Dy as Galois group, J. Number Theory 15
(1982), 347-375.

, Quaternion extensions, Algebraic Geometry and Commutative Algebra in
Honor of Masayoshi Nagata, Kinokuniya, Tokyo, 1987, 155-182.

P. Joubert, Sur l’équation du siziéme degré, C. R. Acad. Sc. Paris 64 (1867), 1025—
1029.

E. Kaltofen & N. Yui, Fxplicit construction of the Hilbert class fields of imaginary
quadratic fields by integer lattice reduction, Number Theory (New York Seminar
1989-1990), Springer-Verlag, 1991, 149-202.




250

[Kel]

[Ke2]
[K&M]

[K&M¢]
(Ki]
[K1&M]
[Ko]
(Kn]
[Ku]
[K&L]
[Lam]
[LaM]

[La]
[Le]

[Lel]
[Le2]
[Le3]
[Led]

[Le5]
[Le6]

[Le7)
[Le)]
[Le9)]
[Le10]
[Lell]
[Lel2]
[Lel3]
[Len]
[Lol]

[Lo2]
[Lo3]

BIBLIOGRAPHY

G. Kemper, A constructive approach to Noether’s Problem, Manuscripta Math. 90
(1996), 343-363.

, Generic polynomials are descent-generic, IWR Preprint, Heidelberg, 2000.
G. Kemper & G. Malle, Invariant fields of finite irreducible reflection groups,
Math. Ann. 315 (1999), 569-586.

G. Kemper & E. Mattig, Generic polynomials with few parameters, J. Symbolic
Computation 30 (2000), 843-857.

I. Kiming, Ezplicit classifications of some 2-extensions of a field of characteristic
different from 2, Canad. J. Math. 42 (1990), 825-855.

J. Kliiners & G. Malle, Explicit Galois realization of transitive groups of degree up
to 15, J. Symbolic Computation 30 (2000), 675-716.

T. Kondo, Algebraic number fields with the discriminant equal to that of a quadratic
number field J. Math. Soc. Japan 47 (1995), 31-36.

H. Kuniyoshi, Certain subfields of rational function fields, Proc. International
Symp. on Algebraic Number Theory, Tokyo & Nikko 1955, 241-243.

W. Kuyk, On a theorem of E. Noether, Nederl. Akad. Wetensch. Proc. Ser. A 67
(1964), 32-39.

W. Kuyk & H. W. Lenstra, Jr., Abelian extensions of arbitrary fields, Math. Ann. 216
(1975), 99-104.

T. Y. Lam, The Algebraic Theory of Quadratic Forms, W. A. Benjamin, Reading,
Massachusetts, 1973.

S. E. LaMacchia, Polynomials with Galois group PSL(2,7), Comm. Algebra 8 (1980),
983-992.

S. Lang, Diophantine Geometry, Wiley-Interscience, New York, 1962.

O. Lecacheux, Construction de polynémes génériques a groupe de Galois résoluble,
Acta Arithm. 86 (1998), 207-216.

A. Ledet, On 2-groups as Galois groups, Canad. J. Math. 47 (1995), 1253-1273.
_, Subgroups of Hol Qg as Galois groups, J. Algebra 181 (1996), 478-506.

, Embedding problems with cyclic kernel of order 4, Israel Jour. Math. 106
(1998), 109-131.

, Dihedral extensions in characteristic 0, C. R. Math. Rep. Canada 21 (1999),

46-52.

_, On a theorem by Serre, Proc. Amer. Math. Soc. 128 (2000), 27-29.

, Embedding problems and equivalence of quadratic forms, Math. Scand. 88
(2001), 279-302.

, Generic polynomials for Qs-, QC- and QQ-extensions, J. Alg. 237 (2001),

1-13.

, Generic polynomials for quasi-dihedral, dihedral and modular extensions of
order 16, Proc. Amer. Math. Soc. 128 (2000), 2213-2222.

, Generic and explicit realisation of small p-groups, J. Symbolic Computa-
tion 30 (2000), 859-865.

, Generic extensions and generic polynomials, J. Symbolic Computation 30
(2000), 867-872.

, On the essential dimension of some semi-direct products,
Can. Math. Bull. (to appear).

, On p-group in characteristic p, Preprint, 2001.

, Constructing generic polynomials, Proceedings of the Workshop on Number
Theory 2001 (eds. K. Komatsu & K. Hashimoto), Waseda University, Tokyo, 2001,
114-118.

H. W. Lenstra, Rational functions invariant under a finite abelian group, In-
vent. Math. 25 (1974), 299-325.

F. Lorenz, Einfihrung in die Algebra I (2. ed.), B. I. Wissenschaftsverlag, Mannheim,
1992.

, Einfihrung in die Algebra II, B. 1. Wissenschaftsverlag, Mannheim, 1990.
, Algebraische Zahlentheorie, B. 1. Wissenschaftsverlag, Mannheim, 1993.




[Miy]
[M&Sm)]

[Re& Y]

[Ri]
[RY&Z)]

[Ro]
[S&7Z]

[Sal]

BIBLIOGRAPHY 251

J. Liiroth, Beweis eines Satzes tiber rationale Curven, Math. Ann. 9 (1876), 163-165.
T. Maeda, Noether’s problem for As, J. Alg. 125 (1989), 418-430.

G. Malle & B. H. Matzat, Realisierung von Gruppen PSLa(Fp) als Galoisgruppen
dber Q, Math. Ann. 272 (1985), 549-565.

G. Malle & B. H. Matzat, Inverse Galois Theory, Springer Monographs in Mathe-
matics, Springer-Verlag, 1999.

Yu. I. Manin, Cubic Forms: Algebra, Geometry, Arithmetic (Russian), Nauka, 1972;
(English translation) North-Holland, 1986.

R. Massy, Construction de p-extensions Galoisiennes d’un corps de caractéristique
différente de p, J. Algebra 109 (1987), 508-535.

B. H. Matzat & A. Zeh-Marschke, Realisierung der Mathieugruppen Mi1 und M2
als Galoisgruppen tber Q, J. Number Theory 23 (1986), 195-202.

E. McClintock, On the resolution of quintic equations, Amer. J. of Math. VI (1884),
301-315.

J. McKay, Some remarks on computing Galois groups, SIAM J. Comput. 8 (1979),
344-347.

J.-F. Mestre, Extensions réguliéres de Q(T) de groupe de Galois Zn, J. Alg. 131
(1990), 483-495.

K. Miyake, Linear fractional transformations and cyclic polynomials,
Adv. Stud. Contemp. Math. (Pusan) 1 (1999), 137-142.

T. Miyata, Invariants of certain groups I, Nagoya Math. J. 41 (1971), 69-73.

J. Miné&¢ & T. L. Smith, A characterization of C-fields via Galois groups, J. Alge-
bra 137 (1991), 1-11.

S. Monier, Descente de p-extensions galoisiennes kummériennes, Math. Scand. 79
(1996), 5-24.

S. Nakano, On generic cyclic polynomials of odd prime degree, Proc. Japan Acad. 76,
Ser. A (2000), 159-162.

J. Neukirch, A. Schmidt & K. Wingberg, Cohomology of number fields, Grundlehren
der Mathematischen Wissenschaften 323, Springer-Verlag, 2000.

E. Noether, Gleichungen mit vorgeschriebener Gruppe, Math. Ann. 78 (1916), 221
229.

J. Ohm, On subfields of rational function fields, Arch. Math. 42 (1984), 136-138.
M. Ojanguren, The Witt group and the problem of Liiroth, Dottorato di Ricerca in
Matematica, Dipartimento di Matematica dell’Universita di Pisa, 1990.

P. J. Olver, Classical Invariant Theory, London Mathematical Society Student
Texts 44, Cambridge University Press, 1999.

D. S. Passman, Permutation Groups, Benjamin, New York, 1968.

F. Pop, Etale coverings of affine smooth curves. The geometric case of a conjecture
of Shafarevich. On Abhyankar’s conjecture, Invent. Math. 120 (1995), 555-578.

H. Reichardt, Konstruktion von Zahlkérpern mit gegebener Galoisgruppe wvon
Primzahlpotenzordnung, J. Reine Angew. Math. 177 (1937), 1-5.

Z. Reichstein, On the notion of essential dimension for algebraic groups, Trans-
form. Groups 5 (2000), 265-304.

Z. Reichstein & B. Youssin, Essential dimensions of algebraic groups and a resolution
theorem for G-varieties, Canad. J. Math. 52 (2000), 1018-1056.

Y. Rikuna, On simple families of cyclic polynomials, Proc. AMS (to appear).

G. Roland, N. Yui & D. Zagier, A parametric family of quintic polynomials with
Galois group Ds, J. Number Theory 15 (1982), 137-142.

P. Roquette, Isomorphisms of generic splitting fields of simple algebras, J. Reine
Angew. Math. 214/215 (1964), 207-226.

S. Saks & A. Zygmund, Analytic Functions, Elsevier Publishing Company, Amster-
dam, 1971.

D. J. Saltman, Generic Galois extensions and problems in field theory, Adv. Math. 43
(1982), 250-283.



252

[Sa2]

[Sa3]

[Sch]
[S&L)

[Scz1]
[Scz2]
[Scz3]
[Sczd]

[Scz5]
[Sco]

[Sgl]

[Sg2]

BIBLIOGRAPHY

, Generic structures and field theory, Contemporary Mathematics 13: Alge-
braists’ Homage — Papers in ring theory and related topics, American Mathematical
Society (1982), 127-134.

, Noether’s problem over an algebraically closed field, Invent. Math. 77 (1984),

71-84.

L. Schneps, On cyclic field extensions of degree 8, Math. Scand. 71 (1992), 24-30.
L. Schneps & P. Lochak, Geometric Galois Actions 1-2, London Mathematical Soci-
ety Lecture Note Series 242-243, Cambridge University Press, 1997.

R. Schertz, Zur expliziten Berechnung von Ganzheitsbasen in Strahlklassenkérpern
dber einem imagindr-quadratischen Zahlkorper, J. Number Theory 34 (1990), 41-53.
, Galoismodulstruktur und elliptische Funktionen, J. Number Theory 39
(1991), 283-326.

, Problémes de construction en multiplication complexe, Sém. Théor. Nombres
Bordeaux (2) 4 (1992), 239-262.

, Construction of ray class fields by ellliptic units, J. Théor. Nombres Bor-
deaux 9 (1997), 383-394.

, Lower powers of elliptic units, preprint 1999.

A. Scholz, Konstruktion algebraischer Zahlkorper mit beliebiger Gruppe wvon
Primzahlpotenzordnung I, Math. Z. 42 (1937), 161-188.

B. Segre, Sull’ esistenza, sia nel campo razionale che nel campo reale, di involuzioni
piane non birazionali, Rend. Acc. Naz. Lincei, Sc. fis. mat. e nat. (8) 10 (1951),
94-97.

, The rational solutions of homogeneous cubic equations in four variables,
Math. Notae Univ. Rosario, anno II, fasc. 1-2 (1951), 1-68.

F. Seidelmann, Der Gesamtheit der kubischen und biquadratischen Gleichungen mit
Affekt bei beliebigem Rationalitdtsbereich, Math. Ann. 78 (1918), 230-233.

J.-P. Serre, L’invariant de Witt de la forme Tr(z?), Comm. Math. Helv. 59 (1984),
651-676.

, Topics in Galois Theory, Research Notes in Mathematics, Jones & Bartlett,

1992.

I. R. Shafarevich, Construction of fields of algebraic numbers with given solvable
Galois group (russian), Izv. Akad. Nauk SSSR, Ser. Mat. 18 (1954), 525-578.

K.-Y. Shih, On the construction of Galois extensions of function fields and number
fields, Math. Ann. 207 (1974), 99-120.

G. W. Smith, Generic cyclic polynomials of odd degree, Comm. Alg. 19(12) (1991),
3367-3391.

T. L. Smith, Extra-special groups of order 32 as Galois groups, Canad. J. Math. 46
(1994), 886-896.

J. Sonn, SL(2,5) and Frobenius Galois groups over Q, Canad. J. Math. 32 (1980),
281-293.

L. Soicher & J. McKay, Computing Galois groups over the rationals, J. Number
Theory 20 (1985), 273-281.

B. Sturmfels, Algorithms in Invariant Theory, Texts and Monographs in Symbolic
Computation, Springer-Verlag, 1993.

J. R. Swallow, Solutions to central embedding problems are constructible, J. Alg. 184
(1996), 1041-1051.

, Central p-extensions of (p,p,...,p)-type Galois groups, J. Alg. 186 (1996),
277-298.

, Explicit construction of PSL(2,7) fields over Q(t) embeddable in SL(2,7)
fields, Comm. Algebra 24 (1996), 3787-3796.

R. G. Swan, Invariant rational functions and a problem of Steenrod, Invent. Math. 7
(1969), 148-158.

, Noether’s problem in Galois theory, Emmy Noether in Bryn Mawr
(eds. B. Srinivasan & J. Sally), Springer-Verlag, 1983, 21-40.




[Z&S)

[Zal

BIBLIOGRAPHY 253

J. J. Sylvester, On a general method of determining by mere inspection the derivations
from two equations of any degree, Philosophical Magazine 16 (1840), 132-135.

J. G. Thompson, Some finite groups which appear as Gal(L/K), where K C Q(pn ),
J. Alg. 89 (1984), 437-499.

K. Uchida, Separably Hilbertian fields, Kodai Math. J. 3 (1980), 83-95.

H. Volklein, Groups as Galois Groups, an Introduction, Cambridge Studies in Ad-
vanced Mathematics 53, Cambridge University Press, 1996.

V. E. Voskresenskii, On the question of the structure of the subfield of invariants of a
cyclic group of automorphisms of the field Q(z1,...,xn) (russian), Izv. Akad. Nauk
SSSR ser. Mat. 34 (1970), 366-375. (English translation in Math. USSR-Izv. 8,4
(1970), 371-380.)

, Stably rational algebraic tori, Les XXitme Journées Arithmétiques (Limoges
1997), J. Théor. Nombres Bordeaux 11 (1999), 263—-268.

B. L. van der Waerden, Einfihrung in die Algebraische Geometrie, Grundlehren der
mathematischen Wissenschaften 51, Springer-Verlag, 1939.

S. Wang, A counterezample to Grunwald’s theorem, Ann. of Math. 49(4) (1948),
1008-1009.

G. N. Watson, Singular moduli (4), Acta Arith. 1 (1935), 284-323.

H. Weber, Lehrbuch der Algebra I, Chelsea Publishing Company, New York.

, Lehrbuch der Algebra III, Chelsea Publishing Company, New York.

E. Weiss, Cohomology of Groups, Pure and applied mathematics 34, Academic Press,
New York, 1969.

G. Whaples, Algebraic extensions of arbitrary fields, Duke Math. J. 24 (1957), 201—
204.

C. J. Williamson, Odd degree polynomials with dihedral Galois groups, J. Number
Theory 34 (1990), 153-173.

E. Witt, Konstruktion von galoisschen Kérpern der Charakteristik p zu vorgegebener
Gruppe der Ordnung p’, J. Reine Angew. Math. 174 (1936), 237-245.

, Zyklische Kérper und Algebren der Charakteristik p vom Grad p™, J. Reine
Angew. Math. 176 (1937), 126-140.

N. Yui & D. Zagier, On the singular values of Weber modular functions,
Math. Comp. 66 (1997), 1645-1662.

O. Zariski, On Castelnuovo’s criterion of rationality po = P2 = 0 of an algebraic
surface, llinois J. Math. 2 (1958), 303-315.

O. Zariski & P. Samuel, Commutative Algebra I, Graduate Texts in Mathematics 28,
Springer-Verlag, 1979.

H. Zassenhaus, Uber endliche Fastkérper, Abh. Math. Sem. Univ. Hamburg 11
(1936), 187-220.







Index

Algebraic independence of automorphisms,
92

Analytic root functions, 68

Anti-symmetrisation, 241, 246

Arithmetic lifting property, 76

Artin symbol, 181

Beckmann-Black Conjecture, 76
Belyi’s Theorem, 5
Bilinear form, 211
Binary form, 27, 217
Transformation of, 218
Black, 157
Bracket, 222
Bracket invariants, 224
of the binary quadratic, 225
of the binary cubic, 225
of the binary quartic, 225
of the binary quintic, 226
Bracket polynomial, 222
Brauer type embedding problem, 134, 208
Bring-Jerrard trinomials, 42
Brumer’s Theorem, 9, 45
Bucht’s Parametrisation, 135
Buhler, 46
Buhler and Reichstein, 12, 190, 196
Burnside, 169
Burnside’s Theorem, 7

Castelnuovo’s Theorem, 6

Center of algebra, 233

Character (linear), 220

Chebyshev polynomial, 179

Class number, 181

Commutator of subalgebra, 233

Completely reducible module, 231

Cp2 X Cp, 128

Crossed homomorphism, 94
Additive, 209
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Regular inverse problem of, 3, 76
Galois’ Lemma, 169
Gaschiitz, 117
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for semi-direct product, 174
Generic dimension, 201ff

of some cyclic groups, 205
Generic extension, 96

for C2, 96

for Cs, 96

for Cy (n odd), 102ff

for Cp in char. p, 96

for Dy (g prime power), 109ff

for p-group in char. p, 120

for Sy, 98

for wreath product, 173-174
Generic polynomial, 1

for Ay, 37, 61
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for Fap, 46
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for Fpp, 175
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for Ha7, 165
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for p-group in char. p, 117ff

for Qg, 140

for QC, 145

for QDg, 150
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for Sy, 38

for S5, 48

for Sg, 51

for Sy, 195

for V4, 33, 60

for wreath product, 173

non-existence for Cg, 56
Geyer and Jensen, 160
Grobner’s Theorem, 7, 141
Gross and Zagier, 183
Group ring, 17
Groups of degree three, 30
Groups of degree four, 31
Groups of degree five, 38
Groups of degree six, 50
Groups of degree seven, 51
Groups of degree eight to ten, 56
Groups of degree eleven, 57
Grunwald-Wang, 105

Hamiltonian quaternions, 127, 132
Harbater Existence Theorem, 2
Hashimoto and Miyake, 113ff
Heisenberg group, 128
Hermite’s Theorem, 48
Hilbert class field, 181
Hilbert Class Field Theory, 181fF
Hilbert Irreducibility Theorem, 63, 70
Hilbert Ninety, 91, 94

Additive, 209

for Witt vectors, 120
for Witt vectors, 120
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Hilbert’s Theorem, 78

Hilbertian field, 63

Homogeneous coordinates, 219

Homogeneous element, 22
Degree of, 22

Ideal class group, 181

Tkeda’s Theorem, 108
Induced algebra, 89

Inertia group, 72

Inner product, 246

Invariant basis, 21

Invariant Basis Lemma, 21, 93
Invariant of binary form, 220
Invariant of group action, 220
IrM, 84

Irreducible component, 233
Irreducible module, 231

Jordan’s Theorem, 58
Joubert, 51

K[G], see Group ring

K[V] (commutative tensor algebra), 18
K (V) (quotient field of K[V]), 18
K(V)o (degree-0 subfield), 22

Kemper, 21

Kemper and Mattig, 19, 21

Kiming, 141

Kronecker resolvent, 81

Kronecker specialisation, 64
Kronecker’s Criterion, 64
Kronecker-Weber’s Theorem, 3

Kuyk and Lenstra, see Whaples’ Theorem

LaMacchia’s Theorem, 55
Lattice, 196ff
Non-degenerate, 198
Lecacheux’ Theorem, 46
Lenstra, 196
Lenstra’s Theorem, 10
Level of field, 135
Lifting property, 99
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Liiroth Problem, 6
Liiroth’s Theorem, 5, 22

Maeda’s Theorem, 7
Malfatti, 39

Malle and Matzat, 5, 54
Maschke’s Theorem, 180, 235
Massy’s Theorem, 161
Matzat et al., 5
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Modular group, 127

Monier’s Lemma, 162

Monomial group action, see Multiplicative
group action

Morse polynomials, 80

Multiplicative group action, 196

Multiplicity of projective zero, 219

Nakayama’s Lemma, 83
No-Name Lemma, 22
Noether, 204
Noether Problem, 4, 5fF
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for As, see Maeda’s Theorem
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for Cy, 34
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Linear, 8, 18
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Multiplicative, 197
Normal basis, 91
Normal factorisation, 218
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p-independent, 161, 208
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Projective class group, 94
Projective line, 219
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Quadratically equivalent, 208
Quadratically independent, 208
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Quaternion extension, 128
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Reduction modulo m, 71ff
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Reichstein, 196



258 INDEX

Relative invariant, 228
Joint, 229
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Roland, Yui and Zagier, 61
Roquette-Ohm’s Theorem, 187
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Saltman and DeMeyer, 99
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Schur’s Lemma, 232
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Semi-linear group action, 21
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Shafarevich’ Theorem, 4
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Williamson, 172
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