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Preface

In 1842 the Belgian mathematician Eugene Charles Catalan asked whether 8 and 9
are the only consecutive pure powers of nonzero integers. One hundred and sixty
years after, the question was answered affirmatively by the Swiss mathematician of
Romanian origin Preda Mihilescu. In other words, 32 — 23 = 1 is the only solution
of the equation x” — y? = 1 in integers x, y, p,q with xy # 0 and p,q > 2.

Since 2002, the different steps of the proof have been presented by various
authors; see, for instance, the expository articles [9, 10, 82]. Complete proofs
appeared in monographs by Schoof [124] and Cohen [25,26].

In this book we give a complete and (almost) self-contained exposition of
Mihdilescu’s work, which must be understandable by a curious university student
not necessarily specializing in number theory. We assume very modest background:
a standard university course of algebra, including basic Galois theory, and working
knowledge of basic algebraic number theory such as ideal decomposition, units
(including the Dirichlet unit theorem), ideal classes, and finiteness of the class
group. From the ramification theory we use only one basic fact: a prime number
is ramified in a number field if and only if it divides the discriminant. All necessary
facts from algebraic number theory are gathered (without proofs) in Appendix A.

We do not assume any knowledge about cyclotomic fields; everything needed is
defined or proved in the book.

With our minimalistic approach, some omissions were inevitable. For instance,
an experienced reader can notice that many arguments in this book have an obvious
non-Archimedean flavor. Nevertheless, we resisted the temptation of broader use
of the language of (non-Archimedean) valuations. Our main motivation was that
a matured reader will easily reveal the non-Archimedean context wherever it is
hidden, but abusing the non-Archimedean language may create problems for a less
knowledgeable reader.

Another example is restricting to commutative groups and rings in Appendices C
and D. Of course, certain results from these appendices (like the theorem
of Maschke) extend to noncommutative case as well. We, however, assume
commutativity, because this makes the arguments technically simpler and is
sufficient for our purposes.
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One more notable omission is Runge’s method. We are aware, of course, that
certain proofs, especially in Chaps. 3, 8, and 9, use Runge-style arguments. We feel,
however, that Runge’s method can be correctly explained only by using the language
of algebraic curves, which is foreign in this book.

Chapters 4, 5, 7, 10, and 12 are dedicated to the general theory of cyclotomic
fields. Catalan’s problem is treated in Chaps.2, 3, 6, 8, 9, and 11. Chapter 13 is
quite isolated and independent of the others. In it we give a concise introduction to
Baker’s method and prove the Theorem of Tijdeman, which was the top achievement
in Catalan’s problem before Mihdilescu’s work.

The book has six appendices. As we already mentioned, Appendix A is a very
brief account of basic algebraic number theory. Other appendices treat miscella-
neous topics in algebra and number theory used in the book. While Appendix A
contains almost no proofs, in the other appendices, we prove everything we need.

Our notation is mainly standard. We denote by |S| the cardinality of a finite
set S. We use | x| and [x] to denote the lower and the upper integral part of x € R,
respectively:

|x| =max{n € Z :n < x}, [x] =min{n € Z : n > x}.

Unless the contrary is stated explicitly, letters p and g denote distinct odd prime
numbers; in particular, ¢ never denotes a power of p.

On page vii we display the logical dependence of chapters and appendices.
Dashed lines indicate weak dependence.
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Chapter 1
A Historical Account

Here we give a very brief overview of the history of Catalan’s problem. For
additional historical data and further references the reader may consult the corre-
sponding sections of [117,124].

1.1 Catalan’s Note Extraite

The Belgian mathematician Eugene Charles Catalan (1814-1894) holds a position
of “répétiteur” at the Ecole Polytechnique when he published in 1842 the following
two lines in the section Théoremes et problemes on p. 520 of the first volume of the
journal Nouvelles Annales de Mathématiques' (Fig.1.1):

Théoréme. Deux nombres entiers consécutifs, autres que 8 et 9, ne peuvent étre des
puissances exactes. (Catalan).

The theorems listed on pp. 519-521 of this journal were stated without proofs,
and it is rather doubtful that Catalan had one. Indeed, 2 years later, Catalan wrote
the now famous letter [21] to August Leopold Crelle, published in his journal in
1844. Here is the text of this letter, appeared as a note extraite just above the list of
misprints detected in the previous issues of Crelle’s journal (Fig. 1.2):

Note
extraite d’une lettre adressée a I’éditeur par Mr. E. Catalan,
Répétiteur a I’école polytechnique de Paris.
Je vous prie, Monsieur, de vouloir bien énoncer, dans votre recueil, le théoreme suivant,
que je crois vrai, bien que je n’aie pas encore réussi a le démontrer complétement: d’autres
seront peut-&tre plus heureux:

!The journal was founded in the same year by the Ecole Polytechnique teachers Gerono and
Prouhet and was mainly addressed to the young candidates of the Ecole Polytechnique and Ecole
Normale Supérieure.

© Springer International Publishing Switzerland 2014 1
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— 520 —

48. Théoréme. Deux nombres entiers consécutifs , autres
que 8et 9,ne peuvent étre des puissances exactes. (Catalan.)

Fig. 1.1 Page 520 of the Nouvelles Annales de Mathématiques 1 (1842)

192

13.
Note

extraite d’'une lettre adressée a I'éditeur par Mr. E. Catalan, Répétitcur a I'école
polytechnique de Paris.

,,Je vous prie, Monsieur, de vouloir bien énoncer, dans votre recueil, le
,théoréme suivant, que je crois vrai, bien que je n’aie pas encore réussi a
,le démontrer completement: d’autres seront peut—étre plus heureux:
»,Deux nombres entiers consécutifs, autres que 8 et 9, ne peuvent étre
»des puissances exactes; autrement dit: P'équation ™ —y" =1, dans
»laquelle les inconnues sont entiéres et positives, n’admét quune seule
»solution.”

Fig. 1.2 Catalan’s note extraite [21]

Deux nombres entiers consécutifs, autres que 8 et 9, ne peuvent étre des puissances
exactes ; autrement dit : 1’équation x” — y”" = 1, dans laquelle les inconnues sont
entieres et positives, n’admet qu’une seule solution.

Most likely, these are the first two occurrences of the general Diophantine
equation x” — y” =1 in the mathematical literature. (Of course, some particular
instances of this equation occurred well before; see below.)

Lionnet [73], who was probably unaware about Catalan’s “note extraite,” posed
the same question in 1868, again in the Nouvelles Annales de Mathématiques.

Dickson mentioned the question in the second volume of his History of the
Theory of Numbers [28], attributing it to Catalan: E. Catalan expressed his belief
that x™ — y" = 1 holds only for 3> — 23 = 1[28, Chap. XXVI, p. 738].

However, it was not until the middle of the twentieth century (that is, more
than 100 years after Catalan’s note extraite) that referring to this question as the
problem (or the conjecture) of Catalan became common. In the meantime, that is,
roughly, from 1870 until 1950, one finds almost no mention of Catalan in the dozen
of research papers treating the equation x”* — y” = 1 or its particular instances.

In his book Diophantine analysis, published in 1915, Carmichael [15, p. 116,
Problem 69] suggested to study the equations x™ = y” + ¢, and in particular the
case ¢ = 1, but did not mention Catalan. Neither did Obléth in his series of articles
[108-110], treating the case of even m.
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Gloden [43, 44] used the expression probleme de Catalan in 1952 and 1953 in
a short note and in a survey on the history of this problem. But LeVeque [70] and
Cassels [16], who worked on the equation a* —b” =1 in the same years, were,
most probably, unaware of Catalan’s letter to Crelle. In particular, in the first section
of [16], Cassels conjectured that the equation a* — b = 1 (in four variables) could
have only finitely many (nontrivial) solutions.

However, already in Chap. 4 of his book [71], published in 1956, LeVeque dis-
cussed Catalan’s conjecture, and in 1960 Cassels [18] not only explicitly mentions
Catalan but also gives, in Sect. 1.2, a history of the conjecture and quotes most of the
articles treating (particular instances of) the Catalan equation and published before
1960.

It seems that, since 1960, the name of Catalan has been commonly attributed to
the equation x”* — y” = 1 and the corresponding problem.

1.2 Particular Cases

After this short discussion, we go on with a brief survey on the main contributions
towards the resolution of Catalan’s equation. We do not always follow the chrono-
logical order, but rather put together various results according to their types.

Actually, the story began long before Catalan enunciated his conjecture. Indeed,
at least three nontrivial results solving particular cases of x”* — y" = 1 have been
established well before 1842.

The first of these is nearly seven centuries old: Levi ben Gershon (1288-1344),
a medieval Jewish philosopher and astronomer, answering a question of the French
composer Philippe de Vitry, proved that 3" — 2" £ 1 when m > 3. The proof is
pretty simple: clearly n > 2, which implies that 3" = 1 mod 4, whence m is even.
Writing m = 2k we obtain (3 — 1)(3F + 1) = 2", which implies that both 3* — 1
and 3% 4 1 are powers of 2. But the only powers of 2 which differ by 2 are 2 and 4.
Hence k = 1, contradicting the assumption m > 3.

Next, the amateur French mathematician Bernard Frénicle de Bessy (1605-1675)
proved in 1657 that x> — y" = 1 has no solution with n > 2 and y an odd prime
number, thus answering a question asked by Pierre de Fermat in his Deuxiéme Défi
aux Mathématiciens.

The third result is a remarkable theorem of Euler [31], who proved in 1738 that
the equation x> — y3 = 1 has no nontrivial solutions other than 3> — 23 = 1. See
more on this in Sect. 2.5.

In 1850, just 6 years after the publication of Catalan’s note extraite, the French
mathematician Lebesgue? [67] showed that the equation x” — y? =1 has no
solution. Mention that Lebesgue quoted the “Théoréme” from the 1842 volume
of the Nouvelles Annales de Mathématiques [20] and not the note extraite from
Crelle’s journal [21].

2Victor Amédée Lebesgue (1791-1875), not the much more famous Henri Léon Lebesgue.
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It then turned out that x> — y" = 1 is much more difficult to solve. There
have been partial results by the Norwegian mathematicians Nagell® [98, 103] and
Selbelrg4 [126] (who solved x* — y"* = 1), the Hungarian mathematician Obléith
[108-110], and the Finnish mathematicians Inkeri® and Hyyro [52]. Finally, the
Chinese mathematician Ko Chao [56] showed in 1965 that this equation has no
solutions with n > 5 (the case n = 3 already being done by Euler). See Sect.2.3.3
for more history and bibliography on this equation.

Combined with Nagell’s result [99] from 1921 asserting that x”* — y" = 1 hasno
solutions with mn divisible by 3 other than 32 — 23 = 1, Ko Chao’s result implies
that in any further solution of Catalan’s equation x”* — y” = 1 both the exponents m
and n are greater than or equal to 5. Consequently, by 1965 the smallest unsolved
Catalan’s equation was x> — y’ = 1. As we shall see in the sequel, it remained
unsolved until 1990.

The theorems of Euler, Lebesgue, and Ko Chao are proved in Chap.2 of this
book.

A number of partial results were obtained with conditions imposed upon the
variables x and/or y rather than the exponents m and n. Gerono® [39] proved in
1857 that x™ — y" = 1 has no further solution with x and y prime numbers. Later
[40,41], he got the same conclusion under the weaker assumption that either x or y
is a prime number. As Dickson indicates in his History of the Theory of Numbers,
this result was rediscovered many times.

The equations x” —y* =1 and (x + 1)” —x”*! =1 were solved in 1876
by Moret-Blanc [97] and Meyl [83], respectively. (It is likely that the former
equation was solved by Catalan himself, but we found no publication confirming
this hypothesis.) Oblédth [110] proved that there are no further solutions when all
the prime divisors either of x or of y are of certain special type. Hampel [45]
proved that there are no further solutions when |x — y| = 1. Alternative proofs and
generalizations of his result were suggested by Schinzel [121], Rotkiewicz [120],
and Obl4th [111].

In 1952, LeVeque [70] showed that for any pair (x, y) of integers with x > 2,
y > 2, and xy > 6, there is at most one pair (m,n) of positive integers with
x™ —y" =1 and that this pair can be found explicitly if it exists. This is related
to the Conjecture of Pillai discussed in Chap. 13 of the present book.

3Trygve Nagell (sometimes spelled as Nagel, 1895-1988).
4Sigmund Selberg (1910-1994), the elder brother of Atle Selberg.
SKustaa Inkeri (1908-1997).

SRecall that he was one of the founders of the Nouvelles Annales de Mathématiques.
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1.3 Cassels’ Relations

The modern history of Catalan’s equation began with the 1960 work of Cassels [18].
To explain Cassels’ discovery, notice first of all that we may assume the exponents
to be distinct prime numbers and write the equation as x” — y¢ = 1. Now rewriting
it as

x”—l_

x—1

x—-1 9, (1.1)
itis easy to see (cf. Lemma 2.8) that the factors on the left may have either 1 or p as
their greatest common divisor. If the ged is 1 then both the factors must be pure gth
powers. If the gcd is p then one of the factors is a gth power times p and the other
is a gth power divided by p .

Cassels proved that, when p,q > 3, the first case is impossible, that is, the
greatest common divisor is p. Since, for p > 3, the second factor cannot be
divisible by p? (see again Lemma 2.8), it follows that

xP—1

x—1

x—1=pital, =pul, y=pav (1.2)
with some a, u,v € Z.

Identities (1.2), called Cassels’ relations, are instrumental in the study of
Catalan’s equation: most of the subsequent contributions rely on them. It is useful to
extend the range of variables x and y from positive integers, distinct from 1, to all
integers, distinct from 0 and £ 1. This makes the equation symmetric: if (x, y, p,q)
is a solution with odd p and ¢, then so is (—y, —x, ¢, p). Hence, in addition to (1.2),
we have the symmetric triple of relations; in particular, notonly p | y,butalsoq | x.

When one of p or g is 2, the same result (that is, p | y and ¢ | x) was established
much earlier by Nagell [100, 103] (Theorem 2.9 in this book). Nagell’s result is
crucial in the proof of the Theorem of Ko Chao.

One curious consequence of Nagell’s and Cassels’ theorems is that three
consecutive positive integers cannot be powers. This was observed independently
by Hyyr6 [47] and Mgkowski [76], answering a question of LeVeque [71] and
Sierpinski [128]. Indeed, assume that x”, y9, and 7" are consecutive positive perfect
powers, with p, ¢, and r prime numbers. Then g divides x and z, and, since p,r > 2,
we find that ¢ divides 7" — x? = 2, a contradiction.

Cassels’ theorem is proved in Chap. 3.

1.4 Analysis: Logarithmic Forms

To solve completely Catalan’s equation may be much too difficult, and one may try
to prove that it has only finitely many solutions, that is, to confirm the conjecture
of Cassels [16]. In his famous letter to Mordell [127], Siegel indicated a proof of
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the following theorem: let f(x) € Z[x] be a polynomial with at least three simple
roots and let n > 2 be an integer; then the equation f(x) = y” has finitely many
solutions in x, y € Z. (If n > 3 then two simple roots would suffice.) This theorem
implies that for any fixed exponents m,n > 2 the equation x” — y” = 1 has finitely
many solutions. Hyyr6 [48] and Evertse [30] gave explicit bounds for the number of
solutions; in particular, the latter showed that there is at most (7)™} solutions.
Thus, to prove Cassels’ conjecture, it suffices to bound the exponents in Catalan’s
equation.

The above results were obtained by ineffective methods, that is, by methods
which do not yield explicit upper bounds for x and y. The situation changed
dramatically after Alan Baker created his theory of logarithmic forms [4]. This very
powerful tool provides explicit (albeit huge) upper bounds for solutions of many
types of Diophantine equations. For instance, Baker [6] gave an explicit upper bound
for the solutions of the equation f(x) = y”; this bound was refined many times;
see [13] for the most recent results and further references.

An important advantage of Baker’s method is that it allows one to treat exponents
as unknowns. In 1976, Schinzel and Tijdeman [122] proved the following beautiful
theorem: given a polynomial f(x) € Z[x] with at least two distinct roots, any solu-
tionof f(x) = y"inintegers x, y (with y # 0, £1) and a positive integer n satisfies
n < no(f), where ng can be expressed explicitly in terms of the polynomial f.

This has the following consequence for Catalan’s equation: if we fix one of the
four variables x, y, m, and n in x™ — y" =1, then the other three variables can
be explicitly bounded in terms of the fixed one. The same result is true for the
more general Pillai equation ax™ + by" = c, where a, b, and ¢ are (fixed) nonzero
integers.

This result is already quite remarkable, but it is still very far even from Cassels’
conjecture (telling that Catalan’s equation has finitely many solutions in the four
variables x, y, m, and n.), let alone the complete solution of Catalan’s problem.
Therefore it was quite a sensation when in the very same year 1976 Tijdeman [134]
proved Cassels’ conjecture, by a very ingenious application of Baker’s method to
Catalan’s equation. Notice that Tijdeman’s argument does not apply to more general
equations; for instance, it is still unknown whether the equation x™ — y" = 2 has
finitely or infinitely many solutions.

Since Tijdeman uses Baker’s method, it is not difficult to derive from his
proof an explicit (very huge) upper bound for x, y, m, and n. This was done by
Langevin [62], who showed that the greatest prime divisor of mn is less than 10'%7
and that

m n 101010320
IxX"[.[y" < 10 :

Thus, Tijdeman’s result (together with Langevin’s computation) implies that Cata-
lan’s problem is decidable: one can find all solutions of Catalan’s equation just
by verifying all numbers below Langevin’s bound. Of course, in practice such a
calculation is totally unrealistic, and in spite of this impressive progress Catalan’s
problem remained open.
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Application of Baker’s method to Catalan’s (and Pillai’s) equation is the subject
of Chap. 13 of this book.

1.5 Algebra: Cyclotomic Fields

In a different direction, there was a quest for algebraic criteria on the pair of prime
exponents (p, g) such that the Diophantine equation x” — y¢ = 1 has no nontrivial
solution. The first result of this kind, obtained in 1964 by Inkeri [50], was of limited
use, because of the assumption that one of the exponents p or g is congruent to 3
modulo 4. In 1990, Inkeri obtained a more general criterion [51] involving the class
number /1, of the pth cyclotomic field. He proved that if p and g are distinct
odd prime numbers such that the equation x” — y¢ = 1 has a solution in nonzero
integers x and y, then either g | /1, or 7! = 1 mod ¢? (call them the class number
condition and the Wieferich condition,” respectively).

Inkeri’s criterion implies at once that x°> — y7 = 1 has no nontrivial solutions,
since hs = 1 and 5% = 43 mod 72. A similar verification shows that x? — y¥ = 1
has no nontrivial solution with 5 < p, g < 89.

Inkeri’s theorem is proved in Sect. 6.2 of this book.

Inkeri’s criteria have been extended and refined by Mignotte [86] and
Schwarz [125], who managed to relax the class number condition. In particular,
Schwarz replaced the full class number /2, by the relative class number h;. This was
of great importance, because, unlike /,, the number h; is quite easy to compute.
This opened the road for using electronic computations in Catalan’s problem.

In a different direction, Bugeaud and Hanrot [14], inspired by some ideas
from [11], managed to completely remove the Wieferich condition: they proved that
a solution (x, y, p,q) of Catalan’s equation with prime exponents satisfies either
g<porgq| h;. Notice that this implies a bound on ¢ in terms of p; before [14]
such a bound could be proved only using Baker’s method.

The theorem of Bugeaud and Hanrot is proved in Sect. 8.6 of the present book.

1.6 Numerical Results

As we have already remarked, solving Catalan’s problem just by enumerating all
possible solutions below Langevin’s bound was unrealistic. However, one can apply
a cleverer strategy: verify Inkeri’s (or similar) conditions for the pair (p, g) below
Langevin’s bound 10'7. Unfortunately, given the huge value of this bound, this task
was also unrealistic, even with the most powerful computers.

7A similar condition occurred in the work of Wieferich [138] on the Fermat equation; see
Sect.2.3.3.
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In early 1990s, spectacular improvements on estimates for logarithmic forms lead
to dramatical refinement of Langevin’s bound. For instance, Mignotte [84] replaced
1097 by 1.31-10'%, and, independently, a slightly weaker result was obtained by
Glass et al. [42]. It was still computationally impossible to check all possible pairs
(p. q), but it became possible to check all pairs with certain “small” values of p and
with every g below the new upper bound. On this way, Glass et al. [42] showed
that, given a solution (x, y, p, q) of Catalan’s equation with prime exponents, we
have min{p, g} > 17 (and even min{p, g} > 37, if one excludes several explicitly
given pairs (p, q)).

There have been many subsequent improvements of this lower bound, particu-
larly in the series of articles by Mignotte and Roy [89-91]. After several months of
very heavy computations they managed to prove [91] that

min{p,q} > 10°. (1.3)

However, it eventually became clear that one could not overcome the gap between
the lower and upper bounds just by brute force, that is, by refining the upper bound
and the algebraic criteria and performing heavy computations with increasingly
more powerful computers. One needed new ideas to solve Catalan’s problem.

1.7 The Final Attack

Guillaume Hanrot presented the result of [14] at the XXI Journées Arithmétiques
held at the Pontificia Universitas Lateranensis in July 1999. Preda Mihdilescu was in
the audience and that was the start of the story: he had the feeling that his knowledge
on cyclotomic fields could perhaps help to bring something new. The time showed
that he was perfectly right!

No later than in September 1999, he announced [92] a cardinal improvement of
Inkeri’s criterion, in the direction “orthogonal” to that of [14]. He finally managed
to remove the class number condition from the criterion, by proving that every
solution (x, y, p,q) satisfies p?~! = 1 mod ¢>. By symmetry, we must also have
g?~! = 1 mod p?, that is, (p, q) is a double Wieferich pair; see Sect.6.5.

With this new criterion, the verification of (1.3) can be done in a few hours
of computations, and with one month of computations, Mignotte and Roy man-
aged to prove that min{p, g} > 10”. The double Wieferich pairs, which resisted
Mihdilescu’s test, were disposed of using the criteria from [14, 85].

Simultaneously, upper bounds were also refined, and by 2001 it was
known that 107 < min{p,q} < 7.2-10'" and max{p,q} < 7.8-10'%; see [87].
Later on, Grantham and Wheeler made extensive computations showing that
min{p,q} >3.2- 108; see [8]. Still, a gap between the lower and the upper bound
persisted.

And then Mihdilescu came back. In December 2001 he sent to Yuri Bilu a
manuscript with a complete proof of Catalan’s conjecture. In April 2002, after
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several months of thorough verification, Bilu confirmed the validity of Mihdilescu’s
proof and prepared his own exposition of Mihdilescu’s argument, which was sent,
together with the original text of Mihdilescu, to a number of colleagues. In May
2002 Bilu gave a talk on Mihiilescu’s work in the Erwin Schrodinger Institut
(Vienna). This was, probably, the first public announcement of the solution of
Catalan’s problem.

Mihdilescu’s original proof [9, 93] required an estimate (1.3) and thereby
depended on the theory of logarithmic forms and some (not too heavy) electronic
computations. He found subsequently an alternative approach for the part of the
proof where these results were used and was thus able to solve the Catalan equation
without logarithmic forms and electronic computation; see [10,94] and Chap. 8 of
the present book.

A journalist report of the events around the proof of Catalan’s conjecture can be
found in [116].



Chapter 2
Even Exponents

In this chapter we consider Catalan’s equation x” — y¢ = 1 when one of the
exponents p and ¢ is even. This reduces to the case when one of p and ¢q is equal
to 2, and the other is an odd prime number.

2.1 The Equation x? = y2 +1

Six years after Catalan’s note extraite, the French mathematician Lebesgue [67]
made the first step in the long way towards the solution of Catalan’s problem. He
proved that Catalan’s equation x” — y? = 1 has no solutions with g = 2.

Theorem 2.1 (V.A. Lebesgue). Let p > 3 be an odd number. Then the equation
x? = y2 + 1 has no solutions in nonzero integers x and y.

(One may further assume that p is prime, but this is not needed for the proof.)

Proof. If y is odd and x is even, then y?> + 1 =2mod4 and x” = 0 mod8, a
contradiction. Hence y is even and x is odd. Write

xP =1 4+iy)(1 —iy). (2.1)

The greatest common divisor of 1 4+ iy and 1 — iy (in the ring of Gaussian integers
Z[i]) divides the sum (1 +iy) + (1 —iy) = 2. Since 1 + y? is odd, the numbers
1 + iy and 1 — iy are coprime.

Since Z[i] is a unique factorization ring, every factor in (2.1) is equal to a pth
power times a unit of Z[i]; that is,

1 +iy = ea?, 1 —iy = &a”,

© Springer International Publishing Switzerland 2014 11
Y.F. Bilu et al., The Problem of Catalan, DOI 10.1007/978-3-319-10094-4__2
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where « € Z[i] and ¢ € Z[i]* = {£]1, %i}. Since p is odd, every unit of Z[i] is a
pth power of another unit. Writing ¢ = ef and f = ¢,¢, we obtain

l+iy =47, 1—iy=p".
Write 8 = a + ib, where a,b € Z. Since p is odd, the number 2a = 8 + B
divides B” + B” = 2. Hence a = =%1. Further, 1 + y? = (a®> + b*)? = (1 + b>)?
is an odd number, which implies that b is even. It follows that

1+iy=(a+ib)? =a? + ipap_lb mod 4,

and, in particular, 1| = a” mod 4, which rules out the possibility a = —1.
Thus, f = 1 + ib. Comparing the real parts in the equality

1 +iy = (1 +1b)”,

we obtain

(p—1)/2 »
1 = -1 k bZk7
> =D (Zk)

k=0

which can be rewritten as

» (p—1/2 »
_ 2 _1)k %k _
<2>b + kzzjz (1) <2k)b 0. 2.2)

We shall use Lemma A.1 to show that (2.2) is impossible.
For1 <k < (p—1)/2 we have

PYook _ [(P)2 1 P=2) %o
(2k)b N (2)b k(2k —1) (2k — 2>b '
Ord, ((2’;)1)2") — Ordy ((’2’ ) bz) > (2k — 2)Ord>b — Ordsk

> 2k —2—log, k.

Hence

Since 2k —2 >log,k for k =2, we have Ord, ((£,)b*) > Ord; ((5)b?) for
k=2,...,(p—1)/2. Now Lemma A.l implies that the left-hand side of (2.2)
cannot vanish. The theorem is proved. O
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2.2 Units of Real Quadratic Rings

This section is auxiliary. In it we recall the structure of the unit group of the ring
Z[~/ D], where D is a positive integer, which is not a square (we do not assume
that D is square-free).

Theorem 2.2. The multiplicative group Z[~/ D]} of positive units of the ring
Z[~/ D] is infinite cyclic.

It follows that the group Z[+/D]* of all units of Z[+/D] is =1 times an infinite
cyclic group.

The ring Z[+/D] is not, in general, the ring of integers of the quadratic field
Q(+/D). Hence Theorem 2.2 is not a formal consequence of the Dirichlet unit
theorem, as stated in Appendix A.2. Of course, it may be deduced from the
slightly more general Dirichlet unit theorem for maximal orders; see [12, Sect. 2.4].
However, we sketch here a short independent proof, for the reader’s convenience.

The proof uses the famous Dirichlet approximation theorem.

Theorem 2.3 (Dirichlet approximation theorem). Let o be a real number and
Y > 0. Then there exist integers x, y such that0 < y <Y and |ya — x| < Y~ L.

Informally, this means that the rational number x/y is a “good approximation”
for a.

Proof. Ttis well known and simple: on the quotient group R/Z consider the images
of the real numbers mo, where m runs through the integers satisfying 0 <m < Y.
We obtain | Y | + 1 points on R/Z, which split R/Z into | Y | + 1 disjoint intervals.
Since |[Y ]+ 1> Y, at least one of these intervals is of length < Y ~!. This
means that there exist integers m, my, and x such that 0 <m; <m, <Y and
|maa — mya — x| < YL, Putting y = my — my, we complete the proof. O

The following consequence is immediate.

Corollary 2.4. Let a be a real number. Then there exist infinitely many couples

(x,y) € Z> withy > 0 and |ya — x| < y~'.

We return to the proof of Theorem 2.2. We denote the group Z[\/ﬁ]i of positive
units by U. We denote by « > & the nontrivial automorphism of Z[+/D] (that is,

x4+ yv/D = x — yv/D)and by N : Z[+/D] — Z the norm map: N = «a.

Proof of Theorem 2.2. First of all, we prove that U # {1}. By the Dirichlet approx-
imation theorem, there exist infinitely many couples of positive integers x and y

such that ‘x—va) < y~!. For any such x and y we have x < y~/D + 1.
Hence o = x + y+/D satisfies 0 < @ < 2y+/D + 1 and |@| < y~', which implies
Wa| = |aa| <2V/D + 1.

We have proved that Z[+/ D] contains infinitely many positive elements of norm

bounded by 2+/D + 1. Therefore there exists a nonzero a € Z such that Z[+/D]
contains infinitely many positive elements of norm equal to a. Since there are only
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finitely many residue classes mod a, there exist distinct positive «, € Z[+/D] such
that Na = N = a and @ = f moda. Then

af = pB =a=0moda.

Put n = o/B. Then n # 1, because @ and B are distinct. On the other hand,
n = ap/a € Z[/D], and, similarly, ! € Z[+/D]. We have found an element
n € U distinct from 1. Hence U # {1}.

Next, we prove that U is an infinite cyclic group. The logarithmic map
log : U — R defines an injective homomorphism of U into the additive group of
real numbers. Since U # {1}, the image log U is a nonzero subgroup of R.

Further, if n € U satisfies 7 > 1, then 7 = x + y+/D with x, y > 0, whence
n > +/D. It follows that any positive element of log U is greater than log /D,
which implies that log U is a discrete subgroup of R.

Since any nonzero discrete subgroup of R is infinite cyclic, the theorem follows.

O

The unit 1 > 1, generating the group Z[v D]}, is called the basic (or

fundamental) unit of the ring Z[+/ D]. Usually, it is not easy to find the basic
unit or to decide whether a given unit is basic. In some cases this can be done using
the following simple observation.

Proposition 2.5. Let n=a + b~/D be the basic unit of Z[/D], and let
0 = x + y~/D be any other unit. Then'b | y.

Proof. We may assume that x, y > 0. Then 8 = 7", where n is a positive integer.
It follows that 2b+/D = 1 — 7j divides 2y+/D = " — i, whence the result. O

The following consequence is immediate.

Corollary 2.6. Assume that D = a® & 1, where a is a positive integer (satisfying
a>1ifD =a*>—1). Thena + /D is a basic unit of Z[/D].

It is worth mentioning that Corollary 2.6 is the simplest particular case of the
famous theorem of Stgrmer (1897).

Theorem 2.7 (Stgrmer). Let a + b~/D be a unit of Z[~/D] such thata, b > 0 and
every prime divisor of b divides D. Then it is a basic unit.

We do not prove this theorem since we do not need it. An interested reader can
find the proof in Ribenboim’s book [117, Sect. A.4].

To conclude, let us mention that the results of this section are often interpreted in
terms of the “Pell Diophantine equation” x> — Dy? = 1.
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2.3 The Equation x> — y? = 1 withg > 5

The equation x> — y¢ = 1 with an odd (prime) exponent ¢ is much more difficult
than x” — y?> = 1. The case ¢ = 3 was settled already by Euler, but, in spite of
some partial results, the general case remained open until 1965, when the Chinese
mathematician Ko Chao! proved [55, 56] that, for a prime g > 5, the equation
x2 — y? = 1 has no solutions in positive integers x and y.

In 1976 Chein [23] discovered another proof, simpler than Ko Chao’s and based
on a totally different idea. Chein’s proof is reproduced below (with some changes).
Ko Chao’s proof can be found in Mordell’s book [96, Sect. 30].

Both the arguments of Ko Chao and Chein work for a prime g > 5 and do not
extend to ¢ = 3. This case is solved in Sect. 2.5 by a totally different argument.

Most of the known proofs of the theorem of Ko Chao rely on a result of Nagell
about the arithmetical structure of the solutions of the equation x> — y9 = 1. We
prove this theorem in Sect. 2.3.1. The theorem of Ko Chao will be proved (following
Chein) in Sect. 2.3.2. In Sect. 2.3.3 we briefly describe the history of the equation.

2.3.1 Nagell’s Theorem

We start with an elementary lemma, which will be used in the next chapter as well.

Lemma 2.8. Let A and B be distinct coprime rational integers and p a prime
number.

1. If p divides one of the numbers (A? — B?)/(A — B) and A — B, then it divides
the other as well.

2. Putd = ged ((A? — B?)/(A— B),A— B). Thend € {1, p}.

3. Ifp>2andd = p, then Ord, ((4” — B?)/(A— B)) = 1.

Proof. All the three statements easily follow from the identity

AP —B” _((A—B)+ B)’— B’ _ P\ 4 pyk—i po—k
—5 = Y _kgl(")(/l B)<'Br=k, (2.3)

Rewriting it as
-1

AP — B (P) k—1pp—k -1
—— =Y [, |Aa=-B)"BrF + (a- B,
A—B P k

we obtain (47 — B?)/(A — B) = (A — B)?~! mod p, which proves part (1).

!'Sometimes spelled as Ko Zhao.
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Rewriting (2.3) as

AP — BP

P
a_B pB"' 4+ (4-B) Z (i) (A—B)*?Br*, (2.4)

k=2

we observe that d divides pB?”~!. Since 4 and B are coprime, d and B are coprime
as well, and we conclude that d | p, which proves part (2).

Finally, if d = p then p divides A — B and does not divide B. Rewriting
(2.3) as

p—1
% = pBP~' £ (4-B) (Z (i)(A - BBt 4 (4 - B)P_z) ,
k=2

we obtain (4” — B?)/(A — B) = pB?~! mod p?, which proves part (3). O
Next, we establish the following preliminary result, due to Nagell [100].

Theorem 2.9 (Nagell). Let x, y be positive integers and q an odd prime number
satisfying x> — y4 = 1. Then2 | y and q | x.

Proof. Write (x —1)(x + 1) = y?. The greatest common divisor of x — 1 and
x + 1 divides 2. If y is odd then they are coprime; hence both are gth powers:
x—1=a? and x + 1 = b?. We obtain b? —a? = 2, which is impossible. This
proves that 2 | y.

Further, write

yi+1 2
+1) = x~°.
erl(y )

By Lemma 2.8, the greatest common divisor of the factors in the left-hand side is
either 1 or ¢. If x is not divisible by ¢ then the factors are coprime, which means
that each of them is a complete square. Thus, there exist positive integers a and b
such that

yi+1

y+1:a2, +1:b2, x=ab.
y

On the other hand, equality x> — y¢ = 1 means that x + y@~1/2_/y is a unit of
the ring Z[,/y], and Corollary 2.6 implies that a + /Y is the basic unit of this ring.
Hence there exists a positive integer n such that

x+y(q—1)/2f: (a+m"_ 2.5)

We want to show that this is impossible.
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First of all, let us prove that n is even. Expanding (a + ,/y)" by the binomial
formula, and reducing mod y, we find

(@+ )" =d" +na""'/y mody
in the ring Z[,/y]. Combining this with (2.5), we obtain

n—1

na"' = y@=Y/2 = 0 mod y.

Since y is even and a is odd, this implies that n is even.
Next, reducing (2.5) moda and using the congruences

x =ab =0moda, Yy =a¢*—1=—-1moda,
we obtain
(=)@ /3y = (=1)"? moda,
which means that ¢ divides one of the numbers 1 & ,/y in the ring Z[,/y]. Since

a > 1, this is impossible. The theorem is proved. O

We learned this argument from Hendrik Lenstra (private communication). It was
also independently discovered by Nesterenko and Zudilin [106]. Nagell himself
used the Theorem of Stgrmer (see Theorem 2.7) to show that both units a + ,/y
and x + y~D/2_/y should be basic, which is a contradiction.

2.3.2 Chein’s Proof of the Theorem of Ko Chao

Now we are ready to prove the theorem of Ko Chao.

Theorem 2.10 (Ko Chao). The equation x> — y? = 1 has no solutions in positive
integers x, y and prime g > 5.

Proof (Chein). Theorem 2.9 implies that x is odd. Assume that x = 3 mod 4.
Equality (x — 1)(x + 1) = y? implies that there exist positive integers a and b such
that

x+1=20"1q9 x—1=2b1.

Notice that a? = (b7 4 1)/2972 < b9, which implies a < b.
We have

b + (2a)? x—1)\? x +3)\*

2 2 -

(b Za) b+ 2a b + ()’ ( 2 ) 2+ 1) ( 2 ) '
(2.6)
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We again invoke Theorem 2.9, this time the statement ¢ | x. Since g > 3, this
implies that the right-hand side of (2.6) is not divisible by ¢. Now Lemma 2.8 yields
that the factors on the left-hand side are coprime. Hence they are complete squares.
Since h% + 2a is a complete square, we have 2a > (b + 1) —b%> = 2b + 1,
which contradicts the previously established inequality a < b.
If x = 1 mod4 then x — 1 = 2¢7'a% and x + 1 = 2h%. We obtain

2
b2 — (2a)? = (x;S) .

and the rest of the argument is the same. O

2.3.3 Some Historical Remarks

Here we give some historical and bibliographical remarks on the equation
2 q9 —
x =yl =1 2.7)

with g > 5.

Before Ko Chao, the problem attracted many mathematicians. In 1921
Nagell [100] observed that a theorem of Lebesgue [66] asserting that the equation
x> + y° = 8z° has no solutions implies that x> — y°> = 1 has no solutions.

In the same article Nagell [100] presented several conditions involving the
congruence class of g modulo 16 and the arithmetic of the number field Q(,/—q)
under which the equation has no solution. In particular, he proved that there are
no solutions with g < 101, except maybe with ¢ = 31,59,73,83 or 89. In 1934,
he [103] improved upon the latter result, by showing that there is no solution if
q # 1 mod 8. Thus, below 101 only 73 and 89 remained untreated.

In 1932, Selberg [126] solved completely the Diophantine equation x* — y4 = 1,
answering a question posed by Nagell [98] in 1919.

In 1940, Obléath [108, 109] showed that (2.7) has no solution except, possibly,
when

271 =1 (mod ¢?), 371 =1 (mod ¢?). (2.8)

His starting point was the key observation that it is sufficient to solve the equation
20729 — p9 = +1, as it is clear from the proof of Theorem 2.10. Then, he
combined the results of Lubelski [75] on the Diophantine equation x? + y? = c¢z?
with Theorem 2.9 to get (2.8).

The abovementioned work of Lubelski generalizes the famous results of
Wieferich [138] and Mirimanoff [95] on the Fermat equation x? + y? + z7 = 0.
Wieferich showed that if the latter equation has a solution with g not dividing xyz
(the “first case” of the Fermat theorem), then 277! = 1 mod qz, and Mirimanoff
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showed that 37! = 1 mod ¢>. Wieferich-type conditions systematically occur in
Catalan’s problem; see Sects. 6.2 and 6.5.

Oblath [110] combined his conditions with Nagell’s results to show that there is
no solution with g < 25000.

In 1961, Inkeri and Hyyro [52] improved upon Nagell’s Theorem 2.9: they
showed that existence of a nontrivial solution of (2.7) implies that ¢> | x and
¢* | (y — 1). Using this result, they proved that there is no nontrivial solutions with
q < 100000.

Equation x> — y? = 1 continued to attract researchers even after the work of Ko
Chao. We have already seen Chein’s contribution. In 2004 Mignotte [88] suggested
yet another proof of the theorem of Ko Chao. He adapted the classical argument of
Kummer to show that (2.7) has no solution when ¢ > 5 is a regular? prime.

The first irregular primes congruent to 1 modulo 8 are 233 and 257. This
gives a weaker result than Obldth’s; however, modern sharp estimates [65] for
binary logarithmic forms imply that (2.7) is impossible for ¢ > 200. This gives an
alternative proof of Ko Chao’s theorem.

One can also apply a deep theorem of Ribet [118] on the Diophantine equation
a? + 2%b? + ¢? = 0 which implies that (2.7) has no nontrivial solutions. This is not
the easiest way to prove Ko Chao’s theorem, since Ribet’s work uses the advanced
machinery of Galois representations.

We are left with the equation x> — y3 = 1. It will be solved in Sect.2.5, after
some preparation in Sect. 2.4.

2.4 The Cubic Field Q(+/2)

In this auxiliary section we determine the ring of integers Ok and the group of units
Uk = Ok of the cubic field K = Q(~/2). We shall use this in Sect. 2.5.
Everywhere throughout this section we use the notation

=142, 77:3/5—1.

Notice that 1 is a unit of K.
We start from a simple observation.

Proposition 2.11. The principal ideal () is a prime ideal of K. It satisfies
(1)* = (3).

Proof. One verifies that 3 = 737. Since 7 is a unit, this implies that (3) = ().
Since a rational prime number cannot split in K into more than 3 primes, the
ideal (7r) is prime. O

2An odd prime number £ is regular if it does not divide the class number of the £th cyclotomic
field and irregular if it does.
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In the sequel, we write Ord,; instead of Ordy).
Proposition 2.12. The ring of integers Ok is Z[/2).

Proof. Denote by D the discriminant of K and putd = [O K:Z[E/z]]. Then Dd? is

the discriminant of the ring Z[~/2]. Since the conjugates of ~/2 are £4/2 and £2+/2,
where £ = (—1 + +/—3)/2 is a primitive cubic root of unity, we have

2
Dd? = (det[(ékﬁ>[i| ) = —22.33,
0<k <2

It follows that d | 6. If d is even, then D is odd, which is impossible because 2
ramifies in K. Thus, d divides 3.

Since Z[~/2] = Z[n], every a € Ok can be written as « = ag + a7 + a2,
where ag, a1, a; € 1Z.If we show that

Ords(a) =0  (k=0,1,2), (2.9)

it would follow that & € Z[r], proving the proposition.
Observe that Ord,, (ax7*) = k mod 3. It follows that the numbers

Ord, (ax7*) (k=0,1,2)
are pairwise distinct. Lemma A.1 implies that

Ordy(«) = min Ordy (ax ¥ .

But Ord, (o) > 0, because « is an algebraic integer. Hence Ord,, (aknk ) > 0 for
k = 0, 1,2, which is only possible if Ord;(ax) > 0 for all k. This proves (2.9) and
the proposition. O

Proposition 2.13. The unit group Uk is generated by —1 and 1.

Proof. The field K has a real embedding and a pair of complex conjugate embed-
dings. We identify K with its real embedding and denote the complex embeddings
by o and &, so that

|cr(77)|2 = n_l =1+ 2+ V4.
The Dirichlet unit theorem (Appendix A.2) implies that the rank of the unit group
is 1. Also, since K has a real embedding, it cannot contain roots of unity other

than 1. Thus, Uk is generated by —1 and a unit 6, where we may assume that

0<6<l1. (2.10)
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Then n = 6™, where m > 1. This implies the inequality
1/2
0(®) = 160)| =< o] = (1+ 2+ V4) " <2. @11)

Proposition 2.12 implies that 0 = ag 4+ a;v/2 + a,v/4, where ag,a,,a, € Z.
We have

ay = %Tr (9 (ﬁ)_k) k =0,1,2),

where Tr : K — Q is the trace map. Using inequalities (2.10) and (2.11), we obtain
laol, |ai], |az| < 5/3. Thus, ag, ay,ax € {0, £1}. Also, ay # 0, since otherwise 8 is
not a unit.

Among the 18 remaining possibilities, only £1, £7, and £~ are units. Among
the latter, only 7 belongs to the interval (0, 1). Thus, 6 = 7. O

Remark 2.14. The following more refined argument shows that a, = 0 (which
means that only six possibilities are to be verified instead of 18). Assume that n
is not a fundamental unit. Then n = 6™ with m > 2. This implies, instead of (2.11),
the inequality

o) = 5@ < ol = (14 V2 + ¥4) " <15

Hence

that is, a, = 0.

2.5 The Equation x> —y3 =1

This equation has a long history. Already Fermat stated (as usual, without a
proof) that it has no solutions in positive integers except the obvious 32 — 23 = 1.
Euler [31] was the first to prove this. This proof, quite involved, is reproduced in
Ribenboim’s book [117, Sect. A.2].

Theorem 2.15 (Euler). The only solution of the equation x*> — y* = 1 in nonzero
integers x, y is (£3)> — 23 = 1.

Actually, Euler proved much more: the equation x> — y* = 1 has no solutions
in rational numbers x, y other than (£1,0), (0, —1) and (£3, 2). A reader familiar
with the notion of elliptic curve can express this as the elliptic curve x> — y* = 1
has rank 0 and torsion 6 over Q.
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Later Euler [32, Vol. 2, Article 247] and Legendre [68, pp. 406—409] used an
“infinite descent” argument to prove the following theorem.

Theorem 2.16 (Euler, Legendre). The equation u®> + 1 = 2v® has no solutions in
integers u,v with v # 0, 1.

Theorem 2.15 is an easy consequence of Theorem 2.16.

Proof of Theorem 2.15 (Assuming Theorem 2.16). Rewrite our equation as
(x = 1)(x + 1) = y3. If x is even then the factors on the left are coprime. Hence
they are complete cubes, which is impossible, because two cubes cannot differ by 2.

Now assume that x is odd. Then y is even, and, replacing x by —x, we may
assume that x = 3 mod 4. Rewrite the equation as

x—1x+1 V3
2 4 ( 2 ) ’

The factors on the left are coprime rational integers, hence both cubes: x — 1 = 2u?

and x + 1 = 4V, where u and v are nonzero integers. We obtain w41 =207,

whence v = 0 or 1 by Theorem 2.16. It follows that x = —1 or x = 3, which proves

Theorem 2.15. O

Here again, both Euler and Legendre proved much more: the equation
w4+ 1 = 2v® has no nontrivial solutions in u,v € Q (and even in u,v € Q(v/3)).
This also implies the “rational” version of Theorem 2.15 mentioned above.

In 1922, Nagell [101, Sect. 10] suggested an alternative proof of Euler’s theorem;
see also [102].

Here we give a different proof, due to McCallum [80]. McCallum’s argument is
more transparent than the proofs of Euler, Euler-Legendre, and Nagell, but it does
not extend to rational solutions.

(Recently Notari [107] suggested yet another proof, which is totally elementary
and, like McCallum’s proof, works only for integer solutions.)

Denote by K the cubic field Q(+/2). Recall that 7 = ~/2 — 1 generates the group
of positive units of K.

Notice that integers u, v satisfy u®> + 1 = 2v* if and only if v</2 — u is a positive
unit of the field K. Hence Theorem 2.16 is equivalent to the following statement.

Theorem 2.17. The field K has no positive units of the form aq + a~/2 (with
ap,a; € Z) other than 1 and n.

Theorem 2.17 is a particular case of the famous result of Delaunay [27]: given
a cube-free integer d, the ring Z[W] has at most one nontrivial positive unit of
the form ay + a; Jd; if such a unit exists, then it generates the group of positive
units. Skolem [130, pp. 114-120] gave another proof of the first part of Delaunay’s
theorem using his local method. See also [96, Theorems 23.5 and 24.5]. The proof
of McCallum, reproduced below in Sect. 2.5.2, can be viewed as a simplified version
of Skolem’s local argument for d = 2.

For the proof, we need a preparatory statement on the p-adic convergence of
binomial series.
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2.5.1 Binomial Series

In this subsection K is an arbitrary number field, not just Q(~/2).

If « is a complex number with || < 1 then the binomial series Y o, (Z)(xk
converges to (1 + «)”. We need the p-adic generalization of this: if Ord,(a) > 0
then the series Y = (;)a* “p-adically converges” to (1 + a)".

Thus, let p be a prime ideal of the field K, and let O, be the local ring of p:

Op = {a € K : Ordy(r) > 0}.

Given o, B € Oy, we say thata = f modp” if Ord, (B —a) > N.

Proposition 2.18. Let n be an integer, N a nonnegative integer, and p a prime ideal
of a number field K. Then for any a € K with Ord,,(a) > 0 we have

N
Z (Z)ak = (1 + )" modp™V !
k=0

Proof. If n > 0 then the assertion is an obvious consequence of the binomial
formula. Now assume that n < 0, and write n = —m — 1 with m > 0. It will be

convenient to replace & by —a. Since (—=1)¥(77~") = ("**), we have to prove that
N
k
> (m + )ak =(1—a)™" "modp"*! (2.12)
m
k=0

Deriving m times the identity

m+N

(1 —t)_l _ Z tk — lm+N+l(1 _ t)_l,

k=0
and dividing by m!, we obtain the identity

N

+k

1-n""'=3 (m )tk =" P -, (2.13)

m
k=0

where P(¢) is a polynomial, depending on m and N. Notice that

N
NP =1-1-p" Yy (m;_ k)tk e Z[t],

k=0
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which implies that P(¢) € Z[t]. Hence
Ordy (V' P(@)(1 =)™ ") > (N + 1)Ordp(a) > N + 1,

and (2.12) follows upon substituting t = « in (2.13). O

2.5.2 Proof of Theorem 2.17

Now we are ready to prove Theorem 2.17. We again use the notation K = Q[+/2],
n= \3/5— l,and wr = \3/§+ 1 from Sect. 2.4.

Every element of the field K can be uniquely written as ag + a; 2+ ar «3/4_1,
where ag, ay,a, € Q. This defines the Q-linear “coefficient functions”

ap,ai,ar . K — Q.

Since 7°n = 3, we have 73" = 3"~ for any integer m. Hence for any positive
integer k the number 7% is divisible by 3¥/3] in the ring Z[v/2]. It follows that

Ords (a¢ (7)) = |k/3] (€ =0,1,2), (2.14)

for k > 0, which will be used throughout the proof.

Let 6 be a positive unit of K with a,(6) = 0. We have to prove that = 1 or
6 = n. Proposition 2.13 implies that 8 = 1", where n € Z. We assume thatn # 0, 1
and obtain a contradiction.

Fix a large positive integer N, to be specified later. Since n = —2 + 7, we have
(—2)™0 = (1 — /2)". Proposition 2.18 implies that

N
3 (Z) (—%)k = (=2)""0 mod 7V 1. (2.15)
k=0

Applying the coefficient function a, to both sides of (2.15), and using (2.14), we
obtain

o () a2 () LN +1)
— (_7)n /3]
kgzo (k) —2)F = (—2)"ay(f) mod 3 . (2.16)

Since a,(0) =0, the right-hand side of congruence (2.16) vanishes. Since
ax(1) = ap(r) = 0, so do the summands on the left of (2.16), corresponding to
k =0and k = 1. Also, for k > 2, we have

ny nmn—1) n-2
k] k(-1 \k—-2)
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Hence, for k > 2, the kth summand on the left of (2.16) is equal to n(n — 1) Ay,
where

_ 1 n—2 x
A= k- D2k (k —z)‘” (")

Thus, (2.16) can be rewritten as
nn—1) (A, 4 -+ Ay) = 0 mod 3LV 1731,
Since n is distinct from 0 and 1, we may choose N so large that
L(N 4+ 1)/3] > Ords(n(n — 1)).
We obtain
Ay + -+ Ay = 0mod3. (2.17)
On the other hand, again using (2.14), we find
Ords;(Ax) = |k/3] — Ords(k(k — 1)) > |k/3] —log; k . (2.18)
As one can easily verify, the right-hand side of (2.18) is positive for k > 6. Hence
Ord;(Ax) > 0 for k > 6. Also, Ordz(k(k — 1)) = 0 for k = 5, which implies that
OI’d3(A5) > 0.
We have proved that Ord;(Ax) > 0 for k > 5. Combining this with (2.17), we
obtain
Ay + Az + A4 = 0 mod 3.

Since az(nz) =1, az(zr3) = 3, and az(n4) = 6, we have

1 n—-2 @-2)(n-3) n*—Tn+14
A+ Az + Ay = — — - .
A S T 32 32

It follows that n> —7n + 14 = 0 mod 3, which is impossible for n € Z. The
theorem is proved. O

Remark 2.19. The Diophantine equation y? — x> = k, where k is a nonzero inte-
ger, is usually called Mordell’s equation. Many results on it can be found in Chap. 26
of Mordell’s book [96]. Modern techniques based on logarithmic forms [11] or
forms in elliptic logarithms [33] allow one to solve Mordell’s equation completely
for small values of k, using electronic computations. For instance, this was done for
|k| < 10*in [33].



Chapter 3
Cassels’ Relations

Due to the theorems of Euler, Lebesgue, and Ko Chao, proved in the previous
chapter, we may assume that the exponents of Catalan’s equation are odd. Since
every odd number greater than 1 has an odd prime divisor, this reduces Catalan’s
problem to the following assertion.

Theorem 3.1. Equation
xP -yl =1 (3.1)

has no solutions in nonzero integers x, y and odd primes p, q.

Proving this theorem is the main objective of the rest of this book.

Starting from this point, a solution of Catalan’s equation (or, simply, a solution)
is, by definition, a quadruple (x, y, p,q), where x, y are nonzero integers and p, g
are (distinct) odd prime numbers, satisfying x” — y¢ = 1. Notice that we no longer
assume x and y positive. This allows us to symmetrize the problem: if (x, y, p,q)
is a solution, then so is (—y, —x,q, p). This symmetry will be repeatedly used in
the sequel.

In this chapter we make the first step towards the proof of Theorem 3.1.
Following Cassels, we reduce (3.1) to several more complicated equations, which
are, however, easier to deal with. We also show, following Hyyr6 [48], that Cassels’
relations imply lower bounds for |x| (and |y|) in terms of p and g.

3.1 Cassels’ Divisibility Theorem and Cassels’ Relations

Rewrite (3.1) as

xP -1
(x—1) = y4, (3.2)
x—1
© Springer International Publishing Switzerland 2014 27
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Lemma 2.8 implies that the greatest common divisor of the factors on the left is 1
or p. More precisely, we have the following statement.

Proposition 3.2. Let (x, y, p,q) be a solution of Catalan’s equation. Then

r—1 if
gcd(x ,x—l): P ‘p|yj (3.3)
1 1, otherwise.

Proof. 1If p does not divide y then it does not divide any of the numbers x — 1 and
(x? —1)/(x — 1). Part (2) of Lemma 2.8 implies now that

7 —1
gcd(x ,x—l):l.
x—1
If p | y then p divides one of the numbers x — 1 and (x” — 1)/(x — 1). Part (1)
of Lemma 2.8 implies that it divides both, and part (2) yields that

r—1
gcd(x ,x—l):p.
x—1

Cassels [18] showed that the second option in (3.3) is impossible.

Theorem 3.3 (Cassels). Let (x,y, p,q) be a solution of Catalan’s equation.
Then p | y (and q | x by symmetry).

We postpone the proof of this theorem until Sect. 3.3 and formulate now the most
important consequence of Theorem 3.3, known as Cassels’ relations.

Theorem 3.4 (Cassels). Let (x, y, p,q) be a solution of Catalan’s equation. Then
there exist a nonzero integer a and a positive integer u such that

xP -1
x—1

x—1=pila, = pu?, y = pau. 3.4)
Symmetrically, there exist a nonzero integer b and a positive integer v such that

q
y+1=¢q 7, ——— =g, x =qvb. (3.5)

Proof (Assuming Theorem 3.3). Since p | y, Proposition 3.2 implies that

r—1
gcd(x—l,x )=p.
x—1
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In view of (3.2), there exist rational integers a and u such that x — 1 = p%a?
and (x? —1)/(x — 1) = pPu, one of the exponents o, B being 1 and the other
q — 1. Notice also that u is positive, because so is (x” — 1)/(x — 1), and that p } u;
otherwise we would contradict part (3) of Lemma 2.8.

Part (3) of Lemma 2.8 implies that 8 =1, and thereby o = ¢ — 1. This
proves the first two relations in (3.4). The third one follows from them at once.
Relations (3.5) follow by symmetry. The theorem is proved. O

Another proof of Cassels’ divisibility theorem was suggested by Hyyro [49].

3.2 Binomial Power Series

In this section we establish some basic properties of the power series
v
1+1)) = tr 3.6
(1+1) g;(é) (3.6)

to be used in the proof of Theorem 3.3, as well as in other parts of the book. Recall
that for any real v the coefficient (Z) is defined by

vy v—D--(v—k+1)
k] k! '

First, we study the arithmetic of the coefficients when the exponent v is a rational
number. We show that the only primes appearing in the denominator of (1‘;) are those
dividing the denominator of v. We also calculate the exact order of every such prime
in the denominator of (}).

Recall that for any prime number p and any nonnegative integer k

k k k k k
Ord,(k!) =| = | + S|t <t t=—— 3.7
)4 p p p p—1
Lemma 3.5. Let v be a rational number with denominator b.

1. For any nonnegative integer k, there exists a positive integer N such that
PV (!) € Z.
2. If q is a prime divisor of b, then for any nonnegative integer k

k
Ord, (Z) = ~kOrdyb — Ord, (k1) > ~kOrdyb — . (3.8)
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In particular, the sequence {Ordq (Z)} is strictly decreasing:

k=0,1,...

v v v
0 = Ord, (O) > Ordq<1) > Ord, (2) > 3.9)

Proof. Write v = a/b. Then

(3.10)

vy al@a—>b)---(a—(k—1)b)
k] b¥k! '

For any prime number p not dividing b we have

Ord,(a(a—b)---(a— (k — 1)b)) > {SJ + {%J + -+ = Ord, (kV),

via (3.7). Hence the only prime factors of the denominator of (Z) are the prime
divisors of b. This proves part (1).

For part (2) observe that if g divides b then it does not divide a. Hence it does
not divide the numerator in (3.10), which implies (3.8).

Finally, (3.9) is an immediate consequence of (3.8). O

We also need an estimate for the remainder term of the binomial power series.

Lemma 3.6. Let v be a real number and m a nonnegative integer. Then for any
real t satisfying |t| < 1 we have

m
v V
1+1) — | < 1, (14! ¢+ 3.11
(1+1) ;(k) < max {1, (1 +1) }(mH)II (3.11)
In particular, for m = 0, we have
|(1+ 1) — 1] <max {1, (1 4+1)"""} |ve]. (3.12)

Proof. By the Taylor formula with the Lagrange error term, we have

m
v dm+1(1 + T)v |t|m+1
(1 + l‘)u - lk < sup _— —_—
=max {I, (1 +1)"™"""} (m :_ 1) e[+,

as wanted. O
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As an immediate application to Catalan’s equation, we estimate the difference
y —xPl | (Notice that, since ¢ is odd, x?/? is a well-defined real number.)

Lemma 3.7. Let (x, v, p,q) be a solution of Catalan’s equation. Then
/ 1.1 / —_
|y—x”q‘§—|x|”q L (3.13)
q

Proof. Applying (3.12) with v = 1/q and t = x~7, we obtain
y = xPla 1+ x—p)l/q — x”/”(l +7)

with |r| < (1 — |x|7?)/4~1¢g~!|x|~P. One verifies by inspection that |x|? > 16.
Hence (1 — |x|~7)"/2=! < 1.1, and the result follows. O

3.3 Proof of the Divisibility Theorem

In this section we prove Theorem 3.3. The argument splits into two cases: p < ¢
and p > g. Proofs in both cases are similar, but the latter is technically much more
complicated than the former.

We start with the simpler case p < ¢. Thus, we are going to prove the following.

Proposition 3.8. Let (x, y, p,q) be a solution of Catalan’s equation with p < q.
Then p | y.

Proof. Assume that p does not divide y. Proposition 3.2 implies that the numbers
(x? —=1)/(x—1) and x — 1 are coprime. In view of (3.2), each of them is a
complete gth power.

Write x — 1 = a4, where a is a nonzero integer. If |a| = 1 then |x| = 2, and
ly| < (Jx]? + 1)"/4 < 2, because p < g. We obtain |y| = 1, a contradiction. This
proves that |a| > 2.

Equality (1 4+ a?)? = y? + 1 suggests that y should be close to a”. Indeed,
using (3.12), we obtain

XP=a? (14 a1 = a?(1 +r),
where

Pl < (1= |a|™)?/a7 Lja|=a < 1.1]al .
q

Thus, \x”/‘? —a”| < 1.1]a|?~? < 1/3. Further |y — x”/q| < 0.1, as easily follows
from (3.13). Combining the last two inequalities, we obtain |y —a”| < 1. Hence
y = a”, because both are rational integers.
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We obtain x? — u?? = 1, which is impossible (two pth powers cannot differ
by 1). The proposition is proved. O

We are left with the more difficult case p > ¢. First of all, we have to establish a
lower bound for x. The following statement is, essentially, due to Hyyro [48].

Proposition 3.9 (Hyyro). Let (x, y, p,q) be a solution of Catalan’s equation with
p > q. Then |x| > ¢"~' +q.

Proof. Since g < p, Proposition 3.8 applies to the solution (—y,—x,q, p).
Hence ¢ | x, and we have the second series (3.5) of Cassels’ relations. Rewriting
the relation (y? + 1)/(y + 1) = gv? as

(T =D+ (=) 4+ (—y =D =q (P = 1),

we deduce that y + 1 divides ¢ (v? — 1). Now the relation y + 1 = ¢”~'h” implies
that v7 = 1 mod g”2.

Now we again use the assumption p > ¢, this time to observe that p does not
divide the order g?—3(q — 1) of the multiplicative group mod g?~2. This implies
that v = 1 mod g7 2.

Since |y| > 2 and (y, ¢q) # (2, 3), an easy estimate shows that

yi+1
y+1

>q.

It follows that v > 1. Together with the previously established congruence
v = 1 mod ¢?72, this implies v > g”~2 + 1. Since x = gvb, we have

Ix| = gqv>q"" +q.

as wanted. O
Now we are ready to consider the case p > g.

Proposition 3.10. Let (x, y, p, q) be a solution of Catalan’s equation with p > q.
Then p | y.

Proof. In the proof of Proposition 3.8 we used (3.12) to approximate x?/¢ by the
integer a”. Due to (3.13), this shows that y is close to a”. Since both are integers,
they are equal, which leads to a contradiction.

In this proof, we again approximate x”/9. However, (3.12) is no longer sufficient
to get a good approximation, and we use the general inequality (3.11) to approxi-
mate x?/9 (and thereby y) by a certain rational number A/B. We shall see that the
approximation is good enough to conclude that y = A/B. On the other hand, we
shall show that A/ B is not an integer, a contradiction.

Now let us proceed. As in the proof of Proposition 3.8, we find out
that x — 1 =a%, where a € Z. The estimate |x|>¢g?”~' 4+ ¢, obtained in
Proposition 3.9, implies that
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lal? > g7~ L. (3.14)

Applying (3.11) with v = p/q and m = [p/q], we obtain

(i)

(1—lal™ )™ < (1-g~ )7 < 11,

where

Irl < (1= a7’ ja| 710D,

Using (3.14), we estimate

Also,

v _vv—l1 v—m—|-1|v—m|< 1
m+1)]| mm—1 1 m+1 "~ m+1

Hence |r| < 0.5|a|~70"*D Tt follows that

xPla — Z (Z)ap—qk
k=0

Now write

<lal?|r| < 0.5]|a|P~ D4, (3.15)

Z V) ek — A
k B’
k=0

where A and B are coprime integers. By part (2) of Lemma 3.5, the greatest common
denominator of the binomial coefficients is ¢ 70" Hence B divides the number
g TOrda(mYgma=p Since Ord, (m!) < m/(q — 1), this implies the inequality

|B| < qm+0rdq(m!)|a|mq—p < qmq/(q—l)lalmq—P' (3.16)

On the other hand, (3.9) implies that

Ord, ((;)ap—q'") < 0rd, ((Z)ap—qk) (k=0,1,....,m—1).
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Hence Ord,(A/B) = Ord, ((y‘;)ap_qm) < 0, and, in particular, A/B is not an
integer.
Now we are going to replace x”/4 by y. We have trivially

77PN = x> (x| 4+ 1) = Jal? = fa| TP

Hence, using (3.15) and (3.13), we obtain

y__

A
B

< 1L xjphar 4 0.5[a|r0mt 00 < (gt s, @17
q

It is easy to see that the right-hand side of (3.17) is strictly less than |B|™'.
Indeed,

ptq _ gm

g—1"qg—1

Hence we may use (3.14) to obtain |a|? > g?~! > ¢/~ Using (3.16), we find
that

|a|p—(m+1)q = |a|™|a|P™™ < q—mq/(q—l)|a|ll—mc1 < |B|_1.

Thus, |y — A/B| < |B|™!. Hence y = A/B, which is impossible since A/B is not

an integer.
This contradiction proves Proposition 3.10, completing thereby the proof of
Cassels’ divisibility theorem. O

One may view Cassels’ divisibility theorem as the extension of Nagell’s The-
orem 2.9 to the case of odd exponent p. The proof of Nagell’s theorem, however,
does not seem to extend to odd p. On the other hand, Cassels’ argument does extend
to p = 2. It might be a good exercise for the reader to work out the details of the
proof of Nagell’s theorem, using Cassels’ method.

3.4 Hyyro’s Lower Bounds

Cassels’ relations (3.4) and (3.5) imply lower bounds for the variables x and y in
terms of the exponents p and g. For instance, the relation x — 1 = p9~'a? implies
the inequality |x| > p9~' — 1.

Hyyro [48, Hilfssatz 2] obtained two less obvious lower bounds. One of them
has already been reproduced in this book as Proposition 3.9. Now we can formulate
Hyyr6’s result in its complete form.
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Theorem 3.11. Let (x, y, p,q) be a solution of Catalan’s equation. Then
x| = max {g”" +¢,p (g - 1) + 1} (3.18)

(and, symmetrically, |y| > max {p?~" + p,q?'(p — 1)? + 1}).

Hyyro’s actual estimate is slightly sharper, but (3.18) is easier to prove and sufficient
for our purposes.

Proof. We start with the inequality |x| > p9~'(q¢ —1)? + 1. We shall use the

following obvious fact: the four numbers x, y,a,b in Theorem 3.4 are either

altogether positive (the positive case) or altogether negative (the negative case).
Since ¢g | x, we have

p?la? =x—1=—1modg.

Since pY~! = 1modg, this implies a? = —1 modg, which is equivalent to
a = —1 modg. Similarly, b = 1 mod p.

Now, in the positive case, we havea > ¢ — 1 and x > p9=!(g — 1)? + 1. In the
negative case we have either ¢ < —g — 1, which implies that

x| = p? g+ 1)1 —1>pi T (g— 17 +1,

ora =—1.

It remains to show that the last option is impossible. Thus, assume that a = —1,
which implies 1 —x = 1 + |x| = p?~L. Since we are in the negative case, we have
b <1- p,and

vl =(xl” + DY < (14 x4 < pP <277 (p—1)P
<q"'bI” =11+ y < Iyl
a contradiction. This proves the inequality |x| > p9~ (g — 1)? + 1.

We are left with the inequality |x| > g”~' + p. In the case p > ¢ it has already
been established in Proposition 3.9. In the case p < g, we have

x| = pTNg—1)1+1>2(q—1)!>2p?>2¢" > q" " +4.

The theorem is proved. O

Hyyrd’s lower bounds will be widely used in this book.



Chapter 4
Cyclotomic Fields

Let m be a positive integer, and let {, be a primitive mth root of unity. The
number field K,, = Q(¢,,) is called the mth cyclotomic field. We cannot give a
comprehensive treatment of the theory of cyclotomic fields in this book; for this
purpose, we refer to the famous monographs of Lang [60] and Washington [136].
Here we develop only a few fragments of this beautiful theory, required for Catalan’s
problem.

In particular, except a few sporadic points, we use only the special case m = p,
an odd prime number, which is technically simpler than the general case.

Thus, in this chapter (except Sect. 4.7), we fix an odd prime number p, a primitive
pthroot of unity ¢, and denote by K, = Q(¢,) the corresponding cyclotomic field.
Since p is fixed, we shall write (when this does not confuse) ¢ instead of {, and K
instead of K ,.

4.1 Degree and Galois Group

Any conjugate of ¢ over QQ is again a primitive pth root of unity. It follows that
[K:Q] < p — 1, which is the number of primitive pth roots.

It is not difficult to show that the degree is equal to p — 1. The quickest way is to
observe that the cyclotomic polynomial ®,(r) = t”~' +--- + 1 + 1 is irreducible,
applying the Eisenstein criterion with the prime number p to the polynomial

q>p(z+1)=(t+lt¢.

It is more instructive, however, to obtain the equality [K:Q] = p — 1 as part of the
following assertion.
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Proposition 4.1. Denote by p the principal ideal (1 — ).

1. For any integers k and € not divisible by p, the number (1 —¢¥)/(1 —¢%) is a
unit of the field K. In particular, for any k # 0 mod p, we have the equality of
ideals (1 —C¥) = p.

2. The ideal p is a prime ideal of the field K. It satisfies pP~' = p. In particular, p
totally ramifies in K.

3. We have [K:Q| = p — 1. In particular, all primitive pth roots of unity are
conjugate over Q.

Proof. Since £ is not divisible by p, there exists an integer m such that
£m = k mod p . It follows that

1_§k _ l_é-lim
1-¢t 1=-¢t

O )

is an algebraic integer. By symmetry, so is (1 — ¢%) /(1 — ¢¥). This proves part (1).
Further, substituting # = 1 into the identity

b L= (=0 =) =80T,

we obtain (p) = (1 —¢)(1 —¢?)---(1 —¢P~") = pP~!. Since p cannot split in K
into more than [K:Q] prime factors, and [K:Q] < p — 1, this is possible only if
[K:Q] = p — 1 and p is a prime ideal. This proves parts (2) and (3). O

The following immediate consequence of part (1) will be often used.
Corollary 4.2. Let q be a prime ideal of K, other than p. Then distinct pth roots

of unity cannot be equal modq. (That is, if {, ¢’ are pth roots of unity satisfying
(=0 modqthent =10.)

Since K contains all the conjugates of ¢, it is a Galois extension of QQ. Denote
by G its Galois group. Part (3) implies that for any integer a, not divisible by p,
there exists a unique o, € G such that ,({) = ¢?. Obviously, 0,5 = 0, o 0p. Also,
0, = o if and only if a = @’ mod p, which implies that

G = {0'1,0'2,...,0'17_1}.

Mention also that o, is the complex conjugation. We shall usually denote it by ¢,
so that

00, =040l =0p.
Sometimes, to simplify notation, we shall write ¢ instead of t 0 0.

For a € Z denote by a* € Z/ p Z the residue class of @ modulo p. Since g,
depends only on its class modulo p, we have the well-defined map
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(Z/pZ)* — G 4.1)

a* — o,.

The following statement is obvious.

Proposition 4.3. The map (4.1) defines an isomorphism (Z/ p Z)* >~ G. In partic-
ular, G is a cyclic group.

4.2 Integral Basis and Discriminant

As in the previous section, ¢ stands for a primitive pth root of unity and K = Q({)
is the pth cyclotomic field.

Our next purpose is to determine the ring of integers Ok and to calculate
the discriminant Dg. First of all, notice that Og D Z[¢]. Hence Dk divides the
discriminant of 1, ¢, ..., P72, defined by

D(.L.....0r7%) = (det [0} (zk—l)]lﬂykfp_l)2 . 4.2)

After expanding the Vandermonde determinant in the right-hand side, we obtain +1
times a product of (p — 1)(p — 2) terms of the type " — ¢ (with m # s mod p).
Hence we have the equality of ideals

(D) = p(p—l)(p—Z) - (pp—2) ,

where we denote by D’ the right-hand side of (4.2). Since D’ is a rational integer,
we obtain D’ = 4 p”~2. This has the following consequence.

Proposition 4.4. 1. The discriminant Dk is +1 times a power of p . The only prime
number ramified in K is p.

2. For distinct odd primes p and q, the fields K, and K, are disjoint (that is,
K, N K, = Q). Also, the fields K, and Q(i) are disjoint.

3. The field K > is a proper extension of K ,. In fact, [K > : K] = p.

4. The group of roots of unity of the field K , is generated by —.

Proof. Part (1) follows from the already mentioned fact that Dx | D'.

To prove part (2), observe that, since p is totally ramified in K, it is ramified
in any subfield of K, distinct from Q. On the other hand, p is unramified in K, by
part (1). Hence the only common subfield of K, and K, is Q. Similarly, since (2) is
the only prime ramified in Q(7), this field is disjoint with K ,.



40 4 Cyclotomic Fields

Next, the congruence
1= =1- ;2 =1-¢, modp

implies that o” = p, where g is the principal ideal (1 —¢,2). It follows that p
ramifies in K P2 and the ramification index is at least p. On the other hand, it is
obvious that the degree of K > over K, is at most p . Hence both the degree and the
ramification index are equal to p . This proves part (3).

Parts (2) and (3) yield that K, cannot contain roots of unity other than the powers
of —¢. This proves part (4). O

Here is a trivial but frequently used consequence of part (4).

Corollary 4.5. Assume that p and q are distinct odd prime numbers. Then every
root of unity from K, is a qth power in K.

Part (1) of Proposition 4.4 can be refined as follows.
Theorem 4.6. We have Ok = Z[¢]. In particular, |Dx| = p?~2.

(One can show that Dg = (—1)?~D/2p =2 (see [136, Proposition 2.1]), but the
sign of Dg will not be used in the present book.)

Proof. Fix o € Ok and write
oa=ag+aA+---+ ap_zkp_z,

where A =1 — ¢ and ao, ...,a,» € Q. Since Z[{] = Z[A], we have to prove that
ap,...,dp—2 € 7.

Since the index [Ok:Z[A]] = [Ok:Z[{]] = D'/ Dk is a power of p, the denom-
inators of the rational numbers aq, ...,a,—> are powers of p. Now notice that
fork =0,1,..., p—2 we have Ord,, (axA*) = k mod (p — 1). It follows that the
p — 1 numbers

Ord, (axA¥)  (k=0,1,....p—2)
are pairwise distinct. Lemma A.1 implies that

Ordy (a) = . min _Ord, (akkk) .

<k<p-2

Since « is an algebraic integer, we have Ord, () > 0. Hence Ord,, (akkk ) > 0 for
all k, which is only possible if Ord, (ax) > 0 for all k.
Thus, ay, ...,a,-2 € Z, as wanted. The theorem is proved. O

Corollary 4.7. Foranyo € G and any a € Og we have a = o(a) mod p.

(In other words, the inertia group of p over Q is G.)
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Proof. Since Og = Z[{], it suffices to verify the statement for @ = ¢, in which case
it is obvious. O

4.3 Decomposition of Primes

Let ¢ be a prime number. We are interested in its decomposition in the pth
cyclotomic field K. So far, this has been done only for ¢ = p, in Proposition 4.1(2).

Proposition 4.8. Let g be a prime number distinct from p, the case ¢ = 2 being
included. Then q is unramified in K. Further, let f be the order of q in the
multiplicative group (Z/ pZ)* and s = (p — 1)/ f. Then q¢ = q; -+ (s, the degree
of each of the prime ideals q; being f.

In particular, q splits completely in K if and only if ¢ = 1 mod p.

Proof. As we have already seen in Proposition 4.4:1, the prime ¢ is unramified
in K. Further, let q be a prime ideal above g and ¢ = ¢4 € Gal(K/Q) its Frobenius
element (see Appendix A.7). Then the degree of q is equal to the order of ¢.

By the definition of the Frobenius element, ¢(«) = o? mod q for any « € O.
In particular,

¢(§) = {? modq. (4.3)

However, ¢(¢) is also a pth root of unity. If ¢(¢) # ¢? then (¢p(¢) — &%) =p,
and (4.3) is impossible. Hence ¢({) = ¢ and ¢ = o,. Since 0" = oyn, the order
of 0, is equal to the order of ¢ in Z/ pZ, that is, to f". The proposition is proved. O

4.4 Units

We continue to denote by ¢ a primitive pth root of unity, and we let K = Q({) be
the pth cyclotomic field. We denote by O = Ok its ring of integers.

The Dirichlet unit theorem implies that the group i = Ux = OF of units of K
is the direct product of the torsion subgroup §2 = 2 (which is generated by —¢
by Proposition 4.4(4)) and a free abelian group of rank r = (p — 3)/2. It is quite
remarkable that the latter can be chosen canonically.

Theorem 4.9. The group U of units of K is the direct product of the group §2 of
roots of unity and the group Uy of positive real units of K.

In other words, each unit can be uniquely presented as the product of a root of unity
and a positive unit.

Another equivalent statement: if we view a unit as a complex number, then its
argument is a multiple of 7/ p.
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First of all, we show that the argument cannot be equal to 7 /2. More precisely,
we prove the following.

Lemma 4.10. [f0 € O is purely imaginary, then 0 € p (and, in particular, 0 is not
a unit).

Proof. We have 6 = —@ by the assumption and = 6 modp by Corollary 4.7.
It follows that 260 = 0 mod p, which completes the proof, since p is coprime with 2.
O

We shall also need the following lemma.
Lemma 4.11. Let 1) be a unit of the cyclotomic field K. Then 1/ is a root of unity.

Proof. Put £ = /7. Since the automorphisms of K commute with the complex
conjugation, we have o(§) = o(n)/o(n) for any o € G. Hence |o(§)| = 1 for any
o € G, and Kronecker’s theorem (see Appendix A.1) implies that £ is a root of
unity. O

Proof of Theorem 4.9. 1t suffices to show that any unit is a product of a root of unity
and a real unit. Fix n € U. Lemma 4.11 implies that £ = /7 is a root of unity. Write
£ = +¢*, where we may assume that k is even (replacing it, if necessary, by k + p).
Put = {7*/2n. If § = —¢* then /6 = —1, which is impossible by Lemma 4.10.
Hence £ = ¢* and §/0 = 1, which completes the proof. O

4.5 The Real Cyclotomic Field and the Class Group

The pth cyclotomic field K = Q(¢) has a totally real subfield
KT=KNR=QE(+¢™,
called the pth real cyclotomic field. Obviously,

[K:KT]=2, [K+;@]=”T_l.

One expects the arithmetic of K™ to have very much in common with that of K.
Indeed, p is the only prime number ramified in K *. moreover, since it totally
ramifies in K, it totally ramifies in K+ as well: we have (p) = p?~1/2, where
o = ((¢=¢?). In K, we have p = p?.

As for the other primes, we have the following analogue of Proposition 4.8.

Proposition 4.12. Let g be a prime number distinct from p, the case ¢ = 2 being
included. Let f be the order of q in the multiplicative group (Z/ pZ)*. Put
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f* = f if fis odd,
f/2 iffiseven.

Then q decomposes in K into a product of (p — 1)/(2f ™) prime ideals, each of
degree .

Proof. We use the notation
G = Gal(K/Q), GT = Gal(KT/Q).

Since Gal(K/K ™) = (1) (where ¢, as usual, denotes the complex conjugation), we
have Gt = G/{1).

Fix a prime ideal q of K above ¢, and let q* be the prime ideal of K™
below q. Further, let ¢ € G and ¢ € G be the Frobenius elements of q and of g,
respectively. As we have seen in the proof of Proposition 4.8, the order of ¢ is f.
Hence the order of ¢ is f/2if ¢ € (), and the order of ¢ is f if 1 ¢ {(¢).

However, ¢ is the only element of G of order 2. It follows that ¢ € {(¢) if and only
if f is even. Thus, the order of ¢ is f T, whence the result. O

The discriminant and the regulator of KT are closely related to the corresponding
quantities of K.

Proposition 4.13. The discriminant of K+ is +p(P=3/2,

Proof. We have K = K*({), and

f)=x>—(C+ Hx+1

is a minimal polynomial of ¢ over K. It follows that the different d /k+ divides
f'(¢) =¢—¢7". Since ((—¢7") = p, there are two options: O+ = (1) or
0 k+ = p. But p is ramified over K, which means that Og/k+ =P

Thus, 0k/q = pOk+ q- Taking the norm, we obtain [Dg| = p |Dg+|%. Since
|Dg| = p?72, this implies that [Dy+ | = pP=3/2, O

Proposition 4.14. The regulator of K is 2~ P=3/2 times the regulator of K.

Proof. Let ny,...,n, (where r = (p —3)/2) be a system of fundamental units
of K* and oy,...,0,4 be the embeddings of KT. Since K is totally real, its
regulator is RT = |det [10g|af('71)|]15i,j5r .

Theorem 4.9 implies that 1y, ..., n, is a system of fundamental units of K as

well. Since K is totally imaginary, its regulator is

R= }det [21og o (n;)]] =2"RT.

1<i,j<r

This proves the proposition. O
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Much more interesting and nontrivial is the relation between the class numbers
and class groups of the two fields. Denote by H and H* the class groups of K
and K, respectively. Since every ideal of KT defines an ideal of K, we have a
natural map H* — H.

Theorem 4.15. The natural map H+ — H is injective. That is, if a is an ideal
of Kt which becomes principal in K, then it is principal already in K.

We need the following generalization of Lemma 4.10.
Lemma 4.16. Let B € K be purely imaginary. Then Ord,(B) is odd.

Proof. Assume that § is a purely imaginary element of K of even p-adic order.
Multiplying B by a suitable rational integer,! we may assume that 8 € O and, in
particular, Ord, (8) > 0.

Write Ord, (8) = 2m with a nonnegative integer /. Since p? is generated by the
real number y = (¢ — ¢~!)?, the algebraic number § = By~ is a purely imaginary
element of O \ p, which contradicts Lemma 4.10. O

Proof of Theorem 4.15. The proof is analogous to that of Theorem 4.9. Let a be an
ideal of Kt which becomes principal in K. Let a be its generator in K. Since a
comes from K, we have a = a. Hence @ generates the same ideal. It follows that
«/& is a unit, and, as in the proof of Theorem 4.9, we find that it is a root of unity.
Write o/@ = +¢* with an even k and put 8 = {*/?a.. Then a = (). Notice

that Ord, 8 = Ordy,a is even, because a comes from K. Now, if o/@ = —¢ then
B/B = —1, which is impossible by Lemma 4.16. Hence a/& = (¥ and B € K,
which completes the proof. O

We identify H+ with its image in H and put H~ = H/H . One usually calls H ™
the real class group, and ‘H™ the relative class group. Their cardinalities are called
the real class number, and the relative class number, and are denoted, respectively,
by AT and A~ (or h;’ and /1, , if we want to indicate the dependence in p).

There is also the “norm homomorphism” H — H*, defined by a > aa. One can
show that this homomorphism is surjective. We do not use it in the present book.

4.6 Cyclotomic Extensions of Number Fields

We wish to extend some of the results of the previous sections to cyclotomic
extensions of number fields. Thus, in this section L is a number field, and we study
the cyclotomic extension L({), where { = ¢, is a primitive pth root of unity.

Of course, in general one cannot have the equality [L({):L] = p — 1. However,
this equality does hold if p is unramified in L.

ISince the p-adic order of a rational integer is divisible by p — I, multiplication by a rational
integer does not change the parity of the p-adic order.
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Proposition 4.17. Assume that p is unramified in L, and let g be a prime ideal
of L above p. Further, let B} be the ideal of L({) defined by ¢ = (0,1 — ). Then
PP~ = o, the ideal B is prime, and [L(¢):L] = p — 1.

Proof. Since (1 —¢)?~! = (p), we have

P (e =07 = (977" p).

Since p is unramified in L, we have (g,)”_l, p) = p. Thus, P7~! | p. However,
[L(Z):L] < p — 1, and g cannot decompose in L () into more than [L({):L] prime
ideals. Hence B?~! = g, the ideal B is prime, and [L({):L] = p — 1. O

(The assumption “p is unramified in L” can be relaxed: it suffices to have o
unramified over Q.)
As in Sect. 4.1, we find the Galois group of L({)/L.

Corollary 4.18. Assume that p is unramified in L. Then

Gal(L(¢)/L) = {01.....0p1}.

where o, is defined by 0,(¢) = ¢°.

We also show that the inertia group of °3 is the whole Galois group (an extension
of Corollary 4.7).

Proposition 4.19. In the setup of Proposition 4.17 denote by O the local ring of B
in L(§). Then for any a € Oz and o € Gal(L(£)/L) we have (o) = o mod .

Proof. Denote by O the local ring of g in L. Arguing as in the proof
of Theorem 4.6, we show that Oy = O, (). Hence it suffices to show that
0(¢) = ¢ mod*B, which is obvious. O

Finally, we determine the prime decomposition of p in L(¢). The following is a
straightforward consequence of Proposition 4.17.

Proposition 4.20. Assume that p is unramified in L, and write the prime
decomposition of p in L as (p) = @1---gs. Then p decomposes in L(C) as

(p) = mi’_l ...‘Bf_l, where B; = (p;, 1 —0).

4.7 General Cyclotomic Fields

In this section we extend some of the previous results to the general cyclotomic field
K, = Q(&,,), where m is a positive integer and ¢, is a primitive mth root of unity.
The results of this section will be used only at a few isolated points.

Contrary to the rest of the chapter, in this section, p stands for any prime number,
including p = 2, not just for an odd prime.
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4.7.1 Ramified Primes

To begin with, we determine the ramified primes of the mth cyclotomic field.

Theorem 4.21. Let m be a positive integer, and let K,, = Q({,,) be the mth
cyclotomic field. Then an odd prime number p is ramified in K,, if and only if p
divides m, and 2 is ramified in K, if and only if 4 | m.

Proof. The “if” statement is obvious. If an odd p divides m, then K, contains K, ,
where p is ramified. Hence p is ramified in K,,,. Similarly, if 4 | m then K, contains
K4 = Q(i), where 2 is ramified.

For the “only if” statement we need a simple lemma.

Lemma 4.22. Let { and ¢’ be two distinct mth roots of unity (not necessarily
primitive). Then ¢ — ¢’ divides m.

Proof. Tt suffices to show the following: if ¢ # 1 is an mth root of unity then 1 — ¢
divides m. Substituting # = 1 into the identity

1+[+...+tm_l :(Z—Cm)(l—é,i)"'(t_ég_l)v

we obtain

m=(1=5)(1 =00 (1=,

Since 1 — ¢ is one of the factors on the right, the lemma follows. O

We return to the proof of Theorem 4.21. We argue as in the beginning of Sect. 4.2.
Since Ok, C Z[{y), the discriminant of K, divides the discriminant of the ring
Z[¢n]. The latter discriminant is the product of several terms of the form ¢ — ¢/,
where ¢ and ¢’ are distinct mth roots of unity. By Lemma 4.22, the discriminant of
Z[¢] divides a power of m. Hence the discriminant of K, divides a power of m as
well. It follows that every prime ramified in K,, divides m. This proves the “only
if”” statement for odd primes.

We are left with p = 2. We have already proved that 2 is unramified in K,
when m is odd. But we have to show that 2 is ramified only when 4 | m. Thus,
assume that 2 divides m, but 4 does not. Then m = 2n, where n is odd. Then
m = =€y, and K,,, = K,,. Since n is odd, the prime 2 is unramified in K. The
theorem is proved. O

One can show that Ok, = Z[{,,] and calculate the discriminant of K,: see [136,
Theorem 2.6 and Proposition 2.7].
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4.7.2 Degree and Galois Group

Next, we determine the degree and the Galois group of K,, over Q. Since all con-
jugates of ¢, lie among the primitive mth roots of unity, we have [K,,:Q] < ¢(m),
the Euler’s function of m. We shall show that in fact [K,,:Q] = ¢(m).

We start with the prime power case.

Proposition 4.23. Let p be a prime number and k a positive integer. Then the
principal ideal py = (1 — {,x) satisfies

p! T = (), (4.4)

Proof. We use induction in k. For k = 1 and odd p equality (4.4) is established in
Proposition 4.1(2), and for k = 1 and p = 2 it is obvious. Now assume that k > 1.
Since C‘;k = {1, we have

(1 —é'pk)p =1-{, -1 modp,

which implies p? = p;_;. But p’, ?~" = (p) by induction. This proves the
proposition. O

(The case k = 2 has already been done before; see Proposition 4.4(3).)
Since

[K Q] < 9(p") = p"'(p = 1)

and since p cannot decompose in K, into more than [K «:Q] prime ideals,
Proposition 4.23 implies that [K ,x:Q] = ¢( p*) and that p;, is a prime ideal in K k-
Arguing as in the proof of Proposition 4.17, we obtain even more.

Proposition 4.24. Let L be a number field, p a prime number unramified in L,
and k a positive integer. Further, let © be a prime ideal of L above p, and let 3 be

the ideal of L({ ) defined by P = (9,1 — ). Then ‘B”kil(”_l) = g, the ideal 3
is prime, and [L({ ¢ ):L] = Pl (p—1).

Now we are ready to establish the equality [K,,:Q] = ¢(m).
Theorem 4.25. Let m be a positive integer. Then [K,,:Q] = ¢(m).

Proof. We use induction in m. For m = 1 the statement is obvious. If m > 1 then
we can write m = np*, where p does not divide n and k > 0. Since n < m we have
[K,:Q] = ¢(n) by induction. By Theorem 4.21, the prime p is unramified in K.
Applying Proposition 4.24, we find [K,, ({ x):K,] = @(p*). Since K, (pr) = Kim,
we obtain

[Kn:Q] = [Kn:K,] - [Ka:Q] = @(pF) - p(n) = o(m),

as wanted. O
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Thus, all primitive mth roots of unity are conjugate over Q. It follows that for
every integer a, coprime with m, there exists a unique o, € Gal(K,,/Q) such that
04(&m) = ¢2. Also, the map

(Z/mZ)* — Gal(K,,/Q)

a* —o,,

(where a* is the image of a in Z/mZ) is well defined and gives an isomorphism
between the groups (Z/mZ)> and Gal(K,,/Q).

We shall also use the following statement. Its proof, which is a straightforward
application of the Chinese Remainder Theorem, is left to the reader.

Proposition 4.26. Let m and n be coprime integers. Then for any a, coprime
with m, and any b, coprime with n, there exists a morphism o € Gal(K,,, /Q) such
that 6(Ly) = & and 0(¢,) = 0.

4.7.3 Decomposition of Primes

Proposition 4.27. Let g be a prime number not dividing m, and let [ be the order
of q in the multiplicative group (Z/mZ)*. Then q splits in K, into o(m)/ f prime
ideals, each of degree f.

In particular, q splits completely in K,, if and only if ¢ = 1 modm.

Proof. Exactly as of Proposition 4.8. We leave the details to the reader. O

4.7.4 Units, Class Groups, etc.

Most of the properties of prime cyclotomic fields established in Sects. 4.4 and 4.5
have analogues in the general case. For instance, Theorem 4.15 completely
extends to the general case, with almost the same proof: see [136, Theorem 4.14].
In particular, we can decompose the class number as a product A, 17, of the real and
the relative part.

On the other hand, the extension of Theorem 4.9 is not straightforward: see [136,
Theorem 4.12 and Corollary 4.13]. We refer to Chaps. 3 and 4 of Washington’s
book [136] for more details on the general cyclotomic fields.



Chapter 5
Dirichlet L-Series and Class Number Formulas

In this chapter we use analytic tools (the Dirichlet L-series and Dedekind ¢-
function) to obtain one of the most beautiful results of the nineteenth-century
number theory: explicit formulas for the real and the relative class numbers of a
cyclotomic field.

It must be pointed out that one does not need the full strength of these results for
the solution of Catalan’s problem. However, the class number formulas naturally
come out in our context, and there is no reason to leave them out once all the
necessary machinery is here.

We develop only the very minimum of the - and L-functions theory; in
particular, we do not use complex variables.

As in the previous chapter, we study in detail only the prime case. In the final
section we indicate the changes to be made to extend the results to the composite
case.

Since we use characters of finite abelian groups, the reader is advised to look
through Appendix D.2 before studying this chapter.

There is one source of confusion in this chapter. The same letter ¢ is used to
denote the {-function and the primitive pth root of unity. Fortunately, {-functions
appear only in Sects.5.1 and 5.2, while ¢ as a root of unity occurs starting from
Sect.5.3.

In this chapter p is an odd prime number.

5.1 Dirichlet Characters and L -Series

Let y* be a C-character of the multiplicative group (Z/pZ)*, that is, a homo-
morphism y* : (Z/pZ)* — C*. Recall that y* is called trivial if y*(x) = 1 for
all x € (Z/pZ)* and nontrivial otherwise. We associate to y* a complex function
on Z, denoted by y and defined as follows. If a € Z is not divisible by p then we
put y(a) := x*(a*), where a* is the image of a in Z/pZ. If a is a multiple of p

© Springer International Publishing Switzerland 2014 49
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then it is common to put y(a) = 0. However, following Washington [136], we put,
for a divisible by p,

if y* is nontrivial,

x(a) = 0 (5.1)

1 if y* is trivial.

The function y, defined this way, is called a Dirichlet character mod p . The trivial
Dirichlet character is the one corresponding to the trivial character of (Z/pZ)*.
With convention (5.1) the trivial character is identically 1 on Z. It will be denoted
by 1 (when this does not confuse).
b

For every p there is exactly p — 1 Dirichlet characters mod p, one trivial and p — 2
nontrivial characters.

It follows immediately from the definition that a Dirichlet character is totally
multiplicative: for any x, y € Z we have y(xy) = x(x)x(»).

Now we give the basic definition of this chapter. The L-series, associated to a
Dirichlet character y, is

A good example of a nontrivial Dirichlet character is the Legendre symbol ( )

L(s.) = ) xmn™. (52)
n=1

It converges absolutely for s > 1. For the trivial character the sum of the associated
L-series is nothing but Riemann’s ¢-function:

L(s,1) =¢(s).

Multiplicativity of Dirichlet characters implies for the L-series Euler product
expansions similar to that for the Riemann ¢-function.

Theorem 5.1. Let x be a Dirichlet character. Then for any s > 1 we have

Ls.) =[]0 =x@q™".
q

where the product extends to all prime numbers q.

Proof. For a positive integer N we put
N
Sv=>Y_xmn”,  Ty=]]0-x@g™)"
n=1 g=N

and denote by My the set of all positive integers composed from primes not
exceeding N. Since y is multiplicative, we have
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v =[] x@)g™ = > xmn=,

g=<N k=1 neMy

the multiplication being justified since the convergence is absolute. Since
My 2 {1,..., N}, this implies the inequality

o0
[Ty =Syl < Y n". (5.3)
n=N+1
Since the series Y .o, n~* converges for s > 1, the right-hand side of (5.3) tends
to 0 as N tends to infinity. Hence Ty — Sy — 0 as N — oo. But Sy — L(s, x),
whence the result. O

It is important that for a nontrivial character, the corresponding L-series con-
verges also for 0 < s < 1.

Theorem 5.2. Let y be a nontrivial Dirichlet character. Then the L-series (5.2)
converges for s > 0 to an infinitely differentiable function (called the L-function).

Of course, a much stronger statement is true: the L-series converges for all
complex s with Res > 0 to a function, holomorphic on the right half-plane, which
extends to a function holomorphic on the entire complex plane C (see any manual
of analytic number theory). However, Theorem 5.2 is more than sufficient for
our purposes: what we need is the mere fact that the L-function is defined and
continuous at 1.

Proof of Theorem 5.2. 1t suffices to prove that for every k > 0 the series
> x(n)(—log n)*n=* converges to a continuous function on (0, +0c). This
is a standard application of the Abel summation formula: if (a,)n>1, (bn)n>1 are two
sequences and A, = a; +---+a, thenform >n > 1

m m—1
Zajbj = _An—lbn + Ambm + ZA](bj —bj+1).
j=n j=n

In particular, if for n > ng the terms b, are nonnegative and nonincreasing, and
|A,| < A forall n, then form > n > ng

m
Zajbj < 2A4b,.
j=n

We apply this with a, = y(n) and b, = b, (s) = (logn)*n=". Since y is a nontrivial
character, we have x(1)+---+ x(p) = 0. Since y is p-periodic, we obtain
|A,| < p forall n.
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Further, fix 5o > 0. Then there exists ny such that for every s > s, we have
by (s) < b,(s) whenn’ > n > ny. It follows that for s > so and m > n > ng

Z ajb;(s)| <2pn—(log n)k < 2pn~ (logn)*.

Jj=n

By the Cauchy criterion, the series

Y anbu(s) =Y x(m)(logn)*n™*
n=1

n=1

converges uniformly on the interval [sg, +00), whence the result. O

5.2 Dedekind ¢-Function of the Cyclotomic Field

The significance of L-functions for the cyclotomic theory stems from the fact that
their product is the Dedekind ¢-function' of the cyclotomic field.

Theorem 5.3. Let K be the pth cyclotomic field. Then for s > 1 we have

¢x(s) =T LG 0. (5.4)
X

where the product is over all the Dirichlet characters mod p.
The proof of this theorem relies on a simple but useful lemma.

Lemma 5.4. Let G be a finite abelian group and G its dual group. Further, let g
be an element of G of order m. Then we have the polynomial identity

[Ta=x@T) =@ —-1micm (5.5)

XE€EG

Proof. Since g is of order m, every y(g) is an mth root of unity, and all mth roots of
unity occur as x(g) equally often, that is, |G|/m times. It follows that the left-hand

side of (5.5) is ]_[',::é (1 — &k T) 1Gl/m , where £ is a primitive mth root of unity. Since

'The reader may consult Appendix A.9 for the definition and basic properties of the Dedekind
¢-function of a number field.
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m—1

[[a-&T1)=1-1"

k=0

the lemma follows. ]

Proof of Theorem 5.3. We compare the Euler product expansions for both parts
of (5.4). Rewrite the Euler product (A.7), grouping together the prime ideals above
the same prime:

k@ =[[[]Ja-N@™H™"  (s>D.

9 qlg

Also,
[Te6.0=T]]T0-x@q ™"
X q x
Hence it suffices to prove that for any prime number g

[Ta-N@™) =[]0 - x@q™. (5.6)

qlq X

The case g = p is trivial: both sides of (5.6) are equal to 1 — p™°. Assume now that
q # p, and denote by f the order of ¢ in the multiplicative group (Z/pZ)*. By
Proposition 4.8 there exist exactly (p — 1)/ f prime ideals of K above ¢, the norm
of each of them being ¢/ . Hence the left-hand side of (5.6) is (1 — g~/*)?=V//,
Applying Lemma 5.4 with G = (Z/p Z)*, we find that this is equal to the right-
hand side of (5.6). The theorem is proved. |

We want to adapt the residue formula (A.8) to our situation. For the pth
cyclotomic field we have

h=0, tH=((p-1)/2, w©=2p, |Dk| = p"2.
(see Proposition 4.4(4) and Theorem 4.6). We obtain

(zn)(p—l)ﬂ

T

lim(s — 1){x (s) =
syl

where R and £ are the regulator and the class number of K.
On the other hand, recall that L(s, 1) = ¢(s), which, by (A.6), implies that

liin(s —1)L(s, 1) = 1.
s$1
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Since for y # 1 the function s — L(s, ) is defined and continuous at s = 1, we
have

lim(s = D¢x(s) = [T L1 0.
s beal!

We obtain the fundamental identity

Rh = 20-0/270=p)/2 p/2 l_[ L1, y). 6.7
x#1

An immediate consequence is the following important result of Dirichlet.
Corollary 5.5 (Dirichlet). For y # 1 we have L(1, x) # 0.

This result, established by Dirichlet in the course of proof of his classical theorem
about primes in arithmetical progression (see Sect.5.2.2), plays crucial role in the
theory of cyclotomic fields. In particular, it is the main ingredient in the proofs of
fundamental Theorems 7.18 and 10.4.

5.2.1 The Real Cyclotomic Field

To get a closer look at identity (5.7), we need an analogue of Theorem 5.3 for the
real cyclotomic field K. For this purpose, we make one more definition. For any
Dirichlet character y we have either y(—1) = 1 or y(—1) = —1. We say that y is
even in the former case and y is odd in the latter case.

Theorem 5.6. Let K be the pth cyclotomic field and K its maximal real subfield.
Then for s > 1 we have

ter) = [ LG

2(=1=1

where the product is over all even Dirichlet characters mod p.

Proof. Similar to the proof of Theorem 5.3, Proposition 4.8 being replaced
by Proposition 4.12, and Lemma 5.4 being used with the quotient group
(Z) p Z)* /{£1} rather than with (Z/p Z)* itself. We leave the details to the
reader. O

For the real cyclotomic field K+ the number #; of real embeddings is equal to
(p — 1)/2, the number ¢, of pairs of complex embeddings is 0, the number @ of
roots of unity is 2, and the discriminant Dy + is £ p?~3/2 (see Proposition 4.13).
Applying the residue formula (A.8) and arguing as above, we obtain the identity
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WERY = 2070207 TT L1, ), (5.8)

1(=D=1
Vaall

where R™ and h are the regulator and the class number of K.
Now recall that R/R*T = 20073/ (see Proposition 4.14). Dividing (5.7)
by (5.8), we obtain the following formula for the relative class number A~ = h/h™:

h = 2(3—P)/27T(1—P)/2p(17+3)/4 l_[ L(1, ). (5.9)
H=h=—1

Thus, we have split identity (5.7) into two subtler identities: (5.8) for the real
class number and (5.9) for the relative class number. To make them more explicit,
we have to determine L (1, y) for the nontrivial characters y. This will be done in
the next section.

5.2.2 Addendum: The Theorem of Dirichlet’

In this subsection we show how the inequality L(1, y) # 0 implies the classical
theorem of Dirichlet about primes in arithmetical progressions.

Theorem 5.7 (Dirichlet). Let m be a positive integer and let a be an integer
coprime with m. Then there exist infinitely many prime numbers q satisfying
q = a modm. Moreover, these primes form a regular set of Dirichlet density
1/@(m). (See Appendix A.10 for the definition of Dirichlet density.)

Since we defined Dirichlet characters and L-functions only in the special case of
prime modulus m = p, we shall sketch the proof of Theorem 5.7 only for this case.
The general proof requires only cosmetic changes; see Sect.5.5.

Using the Euler product and the residue formula for the Riemann {-function, one
finds that for s > 1

Zq“ log -

where the sum runs over all the prime numbers g (see Appendix A.10 for the
details). In a similar way, if y is a nontrivial Dirichlet character mod p, then for
s > 1 we have

+ o(l),

Y 1@~ =logL(s. x) + O(1) = O(1),

because L(1, y) # 0.

2This subsection will not be used in the sequel.
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Summing up over all Dirichlet characters y modulo p, and using the identity

p—1, ifx =1modp,
PIOE )
Y 0, otherwise

we obtain

(p—1) > ¢ =log +0(1)

g=1 mod p s—1

for s > 1. Hence the set of prime numbers ¢ satisfying ¢ = 1 mod p is regular, of
Dirichlet density 1/(p — 1).

For primes ¢ = a mod p the argument is the same, but instead of the sum
> log L(s, x) oneuses }_, x(a)log L(s, x).

Let q be a prime ideal above g. Since the Frobenius element of ¢ depends only
on the residue class of ¢ modulo p (see Sect. 4.3), the theorem of Dirichlet is a very
special case of Chebotarev’s density theorem (see Appendix A.7).

5.3 Calculating L(1, y) for y # 1

In this section log and arg stand for the principal branches of the complex
logarithm and argument. That is, for any nonzero complex z, we have

—n < argz = Imlogz < m.

5.3.1 The Space of p-Periodic Functions

We start from afar. The set V' of p -periodic functions f:Z — C (that is, functions
satisfying f(x + p) = f(x) for all x € Z) is a p-dimensional C-vector space.
Further, there is a natural inner product on V, defined by

p—1
(f.0) = % S (g, (5.10)

k=0
Fix a primitive complex pth root of unity ¢, and define ¥:Z — C by y(x) = ¢*.

One immediately verifies that for a, b € Z

0 ifa # b modp,

a by _
W7 1 ifa=bmodp.
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In particular, the functions 1, v, ..., ¥?~! form an orthogonal basis of V. It follows
that for every f € V we have

f=UD+ 0y +-+ (fyPHy?rh

For a nontrivial Dirichlet character y we have y(0) = 0. Hence

x, D)=y +---+x(p—1)=0.

It follows that

x =0+ 4 Gy Hy (5.11)

5.3.2 The General Formula for L(1, x)

We wish to calculate the infinite sum

o (1)
L(1 = . .
(L=~ (5.12)
n=1

Using (5.11), one can reduce this task to calculating the sums Y .-, ¥ (n)*/n for
a=1,....,p—1.

The latter sums can be determined easily. Indeed, for z € C satistying |z| < 1 and
7z # 1, we have

> Z
> = =—log(l—2),
n=1

(recall that log stands for the principal branch of the complex logarithm). Hence
for a not divisible by p we have

)3 Iﬁ(:)a -y EZ_” = —log(1—2¢%).
=l

n=1
Combining this with (5.11), we obtain the identity

p—1

L(1,0) ==Y (¥ log(1 —£*). (5.13)

a=1
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Thus, we found a finite expression for the infinite sum (5.12). Still, iden-
tity (5.13), as it stands, is not very informative. Below we obtain much more explicit
formulas for the absolute values | L(1, x)|, which will be sufficient for our purposes.

Remark 5.8. In the argument above, one must justify the change of order of
summation in

Ll.p=)_
n=1

S|~

= - &\ Y (n)"
DY =) (YD),

n
a=1 a=1 n=1

because convergence here is not absolute. Probably, the easiest way to do this is by
observing that for s > 1 we have

00 1 p—1 p—1 00 1//(n)“
Lis. 0 =3 =Y (eyOvm) =3 vy — =
a=1 a=1 n=1

n=1

(now the convergence is absolute!) and taking limits® as s | 1 on both sides.

5.3.3 The Fourier Coefficients

First of all, we have to understand the “Fourier coefficients” (y, ¥“). For them we
have the following statement.

Proposition 5.9. Let y be a nontrivial Dirichlet character and a an integer not
divisible by p. Then (x,¥*) = x(a)(x,¥) and |(x, y*)| = p~'/2.

Proof. In the definition (5.10) of the inner product we can replace the set
{0,1,..., p — 1} by any complete system T of residues mod p :

(f.8) =3 100

keT

In particular, since a is not a multiple of p, we may take

T ={0,a,2a,...,(p—1a}.

3The series

converge for s > 0 to continuous (and even infinitely differentiable) functions: this can be proved
in exactly the same way as Theorem 5.2.
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We obtain
124 e Nt
(e ¥) ==Y x@k)y(ak) = —x(@) Y x()yk)* = x(@)(x.¥*).
p k=0 p k=0
Hence

0¥ = x@ (L v) = x(@ ().

In particular, |(y, ¥¢)| = |(x, V)| for every a not divisible by p . It follows that

p—1
0 = Y_106¥)P = (p = DIV
a=1

Since (., x) = (p — 1)/ p, this shows that |(y,¥)| = p~'/2. The proposition is
proved. O

Remark 5.10. The expression

p—1

—p (0 ¥) ==Y _ x(k)y (k)

k=0

is called Gauss sum. Gauss sums play fundamental role in arithmetic; they will be
studied in detail in Chap. 7.

5.3.4 Explicit Formulas for |L(1, x)|

We are ready to establish the main result of this section.

Theorem 5.11. Let y be a nontrivial Dirichlet character. Then

p—1
IL(1, 01 = p™' | x(@)log|1 — ¢ (5.14)
a=1
if x is even, and
p—1
IL(L, 0l =7p~* D ax(a) (5.15)
a=1

if y is odd.
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Recall that the character y is even if y(—1) = 1 and odd if y(—1) = —1.
Proof. By Proposition 5.9 (y, ¥¢) = y(a)(x,¥). Hence

p—1
L) ==Y (v log1—%
a=1

S
—_

=—(¥) ) x(@)log(l—E)

a

—_

S

—1 p—1

=—(v) ) x(@log|1 =& +i(x.¥) )  x(a)arg(l —*).
1 a=1

a

(5.16)
Now observe that for any a we have 1 — {?7¢ = 1 — 4. Therefore
1= =11=23%, arg(l=¢"™) = —arg(l — ).
Also, x(a) = x(p —a) for an even character y, and y(a) = —x(p —a) for an
odd y.
It follows that, for an even character y, the second sum in (5.16) vanishes:
(p—1)/2

p—1
Y x@arg(1 =) = > (x(@) — x(p —a)) arg(l — &) = 0.
a=1 a=1

Since |(y,¥)| = p~'/?, this proves (5.14).
Similarly, for an odd y, the first sum in (5.16) vanishes, and we obtain

p—1
IL(L 0l = p~' Y x(a@) arg(1 - %)
a=1
(p—1)/2
=p 2| D 2x(@) arg(1 -9 (5.17)
a=1

Now specify { = e*"/?. Observe that arg(l + z) = §argz for any z € C with
|zl = 1Tandz # —1. Hence for 1 <a < (p —1)/2 we have

we(1 =£7) = Sarg(=t") = 3+ 20 = T (a=(p—a).
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It follows that
2(a)arg(l — %) = %(ax(a) +(p—a)x(p —a)

for 1 <a < (p — 1)/2. Substituting this into (5.17), we obtain (5.15). O

Corollary 5.12. For an even character y we have 25;1 x(a)log|1 =% # 0. For
an odd character y we have 25;} ay(a) # 0.

Proof. For the nontrivial characters this is a direct consequence of Theorem 5.11
and Corollary 5.5. For the trivial character we have

p—1 p—1 p—1
Y x@log|l =g = log|l —¢*| =log |[J(1 = ¢*)| =log p # .
a=1 a=1 a=1

|

Mention that, though the statement of Corollary 5.12 contains no reference to
L-functions, its only known proof is by deducing it from Theorem 5.11.

The following trivial observation (already used in the proof of Theorem 5.11) is
a useful complement to Corollary 5.12.
Proposition 5.13. We have 25;1 x(a)log |1 —¢?| = 0foran odd character y and
25: ay(a) = 0 for a nontrivial even character y.

5.4 Class Number Formulas

We are ready to give the promised formulas for the real and relative class numbers.

Theorem 5.14 (Kummer). Let p be an odd prime number, and let h;’ and h, be

the pth real and relative class numbers. Also, let R;’ be the regulator of the pth
real cyclotomic field. Then

p—1
hIRG; =202 TT 3" y(a)log|l —¢*. (5.18)
x(=DH=1l g=1
1#1
p—1
hy=2p)t 2”2 ] Dlax@. (5.19)

x(=)=—=1 a=1

where the product in (5.18) extends to nontrivial even Dirichlet characters mod p
and the product in (5.19) extends to odd Dirichlet characters mod p.
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Table 5.1 The relative class - - = =
number /i for p < 41 p | P p | P » | P »
! 11 191 (31| 9

1 13 |1 23 |3 37 | 37
1 17 |1 29 |8 41 | 121

<€ W W
—

Proof. Combining Theorem 5.11 with identities (5.8) and (5.9), we obtain

p—1
hyRy =207 TT 3 x(@logt = ¢°||.

x(=D=1 g=1
Vaall

p—1
hy=ep) 2 [T Y ax@).

y(=H=—1 a=l1

On the right-hand sides of (5.18) and (5.19) every character appears together with
its complex conjugate. It follows that both products are nonnegative real numbers,
and the absolute value delimiters can be omitted. The theorem is proved. O

Equality (5.19) can be used for computing the relative class numbers. Kummer
himself determined the pth relative class number h; for p < 100. Table 5.1 gives
the values of h; for p < 41, which is sufficient for the present book. See [136,
pp- 412—420] for extensive tables of relative class numbers and further references.

Unfortunately, identity (5.18) cannot be used to determine the real class number,
because of the Rj-faetor. In fact, computing hj is a rather difficult task. At present,
the following is known.

Theorem 5.15. For all primes p < 67 we have h; = 1, and, thereby, h, = h,.
In particular, in Table 5.1 one may replace h; by h.

This result is due to Masley [77]. The proof is rather involved and heavily
relies on Odlyzko’s famous lower bounds for discriminants [112, 113]. Van der
Linden [72] extended Masley work; see [136, p. 421] for comments and further
bibliography.

The proof of Catalan’s conjecture does not use Theorem 5.15.

5.5 Composite Moduli

In this section we briefly explain how the results of this chapter extend to arbitrary
cyclotomic fields. The material of this section will not be used in the sequel.
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Let m be a positive integer. As in the prime case, we start from a character y* of
the multiplicative group (Z/mZ)* and define the corresponding Dirichlet character
X : Z — C.For an integer a coprime with m we put y(a) = y*(a*), where a* is the
image of a in (Z/ mZ)*. However, it is not clear how one should define y(a) when a
is not coprime with m. The “naive” definition “ y(a) = 0 when gcd(a,m) > 17 is
not very convenient.

Let n be a divisor of m. The natural homomorphism (Z/mZ)* — (Z/nZ)*
implies that every character of (Z/nZ)> lifts to a character of (Z/mZ)*. A character
of the multiplicative group (Z/mZ)> is called primitive if it is not a lifting of a
character of (Z/nZ)*, where n | m and n # m.

In general, for every character of (Z/mZ)*, there exists the smallest integer n,
dividing m, such that our character is a lifting of a character of (Z/nZ)* (which is,
obviously, a primitive character of (Z/nZ)>). This n is called the conductor of our
character. The conductor of a primitive character is m; the conductor of the trivial
character is 1.

Now let y* be a character of (Z/mZ)*. If x* is primitive then we define a func-
tion y on Z by y(a) = y*(a*) if ged(a,m) =1 and y(a) = 0 if gcd(a,m) > 1.
The function y, defined in this way, is called a primitive Dirichlet character of
conductor m (associated to x*).

In general, let n be the conductor of y*. Then y* is the lifting of certain primitive
character of (Z/nZ)*, and we let y be the corresponding primitive Dirichlet
character of conductor n. With this definition of y we have y(a) = x*(a™) for a
coprime with m.

A primitive Dirichlet character of conductor dividing m is called a primitive
Dirichlet character mod m. Thus, we described above a one-to-one correspondence
between the characters of (Z/mZ)* and the primitive Dirichlet characters mod m.
In particular, there exist exactly ¢(m) primitive Dirichlet characters mod m.

To every Dirichlet character y we associate the L-series as in (5.2). Using
Proposition 4.27, it is not difficult to show that

L) =[L60, L= ] Lsw,
X

H(=n=1

where K, is the mth cyclotomic field, K,;f is its maximal totally real subfield, and
x runs through the primitive Dirichlet characters modm in the first product and
through the even primitive Dirichlet characters modm in the second product. As
in the prime case, we obtain the nonvanishing property L(1, y) # 0 for y # 1 and
deduce from it the theorem of Dirichlet modulo m (see Sect.5.2.2).

Now, arguing as in Sects. 5.3 and 5.4, we obtain formulas for the real and relative
class numbers h;t and £,, similar to (5.18) and (5.19). See Chap. 4 of [136] for the
details.



Chapter 6
Higher Divisibility Theorems

Starting from this chapter, we shall systematically apply the theory of cyclotomic
fields to Catalan’s problem.

In this chapter we drastically refine Cassels’ divisibility theorem: we show that
p? |y (and ¢? | x by symmetry). First we do this under an additional restriction
(Theorem 6.2) and then unconditionally (Theorem 6.14).

6.1 The Most Important Lemma

Let (x, y, p,q) be a solution of Catalan’s equation (as defined in the beginning of
Chap. 3). As above, we denote by ¢ a primitive pth root of unity and put K = Q(¢).

The theory of cyclotomic fields applies to Catalan’s equation through the
following statement.

Lemma 6.1 (The “most important lemma”). The number

_x=t
b=t

is an algebraic integer, and the principal ideal (1) is a qth power of an ideal of the
cyclotomic field K.

Proof. Recall (see Proposition 4.1) that p = (1 — ¢) is a prime ideal of K and that
(p) = pP~L. Since p | (x — 1) by (3.4), the prime ideal p divides x — ¢, but p?
does not. Hence A is an algebraic integer, not divisible by p. The same is true for
A= (x =%/ (1 = ¢F), wherek = 1,..., p — 1. The identity

(== (A=A =" =
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implies that, for distinct k,m € {1, ..., p — 1}, the greatest common divisor of Aj
and A, divides (¥ —¢™) = p. Hence the numbers Aq,...,A,_; are pairwise
coprime.
Now let
Xr—

o, =" x -y x—gr

X -1
be the pth cyclotomic polynomial. Then

_Dp(x)  xP—1 1
S o,(1)  x—-1 p’

Ao Ape

The second relation in (3.4) implies now A;---A,_; = u?. Since the factors are
pairwise coprime, each principal ideal (4;) is a gth power of an ideal. O

Numerous arguments in this book have this lemma as a starting point. The first
application of Lemma 6.1, called Inkeri’s divisibility theorem, will be given already
in the next section.

6.2 Inkeri’s Divisibility Theorem

If (x, y, p,q) is a solution of Catalan’s equation, then ¢ | x and p | y, by Cassels’
divisibility theorem. Inkeri [50,51] used the “most important” Lemma 6.1 to refine
Cassels’ theorem under certain assumptions.

Theorem 6.2 (Inkeri’s divisibility theorem). Let (x,y, p,q) be a solution of
Catalan’s equation. Assume that q does not divide the class number h, of the
cyclotomic field K ,. Then ¢* | x.

The significance of this result is explained by the following simple observation.

Proposition 6.3. Let (x,y, p,q) be a solution of Catalan’s equation. Then q* | x
if and only if p4~' = 1 mod ¢>.

The congruence p?~! = 1modg? is often called Wieferich’s condition (this
term originates to the work of Wieferich [138] and Mirimanoff [95] on the Fermat
equation; see Sect. 2.3.3).

Proof. Since ¢ | x, the first equality in (3.4) implies that p9~'a? = —1 modgq.
Since p9~! = 1 modg, we have a? = —1 mod g.

Now recall the following elementary fact': if rational integers A, B and a
prime number ¢ satisfy A9 = BY modgq, then A9 = BY modg>. It follows that
a? = —1 mod ¢g>.

IThis is an easy consequence of Lemma 2.8: if ¢ divides (49 — BY), then it divides
(A7 — B9)/(A — B) as well; see also Lemma 6.7 below.
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Thus, p9~' = 1 modg? is equivalent to p9~'a? = —1 mod ¢?, which, again
by (3.4), is equivalent to ¢? | x. The proposition is proved. O

Thus, Inkeri’s theorem gives an efficient necessary condition for the existence of
a solution (x, y, p, g) with given p and q.

Corollary 6.4. Let (x,y, p,q) be a solution of Catalan’s equation. Then either
q|h,orpi~' =1modg>

Inkeri himself, Mignotte [86], Schwarz [125], and others suggested various
versions and refinements of Corollary 6.4. For instance, Schwarz showed that
the full class number %, can be replaced by the relative class number h;; see
Remark 6.6.

Mignotte and Roy [90] used (a refined version of) Corollary 6.4 together
with extensive electronic computations to show that Catalan’s equation has no
solutions with min{p, g} < 10° (with a few exceptions later treated by Bugeaud
and Hanrot [14]).

Inkeri’s divisibility theorem has been drastically refined by Mihiilescu, who
proved that ¢ | x and p? |y unconditionally (see Theorem 6.14 in Sect. 6.5).
Another partial refinement, due to Bugeaud and Hanrot [14], will be proved in
Sect. 8.6.

Thus, Inkeri’s theorem is formally obsolete in this book. Nevertheless, we include
a proof, which is simple, beautiful, and very instructive.

First of all, we apply the “most important” Lemma 6.1 to establish the following
statement.

Proposition 6.5. Let (x,y, p,q) be a solution of Catalan’s equation such that q
does not divide h,. Then
1—
= C_px €K,
1—2¢px

is a qth power in K ,.

Proof. We write { =¢,, K=K, etc. Put A = (x—¢)/(1 —¢). Lemma 6.1
implies that (A) = a4, where a is an ideal of the field K. Let H be the class group
of K, and let cl(a) € H be the class of a. Since a? is a principal ideal, the order of
cl(a) divides g.

But, by the assumption, &7 = | H | is coprime with q. It follows that cl(a) is trivial,
that is, a is a principal ideal. Write a = («), where @ € K. Then A = 47, where 7
is a unit of K.

Theorem 4.9 implies that 1 is a real unit times a root of unity, the latter being
a gth power in K (Corollary 4.5). Hence, redefining o, we may assume that n € R.
It follows that A /A = (/@) is a gth power in K. Hence

A A
._X:_g.X 6.1)

is a gth power as well. The proposition is proved. O
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Remark 6.6. In this proposition one may replace /1, by the relative class number h;,
which would imply the corresponding refinement of Theorem 6.2 and Corollary 6.4.
(This was observed by Schwarz [125].)

Indeed, assume that ¢ does not divide b, = [H:H *], where H™ stands for
the class group of the real cyclotomic field K . It follows that cl(a) € H*. Thus,
a = ab, where o € K* and b is an ideal of K. Write the principal ideal b? as (B),
where B € K. Then A is equal to ¥ 8 times a unit of K.

Theorem 4.9 implies that every unit of K is a real unit times a root of unity, the
latter being a gth power in K. Hence, redefining o and 3, we obtain A = o8 with
a € K* and B € KT, It follows that A/A = (a/@)? is a gth power in K, and we
finish the argument as in the proof of Proposition 6.5.

Further improvements are possible as well. We do not go into this, because in
Sect. 6.5 we obtain a refinement of Theorem 6.2 which does not refer to class
numbers at all.

We also need two simple algebraic facts. In the next two lemmas K is a number
field and q is a prime ideal of K. Recall that the local ring Oy is defined by
Oq = {a € K : Ordy(x) > 0} .

Recall also that for o, B € Oy, we write @ =  mod q" if Ordq(e — ) > N.
First of all, we generalize the “elementary fact” used in the proof of
Proposition 6.3.

Lemma 6.7. Let g be the prime number below q. Then for any a, f € O satisfying
a? = B9 modq, we have a? = B4 mod ¢

Proof. We have (¢ — ) = a? — B = 0modq. Since q is a prime ideal, this
implies @« = 8 mod q. Write « =  + y with y € q. Then

q—1
al = B9+ VZ (Z)yk—l Ty
k=1

Since ¢ divides the binomial coefficients (1), (). ..., (qzl), and since q divides y,

this implies & = ¢ mod g°. O
Our second lemma is a particular case of Proposition 2.18.

Lemma 6.8. Foranyn € Z and any o € K satisfying Ordq(a) > 0 we have
(14 )" =1 + na mod ¢°.

Now we are ready to finish the proof of Theorem 6.2.

Proof of Theorem 6.2. We use the notation{ = {,, K = K,, O = Ok, etc. Since g
is unramified in K (see Proposition 4.4), it suffices to show that ¢*> | x for some
prime ideal q above g.
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Thus, let q be a prime ideal of K dividing ¢ and O its local ring. Since ¢q | x,
the number p, defined in Proposition 6.5, satisfies i = 1 mod q. Since u is a gth
power, Lemma 6.7 implies that .« = 1 mod g°. _ _

On the other hand, Lemma 6.8 implies that (1 —¢x)™' =1+ {x mod q?.
Hence p =1+ ({—¢)x mod g%, which yields 1+ (¢, —¢)x = 1 modg®. Since
Ordq (¢ — ¢) = 0, this means that Ord,(x) > 2. The theorem is proved. O

6.3 A Deviation: Catalan’s Problem with Exponent 3

The equation x* — y¢ = 1 has been solved in 1921 by Nagell [99], who proved that
it has no solution in nonzero integers x, y and odd prime g.

Since Cassels’ Divisibility Theorem was not available at that time, Nagell had
to solve both the equations x> + x + 1 = u4 and x> + x + 1 = 3ud.

By Cassels’ divisibility theorem, the former equation has no solutions, so only
the latter is to be treated. Inkeri [51] noticed that the argument he used to prove
Theorem 6.2 in the special case p = 3 implies a quick proof that x> + x + 1 = 377
has no nontrivial solution. We reproduce it below.

The results of this section will not be used in the sequel. Later, we shall obtain
much stronger results than Theorem 6.10 below using different methods.

Inkeri’s argument relies on the following curious fact: with very few exceptions,
an odd power of a quadratic integer cannot have trace £1. More precisely, we have
the following.

Lemma 6.9. Let K be a quadratic extension of Q and a € Ok. Assume that
for some odd n > 1, we have Trgg(a") = £1. Then K = Q(+v—-3) and

az(:hl:t\/—_S)/Z.

Proof. Let a be the conjugate of ¢, so that Tr (@") = «” + &”". If m is a divisor of n,
then Tr (¢™) = & + &™ divides Tr (") = %1, which implies that Tr (&) = £1
for any such m. In particular, Tra = £1 and Tr (¢?) = 1, where ¢ is a prime divisor
of n (such a g always exists, because n > 1).

It follows that the difference (o + &)? — % — a9 is equal to 0 or to £2. Since
(¢ + @)? = a? + @? modgq, the difference is O (recall that ¢ is an odd prime
number).

Now consider the polynomial

X+Y)—-—X1-Y14
F(X,Y) = X+Y) e Z[X,Y].
qXY

As we have just seen, F(a,®) = 0. Further, in the ring Z[X, Y], we have the
congruences

F(X,Y)=X924+Y9?>mod XY
=(X+Y)? modXY;
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that is, F(X,Y) = (X +Y)?2 + XYG(X,Y) with G(X,Y) € Z[X, Y]. Substi-
tuting X = o and ¥ = @, we obtain 0 = +1 + aaG(«, @).

Thus, the norm Mo = a@ divides 1, which means that No = £1. Since also
Tra = £1, our « is a root of one of the polynomials 72 + T = 1. In other words,
either o = (:tl + «/—3) /2 or @ = (:tl + ﬁ) /2. In the former case we are

done. In the latter case

. 145\ (=145 1445 —1+445
|Tr ()] > - > - =1,
2 2 2 2
a contradiction. This proves the lemma. O

Theorem 6.10 (Nagell). Let ¢ > 5 be a prime number. Then the only solutions
in x,u € Z of the equation x* + x + 1 = 3u? are x = u = 1. Also, the equation
x3 — y4 =1 has no solutions in nonzero integers x and y.

Proof (Inkeri). The cyclotomic field K3 is the imaginary quadratic field
K = Q(~/=3). In particular, its unit group consists of roots of unity and is generated
by —j, where j = {3 = (1 + \/—_3) /2. Also, its class number is 1.

Now let ¢ > 5 be a prime number. Arguing as in the proof of Proposition 6.5,
we show that (x —j)/(1 —j) is a gth power times a unit. Dividing by j, we find that
(x —j)/(j —]) is a gth power times a unit as well. But all units in K are gth powers
(they are 6th roots of unity, and ¢ is coprime with 6). Hence (x —j)/(j — j) is a pure
qth power in K:

s
1=
where o € K. Taking the trace, we find

)

Tr(@h) = =2+ > =1,
=1 1-]
and Lemma 6.9 implies that « is a root of unity. Then (x —j)/(1 —j) is a root
of unity as well, which implies that x = 1. This proves the first statement on the
equation x> + x + 1 = 3u?. The second statement is an immediate consequence of
the first one and of Cassels’ relations. O

6.4 The Group Ring

If a group G acts on an abelian group A, the group A (together with this action) is
called a G-module. Let K be a Galois extension of QQ with Galois group G. Then we
have various G-modules (called in this case Galois modules): the additive group K,
the multiplicative group K>, the group of units Uk, the class group Hg, and so on.
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Every G-module is a module (in the usual sense) over the group ring Z[G]. It is
very useful to replace the group by the group ring, which is a much more flexible
and rich object.

In this book we mainly study multiplicative Galois modules K>, Ux, Hg, and
others. Hence it will be natural to make the following convention: starting from this
point, the Galois action will be written exponentially. Say,if« € K ando € G, then
the o-image of « is written as® a°.

Similarly, we shall write exponentially the action of the group ring Z[G] on our
multiplicative Galois modules. Say, if « € K* and ® = ) _.; a,0 € Z[G], then

Ol@ — H(aa)an )

0€G

Now return to Catalan’s equation. We want to refine Inkeri’s divisibility theorem,
by relaxing or suppressing the assumption g | &,. Recall that this assumption
implies that the ideal a from the “most important” lemma is principal.

In general, this is not guaranteed. One idea to overcome this difficulty is to find
© € Z[G] such that the ideal a® is principal and then deal with the number 1©
instead of A.

In the sequel (x, y, p,q) is a solution of Catalan’s equation, ¢ is a primitive pth
root of unity, K = Q(¢) is the pth cyclotomic field, H = H is its class group,
and G = Gal(K/Q) is its Galois group. Recall that t € G stands for the complex
conjugation.

Proposition 6.11. Assume that ©® € Z[G| annihilates the class group H (that is,
for any ideal a of K, the ideal a® is principal). Then (1 — {x)79€ is a qth power
in K.

Proof. The proof copies that of Proposition 6.5. We again have (A) = a%, where
A= (x—1¢)/(1—-2¢) and a is an ideal of K. By the assumption, a® is a principal
ideal; write a® = (cr). Then A® = naf, where 7 is a unit of K, and we may assume
that 7 is real. It follows that (/1) = (a/&)? is a gth power in K. Hence

-\ (¢ 1=8)" (1)’ a\4
a-or=(i25) = (£158) (3) o (D)

is a gth power as well. The proposition is proved. O

Proposition 6.12. Assume that there exists © € Z[G] such that (1 — ¢x)® is a qth
power and O is not divisible by q (in the ring Z[G)). Then g* | x.

%In general, one should be careful here, because the usual writing o +> o (er) corresponds to the
left action, while the exponential writing & —> «® corresponds to the right action. However, this
warning is relevant only for Chap. 12, the only chapter where non-abelian Galois groups occur.
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Proof. As in the proof of Theorem 6.2, it suffices to show that > | x for some prime
ideal q, dividing g.

Thus, let g be a prime ideal above ¢, to be specified later. Since q | x, we
have (1 — ¢x)® = 1 mod q. But the number (1 — £x)? is, by the assumption, a gth
power. Hence Lemma 6.7 implies that

(1—¢x)® = 1 mod ¢ (6.2)

Now let us specify q. Write ® = ) a,0. Then at least one of the coeffi-
cients a, is not divisible by ¢. Since {{° : ¢ € G} is an integral basis of the ring
of integers O (Theorem 4.6), this implies that ¢ does not divide & = )" ao(°
in O. Since ¢ is unramified in K, there exists a prime ideal of K dividing ¢ and not
dividing «. In the sequel, we assume that q is this prime ideal.

Lemma 6.8 implies that for any 0 € G and a € Z we have

(1=¢°x)" =1 —at®x mod g
Hence

(1-2¢x)% = l—[(l —’x)=1-x Za(,{” mod g2,

oc€G oc€G

that is, (1 —¢x)® =1—ax modq®. Together with (6.2) this implies that
Ordg(ax) > 2. But Ordg(x) = 0 by our choice of q. Hence Ordq(x) > 2. The
proposition is proved. O

6.5 Stickelberger, Mihailescu, and Wieferich

To make use of Propositions 6.11 and 6.12, one should find ® € Z[G] with the
following two properties:

* (© annihilates the class group of K, and
* (1 —=1)O is not divisible by g.

It is easy to find a nonzero ® with the first property. For instance, ® = N will do,
where N' = )" . 0 is called the norm element of Z[G] (or, simply, the norm).
However, (1 — )N = 0, so the second property is not satisfied.

An element ® with both properties is provided by the classical theorem of
Stickelberger [131]. Recall that G = {o1,...,0,—1}, where o) is defined by

¢ gk
Theorem 6.13 (Stickelberger). The element Os = Y."_| ac' € Z[G] annihi-
lates the class group of K.
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It is easy to verify that (1 — ¢)®5 is not divisible by ¢. Indeed,

p—1
(1-00s =) Q2a~po,".

a=1

In particular, the coefficient of 0(,+1)/2 is 1. Hence g does not divide (1 — ¢)®s.
Theorem 6.13 will be proved in Chap. 7.
Now we shall use Theorem 6.13 to obtain the promised unconditional refinement
of Inkeri’s divisibility theorem, due to Mihdilescu [92].

Theorem 6.14 (Mihailescu). Let (x, y, p,q) be a solution of Catalan’s equation.
Then q? | x (and p? | y, by symmetry).

Proof. Applying Proposition 6.11 with ® = @y, we find that (1 — {x) 7995 is a
qth power in K. Applying Proposition 6.12 with ® = (1 — )®g, we obtain the
result. O

Together with Proposition 6.3 this has the following consequence.

Corollary 6.15. Let (x,y,p,q) be a solution of Catalan’s equation. Then
P97 = 1 modg? (and g?~' = 1 mod p?, by symmetry).

This is a very strong result. To appreciate it, mention that one currently knows
[1,29,54] only seven pairs of prime numbers (p, g) such that

pi ' =1modqg®, ¢ '=1modp?
(called double Wieferich pairs). They are

(2,1093), (3,1006003), (5,1645333507), (5,188748146801),
(83,4871), (911,318917), (2903, 18787).

that no other double Wieferich pair with min{p, g} < 3.2 x 10% exist. However, it
is unknown whether the set of double Wieferich pairs is finite or infinite.

The results of the last two sections suggest that the elements & € Z[G] such that
(1 —¢x)? is a gth power in K play an important role in the theory of Catalan’s
equation. In Chap. 8 we shall study them in detail.



Chapter 7
Gauss Sums and Stickelberger’s Theorem

In Sect. 6.5 we already used (but did not prove) Stickelberger’s theorem, which
provides a nontrivial annihilator for the class group. In this chapter we prove this
theorem, in a stronger form: we define an ideal of the group ring Z[G] (called
Stickelberger’s ideal) and show that all its elements annihilate the class group.

All known proofs of Stickelberger’s theorem rely on properties of Gauss sums,
an arithmetical object interesting by itself. We develop the theory of Gauss sums to
the extent needed for the proof of Stickelberger’s theorem.

In the final sections we provide deeper insight into the structure of Stickelberger’s
ideal. We determine its Z-rank, find a free Z-basis, study its real and relative parts,
and prove Iwasawa’s class number formula.

7.1 Stickelberger’s Ideal and Stickelberger’s Theorem

Let p be an odd prime number, K, = Q({,) the pth cyclotomic field, and
G = Gal(K,/Q) its Galois group. In Sect. 6.5 we stated the theorem of Stickel-
berger: the element 25;} ac;! of the group ring Z[G] annihilates the class group
of K. In this chapter we shall prove it, in a stronger form.

Stickelberger’s element is defined by

124
0 =—> ao;' €QG].
p a=1
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Stickelberger’s ideal is

Is = 0Z[G] N Z|G].
The main result of this chapter is the following theorem, which refines
Theorem 6.13.

Theorem 7.1. Every © € Ig annihilates the class group of K, .

The proof of this theorem relies on the careful study of an important arithmetical
object called Gauss sums. The theorem will be proved in Sect. 7.5, after we establish
necessary properties of Gauss sums in Sects. 7.2-7.4.

To conclude this section, we determine a convenient system of Z-generators
of Zs. As indicated in Appendix D, in the group ring Z[G], we identify 1 and o7,
which is the neutral element of G. In particular, Z is a subring of Z[G].

Given b € Z not divisible by p, we put

Op = (b —0p)0.
Since 6,41 = 01 = 1, we have

p—1
@120, @p+1=p9:Zaaa_l.

a=1

It turns out that the elements &, belong to Z[G] and generate Zs. More precisely,
we have the following.

Proposition 7.2.

1. For any b € Z not divisible by p we have

"\ ba .
0 =3 | % o, .
a=1 p

In particular, ®p € ZLs for all such b.
2. Stickelberger’s ideal T is generated over Z by the elements 1, ..., 0, and
Op+1 = pb.

Proof. Let a and b be integers not divisible by p, and let ¢ be such that
0,0, ' = 0!. Then a = bc mod p. In particular, if 0 < a < p then

a:bc—p{biJ.
p
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It follows that

Hence

p—1 p—1 p—1
b b b b
O, =b0 — 0,0 = E —aoa_l— (—c—\‘—cj)(fc_l: {lja;l,

a=1 P

which proves (7.1).

Identity (7.1) implies that ®), € Z[G]. Since ®) € 0Z[G] as well, this implies
that @), € Zg. Part (1) is proved.

Now let @ be an element of Zg. To prove part (2), we have to express © as a
Z-linear combination of @y, ..., ®,_; and p6.

Since ® € Z[G] and © € Z[G], we may write

p—1 p—1
@ZGE XaqO0q = E YaOq
a=1 a=1

where all x, and y, are integers. We find from here

1 22
yi=—) ax,
p a=1
which implies
p—1 p—l r—1
O = QZxa(oa —a)+ QZaxa = _Zx“@“ + y1 pb.
a=1 a=1 a=1
This proves part (2). O
A natural question is whether @,...,®,_ and pf form a free Z-basis of L.
The answer is obviously “no” because &, = 0. Less obviously, the answer is
also negativel for ©,,...,0,-1 and pf: we shall see in Proposition 7.20 that

0, + 0, 4 = Oy + O, forany a and b. However, all this is not relevant for the
proof of Stickelberger’s theorem, where even the weaker statement “Zg is generated
by the elements ®; as an ideal” is sufficient. Nevertheless, a free basis will be
needed in Chap. 8, and in Sect. 7.6 we shall determine the Z-rank and a free Z-basis
of IS .

'Except when p = 3
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7.2 Gauss Sums

In this section by a character of a finite abelian group G we mean a C-character,
that is, a homomorphism G — C*.

Let £ be a prime number, and let F = Z/{Z be the field of £ elements. We
consider two types of characters on [F. An additive character is a character of the
additive group of F. A multiplicative character is a character of the multiplicative
group F*. An additive (respectively, multiplicative) character is called trivial if it is
identically 1 on IF (respectively, on F*), and nontrivial otherwise. A multiplicative
character y is defined only on F*, but we extend it to the entire IF by setting?
x(0) = 0. The order of a nontrivial additive character is £. The order of a
multiplicative character is a divisor of £ — 1.

According to Proposition D.4, a nontrivial additive character ¥ and a nontrivial
multiplicative character y satisfy

Yv@ =0, Y ) =0,

x€F x€F>

which can be also written as

Yov@=-1. Y xx)=-L (7.2)
x€F* x€FX
xF#1

Now, for a nontrivial additive character ¥ and for a (trivial or nontrivial)
multiplicative character y, we define the Gauss sum as

g ) ==Y YE@)xx).

x€F

Gauss sums belong to the most important arithmetical objects; they are indis-
pensable in analytic number theory, algebraic number theory, arithmetic geometry,
cryptography, etc. But for us Gauss sums are nothing more than a tool for proving
Stickelberger’s theorem. Therefore, we establish here only the basic properties
needed for this purpose.

In particular, we do not discuss here the historical and methodological reasons
for putting the “—” sign before the sum. For our present purposes this is absolutely
irrelevant, but we follow the tradition.

Gauss sums already implicitly appeared in this book, in Sect. 5.3. However, our
notation here is very different, and we prefer to re-prove in this section several
statements already made therein.

2Whenever x is trivial or nontrivial, which is somewhat inconsistent with the conventions made in
Chap. 5
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The Gauss sum g(v, y) is a function of two variables, a nontrivial additive
character ¥ and a multiplicative character y. It turns out that the behavior of g as
a function of ¥ is quite simple. Indeed, if v is a fixed nontrivial additive character,
then the complete list of nontrivial additive characters is ¥, ¥2,...,¥‘"!, and we
have the following statement.

Proposition 7.3. Let v be a nontrivial additive character, x a multiplicative
character, and b an integer non-divisible by £. Then® g(¥*, x) = 7(b)g(¥, y).

Here and below we denote by j the complex conjugate of the character y, defined
by j(x) = x(x) for x € F. Notice that for x # 0 we have

1) = )" = x(x7h).

Proof. Since b is not divisible by £, the product bx runs through F when x runs
through FF. It follows that

g ) ==Y vbx)x(bx) = —x(b) Y v (x) x(x) = x(B)gW". ).

x€F x€F

Since j(b) = y(b)~!, the proposition follows. O

In particular, viewing the Gauss sum as an algebraic integer in some number field,
the principal ideal it defines is independent of the choice of the additive character .

The behavior of g as a function of y is much more interesting, and this is
what we are going to study in detail. Thus, from now on, we fix a nontrivial
additive character i and write g(y) instead of g(, y). Also, in the sequel the
word character will mean a multiplicative character, unless the contrary is stated
explicitly.

The only case of a “simple” relation between Gauss sums for two distinct
characters is when they are complex conjugate.

Proposition 7.4. Let y be a (multiplicative) character and x its complex conjugate.
Then g () = x(=Dg(x)-

Proof. We have

g0 ==Y Yvix) ==Y v(x)xx) ==Y _ y@)x(-x) = x(=Dg(x) -

x€F x€F x€F

Since y(—1) € {£1},we have y(—1) = y(—1), and the proposition follows. O

3As it is commonly done, for b € Z we write y(b) instead of y(b*), where b* is the image of b in
Z7./e7.
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The first identity in (7.2) implies that g(x) = 1 for the trivial character y. For
the nontrivial characters, computing the precise value of the Gauss sum is rather
difficult. Much easier is to determine the absolute value of the Gauss sum.

Theorem 7.5. Let x be a nontrivial multiplicative character. Then

g(ng(pn =¢. (7.3)

In particular; g(Y)g(x) = x(=1¢L.
Proof. Since ¥ (x) = ¥ (—x) and y(x) = y(x~"), we have

g0gC) = D v@xx) > v=»x»™h

x€eF> yeF>

= > Yx—yxkyH
x,y€F>*

=Y Yey-»x@  (weputz=1xy™)
z,yEFX

= > vOxM+ D x@ Y. v(rE-1).
yeF> ziET yeF>

The first sum here is £ — 1. Further, when z # 1 and y runs through F*, the product
¥(z — 1) runs through F* as well. It follows that

Y ve-1)=-1

yeF>

and we obtain

gg() =t—1-) @@ ="¢.
=

Proposition 7.4 now implies that g(x)g(y) = x(—1)£. The theorem is proved. O

Another proof is indicated in Sect. 5.3.3. Let V be the space of complex functions
on IF. It is a C-vector space of dimension £. Also, we have a natural inner product
on V defined by

(u.v) = £ " u(x)v(x).

x€F
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A straightforward verification shows that the functions 1,1, ..., Wf_l form an
orthonormal basis of V. Since (y, 1) = 0, we have

{—1
x=y_(vHvt.
k=1

Proposition 7.3 implies that (y, ¥*) = £~ ¥(—k)g(x). In particular,

O =gl k=1,....0-1).

‘We obtain

/- 2
== Z|(w)|2 (¢~ nEDL

whence |g(y)] = V1.

7.3 Multiplicative Combinations of Gauss Sums

The values of the additive character i lie in the cyclotomic field K, = Q({;), and
the multiplicative character y has values in the field K;—; = Q({y—;), or, more
precisely, in K, = Q({,,), where m is the order of y. It follows that the Gauss
sum g () belongs to the “large” cyclotomic field K,y = Q(¢, {¢), and, in general,
one cannot say anything better.

It is quite remarkable that a simple multiplicative combination of several Gauss
sums lies in a much smaller field.

Theorem 7.6. For any multiplicative characters x| and )y, the quotient
g(x1)g(x2)/g(x1x2) is an algebraic integer from the field K,,, where m is the
least common multiple of the orders of y; and x».

Before proving the theorem, let us state two important consequences. The
following assertion is proved by a simple induction in a.

Corollary 7.7. Let y be a multiplicative character of order m. Then for any
nonnegative integer a the quotient g(x)*/g(x*) is an algebraic integer from K,,.

Now let m be a divisor of £ — 1, and for an integer a coprime with m let o, be
the morphism of the cyclotomic field K¢ defined by ¢, — {5 and {; — {; (see
Proposition 4.26).

Corollary 7.8. Let y be a multiplicative character of order m. Then for any a
coprime with m the number g(x)*~% is an algebraic integer from the field K,,. In
particular, g(x)" € K.
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Proof. Since for any x € F the number y(x) is an mth root of unity, we have
x(x)% = y(x)*. Also, since g, is identical on the fth roots of unity, we have
Yo% = . It follows that g(y)% = g(x“). Applying Corollary 7.8, we prove
that g()?~°¢ is an integer from K,,,. Putting a = m + 1, we obtain g(x)" € K.
O

For the proof of Theorem 7.6 we introduce an auxiliary quantity called Jacobi
sum. Let y; and y, be two multiplicative characters. The Jacobi sum is

T 1) = ) () (1 = x).

x€F
Obviously, J(x1, x2) € Q(n), where m is the least common multiple of the orders
of y1 and y».
Proposition 7.9. Let x, and y» be multiplicative characters such that y; # ¥z
Then J(x1. x2) = g(x1)g(x2)/ g (x1x2)-
Proof. We have

Y @0+ y)

x,y€F

Y 0@k -x)YE)

x,z€F

D 0= X)vE + ) () xa(—x).

xz€F x€eF
770

g(x1g(x2)

Since y1 # x», the character y; y, is nontrivial. It follows that

D M xax) = 0 Y (nx) ) = 0.

x€eF x€F

Hence

g(g) = D n®)xE—x)yY @)

x,z€F

770

=Y 0 pc-12¥@

=Y nOpd-0 ) ()Y@
teF ZEFX

= J(x1. x2)g(x1x2).

as wanted. O
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Proof of Theorem 7.6. In the case y; # y, the theorem is a direct consequence
of Proposition 7.9. If y; = x> then y;y» is a trivial character and g(y1x2) = 1.
Now, if y; itself is nontrivial, then we have g(y1)g(x2)/g(x1x2) = x(-1){ € Z
by Theorem 7.5. If x, is trivial, we have g(x1)g(x2)/g(x1x2) = 1. The theorem is
proved. O

7.4 Prime Decomposition of a Gauss Sum

In this section we determine the prime decomposition of a Gauss sum g(y). We
shall restrict to the case when y is a character of an odd prime order p, but with
purely cosmetic changes (see Remark 7.16) our argument extends to a general y.

The order of a multiplicative character must divide £ — 1. Thus, let p be an odd
prime number dividing £ — 1. Since the group of multiplicative characters is cyclic,
there exist precisely p — 1 characters of (exact) order p . On the other hand, since
{ = 1mod p, the cyclotomic field K, has precisely p — 1 prime ideals above £,
each of degree 1 (see Proposition 4.8). We wish to establish a natural one-to-one
correspondence between the two sets.

Proposition 7.10. There is a one-to-one correspondence between the characters of
order p and the prime ideals of K, above € such that, if y is a character and | the
corresponding ideal, then

x(x) = x% mod [ (x € 7). (7.4)

Proof. Let [ be a prime ideal of K, above £. Since [ is of degree 1, every residue
class mod [ contains a rational integer. In particular, there exists r € Z such that
¢, = r mod . Taking pth power, we obtain 77 = 1 mod [. Since both sides of the
last congruence are rational integers, this implies that r” = 1 mod £. Hence there

exists a generator s of the multiplicative group F* such that r = slTl mod £.

Since s generates ¥, there exists a (unique) character y with y(s) = ¢,. It is
straightforward that it satisfies (7.4).

Thus, to every prime ideal [ above £, we associate a character y satisfying (7.4).
Such y is unique. Indeed, let y and x’ be two characters of order p satisfying (7.4).
Then y(x) = y/(x) mod! for all x € Z, and, in particular, y(s) = y’(s) mod|,
where s is a primitive root modulo £. Corollary 4.2 implies that y(s) = y’(s) and
thereby y = x'.

Since a character of order p has values in K, the Galois group Gal(K,/Q)
acts on the set of these characters in the natural way. Moreover, if y is the character
associated to [ and o € Gal(K,/Q), then x° is associated to [°: congruence (7.4)
implies that

xo(x) = x'7 modl® (x €7),
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and the character associated to [° is unique, as we have seen in the previous
paragraph. In particular, to distinct prime divisors of £, we associate distinct
characters.

We have defined an injective map from the set of prime divisors of £ into the
set of characters of order p . Since both these sets have p — 1 elements, this map is
actually bijective. This proves the proposition. O

Now fix a character y of order p . We are going to define a special numbering of
all prime ideals of K, above {. Fora € {1,2,..., p — 1} we denote by [, the ideal
corresponding (as in Proposition 7.10) to y”, where b is the inverse of @ modulo p
(that is, ab = 1 mod p). This choice of numbering looks somewhat artificial, but it
will be justified later.

The prime ideal [}, corresponding to the character j, will be denoted simply by [.
Thus, we have

I(x) = x% mod [ (x € 7). (7.5)

Recall that Gal(K,/Q) = {o1....,0p—1}, where g, is defined by ¢, > 7. With
our numbering we have

[0 =1 (a=1,...,p—1),

or, equivalently, [, = [« g

Unfortunately, we cannot stay in the field K, , because the Gauss sum g(y)
lives in the wider field K ,¢ = Q(¢,. {¢). According to Proposition 4.17, every I,
totally ramifies in K. If £, is the prime ideal of K, above [, then [, = Sﬁ_l. In
particular, £ splits in K ¢ as

() =gt g (7.6)

We also denote the ideal £; by £, so that [ = el If g, € Gal(K ¢ /Q) is
defined by ¢, > {5 and §¢ > £y, then

£ = ¢ (@a=1,....p—1),

or, equivalently, &, = £% .
We are ready to formulate the main result of this section.

Theorem 7.11 (Kummer). Let y be a multiplicative character of order p, and
let £1,...,£,-1 be the prime ideals of K, defined above. Then the principal
ideal (g(x)) of the field K ¢ decomposes as

(=1
() = (eg3...e}) " (7.7)

The proof relies on two simple lemmas.
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Lemma 7.12. We have Orde(1 — &) = 1. Also, for every nonnegative integer b,
we have

& —1
Ce—1

Proof. Since (£) = (1 — &;)*~, equality (7.6) implies that

= b mod £.

I=C¢)=L1--Lp1.

In particular, Orde(1 — &) = 1.
Further, £, = 1 mod £ implies that Qéf = Ilmod& fork =0,1,2,.... 1t follows
that
& =1

te—1

as wanted. O

=144+ "=bmodg,

Our second lemma is just a reformulation of Proposition 7.3. For every b € Z
not divisible by £ we define the automorphism 7, € Gal(K ,¢/Q) by ¢ — ¢ é’ and
¢p — £,. Now Proposition 7.3 can be restated as follows.

Lemma 7.13. For an integer b not divisible by £ we have g(y)® = jy(b)g(x).

Proof of Theorem 7.11. Theorem 7.5 implies that g(x) | £. Hence the only prime
ideals that can occur in the decomposition of g(y) are £,...,£,_, and their
multiplicities do not exceed £ — 1:

(g() = &80,
where
0<s,<l-1 (a=1,....,p—1).
Since £ = £ and y°* = x“, we have
Sa = Ordg, (g(x)) = Orde(g(x*)).
It follows that the algebraic number

_ (=g

P g(x*)

is an £-adic unit; that is, Ord¢(8) = 0.
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Now we apply the beautiful argument of Kummer to determine s,. Let b be an
integer non-divisible by £. Using Lemmas 7.12 and 7.13, we obtain

T (l_é‘f)su _ 1 l—é'é’ Sa _ bsa
IB - )f(b)“g()(“) - X(b)a (1 _Cl) :3 = X(b)“ ,BmOd,S

On the other hand, Proposition 4.19 implies that 8% =  mod £. It follows that the
congruence x(b)* = b* mod £ holds for every b. Comparing this with (7.5), we
obtain

b*7 = b% mod £ (7.8)

for all integers b. Hence the same congruence holds mod £ as well, which implies
that

mod (£ — 1).

S =a

But we have seen in the very beginning that 0 < s, < £ — 1. Hence s, = a‘{%. The
theorem is proved. O

7.5 Proof of Stickelberger’s Theorem

We are ready now to prove Theorem 7.1. We begin with the following general
statement.

Proposition 7.14. Let K be a number field. Then every ideal class of K contains a
prime ideal (and even infinitely many prime ideals) of degree 1 (over Q).

Proof. Fix an ideal class C € Hg. Let L be the Hilbert Class Field of K (see
Appendix A.11), and let 0 € Gal(L/K) be the element of the Galois group
corresponding, via the Artin map, to the fixed class C. Then for an ideal a of K
we have

a
€ =
) [L/K} °
By the Chebotarev density theorem, there exists infinitely many prime ideals [ of K

of degree 1 such that [L/—[K] = o. This proves the proposition. O

Since Stickelberger’s ideal is generated by the elements @, (see Proposition 7.2),
Stickelberger’s theorem is a consequence of Proposition 7.14 and the following
assertion.
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Proposition 7.15. Let [ be a prime ideal of K, of degree 1. Then for every positive
integer b the ideal 1° is principal.

Proof. Denote by £ the prime below [. Since [ is a prime ideal of degree 1, we
have £ = 1 mod p (see Proposition 4.8), and we can use the setup and the results of
Sect. 7.4.

Thus, let y be the character satisfying (7.5), and let Iy =1,...,[,—; and
£ = £&,..., £,—1 have the same meaning as in Sect. 7.4. Since

—1

=10, =2« (@a=1,...,p—1),
the prime decomposition (7.7) can be rewritten as
(2(x) = o5t (o 2o et ey )
In other words, we have
= (g (). (7.9)
Since ®, = (b — 03)0, this implies
LD = (g(n"). (7.10)

Now, while in (7.9) we had ideals of the field K¢, in (7.10) we already deal with
ideals of K, . Indeed, the ideal on the left of (7.10) is [®, and on the right we
have a principal ideal of K, , as follows from Theorem 7.6. Thus, [ is a principal
ideal of the field K, . The proposition is proved, and this completes the proof of
Stickelberger’s theorem. O

Remark 7.16. As a careful reader might have noticed, the present proof of Stick-
elberger’s theorem did not make much use of the primality of p. Indeed, one can
formulate and prove, using the same argument, Stickelberger’s theorem for general
cyclotomic fields K,,; one just has to replace everywhere in this chapter p by m and
the set {1, ..., p — 1} by the set

{a:0<a<m, (a,m) =1}

(By the way, we already did it in Sect. 7.3.) We leave the details to the reader.

7.6 Kummer’s Basis

In Proposition 7.2 we found a system of Z-generators of Stickelberger’s ideal. In
this section we determine its Z-rank and find a free Z-basis.
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If y is a character of G, then x(¢) can be equal to 1 or —1. (Recall that ¢ stands for
the complex conjugation.) A character of G will be called even (respectively, odd)
if y(¢) = 1 (respectively, y (1) = —1).

We start from the following statement.

Proposition 7.17. Let y be a character of G. Then y(0) = 0 if and only if x is a
nontrivial even character. Moreover,

1_[ 2(6) = 20792~ 7.11)
20=-1

where the product extends to the odd characters of G and h; is the relative pth
class number.

In this section we need only the first statement. Identity (7.11) is to be used in
Sect. 7.8.

Proof. Let y be a nontrivial character. Then the map Z — C defined by

N x(0q) if ais coprime with p, (7.12)
0 if a is divisible by p

is a nontrivial Dirichlet character mod p , as defined in Sect. 5.1. Moreover, if y is
an even (respectively, odd) character of G then the Dirichlet character (7.12) is even
(respectively, odd) as well. Since

1 22 122
x0) =2 Y aj(on) = ;Zax(oa), (7.13)
a=1 a=1

Corollary 5.12 implies that y(8) # 0 for an odd y, and Proposition 5.13 implies that
x(0) = 0 for a nontrivial even y. It remains to notice that y(6) = (p —1)/2 # 0
for the trivial character y.

Finally, identity (7.11) is a direct consequence of the class number
formula (5.19). ]

Theorem 7.18. The Z-rank of Stickelberger’s ideal is (p + 1)/2.

Proof. Observe that O0Q[G] is the ideal of the group ring Q[G] generated
by Zs. It follows that the Z-rank of Zs is equal to the Q-dimension of OQ[G].
Proposition D.13 implies that the latter dimension is the number of characters of G
satisfying y(0) # 0.

As we have seen in Proposition 7.17, exactly (p + 1)/2 characters of G do not
vanish at 6 (all the odd characters and the trivial even character). This proves the
theorem. O
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Remark 7.19. Theorem 7.18 can be viewed as an “algebraic reformulation” of
Dirichlet’s nonvanishing relation L(1, x) # 0 (Corollary 5.5) for the odd characters.
The similar statement for the even characters will be obtained in Chap. 10, see
Theorem 10.4.

Recall that for » non-divisible by p we put &, = (b — 05)6. In Proposition 7.2
we showed that every @, belongs to Zg and that ©y,..., 0, and pd = O,
generate Zg.

Now for any b # 0, —1 mod p we put

Yy = Opy1 — Op.
Also, we consider the norm element (see Appendix D.1)

N=Z(r:01+m+op_1.

0€G

One verifies that
N =(1+1)6,

which implies that N € Zs.
We need some simple properties of the elements &), and ¥.

Proposition 7.20. For any b non-divisible by p we have
Op+ O, = pd —N. (7.14)
Forany b # 0,—1 mod p we have
U =Y, 1. (7.15)
Proof. Since 0, = 10, we have
Op+Opp =(p—0p—10)0 = pd —opN.

This proves (7.14) because o, ' = N. Equality (7.15) is an immediate consequence
of (7.14). O

Theorem 7.21 (Kummer). The elements
Vi Yoy N (7.16)

form a free Z-basis of Ls.

Proof. Since the Z-rank of Zg is (p + 1)/2, we only have to prove that ele-
ments (7.16) generate Zg over Z. Let M be the Z-module generated by (7.16).
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By Proposition 7.2 it suffices to show that each of ®y,...,®,_; and pf belongs
to M.

Equality (7.15) implies that ¥y, ..., ¥,_» € M. Further, ®; = 0 € M, and by
the definition of ¥, we have

Op=U+...+¥_1eM (b=2,...,p—1).

Finally, (7.14) implies that pf = ©; + ©,_; + N’ € M. The theorem is proved.
O

In Chap. 8 we shall deal mainly with the ideal (1 — t)Zs rather than Zg. In the
next proposition we determine the rank and a free basis of this ideal.

Proposition 7.22. The Z-rank of (1 —)Zs is (p — 1)/2. The elements
(1 -0, b=1,....(p—1/2) (7.17)

form a free Z-basis of (1 — )Zs.

Proof. As in the proof of Theorem 7.18, the rank is equal to the number of
characters y with y((1 —1¢)8) # 0. If y(¢) = 1 then, obviously, y((1 —¢)8) = 0.
If y(t) = —1 then y((1 —1)8) = 2x(6) # 0 by Proposition 7.17. Thus, there are
exactly (p — 1)/2 characters with the required property, which proves that the rank
is(p—1)/2.

Further, elements (7.17) generate (1 — t)Zg, because elements (7.16) generate Zg
and (1 — )N = 0. Since the number of elements (7.17) is equal to the rank of
(1 — ) Zs, they form a free basis. O

7.7 The Real and the Relative Part of Stickelberger’s Ideal*

The real part, or plus-part, of the ring R = Z[G] is the ideal R* := (1 + () R; the

relative part, or minus-part, is the ideal R~ := (1 — () R.

Equivalently: ® € R™ (respectively, ® € R™) if 1® = @ (respectively, if
t® = —@). One more equivalent definition: ® = 07 + --- + ap—10,—1 belongs
to Rt (respectively, to R™) if oy =, (respectively, op = —ap—) for
k=1,....,p—1.

The real and relative parts of an ideal Z of R are defined by Z% = Z N R* and
I~ =7 N R™.Obviously,

It +0Z, T™2ZI 2(1-0T.

(Recall that 72" consists of elements of Z of weight 0.)

4The results of this (and the next) section will not be used in the rest of the book.
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In this (and the next) section we study in detail the real part I;' and, mainly,
the relative part Zg of Stickelberger’s ideal. In particular, we prove the remarkable
relation [R™:Z5] = h™, known as Iwasawa’s class number formula. This result is
not used in the proof of Catalan’s conjecture, but we have everything needed for its
proof, and it would be unwise to miss such an opportunity.

We start from the real part. Its theory is very simple.

Proposition 7.23. We have I;' = (1 +0Zs = NZ. In particular, the Z-rank
=+ .
of Iy is 1.

Proof. Since (1 +1)8 =N, we have Z& D (1 4+ 1)Zs 2 NZ, and we have to
show that I;' C NZ. Moreover, it suffices to verify that I;' C NQ, because
NZ=NQnNR.

For any ® € R, we have t® = @, which implies (1 + 1)@ = 26. We obtain

278 = (1+0Zf € (1 +0Zs S (1 + YR = NR = NZ.

(Recall that N'R = N'Z by Proposition D.2.) Thus, Z{” € N'Q, as wanted. O
Much more substantial is the theory of the relative part Z. We have
R™DZIg D (1—0)Zs,
and since the rank of both R™ and (1 —¢)Zs is (p — 1)/2, so is the rank of Zg.
In particular, both indices [R™:Z5 | and [Zg:(1 — )Zs] are finite. We are going
to determine them. We follow the beautiful exposition of Chapman [22] with

insignificant changes.
The basic object that we work with in this (and the next) section is the ideal

J:={PeR:00cR} (7.18)
so that
Is =0J.
In particular, for any ® € (1 — ¢)Zg, there exists @ € J such that
O=(1-069.

Of course, this @ is not well defined, but, as we are going to show, the parity of its
weight is well defined.

Proposition 7.24. Let &1, @, € J be such that (1 —1)0®; = (1 —1)0D,. Then
w(P;) = w(PDy) mod 2.
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Proof. Tt suffices to show that
1-06® =0 (7.19)

implies 2|w(®). Equality (7.19) means that & € I;. Hence 0® € N'Z. Since
w(N) = p — 1, this implies that (p — 1) | w(8®). Since w(#) = (p — 1)/2, the
weight of @ must be even. O

Anelement ® = (1 —1)0® € (1 —)Is will be called even’ (respectively, odd)
if w(®) is even (respectively, odd). Even elements form a subgroup of index 1 or 2
in (1 — ¢)Zs. Since odd elements do exist (for instance, (1 — ¢) pf is odd), we obtain
the following statement.

Proposition 7.25. Even elements form an index 2 subgroup of (1 — t)ZLs.

After this preparation we are ready to determine the index [IE:(l - L)IS].
Actually, we prove slightly more.

Proposition 7.26. We have Ig® = Iy and [Ig:(1 —)Zs| = 20~9/2,
Proof. Forany ® € R~ we have t® = —@®, which implies (1 —()® = 26. Hence,
for any ideal Z of R, we have 2Z~ = (1 — ¢)Z~. In particular,

27y = (1-0Zy € (1 —1)Ts.

Since the rank of Zg is (p — 1)/2, we have [Z5:2Zg] = 2(P~D/2. The proposition
would follow if we show that 2Z5 = 2Z¢* and [(1 — )Zs:2Z5] = 2. In view of
Proposition 7.25, it suffices to prove that

2T = 2I¢"® = {the even elements of (1 — )Zs} . (7.20)
Obviously, 27§ C I;ug . It remains to prove that ZI§ug C 1y and Zy C 217, where
we denote by Z, the ideal of even elements.
Fix © € Z*® and write ©® = 0@ with @ € J. Since w(®) = 0 and w(0) # 0,
we have w(®) = 0. It follows that

20 =200 = (1 —0)0® + (1 + )P

= (1—0)6® + N
=(1—-0)0® + w(®)N
= (1-0)60.

>This notion of parity will be used only in this section. It has nothing to do with the parity of the
characters of G.
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(Recall that ® N = w(®)N by Proposition D.2.) Thus, 26 is an even element. This
proves the inclusion ZI§ug C Ty.
Further, let ® = (1 — ¢)0® be an even element, and write w(®) = 2m. Then

O+2mN =1-0)0D + Nd = (1—0)0® + (1 +1)0D = 200,

which implies that ©@ + 2mA belongs to 2Zs. Hence @ itself belongs to 2Zs. Since
® € R™, we obtain ® € 27 . This proves the inclusion Zy C 275 . O

The index [R™:Z ] was determined by Iwasawa [53].

Theorem 7.27 (Iwasawa). The index [R™:Ig | is equal to h,, the relative class
number.

This beautiful result, known as Iwasawa’s class number formula, is proved in
Sect. 7.8.

7.8 Proof of Iwasawa’s Class Number Formula

To begin with, we establish an “invariant characterization” of the ideal .7, defined
in (7.18). Since 0,0, = 045, the map o, > a defines a ring homomorphism
u:R—7Z/pZ.

Proposition 7.28. We have J = keruand 7~ = (1 —1)J. Also,
[ReT]=[R":(1-0)T]=p. (7.21)

Proof. As follows from Proposition 7.2, the ideal J is generated by the elements
of the form b — 0;,. Hence J = keru. Also, 7~ = R~ Nkeru, that is, ;7 is the
kernel of the restriction u |g— . Since u is surjective on both R and R, we obtain
R/J = R™/J~ = 7/ pZ. In particular,

[R:I)=[R:T ]=p.

Further, if ® € J~ then ® = (1 —1)®, where @ € R. Since u(®) =0 and
u(l —t) =2 #0, we have u(®) = 0, that is, @ € J. Thus, J~ = (1 —)J. This
completes the proof of the proposition. O

For the proof of Theorem 7.27 we shall need a notion of index more general
than commonly used. Let V' be a QQ-vector space of finite dimension n. A lattice
in V is a free abelian subgroup of V' of rank n. Any two lattices A and B in V
are “commeasurable” in the sense that the intersection A N B is of finite index in
both A and B. Now we define the index [A:B] by

[4:A N B]
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Thus, the index is a positive rational number, which is equal to the usual index when
B C A. It has the standard properties of the usual index, collected in the following
proposition.

Proposition 7.29. [. The index is multiplicative: if A, B, and C are lattices in V,
then [A:C] = [A:B] - [B:C). In particular, [B:A] = [A:B]~".

2. If f 'V — V is a non-singular linear transformation, then for any lattice A we
have [A: f(A)] = |det f].

Proof. Inpart(1),put D = AN BN C.Then

[A:ANB]-[AN B:D]  [A:D]

A Bl = B AN B [AnBD] _ [BD]
and, similarly,
. [B:D] . [A:D]
[B:C] = —[C:D] , [A:C] = —[C:D] .

We obtain

] r_ [A:D] . [B:D] _[A:D]

[A:B] - [B:C] = (B:D] [CD] _[CD] [4:C],

which proves part (1).

The statement of part (2) is obvious if f(A) C A. In the general case, there exists
a positive integer A such that A f(A4) € A. Put g = Af. Since g(A4) € A, we have
[A:g(A)] = |detg| = A"| det f|. Now, using part (1), we obtain
[A:g(4)]  _ A'[det f] _
[f(A):g(A)] A"

as wanted. O

[A:f(A)] = | det ],

Proof of Theorem 7.27. We shall apply the previously given definition of index
with V' = Q[G]~. We wish to compute the index [(1 —¢)J:(1 —¢)Zs]. Since
(1=0Zs = (1 — )87, the index is equal to | det f|, where f is the multiplication
by 6.

To compute the determinant of a linear map we may extend the base field as
we please and choose the most convenient basis. Thus, let us extend the base field
to C. The ideal C[G]™ of the group ring C[G] is the common kernel of the even
characters (that is, the characters satisfying y(t) = 1). According to Appendix D.5,
the ideal C[G]™ has a C-basis consisting of idempotents &,, where y runs over the
odd characters (those with y (1) = —1). Proposition D.15 implies that

f(ey) =0g, = x(0)s,.
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Hence

|det f| = [] x6)=27"2p7"h,
1W=-1

by Proposition 7.17.
We have proved that

[(1—0T:(1 = )Zs] = 27792 p~ h.
Earlier, in Propositions 7.26 and 7.28, we showed that
[Z5:(1 —0)Zs] = 207372, [R™:(1-0J] = p.

Putting all this together, we find

ey R =0)T]- [ =0 T:(0 = 0)Ts]
[RIs] = [Z5:(1 — ) Is] =y

as wanted. O

We learned this argument from Chapman [22]. A very similar proof can be found
in Lemmermeyer’s book [69] ; see Theorem 11.25. Chapter 11 of [69] contains,
among other things, a very good historical account of Stickelberger’s theory and
many useful references.

Theorem 7.27 suggests a natural question: does equality [R_:IE] = h; extend
to an isomorphism of abelian groups R~ /Zg and H ~, the relative class group? The
answer is “no”; see [136, end of Sect. 6.4] and [69, pages 382-383].

Note in conclusion that Iwasawa’s class number formula extends, with the same
proof, to the cyclotomic field K ,«. For the general field K, the situation is more
complicated; see Kucera [57] and Sinnott [129].



Chapter 8
Mihailescu’s Ideal

Let (x, y, p,q) be a solution of Catalan’s equation. Arguments from Sects. 6.4
and 6.5 illustrate the important role of the elements @ € Z[G] such that (x — ¢)®
(or, equivalently, (1 — ¢x)?) is a gth power in K.

Elements @ with this property form an ideal of the group ring Z[G], called
Mihdilescu’s ideal. 1t is convenient to study Mihdilescu’s ideal on its own, without
any reference to Catalan’s equation.

Thus, in this chapter, we fix, once and for all, distinct odd prime numbers p and g
and a nonzero integer x. We stress that, unless the contrary is stated explicitly, we
do not assume that our x, p, and ¢ come from a solution of Catalan’s equation.

Besides this, we employ in this chapter our standard notation: ¢ is a primitive
p th root of unity, K = Q(¢) is the p th cyclotomic field, and G = Gal(K/Q) is its
Galois group. We also fix, once and for all, an embedding K < C and view the
elements of K as complex algebraic numbers.

In this chapter we use the notion of the height of an algebraic number. The reader
is advised to look through Appendix B before reading the chapter.

And the final convention: in this chapter log and arg stand for the principal
branches of the complex logarithm and argument. That is, for any nonzero
complex z, we have

—n <argz =Imlogz <.

8.1 Definitions and Main Theorems

We start from the basic definition.

Definition 8.1. Mihailescu’s ideal 7, is the ideal of the group ring Z[G] consisting
of ® € Z[G] such that (x — ¢)® € (K*)4.

© Springer International Publishing Switzerland 2014 97
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98 8 Mihailescu’s Ideal

To formulate the main result, we also need some definitions concerning the group
ring Z[G]. Recall (see Appendix D) that the weight homomorphism w : Z|G] — Z
is defined by

W(E ang): E dg.
oc€G 0€G

Its kernel, consisting of elements of weight 0, is called the augmentation ideal of
the group ring Z[G]. Given an ideal Z of Z[G], we define the augmented part of T
as the intersection of Z with the augmentation ideal:

T = (@ e T:w(®O) =0}.

In addition to the weight function, we define the size function | - || by
> aoe] = X ook
0€G 0€G

One immediately verifies the inequalities

0161 < (O] -

@2 €1 + Oaf < [|O1]] + [|O2]|.

Let Z be an ideal of the ring Z[G] and r a positive real number. We define the
r-ball of Z by

I(r) :={@ eI |0 <r).

Now we are ready to state the first main theorem of this chapter, which is due
to Mihailescu [94] (see also [10]). Roughly speaking, it asserts that, for sufficiently
large |x|, Mihdilescu’s ideal cannot have many elements of zero weight and small
size.

Theorem 8.2 (Mihailescu). Let € be a real number satisfying 0 < ¢ < 1, and
assume that

| > 20-27-1\ ¢ 4 q 1 ®.1)
x| > max{| — ,—— . .
- (p—1)? Tp—1

Putr = (2—¢&)q/(p —1). Then |Iy* (r)| < q.
Obviously, Z(r) = Z(|r]) for any Z and r. Since

2q >261—2
p—11" p-1
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(except the case p = 3), we obtain, specifying ¢ = 2/¢, the following consequence:
for p > 5 and

20-20=1\/?
= (5ow) .

Mihdilescu’s ideal has at most g elements of weight O and of size not exceed-
ing 2q/(p —1). Similarly, specifying ¢ = 1/¢, we deduce that for p = 3 and
|x| > 209, Mihailescu’s ideal has at most ¢ elements of weight 0 and of size not
exceeding g — 1.

Condition (8.2) is too strong for applications to Catalan’s problem. Fortunately,
the following consequence, obtained by taking ¢ = 1, is sufficient for us.

Theorem 8.3. Assume that |x| > max {272 ¢q}. Put r=q/(p—1). Then
Ty ()] < q.

To deduce it from Theorem 8.2, just observe that 20 - 27~! /(p — 1)? < 27*2 and
(4/m)q/(p—1)+1=gq.

When p < (1 —¢/2)g+ 1 and (8.1) is satisfied, Theorem 8.2 implies that
|Z3,°(2)| < g¢; that is, T, has at most ¢ — 1 elements of weight 0 and size 2. This
can be refined when (8.1) is replaced by a slightly stronger assumption.

Theorem 8.4. Let ¢ be a real number satisfying 0 < ¢ < 1, and assume that
p < (2—¢)q + 1. Assume further that

202771\ /¢
|X| > max{ ((p——l)z) s 8(](1} s (83)

Then Zy,%(2) = {0}.

Thus, when (8.3) is satisfied, Mihdilescu’s ideal cannot have elements of weight 0
and size 2.

Again, it is useful to state separately the particular case of Theorem 8.4
corresponding to ¢ = 1.

Theorem 8.5. Assume that p < q and that |x| > 8q%. Then I),*(2) = {0}.

To deduce Theorem 8.5 from Theorem 8.4, observe that g > 2 and
16 > 20/(p — 1)>. Hence 8g7 > 16-297!1 > 202771 /(p — 1)?> whenever g > p.

Theorems 8.2 and 8.4 will be proved in Sects. 8.4 and 8.5, respectively, after
some preparation in Sects. 8.2 and 8.3.
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8.2 The Algebraic Number (x — ¢)®

In this section, we investigate the number (x — ¢)®. First of all, we estimate its
height.

Obviously, (x — ¢)? is a product of ||@| factors of type (x — ¢%)%!. We have
h(¢°) = 0, because ¢ is a root of unity, and h(x) = log |x| by Proposition B.2(5).
Hence, using Proposition B.2(7), we obtain

h(x — &%) < log|x| + log2 = log |2x]|

and h((x —¢)®) < [|@| log |2x|. With slightly more effort one can show that
h(x — %) < log(|x| + 1) and thereby h ((x — {)?) < ||©@| log(|x| + 1).

This is already a reasonable estimate, but one can drastically improve on it in the
case w(®) = 0 using Proposition B.2(6).

Proposition 8.6. Let ® € Z[G] satisfy w(®) = 0. Then

1

h((x = 9)?) = 51Ol log(Ix| +1).

N

Before proving the proposition, we make a simple remark. We say that
O =) ccds0 is nonnegative (notation: ® > 0) if a, > 0 for all o € G. For
such ® we have w(®) = ||O]|.

Any © can be presented as a difference & — ©_, where @, ©_ > 0 and
1O = [|©+] + |©—]. Indeed, write ® = )" _.; a,0 and put

Ot = Zmax{ag,o}a, O_ = —Zmin{ag,o}a.

Proof of Proposition 8.6. Write ® = ®4 — @_ as above. Since w(®) =0, we
have w(®4+) = w(6G_). Since @4+, ®_ > 0, this means that |O4| = ||O—]. We
denote this number by m:

1
m=[6+] =[O = Sl6].

We have (x — ¢)® = /B, where @ = (x — £)?+ and B = (x — ¢)®— are alge-
braic integers. Since « is a product of m terms of the type x — (%, we have
|| < (]Jx| + 1)™. More generally, for any o € G we have |¢°| < (|]x| + 1)", and,
similarly, |8°| < (|x] + 1)™.
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Since o and B are algebraic integers, we may use (B.5). We obtain

h((x=0°)

> logmax {|a°|, |8°|}

[ ] 0€G

] Zmlog(|x| +1)

0€G

[K@

= mlog(|x| + 1),

as wanted. O

Next, we observe that, for large x, the algebraic number (x — ¢)® is “very close”
tolif w(®) = 0.

Proposition 8.7. If|x| > 1 and w(®) = 0 then

el

(€]
|log(x —¢) <hI=1"

(Recall that log stands for the principal branch of the complex logarithm.)

Proof. For any complex z satisfying |z| < 1 we have

[log(l + )| < a )
1—|z|
In particular,
¢° 1
1 1—=—) < .
% ( ¥ )T -1
Since (x — £)® = (1 — ¢/x)® when w(®) = 0, the result follows. O

Finally, we show that (x — ¢)@ is distinct from 1 for |x| > 3.

Proposition 8.8. Assume that |x| > 3. Then, for a nonzero © € Z|G], we have
(x =0 # 1L

Proof. Let p be the prime ideal of K lying over p. Then p”~! = (p) and
p = (£ — ¢7) for any distinct 0, T € G. In particular, for distinct 0 and t we have

(x = 8% x=&)p. (8.4)

If x —¢ has no prime divisors other than p, then (x —¢) = pX. In this case
(x — %) = pF forany o € G, because p is stable under the Galois action. Now (8.4)
implies that k& < 1. It follows that the norm of x — ¢ is either =1 or £ p.
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On the other hand, the assumption |x| > 3 implies that

W =0l=]]x-¢1=27" > p.

0€G

This shows that x — ¢ has a prime divisor p distinct from p.
Put £ = Ord(x — ¢). Then (8.4) implies that

. {,ifo =1,
Ordge (x =) = {O ifo #t

Therefore, writing & = Za <G @00, We obtain
Ordgo ((x —)®) = ta, (0 € G).

Now, if (x — ¢)® = 1 then fa, = 0 for all 0 € G. Since £ # 0, we conclude that
a, = 0 for all 0. Hence ® = 0. |

8.3 The ¢th Root of (x — ¢)®

By the definition of Mihdilescu’s ideal, for every ® € Z, the algebraic number
(x —&)? has a gth root in K. Actually, this root is unique and has some nice
properties.

Proposition 8.9. 1. For any © € Ty there exists a unique a(®) € K™ such that
@(0)! = (x —)°.
2. Forany ©1,®, € Ty we have

a(01 + 0y) = a(O)a (). (8.5)

In other words, the map o : Iy — K™ is a group homomorphism.

Foro € G and ® € Iy we have a(Oo) = a(O)°.

4. If |x| = 3 then for a nonzero ®@ € Iy we have a(®) # 1. In other words, the
homomorphism « : Ty — K> is injective.

5. Forany © € Iﬁg we have

w

1
h(e(®)) < le@ll log(|x| + 1). (8.6)

Proof. In part (1), only uniqueness is to be proved. Thus, let a;, o, € K satisfy

af =al = (x —¢)®. Then a;/as € K is a gth root of unity. Since K does not

contain gth roots of unity other than 1 (Proposition 4.4(4)), we obtain o; = ;.
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To prove part (2), observe that both parts of (8.5) belong to K, and their gth
powers are equal to (x — ¢)@T©2, By the uniqueness, they should be equal.

Similarly one proves part (3): the gth powers of «(®)° and of a(c®) are both
equal to (x — £)?®. By the uniqueness, a(0)° = a(cO).

Part (4) follows from Proposition 8.8, and part (5) is a consequence of Proposi-
tion 8.6 and (B.9). O

In the sequel, we shall exploit the notion of the nearest qth root of unity. Let z
be a nonzero complex number. Then there exists a unique gth root of unity & (called
the nearest qth root of unity for z) such that

—m/q <arg (') <7/q.

Some simple properties of the nearest gth root of unity are collected in the following
proposition. The proofs are left to the reader.

Proposition 8.10. [. Let z be a nonzero complex number and § its nearest qth root
of unity. Then

log (z67') = 611 log (7).

2. Let z be a nonzero complex number and & its nearest gth root of unity. Assume
that |arg (z9)| < m (that is, z9 is not a negative real number). Then £ is the
nearest qth root of unity of 7~ ".

3. Let z1, 2o be nonzero complex numbers and &, & their nearest qth roots of unity,
respectively. Assume that ‘argz‘f argzg‘ < /2. Then & &, is the nearest qth

root of unity of 712».

3

Now we define a new map § : Zyy — p,, where p, stands for the group of gth
roots of unity. For ® € T, we let £(©®) be the nearest gth root of unity for a(6). As
we have seen in Proposition 8.7, when w(®) = 0, the number a(®)¢ is “very close”
to 1 for large x. Hence «(®) should, under the same assumptions, be “very close”
to £(O). Since « : Zyy — K™ is a group homomorphism, we may expect from the
map £ : Z),° > p ¢ certain “homomorphism-like” behavior. All this is realized in
the following proposition.

Proposition 8.11. 1. Forany © € I, we have

_ 1 ||®
llog (¢(@)E(©) )| < C—”x”|—_”1. 7

2. If © € I, satisfies |O| < n(|x| — 1) then £(—O) = £(O)1.
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3. IfO,,6, € I;;g satisfy
v
&1, 1021l < E(IXI -1,

then

£E(O1 + 02) = £(01)E(0,).

Proof. Apply Propositions 8.7 and 8.10. O

Let A and B be two groups and S a subset of A. We say thatamap f : S — B
is a quasi-homomorphism if for any x, y € S we have

fa =07 fay) = f@ ).

In these terms, parts (2) and (3) of Proposition 8.11 can be reformulated as follows:
foranyr < Z(|x| —1) the map § : T)5(r) — W, is a quasi-homomorphism.

8.4 Proof of Theorem 8.2

After all this preparation, we are ready to prove Theorem 8.2. Recall that we fix a
positive ¢ < 1 and define

r=0Q2-¢) Ci

p—1

Let us rewrite (8.1) in the form we are going to use in the proof. First of all,

202771\
x| > (W) . (8.8)

Second, we have |x| > (4/7)q/(p — 1) + 1, which implies
r< %(|x| —1). (8.9)

Theorem 8.2 is an easy consequence of the following statement.

Proposition 8.12. Assume (8.8) and (8.9), and let © € T, (2r) satisfy §(©) = 1.
Then ® = 0.
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Indeed, assume that Proposition 8.12 is true. Let @1, 0, € Z,,(r) satisfy
£(0)) = £(0,). Inequality (8.9) implies that

T
1O 116211 < S (x| = 1.

Then £(®; — ®,) =1 by Proposition 8.11, and Proposition 8.12 implies that
®1 — ®; = 0. We have shown that the map & :Iﬁg(r) — I, is injective, which
proves Theorem 8.2.

For the proof of Proposition 8.12, we need a simple lemma.

Lemma 8.13. Let a be a positive real number. Then for any complex w, satisfying
|w| < a, we have

a

e” —1] < [w| .
Proof. For |z] < 1 we have
(az)®>  (az)’® a’>  al
az __ _ _ — — % —
le 1| = |az + o 3l +...§a+2!+3!+...—e 1.

Hence the complex function f(z) = (e** —1)/(e* — 1) satisfies f(0) =0 and
| f(z)] <1 for |z] < 1. By the Schwarz lemma, | f(z)| < |z|] for |z| < 1. Putting
7z = w/a, we obtain the result. O

Proof of Proposition 8.12. Fix a nonzero © € Z,,*(2r) with £(®) =1 and put
a = «(O). Inequality (8.7) becomes

|1oga|§l 9] _
q x| —1

(8.10)

We shall obtain an upper estimate for |o — 1|, using (8.10), and a lower estimate,
using “Liouville’s inequality” (Proposition B.3). Then we shall see that the two
estimates are contradictory when (8.8) holds.

Throughout the proof we shall use the lower bound |x| > 20, which follows
from (8.8).

We start with the upper estimate. Since ||@| < 2r < 4g/(p — 1) by the assump-
tion, we have

[loga| < _+ < 3,
(p—=D(x|=1) ~ 19

because p > 3 and |x| > 20. Using Lemma 8.13, we obtain

1| < 62/19_1|10g05| _ 106 _jel

- . 8.11
= 2/19 q |x|—1 @.1)
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On the other hand, @ # 1 by Proposition 8.9(4). Hence we may estimate |o — 1|
from below, using “Liouville’s inequality” (B.13) (with & — 1 instead of «):

o — 12 > e (K@= _ o=(p=Dhie—1) (8.12)

To make use of this, we have to estimate h(e — 1). From (8.6) and (B.6) we obtain
1

h(x —1) < Z”@” log(]x| + 1) +log?2. (8.13)

Now, combining the upper estimate (8.11) with the lower estimate (8.12), and taking
into account (8.13), we obtain

1.06||® ®
2 (log(|x| —1)—1log %) <(p-1 (”2—(]” log(]x| + 1) + logZ) .
Since
_ q
O <2r=2(2-¢) ,
p—1

the inequality remains valid when we replace ||®@| by 2(2 —¢)g/(p — 1) in the
right-hand side and by 4¢g/(p — 1) in the left-hand side. We obtain

2log(|x| — 1) —21log

P (2—e¢)log(lx| + 1) + (p — D log2,

which can be rewritten as

+1 2,1
elog(|x| + 1) < 2log4.24 + 2log Al 1 log .
x| =1 (-1
Using again the inequality |x| > 20, we obtain
log(lx| + 1) < 2log4.24 + 2log 2+ + log 20— < 1og 202~
elog(|x og 4. 0= 1 1o o ’
g = g g19 g(p—l)z g(p—l)z
which contradicts (8.8). This proves Proposition 8.12 and Theorem 8.2. O

8.5 Proof of Theorem 8.4

In this section, we prove Theorem 8.4. We start with a simple lemma, which gives
a quantitative version of the following obvious fact: if a complex number is “close”
to a gth root of unity, distinct from 1, then it cannot be close to 1.
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Lemma 8.14. Let o be a nonzero complex number and & a qth root of unity, distinct
from 1. Assume that |10g(oc§_1)\ <0.1/q. Then |0 — 1| > 5/q.

Proof. Since £ # 1, we have £ = e>*k/4 where k € {1,2,...,q — 1}. Hence
|& — 1] = 2 |sin(rk /q)| > 2sin(r/q). Since the function x — (sin x)/x decreases
on [0, /2], we have

sin(rr/q) - sin(mr/3)

r/lq — w/3
which implies
£ — 1] > 2sin(/q) > 2 sm(n/3)'z - 5.19.
- - /3 g9~ q

Further, we use Lemma 8.13 to obtain

-1 0.1 _0.11

— — _l_ Ppp—
o 6l = Jo™ —1| = S

Combining the two estimates, we obtain |o — 1| > 5.19/q —0.11/g > 5/q, as
wanted. O

Proof of Theorem 8.4. First of all, recall our assumptions:

p=Q2-eq+1, (8.14)
20-27~1\ "¢
x > 841. (8.16)

Inequality (8.16) implies that r = (2 — ¢)q/(p — 1) satisfies
i
< — —-1).
r=30x-1

Together with (8.15) this implies that the assumptions of Proposition 8.12 are
satisfied.

Assume that Z,,* > @ with |®| =2, and put @ = a(®). We are going to
estimate from below |o — 1|, for all valuations v € M. (For Archimedean v this
is equivalent to estimating |a® — 1| for all 0 € G, which will be done using
Proposition 8.12 and Lemma 8.14.) Lower estimates for |« — 1|, would imply
an upper estimate for the height h ((@ — 1)™"), which is equal to h(e — 1). This,
in turn, would imply an upper estimate for log|x| = h(x), contradicting the
assumption (8.16).
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Now to the proof. Inequality (8.14) can be rewritten as 2r > 2. Hence,
Proposition 8.12 applies to ® and we obtain § = £(®) # 1. On the other hand,
inequality (8.16) implies that |x| > 8- 33 = 216. Together with (8.7) this yields
‘log (a§_1)| < 0.1/q (we are very generous!), and Lemma 8.14 implies that
lo — 1] > 5/q.

We may apply the same argument for 0 ®, where 0 € G. Since (0 ®) = o, we
obtain ¢ — 1| > 5/q for any o € G. Hence, denoting by Mg° the subset of Mg
consisting of the Archimedean valuations, we obtain

1
— Z logmax {1, (@ —1)7"| }
[KQ] vEMEP
_ mZIOgmaX{l, (a”—l)_l‘} 5log‘§1. (8.17)
' 0€G

Now write ® = 0 — 0, where o; and o, are distinct elements of G,
and put {; = {%. Assume that |@ — 1|, <1 for a non-Archimedean v. Then
la? — 1], < | — 1], < 1. However,

H—0
x—0

al—1=x-0%—1= (8.18)

It follows that, for a non-Archimedean v, we have

p ifv|p,
lo =1, > 16 =il = .
1 otherwise.

Hence, denoting by M 1{ the subset of Mk consisting of the non-Archimedean
valuations, and recalling that [K:Q] = p — 1, we obtain

1 _ logp log3
— logmax {1, [(@ — )7 } < < ==
vEM
Together with (8.17) this implies the estimate
—1 5
h(@—1)=h((@-1) )flogq—logﬁ<logq—log2.

This and (B.6) imply that

h(o) <h(e —1) +log2 < logg.
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Now, rewriting (8.18) as

$— ¢
yo= 227051

ol — 1 + &,

and repeatedly using (B.6) and (B.9), we obtain

GL—=4

ol —1

log|x|:h(x):h( +§2) < gh(x) 4+ 3log2 < glogq + log8,

which contradicts (8.16). The theorem is proved. O

Remark 8.15. With a slight additional effort 8g¢ can be replaced by 3¢ and even
by g for g > 5.

8.6 Application to Catalan’s Problem I: Divisibility
of the Class Number

In this section we apply Theorem 8.5 to Catalan’s equation. The following result is
due to Bugeaud and Hanrot [14].

Theorem 8.16. Let (x,y, p,q) be a solution of Catalan’s equation with q > p.
Then q divides the class number h .

Proof. Since p > 3 and ¢ > 5, Hyyr6’s bound (3.18) implies that

-1 —1\! 4 (12\*
x| = ptig -7 = T pla =D 9= -\ =) a* > 84"
q q 5\5

Hence Theorem 8.5 applies in our case.

On the other hand, Proposition 6.5 can be formulated as follows: if ¢ does not
divide &, then for any o € G we have 0 — 0 € Zy;. But 0 — 0 cannot belong to Zy
by Theorem 8.5. Hence ¢ | /1, . O

A fundamental consequence of this theorem is that for every p there exist only
finitely many possible ¢g. (Indeed, if p is given, then any possible ¢ should satisfy
either g < p orq | h,.) Originally, this was proved by Schinzel and Tijdeman [122]
using Baker’s method. See Theorem 13.18 for a more general result.

One more estimate for ¢ in terms of p will be given in Theorem 8.19.

Besides this, Theorem 8.16 allows one to exclude many pairs of exponents p
and ¢. For this purpose, it is more practical to use the following refinement of
Theorem 8.16, also from [14].

Theorem 8.17. Let (x,y, p,q) be a solution of Catalan’s equation with q > p.
Then q divides the relative class number h;.
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The proof is the same as for Theorem 8.16, but Proposition 6.5 should be replaced
by the refinement indicated in Remark 6.6.

Corollary 8.18. Let (x,y,p,q) be a solution of Catalan’s equation. Then
p,q = 43.

Proof. We may assume that ¢ > p. Theorem 8.17 implies that ¢ | ,,. However,
according to Table 5.1, for p < 41 the prime divisors of the relative class number h;
do not exceed p. This proves the corollary. O

Using Corollary 6.15, one can go further. For instance, since h,; = 211, we have
q = 211 for p = 43. However,

211%2 % 1 mod 432,

which contradicts Corollary 6.15. It follows that p > 47 and so on.

Let us mention that Mihdilescu [94] showed, by a curious p-adic argument, that
Theorem 8.17 holds without the assumption ¢ > p. We do not use this result in the
present book.

8.7 Application to Catalan’s Problem II: Mihailescu’s
Ideal vs Stickelberger’s Ideal

In this section we apply Theorem 8.2 to Catalan’s problem. Roughly speaking,
this theorem tells us that Mihdilescu’s ideal contains “few” elements of small
size and weight 0. On the other hand, Stickelberger’s Theorem 7.1, together with
Proposition 6.11, implies that

Tu O (1 —0)Ts (8.19)

whenever (x, y, p, q) is a solution of Catalan’s equation. From this one can deduce
that Mihdilescu’s ideal contains “many” small elements of weight 0. Elaborating
this idea, we prove the following theorem.

Theorem 8.19 (Mihaiilescu). Let (x, y, p,q) be a solution of Catalan’s equation.
Then g < 3(p — 1)

This theorem and Mihdilescu’s “double Wieferich” criterion (Corollary 6.15)
have the following consequence, which will be crucial in Chap. 11.

Corollary 8.20. Let (x,y,p,q) be a solution of Catalan’s equation. Then
q # 1 mod p (and, by symmetry, p # 1 modq).

Proof. Assume that ¢ = 1 mod p. In addition to this, we have ¢”~' = 1 mod p?,
by Corollary 6.15. The two congruences together imply that ¢ = 1 mod p?.
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Now observe that equalities ¢ = 1 + p? and 1 + 3p? are impossible because
both p and g are odd. Also, g = 1 + 2p? is impossible, because 1 + 2 p? is divisible
by 3 when p > 3. (We can dismiss the case p =3 by Corollary 8.18.) Thus,
g > 1+ 4p?, which contradicts Theorem 8.19. O

The proof of Theorem 8.19 requires a lower bound for the cardinality of the r-
ball of the ideal (1 — t)Zg. First of all, let us estimate the size of the elements of the
basis (7.17). We use the notation

5 = (1 —)Zs, Ur=01-0)%.

Proposition 8.21. Forb =1,..., p —2 we have ¥, > 0. Also,

p—1
¥l = w(¥p) = - %l <p—1.

Proof. Using (7.1), we obtain

b (2o

a=1

Further, a straightforward calculation shows that w(0) = (p — 1)/2. It follows that
p—1
w(Op) = w(b —op)w(0) = (b — I)T.
Since ¥, > 0, we obtain

-1
[6]) = W) = W(Op1) = w(®y) = L=

Finally,
151 < 11—l - 1l = p— 1. (8.20)

The proposition is proved. O

Next, we estimate the number of integral solutions of the inequality
x| 4 4 |xa] <. (8.21)

Let n be a positive integer and r a positive real number. Denote by S(n,r) the
number of points (xi, ..., x,) € Z" satisfying (8.21).
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Proposition 8.22. [. Let n and m be positive integers. Then

min{m,n}
Smomy= Y 2"(2)('2) (8.22)

k=0

2. Let n be an integer satisfying n > 15 and r a real number satisfying r > 3. Then
S(n,r) > 4n’r. (8.23)

Proof. Part (1) is a standard exercise in combinatorics. There are exactly (';')
solutions of the inequality y; +---4 yx < m in positive integers yi,..., Vk.
Indeed, the map

Oy = Ly + Yy a4 g

is a one-to-one correspondence between the solutions of this inequality and the
subsets of {1,2,...,m}.

It follows that y; + -+ y, < m has exactly (})(}) solutions in nonnegative
integers yi,...,y, among which exactly k are positive. Hence there are exactly
25(}) (7)) solutions of (8.21) (with r = m) in integers xi,...,x, among which
exactly k are nonzero. Summing up, we obtain (8.22).

To prove part (2), putm = |r]. Since n > 15 and m > 3, we have

S, r) = S, m) > 8(’;) (";)

%n(n = D)(n —2)m(m —1)(m —2)

2 14 3
>Z. 2. 52.13. 2. D-2-1
=9 15" g m+D
182
:Enz(m+l)>4n2r,
as wanted. O

In part (2), the assumption n > 15 is not really important and can be easily
relaxed. However, the assumption r > 3 is substantial. Indeed, for 2 <r < 3 we
have S(n,7) = 2n? + 2n + 1, and (8.23) cannot hold.

It is curious that (8.22) implies the equality S(n,m) = S(m,n). It would be
interesting to find a geometric interpretation of this identity.

Now we are ready to state and prove the promised lower estimate for |Z* ().

Proposition 8.23. Assume that p > 31 andr > 3(p — 1). Then

%)l > (p = Dr.
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Proof. Put n =(p—1)/2 and p=r/(p—1). Let (x1,...,x,) be an integral
vector such that |x;| + - -- + |x,| < p. Inequality (8.20) implies that

T+ 4 X, W € IH(r).

It follows that |Z*(r)| = S (n, p).
By the assumption, n > 15 and p > 3. Hence we may use Proposition 8.22(2).
We obtain

IZ*(r)| > 4n’p = (p — D,

as wanted. O

It is not difficult to show that |Z*(r)| ~ c(p)r®?~"/2 when r — oco. (Here
¢(p) > 0 depends only on p.) Hence for large r Proposition 8.23 can be substan-
tially refined. However, the estimate from Proposition 8.23 is sufficient for us.

Proof of Theorem 8.19. As indicated in the beginning of this section, Stickel-
berger’s Theorem 7.1 and Proposition 6.11 jointly imply that Z* = (1 —)Zg is
contained in Mihiilescu’s ideal Z;. Moreover, since all the elements of Z* are of
weight 0, we obtain Z,,* D Z*.

Put r = ¢q/(p —1). Hyyrd’s inequality (3.18) implies that the hypothesis
|x| = max {27*2, ¢} of Theorem 8.3 is satisfied. This theorem tells us that

Ty ()] < q. (8.24)

Now suppose that ¢ > 3(p — 1)2. Then r > 3(p — 1). Also, we may assume that
p = 31 by Corollary 8.18. The hypothesis of Proposition 8.23 being satisfied, we
have

T35 (n)| = [Z* ()| > (p— Dr =4,

which contradicts (8.24). The theorem is proved. O

8.8 On the Real Part of Mihailescu’s Ideal

Recall (see Sect. 7.7) that the real part of the ring R = Z[G] is the ideal
R* := (1 4+ ¢)R and the relative part is the ideal R~ := (1 —¢)R. The real and
relative parts of an ideal Z of R are definedby Zt =Z N RT andZT- =Z N R™.

As we have seen before, when x is large enough, Mihdilescu’s ideal has at
most g elements of weight 0 and size not exceeding 2¢/(p — 1) and no elements of
weight 0 and size 2. In this section we obtain a stronger assertion for the real part of
Mihdilescu’s ideal.
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Theorem 8.24. Assume that 0 < ¢ <1 and |x| > 221/¢ Then I;; has no nonzero
elements of weight 0 and size not exceeding (2 — €)q.

The weight of elements of R™ being even, the inequality ||@| < 2q is equivalent
to |®] < 2¢g — 2. Hence, specifying ¢ = 2 /g, we obtain the following statement:
if |x| > 57 then I;; has no nonzero elements ® with w(®) = 0 and ||®| < 24.

Theorem 8.24 is formally obsolete, because in Chap. 9 we shall obtain a much
stronger statement: for large x the real part of Mihilescu’s ideal has no nontrivial
elements of weight 0. However, we include the proof here, to illustrate the principles
used in the “real case,” and let the reader appreciate the more powerful method of
Chap. 9 as compared with the method of this section.

The proof of Theorem 8.24 relies on the following simple but absolutely crucial
property. We use the notation of Sect. 8.3.

Proposition 8.25. Let ® belong to the real part of Mihdilescu’s ideal. Then a(©)
is a positive real number. In particular, £(®) = 1.

Proof. Observe first of all that for @ € R the number (x —¢)® is real and
positive and, in particular, belongs to the real cyclotomic field K. Indeed, writing
O = (1 + 1)@, we obtain (x — )® = (x — ) (x — )¢ > 0.

Now assume that ® € IA‘;. Since (x —¢)® € K, the complex conjugate a(6)
is a gth root of (x — ¢)®. Since K contains only one gth root of (x — ¢)®, we have
a(®) = a(O). Hence a(®) € R. Since (x — ) is positive, so is a(O). O

Proof of Theorem 8.24. Let © € I;,} satisfy w(®) =0 and ||®] < (2—¢)gq. By
Proposition 8.25, the nearest root of unity for «(®) is 1. Moreover, applying
this proposition with ®o instead of ©, we see that the same is true for all
conjugates o(®)?. In the sequel we write « instead of «(©).

Now we argue as in the proof of Proposition 8.12. The only difference is that this
time not only « is close to 1, but all its conjugates are as well. We are going to profit
from this.

As in the proof of Proposition 8.12, we start with the inequality

logas| < 1€
Tqlx|-1°

which holds for every o € G. Since |®]| <2g and |x| > 22, this implies
[loga®| < 2/21. Using Lemma 8.13, we obtain

e?/2l — 1 1.05 ||O|
lo? = 1| < —-— [loga’| < —
2/21 g |x|—1

Ithat is, non-divisible by ¢
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for all o € G. In other words,

1.05 O] \?
o — 1], < 0 -1 (8.25)

for every Archimedean valuation v of the field K.
Using Liouville’s inequality (B.12) with § = Mg°, the set of all Archimedean
valuations of K, we obtain

l_[ |Ol _ 1|v = e—(p—l)h(a—l).

oo
VEMY

Together with (8.13) and (8.25), this implies

1.05 O] \*! e
(— 191l ) < exp (—(p -1 (u log(]x| + 1) + logZ)) ,
g |x|—1 2q

that is

log(Jx| —1) —1lo

1.05||© ]
g—” I 5—” I log(|x| + 1) + log2.
q 2q

Replacing ||@] by (2 — €)q in the right-hand side and by 24 in the left-hand side,
we obtain

log(|x] — 1) —log2.1 < (1 — ;) log(|x]| + 1) + log 2,
which easily transforms into

1
|+ +2log4.2.
x| —1

elog(|x] + 1) < 2log
Since x > 22, this implies
23
elog(|x| + 1) < 2log T 2log4.2 < log22,

which contradicts the assumption |x| > 22172, O



Chapter 9
The Real Part of Mihailescu’s Ideal

In this chapter we continue our study of Mihdilescu’s ideal. As follows from
the definition of this ideal, given in Chap. 8, it contains the ideal ¢Z[G] of
the elements divisible by ¢g. A basic question is whether Mihdilescu’s ideal has
nontrivial (that is, not divisible by ¢) elements. In Chap. 8 we showed that, when x
is large, Mihdilescu’s ideal contains at most g elements @ with w(®) = 0 and
IO < 2¢q/(p — 1). Moreover, in Sect. 8.8 we showed that, when x is large, the real
part I;fl of Mihdilescu’s ideal contains no ® # 0 with w(®) = 0 and ||®| < 24.

In this chapter we go further and prove that (for large x) the real part I;,; contains
no nontrivial elements of weight 0 and even of any weight divisible by g.

On the other hand, in Chap. 11 we shall see that a solution to Catalan’s equation
implies a nontrivial element of I;fl of weight divisible by g. This contradiction
would prove Catalan’s conjecture.

As usual, p and ¢ are distinct odd primes', ¢ is a primitive p th root of unity,
K = Q(¢) is the pth cyclotomic Field, and G = Gal(K/Q) is its Galois group
over Q.

9.1 The Main Theorem

As in Chap. 8, we fix a nonzero integer x and define Mihdilescu’s ideal Ty as the
set of all elements @ of the group ring R = Z[G] such that (x — ¢)® is a ¢th power
in K. Let IA‘; = Ty N R™ be the real part of Mihiilescu’s ideal. An element of
Mihdilescu’s ideal is called trivial if it is divisible by ¢ in the ring R.

In this chapter we prove the following theorem.

Theorem 9.1 (Mihiilescu). Assume that |x| > (8¢)?~V/2. Then IA'; has no non-
trivial elements of weight 0.

ILike in Chap. 8, we do not assume that p and g come out of a solution of Catalan’s equation.

© Springer International Publishing Switzerland 2014 117
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In other words, for large x we have Ij; N R*™& C gR™¢, where R™¢ is the
augmentation ideal of R.

If (x,y,p,q) is a solution of Catalan’s equation, then g > 43 by Corol-
lary 8.18, and Hyyro’s bound (3.18) implies that |x| > g?~' > (43¢)?~"/2. Hence
Theorem 9.1 applies in this case.

To give an idea of the proof, recall that in the proof of Theorem 8.24, we
approximated the gth root o, together with all its conjugates, by 1. When the size
of ® is not too large, this approximation is so good that it implies an equality, which
is impossible.

Unfortunately, this argument fails if the size of ©® exceeds (or is equal to) 2q.
This resembles the situation with the proof of Cassels’ divisibility theorem in
Sect. 3.3: the simple approximation y ~ a” was sufficient for the “easy” case p < ¢
but insufficient when p > q.

In the proof of Theorem 9.1 we argue as in the “difficult” case of Cassels’
theorem. We approximate the gth root by a partial sum of a certain power series.
Next, we show that the approximation is so good that it implies the equality of the
corresponding quantities. However, the equality is impossible, because one of the
numbers is an algebraic integer, but the other is not.

In brief, Theorem 9.1 relates to Theorem 8.24 in the same way as the “dif-
ficult” case of Cassels’ theorem (Proposition 3.10) relates to the “easy” case
(Proposition 3.8).

We conclude this section with a few technical comments concerning the proof of
Theorem 9.1. First of all, it is more convenient to prove (and to use) the following
equivalent statement.

Theorem 9.2. Assume that |x| > (8¢q)?~V/2. Then I;,; has no nontrivial elements
of weight divisible by q.

Again, as we have seen above, Theorem 9.2 applies in the case when (x, y, p,q)
is a solution of Catalan’s equation.

Though Theorem 9.2 looks formally stronger than Theorem 9.1, the two are, in
fact, equivalent. Indeed, let & be a nontrivial element of Ij,; of weight mq, where
m e Z. Since ® € RT, the weight of @ is even. Hence m is even; write m = 2n.
Then ® — nq(1 + ¢) is a nontrivial element of Ij,; of weight 0.

Further, we may assume @ nonnegative’ and of bounded size. Indeed, write
e = ZUGG a,0, and for each o0 € G let a; be the remainder of the Euclidean
division of a, by ¢; that is,

0<a, <q-—1, al, = a, modgq. 9.1)
Put ® =Y _;alo. Then @ is a nontrivial element of Z}; if and only if © is.

Thus, we shall not restrict generality if we assume in Theorem 9.2 that ® > 0 and
that w(®) < (g — 1)(p — 1). In fact, we can do even better.

ZRecall that @ = Y seq o0 is called nonnegative (notation: @ > 0) ifa, > O forallo € G.
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Proposition 9.3. For every ® € R there exists a nonnegative @' € R satisfying

-1
o) = we) < 120

and congruent either to © or to —® modulo qR. Also, if ©® € RT then ®' € R™ as
well. In particular, ®' is a nontrivial element ofIA'; if and only if © is.

Proof. We again write ©® = )" __. a,0 and define a, as in (9.1). Put

@i:Za;a, @;=Z(q—a(’7)o=qj\/—@i.

0€G 0€G

Obviously, both @] and @) are nonnegative and satisfy
O] = ® modgR, O, = —O modgR.

Also, both ©@] and @) belong to R if © does.
Finally, since @ + 0 = g, we have w(©]) + w(®}) = g(p — 1). Hence at
least one of the two weights does not exceed g(p — 1)/2. O

Thus, in the proof of Theorem 9.2 we may assume that ® > 0 and that
w(®) <q(p—-1)/2.

9.2 Products of Binomial Power Series

The proof of Theorem 3.3 relied on simple arithmetical and analytic properties of
the binomial power series (1 4+ 7')". For the proof of Theorem 9.2 we need similar
properties of more general power series. In this section we extend Lemma 3.6 to
series of the form

T+6T)" - A+ET)".

In the sequel, the capital letter 7" will stand for an independent variable, and
small ¢ will be a complex number. If A(T) =ao+ a;T + arT? + --- is a formal
power series with complex coefficients, then we denote by A(?) its sum at 7 = ¢
(of course, provided the numerical series ag + a;t + art> + - converges).

For a complex number £ and a real number v we consider the binomial power
series

(1+ET) =3 (Z)ngk.

k=0
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Now fix complex numbers &, ..., & and real numbers vy, ..., v, and consider the
power series

F(T) = (L+&T)" - (1+§T)" = fo+ fiT + AT+,

which is obtained by formal multiplication of the corresponding binomial series; in
particular,

fo=1.  fi=vibi+- 0k,

and so on.
For every nonnegative integer m we define the mth partial sum by

Fu(T) = fo+ AT + -+ fuT".
We want to estimate the difference F(¢) — F,, (t). We may assume that

max {|&],....[&]} <1, 9.2)

because the general case reduces to (9.2) by an obvious change of variables.

Proposition 9.4. Assume that (9.2) holds. Then for any complex t satisfying |t| < 1
we have

n+m

m+1

The proof requires the notion of dominance of power series. Let A(f) =
Y oo Ak T* be a series with complex coefficients, and let A(f) = Y reo dk T* be
a series with nonnegative real coefficients. We say that A(T') is dominated by A(t)
(notation: A(T) < A(T)) if |ay| < @ fork = 0,1,2. ... The following properties
are immediate.

|F(t) — Fp(t)] < (1 — e[yt e+, (9.3)

where pu = || + -+ |v,].

Proposition 9.5. 1. The relation of dominance is preserved by addition and mul-
tiplication of power series; that is, if A(T) < A(T) and B(T) < B(T), then
A(T) + B(T) < A(T) + B(T) and A(T)B(T) < A(T)B(T).

2. If A(T) < A(T) and t is a complex number such that A(T) converges at
T = |t|, then A(T) converges at T =t, and |A(t)| < A(|t]). Moreover, for any
nonnegative integer m, we have

|A(6) = An ()] < |A(t)) — An(l2])

’

where A, (T) and A,,(T) are the mth partial sums of the corresponding series.

Proof of Proposition 9.4. For any real number v and any nonnegative integer k we
have
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v
k
It follows that the series (1 +£7)" is dominated by (1 —|&|7)~""!, and, when
|€] < 1, it is dominated by (1 — T))~!*l. Hence our series F(T') is dominated by

F(T)=(1—T)"*, where u = |v| + -+ |v].
Now, using Taylor’s formula as in the proof of Lemma 3.6, we obtain

- k!

_ IV D (ol e — 1) (_1)k<—l|€v|),

|F(t) — Fu(t)| < |F(It]) = Fnu(t)]

dm+1(1 _ T)—[l. |t|m+1
< sup qrmtt —(m+ 0!
0=f=l T=0li| '
—p—m— —H m+1
=(1—[eph~ ! ks
(1 =1t]) (m i 1)‘| |
Since
—H _|fmtm
m+1) \m+1])|
the proposition follows. O

9.3 Mihiilescu’s Series (1 + ¢T)®/4

In this section we fix

O =Y a0 € Z[G].

oc€G

and investigate the power series (1 + ¢7)®/4, which is defined by

A+ = [Ta+ Ty, (9.4)

0€G

Write
(1 +¢T)% = foy(O) + fLOT + fr(O)T* + -+,

so that
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1 o
O =1, fi(0) == a,t°,
q 0€G

and so on.

First of all, we state few simple properties of Mihdilescu’s series that follow
immediately from the definition. Observe that the Galois group G = Gal(K/Q)
acts on the ring K[[T]] of formal power series coefficient wise: if

A(T) =ap +a\T +a,T* + ...
is a formal power series with coefficients in K, then we put
A°(T) :=a§ +aT +a5T* + ...
An obvious verification shows that this action is compatible with the arithmetic
operations on power series: we have (A(T) 4+ B(T))° = A°(T) + B°(T) and
(A(T)B(T))” = A°(T)B°(T).

The series (1 + ¢{T)®/9 converges at T = ¢ when ¢ is a complex number with
] < 1, and we denote the sum by (1 + ¢1)®/4.

Proposition 9.6. /. Forany ® € R and o € G we have
((1+¢T)®) = (1 +¢T)%7
In other words,
£i(©)Y = fi(Oo)  (k=0,1,2,...).

2. If ® € RY then Mihdilescu’s series (1 + ¢T)®/9 has real coefficients. In partic-
ular, for any real t with |t| < 1, we have (1 + £1)®/4 € R.

Proof. Put F(T) = ((1 4+ ¢{T)®/%)” and G(T) = (1 + ¢{T)®°/4. Then
F(T)! =G(T)! = (1+¢T)%.
It follows that F(T') = £G(T), where £ is a gth root of unity. Since
F0)=G0) =1

we have §& = 1. This proves part (1).
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Now assume that @ € R™, and write ® = @’(1 + (). Then, using part (1), we
obtain

(145D = (14 £ /11 4 ¢T)*
= (1+¢7) (1 4+ ¢
= (L +¢T) A+ Ty,

Hence (1 + ¢T)®/4 has real coefficients as a product of two complex conjugate
series. This proves part (2). O

We want to study the arithmetic of the coefficients f;(®), as we did in
Lemma 3.5 for the usual binomial power series. Sometimes we shall write f; instead
of fi(®) when this does not lead to a confusion. In the sequel the number

$(O) =" a,0° = ¢fi(0)

0€G

will play the central role.

Theorem 9.7. 1. The number g*T0% &) £(©) is an algebraic integer.
2. Let q be a prime ideal of the cyclotomic field K, dividing q but not dividing the
number ¢(O) defined above. Then
Ordq( fx) = —k — Ord, (k!) k=0,1,2,...).
In particular, for such q we have

0 = Ordy(fp) > Ordg(fi) > Ordg(f5) > ...

Put ¢y = ¢r(O) = k!g* £, (O), so that

1 (O)
o Tx.

(1+¢qT)% =3
k=0

Theorem 9.7 is an easy consequence of the following statement.

Proposition 9.8. The numbers ¢ (®) are algebraic integers satisfying the
congruence

P (0) = ¢(0) modq

fork =0,1,2,...



124 9 The Real Part of Mihailescu’s Ideal

Proof of Theorem 9.7 (assuming Proposition 9.8). Let a be an integer. Lemma 3.5
implies that for every k the binomial coefficient (”,/(q) is an integer divided by a
power of ¢. Hence every of the coefficients f;(®) is an algebraic integer divided by
a power of ¢; in other words, for each k there exists an integer N such that gV £; (©)
is an algebraic integer.

On the other hands, Proposition 9.8 implies that g¥k! f; (@) is an algebraic
integer. Hence ¢* 0™k £, (@) is an algebraic integer. This proves part (1).

Next, let q be a prime ideal dividing ¢ but not dividing ¢(®). Since
#1(©) = $(O)F mod q, we have Ordy(¢x) = 0. Hence

Ord, (/i) = Ord, (%) = —e(k + Ord, (k!)),

where e = Ordg(q). Since ¢ is unramified in K (Proposition 4.8), we have e = 1.
This proves part (2). O
The proof of Proposition 9.8 relies on the following purely algebraic lemma.

Lemma 9.9. Let R be an integral domain of characteristic 0, let A(T), B(T), and
C(T) = A(T)B(T) be formal power series over its field of quotients, and let a be
an ideal of R. Write

oy B Vi

T) = § : Tk T _} : Tk T) = Tk

AT = k! B(T) = k! )= k!
k=0 k=0 k=0

and assume that all the coefficients ay and By belong to R. Further, assume that
there exist a, B € R such that

o = o moda, ,BkE,Bkmoda (k=0,1,2,...).
Then the coefficients yy also belong to R and satisfy
Ve = (@+p)fmoda (k=0,1,2,..).

Proof. We have y; = ZI;ZO (l;)ajﬂk_j. Hence y; € R and

k
Yk Z (];)otjﬂk_j = (e + B)* moda,

j=0

as wanted. O

Proof of Proposition 9.8. Lemma 9.9 implies that the statement of the proposition
is additive in ©. That s, if @, ®, € Z[G] are such that for all k the numbers ¢ (©;)
and ¢y (©),) are algebraic integers satisfying

P (O1) = $(01)  modq, ¢ (02) = ¢(02)" modg,
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then the numbers ¢y (®; + ©,) are algebraic integers satisfying
(01 + @) = (O + ) modg.

Thus, it remains to verify the statement of the proposition for ® = +o. For
® = o we have

€.

1=a)---(1 = (k -
ﬂm:nymhg(lwq£!<lm

Hence ¢ (0) =1-(1—¢q)---(1 — (k — 1)q)(¢°)* = (£°)* modgq. Similarly, one
shows that ¢ (—0) = (—¢°)F mod g. The proposition is proved. O

Finally, we wish to adapt Proposition 9.4 to Mihiilescu’s series. Recall that we
denote by (1 4 ¢£)®/9 the sum of (1 + ¢T)%/4 at T = ¢.

Proposition 9.10. Let m be a nonnegative integer and t a complex number with

|t| < 1. Then
W+ m |t|m+1
m+1 '

Proof. This is a direct application of Proposition 9.4. O

<1 —[eph~rt

A+ =" fi(@)t

k=0

where u = ”(ql”

9.4 Proof of Theorem 9.2

Let ® be a nontrivial element of the real part IA‘; of Stickelberger’s ideal, and assume
that the weight of @ is divisible by g. As follows from Proposition 9.3, we may
assume that ® > 0 and that

um=w@§@§2

We shall use this later in the proof. Also, the assumption |x| > (8¢)?~D/? implies
that x > 40, which will be used in the proof as well.

Denote by a = a(®) the gth root of (x — ¢)® belonging to K. As indicated in
the introduction, we wish to approximate o by a partial sum of a certain power
series. To do this, we have to express « as the sum of a certain power series. In the
proof of Cassels’ theorem we used binomial power series; this time we need more
complicated Mihailescu series.
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Write w(®) = pg, where, by the assumption, u € Z. Moreover, since © is
nonnegative and nonzero, j is a positive integer. Analytically, a gth root of (x — ¢)®
can be given by x*(1 — ¢/x)®/%, where (1 — ¢/x)®/4 is the sum of Mihiilescu’s
series (1 + ¢(T)®/9 at T = —1/x. A priori, there is no reason for « to be equal to
this quantity; all we can assert, without an additional assumption about @, is that o
is equal to x*(1 — ¢/x)®/9 times a gth root of unity.

It is crucial that, in our special case ® € T, we do have the equality

a = x"(1—¢/x)01, 9.5)
Indeed, both parts of (9.5) are real numbers: € R by Proposition 8.25 and
(1 —¢/x)?/4 € R by Proposition 9.6. Thus, both parts of (9.5) are equal to the real

gth root of (x — ¢)®.
It follows that o can be approximated by x* F,,,(—1/x), where

En(T) = fo(©) + A(O)T + -+ fu(O)T"

is the mth partial sum of Mihiilescu’s series (1 + ¢7)/9. More precisely, Proposi-
tion 9.10 implies that

1 1!
a—xtF,—— |21 - — pm B i
X |x]| m+1

Since x > 40 and? (’;‘:_"1’) < 2m+i=1 we have

1
o —x"F, (——)
X

From now on we put m = p. It will be convenient to multiply the difference
o —x*F,(—1/x) by g O to get an algebraic integer (see Theorem 9.7).
Thus, put

< 2.1MFR| x|l

B = B(O) = g+ O (a(@) " F (—%))

n
= gHom ) (a(@) —Y DA (@)xﬂ—") :

k=0

Mtis easy to see that, for integers @ > 0 and b € {0, ..., a}, the binomial coefficient (Z) satisfies
(Z) < 2¢=1 | Indeed, the cases b =0 and b = g are obvious, and for 0 < b < a we have

(Z) = (Z:i) + (“;1) < ZZ;E( ;1) — ga—1_
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Then S is an algebraic integer, satisfying

|18| < q;L+Ordq(;L!) . 2‘12;L|x|—1‘

n
Since Ord,(u!) < u/(qg — 1), we have O ™) < (ql/(q_l))ﬂ < (\/g) , which
implies

18] < (2.12- ﬁq)“ Ix|7! < (8q)"|x|".

Now recall that w(®) < g(p — 1)/2, which means that u < (p — 1)/2. Using our
assumption |x| > (8¢)?~V/2, we obtain |f| < 1.

If B were a rational integer, this would have been sufficient to conclude that
B = 0. However, it is merely an algebraic integer, so we have to estimate all
its conjugates to make a similar conclusion. Recall that, for 0 € G, we have
a(0)° = a(O0c) (Proposition 8.9(3)) and fx(®)° = f(O®0c) (Proposition 9.6(1)).
It follows that B(®)° = B(®ac). Hence, applying the previous estimates with Oc
instead of @, we obtain || < 1 forevery o € G.

Thus, B is algebraic integer with all conjugates strictly smaller than 1 in absolute
value. Hence B = 0, that is, @ = x*F,(—1/x). We are going to show that this
equality is impossible.

Since @ > 0, the number (x — ¢)® is an algebraic integer. Hence so is a(®).
We shall see that the number x*F,(—1/x) is not an algebraic integer. By the
assumption, ® is not divisible by g. That is, if we write ® = ZUGG a,0, then at
least one of the coefficients a, is not a multiple of ¢. Hence the algebraic number
#(O) =Y casL% is not divisible by ¢ either*. Let q be a prime ideal above g
which does not divide ¢ (®). Theorem 9.7:2 implies that

0 = Ordy(fp) > Ordg(fix™") > ... > Ordg(fux ")

(we write f; instead of f;(®)). Hence Ord, (F,L(—l/x)) = Ord, (fux_").
It follows that

Ordq (x* Fy(—1/x)) = Ordq (/) <O.

This proves that x*F,(—1/x) is not an algebraic integer. In particular,
a # x*F,(—1/x). The theorem is proved.

We conclude this section with a general remark. In the course of our argument
we have implicitly proved (and used) the following statement: let @ belong to the
real part of Mihdilescu’s ideal, and let F(T) = (1 4+ ¢(T)®/4 be the corresponding
Mihdilescu series; then F°(—1/x) = F(—1/x)° for any 0 € G. That is, when we
apply o to the coefficients of the power series F(7'), then the sum at 7 = —1/x of
the new series is the o-conjugate of the original sum.

4Because Ok = Z|[{], see Theorem 4.6.



128 9 The Real Part of Mihailescu’s Ideal

It is important that a similar general statement is not true. Indeed, let
A(T) =ao+aiT +ayT* + -

be a formal power series with coefficients in some number field. Also, let ¢ be
a rational number; assume that the series A(7) converges at T = ¢ and that the
sum A(t) is an algebraic number as well.

Let o0 be an automorphism of a number field containing the coefficients
ap,ai,ds, ... and the sum A(¢). Then it is not true, in general, that the series
A°(T) =a§ +alT +aST? + --- converges at T = t. Moreover, even if it does
converge, it is not true, in general, that A° (t) = A(¢)°.

Example 9.11. 1. The series Y oo (1 — V2)KT* convergesat T = 1, but the series

302 (1 + V2)KT* does not.
2. The series

A(T) = V3(1 Tl/zzooﬂl/z)Tk.
(T) (1+7T) ; (k

converges at T = 1/3, and A(1/3) = +/3(1 4+ 1/3)"/2 = 2. Let ¢ be the non-
trivial automorphism of Q(+/3). Then A°(T) = —A(T) also converges at
T =1/3,but A°(1/3) = =2 # A(1/3)°.

The reason for this unfortunate fact is simple: Galois automorphisms are, in
general, not continuous in the complex topology (the only exception is the complex
conjugation). Therefore one always has to be careful applying Galois action to
convergent power series.



Chapter 10
Cyclotomic Units

In this short chapter we give a brief introduction to the beautiful theory of
cyclotomic units, which can be viewed as a “real analogue” of Stickelberger’s ideal.

In particular, we prove the real class number formula (10.6).

10.1 The Circulant Determinant

This section is preparatory. We calculate a special determinant needed for the theory

of cyclotomic units. We closely follow Lang [60, Sect. 3.6].
The famous “circulant determinant” identity is

X1 X2 ... Xy
Xm X1 «oo Xpy—

N=PPE-PE
X2 X3 ... X|
where £ is a primitive mth root of unity and
P(T) =x1 +x2T + -+ x, 7" ".

In this section we prove a generalized version of this identity.
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130 10 Cyclotomic Units

Let G be a finite abelian group, and let f : G — C be a complex-valued function
on G. We want to calculate the |G| x |G |-determinant!

det[ f (@ 'b)]apec-

When G is a cyclic group, this is the usual circulant determinant displayed above.
Let G be the group of C-characters of G. The following result is credited to
Dedekind, see [46].

Theorem 10.1. We have

det[f (@ Davec = [[ D f@x(@). (10.1)

1€G a€G

Proof. Let V be the space of complex functions on G. It is a |G|-dimensional C-
vector space. It has two natural bases. The first one is the “§-basis” {§, : a € G},
where the function §, is defined by §,(a) = 1 and §,(x) = 0 for x # a. The second
one is the “y-basis” G, consisting of the characters of G.

For ae G let T,:V — V be the “translation by a” map, defined by
T.g(x) = g(a™'x) for g € V. Then T,(8y) = Sap and T,(x) = x(a~ ")y for a
X € G.In particular, every y is an eigenvector of 7.

Now let T : V' — V be the linear operator defined by

T=Y fla"T..

aeG

Then

T8y =Y fla)sw =) fba™")s,,

a€G a€G

which means that the matrix of T in the §-basis is exactly [ f(ha™!)]4.rec. Clearly,
this matrix has the same determinant as [ f(a™'b)]4.sec-

On the other hand,
Ty = (Z f(a‘l)x(a‘l)) x= (Z f(a)x(a)) X
a€eG a€eG
ITo be precise, we fixed an ordering G = {ay,..., an}, and consider the determinant

det [ f@ta /')]151',]' <m’ Obviously, the value of the determinant does not depend on the fixed
ordering.
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which means that the matrix of T in the y-basis is diagonal, with the elements
> e f(a)x(a). Equating the determinants of the two matrices, we obtain (10.1).
The theorem is proved. O

Actually, we need a variation of this result.

Corollary 10.2. Let G be a finite abelian group, and let f be a complex function
on G. Then

detl f(@b)apec = = [ [ D f@x(@), (10.2)
Xeé a€G
detlf(ab) = (@] wree =+ [ D f(@x(a). (103)
' 4G a€G
1F1

where the product in (10.3) extends to the nontrivial characters of G.

Proof. The matrix [f(ab)] can be obtained from [f(a~'b)] by a permutation of
lines, which proves (10.2). (The reader can verify that £ can be specified as
(=1)IGI-IGRI where G[2] is the 2-torsion subgroup of G.)

Now write G = {a; = 1,a», ..., a,;}. Then the determinant in (10.2) is

fla) flarad) ... flaiam)
fla) flaxar) ... f(azay)

flan) flanas) ... flaman)

If we add all the rows to the first row, the elements of the new first row will all
become equal to ), . f(a). It follows that

1 1 . 1
) flaz) flaxaz) ... f(azam)

det[f(ab)lasec = (Z fla)

a€G . . : .
flan) flamaz) ... flaman)
Subtracting now the first column from every other, we obtain

detlf(@h)lueo = (Z f(a)) det{f(ab) = f@lases

a€G

which proves (10.3) for all f satisfying ) ., f(a) # 0.
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To complete the proof, observe that for every f there is a sequence { fy}72,
converging to f and such that ) ., fi(a) # 0 for all k. As we have just
proved, (10.3) holds with f replaced by fr. Taking the limit as k — oo, we
obtain (10.3) with f itself. O

10.2 Cyclotomic Units

As usual, p is an odd prime number, { = {, is a primitive pth root of unity,
K = Q(¢) is the pth cyclotomic field, and G is the Galois group of K over Q.
As we have seen in Proposition 4.1, the numbers

Ul 4 (k,€ % 0 mod p)
— , mo
¢ P
are units of the cyclotomic field K. It follows that for any integers ay,...,a,—

satisfying a; + - -+ + a,—1 = 0 the number

(1 — é-)m (1 _ é-z)uz (1 _ é,p_l)u,,,l

is a unit of K as well. In other words, for any & from the augmentation ideal R*"¢ of
the group ring R = Z[G], the number (1 — ¢)® is a unit of K. These units are called
cyclotomic, or circular, units; they form a multiplicative group, which is denoted
by Ck or simply by C if there is no risk of confusion.

To begin with, we determine a system of generators for C. Obviously, the group C
is generated by the units

1—¢k
O, = k=2,3,....,p—1).
k 1—¢ ( p—=1
Since 8,1 = —{and 0, y = —¢ ~* )., we obtain the following statement.

Proposition 10.3. The group C of cyclotomic units is generated by —¢ and by the
units 6, ..., 9(p_1)/2. O

The group C is a subgroup of the full unit group U/, which, by Dirichlet’s unit
theorem, is a finitely generated abelian group of rank r = (p — 3)/2. It follows
that C is a finitely generated abelian group of rank not exceeding r. It is fundamental
that the rank of C is equal to r (and, consequently, the index [U{ : C] is finite).

Theorem 10.4. The cyclotomic units 05, . .., 0(,—1)/> are multiplicatively indepen-
dent. In particular, the rank of the group of cyclotomic units is (p — 3)/2.

The proof of this theorem requires some preparation. Recall that Theorem 7.18
was an “algebraic reformulation” of Dirichlet’s nonvanishing relation L(1, y) # 0
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for the odd characters (see Remark 7.19). Theorem 10.4 is the corresponding
statement for the (non-trivial) even characters. In particular, its proof is quite
analogous to the proof of Theorem 7.18.

Let us translate into a more suitable language the part of Corollary 5.12 related
to the even Dirichlet’s characters. Let f : G — R be the function defined by
f(o) =log|1 —¢°|. Then the “even” part of Corollary 5.12 can be restated as
follows: for any even? character y of G, we have Y. x(0) f(0) # 0. Also, the
class number formula (5.18) can be rewritten as

WRY =200 TT 37 x(0) f(0),

1w=1 oc€G
Vaall

where 4™ and R are the class number and the regulator of the real cyclotomic
field K1, and the product runs over all nontrivial even characters of G.

Obviously, f(o) = f(ot) for any o € G. It follows that f defines a function
on the group G = G/{1,1} (which is the Galois group of KT over Q). This
function on Gt will be denoted by f as well. Also, there is a one-to-one
correspondence between the even characters of G and the characters of GT. With
this correspondence in mind, we have the relation

D x0)f@) =2 Y x(0)f(0).

0€G ceGt

where the y on the left is an even character of G and the y on the right is the
corresponding character of G .
We have proved the following statement.

Proposition 10.5. For any character y of G we have Y s+ x(0) f(0) # 0.
Moreover,

R =T X2 x0) 1), (10.4)

X#loeGt

where the product extends to the nontrivial characters of G ™.

Proof of Theorem 10.4. Put m = (p —1)/2=r 4+ 1. Assume that the units
0,,...,0, satisfy a nontrivial multiplicative relation 95‘2"'9;‘1"1 = 1. Then for
any o € G the conjugates 65, ..., 07 satisfy the same relation. Hence the rows
of the r x r matrix A = [log|0"|],_, ,,, (where 0} is the automorphism of K

defined by 03 (¢) = ¢?) are linearly dependent; in particular, the determinant of this
matrix is 0.

That is, satisfying x(t) = 1, where ¢ is the complex conjugation
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On the other hand, a quick reflection shows that matrix A coincides (up
to a row/column permutation) with the matrix [f(o7) — f(7)],.eq+, Where

0, T#1
f : GT — Ris the function defined above. By Corollary 10.2,
detA==x]] > x0)f(0). (10.5)
1#loeGTt
which is nonzero by Proposition 10.5. The theorem is proved. O

For the proof of Theorem 10.4, we needed only the “qualitative” part (that is, the
nonvanishing statement) of Proposition 10.5. Using the “quantitative” part (that is,
equality (10.4), we can go further and determine the index [ : C]. Below we sketch
the proof of the beautiful relation

U :C)=ht. (10.6)

(This result will not be used in the sequel.)

As we have seen in Sect. 4.4, the full unit group U is the direct product §2 x U,
where 2 = (—{) is the torsion subgroup of U/ and Uy is the group of positive
real units, which is a free abelian group of rank r. Since —¢ € C, the group C
contains §2, which means that C = £2 x C4, where C; = C N U4 is the group of
real positive cyclotomic units (again a free abelian group of rank r). This shows that
[Ll : C] = [Z/[+ IC+].

Now consider the map A : &/ — R”, which associates to each n € U the vector
(log |n°2], ... ,log |n°"|). The kernel of A is 2k and the image A (/) is a lattice in R"
of fundamental volume R . Also, A(C) is the lattice generated by A(6,), ..., A (),
and its fundamental volume is |det A|, which is equal to At R ™ by (10.4) and (10.5).
Since A is injective on U, we have

htR*
b= Cl = [ty : Cr] = AU : MO = —7— = h*,

which proves (10.6).

Remark 10.6. Equality (10.6) is a “real analogue” of Iwasawa’s class number
formula (see Theorem 7.27). As in that case, it is believed that the equality of
orders does not correspond, in general, to isomorphism of the groups 2//C and H™*.
See Sect. 8.1 in Washington’s book [136] for a discussion on this, as well as for
extending the results of this section to general cyclotomic fields.



Chapter 11
Selmer Group and Proof of Catalan’s
Conjecture

As follows from Theorem 9.2, Catalan’s problem would be solved if we show
that a solution of Catalan’s equation implies a nontrivial element in the real part
of Mihadilescu’s ideal. It is natural to look for such elements in the annihilator
of the class group. (More precisely, we want to annihilate a related group, called
here the gth Selmer group.) Unfortunately, Stickelberger’s theorem is not suitable
for this purpose, because the real part of Stickelberger’s ideal is uninteresting
(see Sect.7.7). In 1988 Thaine [132] discovered a partial “real” analogue of
Stickelberger’s theorem, and Mihiilescu showed that Thaine’s theorem is sufficient
for solving Catalan’s problem.

11.1 Selmer Group

In this section we define the notion of gth Selmer group and reduce Catalan’s
problem to a certain property of this group.

Let K be any number field (not just the cyclotomic field) and let g be any prime
number. Consider the subgroup ¥ of the multiplicative group K™ consisting of the
elements @ € K> such that the principal ideal () is a gth power of an ideal. In other
words,

¥ = {a € K*: q divides Ord;(«) for any prime ideal [ of K}.

It contains the group (K*)? of gth powers, and it is easy to show that the quotient
¥ = ¥ /(K*)! is finite.

Indeed, let H be the class group of K, and consider the homomorphism > >H
which maps a € ¥ to the class of the ideal a satisfying a? = («). The kernel of this
homomorphism is & (K*)?, where U is the unit group of K. This homomorphism
induces a homomorphism X — H, whose kernel U (K>)?/(K*)4 = U /U1 is finite
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(because U is of finite rank). Since H is finite as well, the finiteness of X follows.
One can add to this that X is a g-torsion group; that is, the order of each element
of Yisqorl.

If K is a Galois extension of QQ, then the Galois group G acts on both x
and (K™)?; in other words, both these groups are G-modules. Hence so is the
quotient group X'. Moreover, since X is a g-torsion group, it is annihilated by
qZ|[G]. It follows that X has a natural structure of Z[G]/qZ[G] = F,[G]-module,
where F, = Z/qZ is the field of g elements.

Remark 11.1. The ring F,[G] has an important advantage compared to Z[G]: it is
semi-simple when g does not divide |G|; see Theorem D.11. In particular, F,[G] is
semi-simple if K is the pth cyclotomic field and ¢ does not divide p — 1. We shall
repeatedly use this property in this chapter.

The significance of this construction for Catalan’s problem stems from the fol-
lowing observation. Let (x, y, p, g) be a solution of Catalan’s equation,  a primitive
pthroot of unity, K = Q(¢) the pth cyclotomic field, and G = Gal(K/Q).

Proposition 11.2. In the above setup, for any © € Z[G] of weight divisible by q,
we have (x —)® € X.

Proof. By the “most important” Lemma 6.1 the principal ideal (x — {) is equal to
pa?, where p = (1 — {) is the prime ideal above p and a is an ideal of K. Since
p? = p for any o € G, we have p® = p* @ for any © € Z[G]. Hence if ¢ | w(O)
then, writing w(®) = mgq, we find that the principal ideal ((x - §)@) is (p”’a@)q, a
qth power of an ideal. O

We continue to assume that K is the pth cyclotomic field and G its Galois group.
As we did for Z[G], we consider the real part, or the plus-part F,[G]*, and the
relative part, or the minus part F,[G]~, the former being the ideal (1 + ¢) and the
latter being the ideal (1 — ¢) (where ¢, as usual, is the complex conjugation).

Assume that, in the setup of Proposition 11.2, the group X has a nonzero
annihilator © € F,[G]T with w(®) = 0. Then, lifting @ to Z[G], it is easy to
produce (see the end of this section) a nontrivial element of the real part of
Mihdilescu’s ideal, of weight divisible by ¢, contradicting Theorem 9.2.

Thus, Catalan’s problem will be resolved if we find in the plus- part of F,[G]
a nonzero annihilator of X' of weight 0. Unfortunately, the theory of cyclotomic
fields in its present state does not guarantee the existence of such an annihilator.
Mention that we cannot use Stickelberger’s ideal to produce it, because the real part
of Stickelberger’s ideal is very small and uninteresting (see Proposition 7.23).

Mihdilescu’s bright idea was to replace X' by a smaller group, for which a
required annihilator exists (under suitable assumptions). As it was for X, the
definition applies to any number field K and any prime g. Thus, we return to the
general case: now K is any number field.
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Leta € O = Ok be coprime with g. We say that « is g-primary if « is congruent
to a gth power modulo ¢>:

o = B¢ mod ¢>

for some B € O.

More generally, let & be a nonzero element of K. We say that « is g-primary
if « = a5 'y4, where a1, 2, € O are coprime with ¢ and g-primary as defined
aboveand y € K*.

Remark 11.3. Assume that ¢ is an odd prime number unramified in K (which is
the case when K is the pth cyclotomic field and ¢ # p). A reader familiar with the
notion of g-adic completion can easily verify that in this case @« € K> is g-primary
if and only if it is a “g-adic gth power” (that is, a g-adic gth power for any prime
ideal q | g). Perhaps, it would have been more “conceptual” to take this property as
the definition of g-primary numbers. However, our definition is more convenient to
use and more suitable for an unsophisticated reader.

The g-primary elements of K form a multiplicative group, containing the
group (K*)? of gth powers. Now let S be the subgroup of X, consisting of ¢-
primary elements, and put S = S/(Kx)q. Since S is a subgroup of X, it is also a
finite g-torsion group. We call it the gth Selmer group, or (when ¢ is fixed) simply
the Selmer group of the field K, because its definition is inspired by the definition
of the Selmer group in the theory of elliptic curves.!

If K is a Galois extension of Q and G = Gal(K/Q) then the multiplicative group
of g-primary numbers is a G-module. It follows that S is a G-submodule of ¥ and S
is an F,[G]-submodule of X'.

Mihdilescu’s divisibility theorem (Theorem 6.14) implies that in Proposi-
tion 11.2 one can replace b)) by S.

Proposition 11.4. In the setup of Proposition 11.2, we have (x —{)® € S.

Proof. Tt suffices to show that x — ¢ is g-primary, which is true because —¢ is a ¢gth
power and x is divisible by ¢> by Theorem 6.14. O

Now we are ready to state the main result of this chapter. Let p and ¢ be distinct
odd prime numbers, let K be the pth cyclotomic field, let G be the Galois group of
K/Q and let S be the gth Selmer group of K.

Theorem 11.5. Assume that p > q and that p % 1 modq. Then there exists a
nonzero © € F,[G]" with w(®) = 0 which annihilates S.

This theorem, together with the previously established results, solves Catalan’s
problem.

'We do not assume from our reader any knowledge of the theory of elliptic curves.
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Proof of Theorem 3.1 (assuming Theorem 11.5). Let (x,y, p,q) be a solution of
Catalan’s equation. By symmetry, we can assume that p > ¢, and Corollary 8.20
implies that p # 1 modg.

Let ¢, K, and G be as above. Since ¢ does notdivide |G| = p — 1, the ring F, [G]
is semi-simple (see Remark 11.1).

Applying Theorem 11.5, we find @ € F,[G]" with w(®) = 0 which annihi-
lates S. Write ® = (1 + ()0, and let @0 € Z[G] be an arbitrary lifting of &
to Z[G]. Then the element & := (1 + )@, € Z[G]* is a lifting of @. It has the
following properties:

e foranya € S we have «® € (K*)1;

« the weight of @ is divisible by ¢ (because w(®) = 0);

« the element G2 is not divisible by ¢ (indeed, if ¢ | ©? then ®2 = 0 which is
impossible because @ # 0 and F,[G] is semi-simple).

Since g | w(O), Proposition 11.4 implies that (x — ¢ )é € S. Hence
(x =% e (K.

Thus, &% € Z[G]™" is a nontrivial element of Mihiilescu’s ideal of weight divisible
by g. This contradicts Theorem 9.2. O

Now we can forget about Catalan’s problem and concentrate on the proof of
Theorem 11.5.

11.2 Selmer Group as Galois Module

In this section we reduce Theorem 11.5, which is a statement on the somewhat
“mysterious” Selmer group, to a statement on more “familiar” objects: units and
ideal classes.

As usual, let p and ¢ be distinct odd prime numbers; let K be the pth cyclotomic
field, G its Galois group, and O = Ok its ring of integers. Further, let ¢/ be the
unit group and # the class group of K. Finally, we denote by U4, the subgroup of ¢/
consisting of the g-primary units.

Proposition 11.6. Assume that q does not divide p — 1. Then the Selmer group S
is I, [G]-isomorphic to a submodule of Uy /U? & H /HA.

Proof. Recall the homomorphism Y > H already used in the beginning of
Sect. 11.1: to each @ € X' we associate the class of the ideal a such that a? = («).
We restrict this homomorphism to S. The kernel of this restriction is

UK NS = U, (K.
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Further, since a? = (@) is the principal ideal, the image of our homomorphism is
contained in the g-torsion subgroup® #[g]. Also, all groups above are G-modules
and our homomorphism is a G-homomorphism.

Factoring by (K*)?, we obtain an IF,[G]-homomorphism & i> H[gq] with
ker f = U, (K*)T/(K*)T = U, /U.

Since the ring F,[G] is semi-simple (see Remark 11.1), the Selmer group S
is [F,[G]-isomorphic to ker ' @ f(S) (see Remark C.8). It follows that S is
isomorphic to a submodule of U, /U9 & H[g]. Finally, Theorem E.1 implies the
F,[G]-isomorphism H[g] = H/H9. This proves the proposition. O

Thus, Theorem 11.5 will be proved if we produce a nonzero © € F;[G]*, of
weight 0, annihilating both U, /U9 and H/H?. To find such an annihilator, we
should investigate the group U, /U?. First of all, we determine the Galois module
structure of U /U4.

11.3 Units as Galois Module

In this section p is, as usual, an odd prime number and K is the pth cyclotomic
field. We denote by O = Ok its ring of integers, by U its unit group, and by
G = Gal(K/Q) its Galois group.

The principal goal of this section is to study the Galois module structure of the
group U /U?, where g is another odd prime number. However, we begin with the
unit group itself, more precisely, with its free part, that is, the quotient U=u /82,
where 2 = 2k stands for the torsion subgroup of K*.

Since both I and §2 are G-modules, so is U. We want to calculate its annihilator.
In other words, we want to determine all ©® € Z[G] such that ® is a root of unity
forany n € U.

Obviously, the norm element N’ = ) ___ o belongs to the annihilator. Also, for
any unit 7 the quotient 7/7 is a root of unity; see Lemma4.11. Hence 1 — ¢ (where ¢
is the complex conjugation) is in the annihilator as well. Thus, the annihilator
contains the ideal (N, 1 —¢). In fact, it is slightly bigger.

Theorem 11.7. The annihilator of U is the ideal T of Z[G] consisting of all © such
that20 € (N, 1 —1).

For the proof we need a lemma, which is, essentially, due to Dirichlet. Recall
that G = {o1,...,0,—1}, where oy is defined by ¢ > ¢*. Also, let r = (p — 3)/2
be the rank of the unit group.

2Recall that the g-torsion subgroup of a multiplicatively written abelian group A is
Algl ={x e A:x1 =1}.
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Lemn}a 11.8. Let a,,...,a, € Z be such that ® = a,01 + -+ a,0, annihi-
latesUd. Thena; = --- = a, = 0.

Proof. Consider the map A : &/ — R”, which associates to each n € U the vector
(log [n”],...,log|n°"|). The kernel of A is §2 and the image A (!/) is a lattice in R".
If ® annihilates I/ then

arlog|n®|+---4+a,log|n” | =0

for any n € U. If ay,...,a, were not all zero then the image A(L{) would have
belonged to a proper subspace of R". This, however, is impossible because A (If) is
a lattice. The lemma is proved. O

Proof of Theorem 11.7. As we have already seen, (M, 1 —1) C ann(Z;{). Moreover,
ifm® e ann(Z:{ ) for a nonzero integer m, then ® € ann(Z:l ) (if n”® is a root of unity,
then so is 7®). Thus, Z C ann(lf).

To complete the proof, we have to show that ann(l;{) C Z.Put

N =014+ 0(p-1)2s
Since 0, = oy, we have oy — 0, = ox (1 — ). This implies that
AN =N =N (1= e N, 1-0),
which means that N/ € T.

Now let ® annihilate /. Again using the relation 0,—; = 10}, we may write
® = O + 10", where both @ and ®” are linear combinations of o1, ..., 0,, with

m = (p —1)/2. Say,

O =do1+--+a,om, O =dlo)+---+aop.
Now
O+ 1-00"—(a, +a,) N’
is a linear combination of oy, ..., 0,,—, annihilating U. By Lemma 11.8, it must

vanish. Thus,
0 =—-(1-00"+ (a,, +a,) N,

which implies that ® € Z. The theorem is proved. O

Now we fix an odd prime number ¢ and study the ¥, [G]-module structure of the
quotient group U /U1.

Theorem 11.9. Assume that q does not divide p — 1. Then U /U is a cyclic F;[G]-
module. Its annihilator is (N) & (1 — 1).
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Proof. The kernel of the natural G-epimorphism
U—U—UIU

is 2U19. Since all elements of §2 are gth powers, the kernel is &9, which means
that U /U? and u / U4 are isomorphic as G-modules. Hence they are isomorphic as
F,[G]-modules as well. Therefore it suffices to show that U/U is a cyclic F,[G]-
module and determine its annihilator.

For the annihilator we shall apply Theorem C.5. Since g does not divide p — 1,
the ring F,[G] is semi-simple, and, in particular, it has no nilpotents. Hence ¢Z[G]
is a radical ideal of the ring Z[G] (as defined in Appendix C.2). Moreover, since
any quotient of IF,[G] is semi-simple as well, any ideal of Z[G] containing ¢Z[G] is
aradical ideal. In particular, so is the ideal gZ[G] + annzg) (). Now Theorem C.5
implies that the F,[G]-annihilator of U/U4 is the image of annzg (). Hence, by
Theorem 11.7, the ideal annpq(G)(Z:l JU?) consists of the elements & € F,[G] such
that 20 € (N, 1 — ), where, from now on, N stands for the norm element of the
ring F,[G] (and not of Z[G]). But 2 is invertible in F,[G], which implies that

anny, ) U/UT) = (N, 1 —1).

Further, we have w(N) = p —1# 0 in F, (here we again use the assumption
p # 1 modgq). But, by Proposition D.2, the principal ideal (N) is equal to F, N,
and, in particular, the nonzero elements of (A') have nonzero weight. It follows that
the ideals (N) and (1 — ¢) have nonzero intersection, and we have

anng, ) (U/UT) = (N) & (1 —1).

In the sequel we denote annFq(G)(Z;{ JUD) by Z.

It remains to show that 2/ /{4 is a cyclic F,[G]-module. By Corollary C.16, it
suffices to prove that /1) = ‘Fq [G]/Z | Since U is a free abelian group of rank
(p —3)/2, we have U /U19] = q(r=/2,

Now let us determine the cardinality of F,[G]/Z. First of all, let us find the
dimension of Z as an [F,-vector space. Since (V) = F, N, the F,-dimension of the
principal ideal (V) is 1. Further, the principal ideal (1 — ¢) is exactly the minus part
F,[G]™, and its F,-dimension is* (p — 1)/2. It follows that dimp, Z = (p + 1)/2.
Thus, |Z| = ¢»TD/? and, consequently,

|Fy[Gl/ZI = ¢ = [u/t).

The theorem is proved. O

3 Alternatively, one could determine both dimensions using Proposition D.13.
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Next, we decompose U /U? into a direct sum of smaller modules, using the
theory of cyclotomic units (see Chap. 10). But before this, we establish an important
property of these units.

11.4 g-Primary Cyclotomic Units

For the proof of Theorem 11.5, it is crucial that not all cyclotomic units are g-
primary (see Sect. 11.1 for the definition of g-primary numbers). More precisely,
we have the following statement.

Theorem 11.10 (Mihailescu). Let p and q be odd prime numbers, and assume that
p > q. Then not all cyclotomic units of the pth cyclotomic field are q-primary.

Proof. To begin with, introduce the polynomial

(1+T)—1-T4
q

f(T) =

€ Z[T). (11.1)

It is a nonzero monic polynomial of degree g — 1.

Now assume that all cyclotomic units of the pth cyclotomic field K are g-
primary. In particular, sois 1 + ¢4 = (1 — ¢24)/(1 — ¢9). Thus, there exists B € O
such that 1 + ¢¢ = B9 modg?. Then (1 +¢)? = 1+ ¢4 = B9 modq. Lemma 6.7
implies that (1 + ¢)¢ = B9 mod ¢ for any prime ideal q | ¢. Since ¢ is unramified
in K, this yields the congruence (1 + ¢)7 = B4 mod g2

Thus, (1 +¢)? =1+ ¢9 modg?. This can be rewritten as f(¢{) =0 modg,
where f(T) is the polynomial defined in (11.1).

Applying the Galois conjugation, we obtain f({°) = 0 modg for any o € G.
If now q is a prime ideal above ¢, then we have the p — 1 congruences

f(¢°) =0modq (o € G). (11.2)
Since £° # ¢* mod q for distinct o, T € G, congruences (11.2) imply that
p—l=degf=¢q-1,

which contradicts our assumption p > ¢. The theorem is proved. O

It is an interesting question whether the assumption p > ¢ is relevant here. To the
best of our knowledge, the answer is unknown.
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11.5 Proof of Theorem 11.5

The preparation is over. We arrived at the culmination point of this chapter and,
probably, of the whole book.

As usual, in this section p and ¢ are distinct odd prime numbers, K is the pth
cyclotomic field, and G its Galois group, U its group of units, and 4, the subgroup
of g-primary units. We shall assume throughout this section that g does not divide
p — 1. In particular, the ring IF,[G] is semi-simple. In this section we denote this
ring by R.

First of all, we deliver the promised decomposition of U/ /{7 into a sum of smaller
R-modules. We denote by C the group of cyclotomic units and by C, the subgroup
of g-primary cyclotomic units.

Proposition 11.11. The group U /UY is R-isomorphic to
ucuUt e C,/CNUY e C/C,.

The group U, /U is R-isomorphic to a submodule of U /CU & C,/(C NUT).

Proof. Since R is semi-simple, we have the R-isomorphisms (see Remark C.8)
UUT =U/CUT & CUT/UT = U/CUT & CUT/C,UT & CU /U1
Further,

CUY JUY = C,y/(Cy MUY = Cy/(CNUY),
CUT/CU4 = CCUY JCUT = C/(C N CUY) = C/C,.

which proves the first statement.

Similarly, U, /U4 is R-isomorphic to U, /C,U? & C,U?/UY. As we have seen
above, the second term here is C,/(C NUY). Further, the kernel of the natural
homomorphism

U, —U—->U/CU!

is C,U44, which means that i, /C,U? is a submodule of ¢//Cl44. This proves the
second statement. o

As we have seen in Sect. 11.2, Theorem 11.5 will be proved if we find a nonzero
® e RT, of weight 0, annihilating both U, /U9 and H/H4. Proposition 11.11,
together with Theorem 11.10, solves half of this problem.

Corollary 11.12. Assume that p > q. Then there exists a nonzero ® € RT, of
weight 0, annihilating both U/CUY and C,/(C N U?); in particular, it annihilates
U, /U1,
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Proof. In Proposition 11.11 we established the R-isomorphism
UuU' =M @ C/C,,

where M = U /CU! & C,;/(C NUT). From Theorem 11.10 we know that the group
C/C, is nontrivial, which means that M is isomorphic to a proper submodule of
usui.

Recall now (see Theorem 11.9) that U/ /U{? is a cyclic R-module with annihilator
Z=WN)® (1 —1). Since U/U? is cyclic, and M is its proper submodule, the
annihilator of M is strictly greater than Z. It follows that the annihilator of M has
a nonzero intersection with the direct complement Z+; see Proposition C.14. Using
this proposition, we find that

IJ_ — (N)J_(l —l)J_ — RaUgR+,

where R*“¢ is the augmentation ideal. Thus, M is annihilated by a nonzero element
of R™¢R™_ This proves the corollary. O

Still, this is insufficient: we have to annihilate H/H? as well. This is
accomplished by the fundamental theorem due to the Brazilian mathematician
Thaine [132].

Theorem 11.13 (Thaine). Assume that q does not divide p — 1. Then any
© € R, annihilating U /CU?, annihilates H/H? as well.

Using this theorem, we complete the proof of Theorem 11.5 at once: any & from
Corollary 11.12 annihilates both 4, /U4 and H/H9; hence it annihilates the Selmer
group C by Proposition 11.6.

We congratulate the reader who arrived to this point. Now you know how
Catalan’s problem was finally solved!

The theorem of Thaine will be proved in Chap. 12.
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The Theorem of Thaine

In this chapter we prove the theorem of Thaine, which was used in Sect. 11.5.

12.1 Introduction

In this section we employ our traditional notation: unless the contrary is stated
explicitly, p and ¢ are distinct odd prime numbers, K = Q({,) is the pth
cyclotomic field, O = Ok is its ring of integers, and G = Gal(K/Q) is the Galois
group. We also denote by U the group of Dirichlet units of the field K, by C the
group of cyclotomic units, and by H the class group of K.

Stickelberger’s theorem provided a nontrivial annihilator for the class group of
the cyclotomic field K. However, as it has already been mentioned, Stickelberger’s
theorem is, essentially, a “relative” or “minus” result. Indeed, the plus-part of
Stickelberger’s ideal is N'Z (see Proposition 7.23), and A/ is an obvious annihilator
of the class group; this means that Stickelberger’s theorem does not tell us anything
interesting about the plus-part R of the group ring R = Z[G].

For a multiplicatively written abelian group A denote by [A], the group A/A9.
Thaine [132] proved the following theorem.

Theorem 12.1 (Thaine). Let g be a prime number not dividing p — 1. Then any
© € R, annihilating [U/C),, annihilates [H], as well.

Since R trivially annihilates the relative class group H~, Theorem 12.1 is
equivalent to the following formally weaker statement: any ® € R™, annihilating
[U/C],, annihilates [H],.

In fact, Thaine proved even more: under the same assumption ¢  (p — 1)
any ® € R, annihilating the ¢-Sylow subgroup of //C, annihilates the g-Sylow
subgroup of H* as well. We do not prove this more precise statement.
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As we have already mentioned in Remark 10.6, while groups //C and H ™ have
the same cardinality, it is widely believed that they need not be isomorphic. To the
best of our knowledge, no example of non-isomorphism of these groups is currently
known. What is known for sure is that they may differ as Galois modules: see [136,
Remark after Theorem 8.2]. Thaine’s theorem tells us that still, the G-modules ¢/ /C
and H cannot be “too independent.”

The structure of the proof of Thaine’s theorem is quite analogous to that of
Stickelberger’s theorem, though the details are different and more involved. To
prove Stickelberger’s theorem, we showed that, for any prime ideal [ of degree 1
(which means exactly that the prime £ below it is 1 mod p) and for any ® from
Stickelberger’s ideal, the ideal [ is principal. In this argument Gauss sums played a
key role. Next, we used the Chebotarev density theorem and the Class Field Theory
to show that every ideal class contains a prime ideal of degree 1.

For Thaine’s theorem, we argue similarly. We fix a “suitable” (this will be made
precise) prime number £ and show that for any prime ideal [ of the cyclotomic
field K, lying above ¢, the ideal [ is a gth power of another ideal as soon as ® € R
annihilates [/ /C],. For the proof, we shall use a certain “substitute” for the Gauss
sums, which will be obtained from the so-called Hilbert’s “Theorem 90.” Next, we
use the Chebotarev density theorem and the Class Field Theory to show that every
ideal class from H* has a prime ideal above a “suitable” £.

Now let us be more specific. Call a prime number { suitable if it satisfies
the following condition: if a unit n € U is a gth power modulo' ¢, then n € U 4.
Alternatively, £ is suitable if the natural map [U]; — [(O/£O)*], is injective.

Theorem 12.1 is an immediate consequence of the following two statements.

Theorem 12.2. Assume that g t (p — 1). Let £ be a suitable prime number satis-
fing £ = 1 mod p q, and let | be a prime ideal of K above {. Assume that ©® € R
annihilates [U/C),. Then 1° is equivalent to a qth power of an ideal of K.

Theorem 12.3. Assume that q t (p — 1). Then any ideal class of the field K
contains a prime ideal such that the underlying prime number is suitable and is
1 mod pgq.

These two theorems will be proved in the subsequent sections.

12.2 Preparations

In this section we collect miscellaneous facts, to be used in the proof of
Theorems 12.2 and 12.3.

IThat is, n = a? mod £ for some a € Ok.
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12.2.1 A Property of Cyclotomic Units

We begin with the following simple lemma.

Lemma 12.4. Let p and { be odd prime numbers. Put K = Q(¢,) and
L = Q(¢&p, ¢r). Assume that £ = 1 mod p. Then Nk (§r — ¢,) = 1.

Proof. Proposition 4.17 (with K as L and £ as p) implies that [L : K] = £ — 1 and

that the full system of conjugates of ¢; over K is {y, ..., f‘l. Hence
{—1 é-l -1
Neg@o=¢p) =] =¢) = 2—.
&p—1
k=1
Since £ = 1 mod p, we have Efl = {, . Whence the result. O

(More generally, for any k not divisible by p, we have N7 /g (Q - ﬁ) =1)

Lemma 12.4 looks quite innocent, but it has a consequence which is absolutely
crucial for the proof of Thaine’s theorem.

Corollary 12.5. Let n be a cyclotomic unit of the field K. Then there exists a unit &
of the field L such that N ke = 1 and ¢ = n mod (¢, — 1).
1-¢k

suitable product. O

e—ck

take ¢ = f=cn - For an arbitrary cyclotomic unit take the
P

Proof. For n =

12.2.2 The “Theorem 90

Another crucial lemma is the already mentioned Hilbert’s “Theorem 90.” If L/K
is a finite Galois extension of fields, then for any o € L™ and any 7 € Gal(L/K),
the element ¢ = o/ satisfies N7k (¢) = 1. The “Theorem 90" tells us that for the
cyclic extensions® the converse is true.

Lemma 12.6 (Hilbert’s “Theorem 90”). Let L/K be a finite cyclic extension
of fields, and let T be a generator of its Galois group. Then for any ¢ € L with
Nk (e) = 1 there exists ¢ € K* such that ¢ = a/a”.

Proof. We follow Lang [58, Sect. 6.8]. Let m be the order of r. Then the
automorphisms id, 7, ..., 7"~ ! are pairwise distinct. Proposition D.5 implies that
they are linearly independent over L. In particular, the linear combination

. ™2
1d+8‘6+81+t12+---+81+f+ +t " 1

2A finite Galois extension of fields is called cyclic if its Galois group is cyclic.
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defines a map which is not identically 0 on L. Hence there exists € L such that

a=p+ef 4P 4o T T

1S nonzero.
We have

Y L £1+z,3z2 +oee gt 81+r+~'~+t’"_2ﬂr”’_l + £1+r+~~-+r'"—113:m. (12.1)

Since m is the order of 7, we have ,8”" = B. Also, since t generates the Galois
group,

81+I+"'+t’"_1 ZNL/K(S) =1.

It follows that the last term in (12.1) is 8, and the right-hand side is, consequently,
equal to «. This proves the lemma. O

12.2.3 Reduction mod £

Next, we establish some very simple properties of the residues modulo a prime
number.

In this section K is a number field, O its ring of integers, and £ an odd prime
number, unramified in K. We denote by A the residue ring O/£O. Since £ is
unramified, we have

A=]]os

1e

where the product is over all prime ideals above £. In particular, A is a semi-simple
ring.

If K is a Galois extension of Q, then the Galois group acts on A. It turns out that
the multiplicative group A* is a cyclic Galois module.

Proposition 12.7. Assume that K is a Galois extension of Q. Then there exists
« € O such that the multiplicative group A is generated by (the A-images of)
the Galois conjugates of a. In other words, o generates A* as a Galois module.

Proof. Fix a prime ideal [ above £. The multiplicative group (O/1)* is cyclic. By the
Chinese Remainder Theorem, there exists o € O such that the image of o in O/I
generates (O/1)* and the image of « in O/l is 1 for any prime ideal I’ | £ distinct
from the fixed [. Then (the image of) o generates the subgroup (O/)* of A*. More
generally, for any o € G the element o° generates the subgroup (O/1%)*.
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Since the group G = Gal(K/Q) acts transitively on the set of prime ideals
above ¢, the set {a° : 0 € G} generates A™ as an abelian group. Hence o gener-
ates A* as a G-module. O

It follows that, given another prime number ¢, the group [A*], = A™/(AX)? is
a cyclic G-module, or, equivalently, a cyclic F,[G]-module (generated by the image
of ). Under some additional assumptions it becomes a free cyclic module.

Proposition 12.8. In the setup of Proposition 12.7, assume that £ completely splits
in K. Also, let q be a prime number dividing £ — 1. Then [A*], is a free cyclic
F,[G]-module, where G is the Galois group of K /Q.

The proposition applies, in particular, when K is the p th cyclotomic field and
£=1modpgq.

Proof. Since we already know that [A], is a cyclic F,[G]-module, it suffices to
show that |[Ax]q| = \Fq [G” Fix a prime ideal [ | £. Since £ splits completely, we
have

A=[Jow. A =Tl

0€G 0€G

and each (O/1°)* is isomorphic to (Z/{Z)*. Since q | (£ — 1), every [((’)/[")X]q is
the g-element cyclic group. Hence

3

[4%),] = = ¢ = |F,[G]

[Tl©r)],

0€G

as wanted. ]

Remark 12.9. A careful reader could have noticed that we defined the notion of
cyclic module only for commutative rings. Hence the notion of cyclic G-module
is defined in this book only for a commutative group G, so, formally, one should
assume in Propositions 12.7 and 12.8 that K is an abelian extension of Q (which is,
of course, sufficient for our purposes). However, both propositions are valid, with
obvious definitions, for any Galois extensions, the word “G-module” being replaced
by the “right G-module.”

12.2.4 Galois-Invariant Prime Ideals

We shall also need a simple property of Galois extensions of number fields. If L/ K
is a Galois extension, then every element of L, invariant under the action of the
Galois group, belongs to K (sometimes this is called the “main theorem of the
Galois theory”). This property does not extend to ideals. For instance, if *J3 is a prime
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ideal of L totally ramified over K, then ‘3 is invariant under the Galois action, but is
not an ideal of K. Still, a slightly corrected “ideal analogue” of the “main theorem”
does hold; the proof is a simple exercise, left to the reader.

Proposition 12.10. Let L/ K be a Galois extension of number fields, and let 2 be
an ideal of L invariant under the action of Gal(L/K). Then 2l = ab, where a is an
ideal of K and b is a product of prime ideals of L ramified over K.

12.2.5 Decomposition of Prime Numbers
in Cyclotomic Fields

Finally, we recall the decomposition of the prime number £ in the fields K = Q({))
and L = Q(¢,. {¢), under the assumption £ = 1 mod p . By this assumption, £ splits
completely in K. Hence, if we fix a K-ideal [ above £, then

©=T]r.

0€G

where G = Gal(K/Q).

Further, by Proposition 4.17, the prime ideal [ totally ramifies in L, the
ramification index being £ — 1, and the same is true for every [°. If £ is the prime
ideal of L above [, then [ = £'~!. Further, if we extend o to L by putting o'({¢) = &
(see Proposition 4.26), then £ is the prime ideal above [?, and [ = (E")‘_l. Thus,
in the field L the prime number £ factorizes as

) = (]"[ QU)H .

0€G

12.3 Proof of Theorem 12.2

We use the setup of Sect. 12.1. Let ® € Z[G] annihilate [¢//C],. We have to show
that [? is equivalent to a gth power of an ideal of K.

The proof consists of several steps. First of all, we use Lemma 12.4 (more
precisely Corollary 12.5), and Hilbert’s “Theorem 90”, to produce a nontrivial
annihilator ¥ for the class of [ in [#],. Next, we apply Kummer’s argument, as
in the proof of Theorem 7.11, to derive a congruence involving the coefficients ¥,
similar to congruence (7.8). Next, this congruence is rewritten as an identity in
the multiplicative group [(O/£O)*],, involving both ¥ and @. This latter relation
would allow us to conclude that @ annihilates the class of [ as well.
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12.3.1 A Nontrivial Annihilator

The assumption “® annihilates [/ /C],” means that for any unit v € I/ there exists
a cyclotomic unit n € C such that v® € nlf9. Let us specify v € U to be such a unit
that its image in [/], generates [{/], as a G-module. (This is possible because [I/],
is a cyclic G-module; see Theorem 11.9.)

Let 1 be a cyclotomic unit as in the previous paragraph: v® € nif4. Corol-
lary 12.5 implies that there is a unit ¢ of the field L = K({) such that N7 /x(¢) = 1
and

e = nmod (§ — 1). (12.2)

The Galois group of the extension L/ K is (Z/£7Z)*; in particular, it is cyclic. Hence
we may apply Hilbert’s “Theorem 90” (Lemma 12.6): fix a generator t of Gal(L/ K)
and find o € L such that ¢ = o /a (we apply the “Theorem 90” to t~! rather than
to t itself). As we shall see, the number « will play in the proof the same role as the
Gauss sum played in the proof of Stickelberger’s theorem. In particular, the relation
o = ea is analogous to the relation g(y)™ = y(b)g(x) (see Lemma 7.13), which
was crucial in Sect. 7.4.

The proof of Stickelberger’s theorem relied on the prime factorization of the
Gauss sum (Theorem 7.11). To prove Thaine’s theorem, we shall factorize «. Since
af = ea, the principal ideal («) is t-invariant. Hence («) is invariant with respect to
Gal(L/K) (recall that T generates this group). The only prime ideals of L ramified
over K are the ideals above {; that is, they are the ideals £°, defined at the end of
Sect. 12.2. Hence, according to Proposition 12.10,

@ =a]]E)>,

0€G

where a is an ideal of K and all s, are integers. Taking the norm, we obtain

(Ve (@) = a! n([ﬁ)sn — a1,

0€G

where ¥ = )" . s,0. Since, by the assumption, g | ({ — 1), we have proved that
ideal [¥ is equivalent to a gth power of an ideal of K.

12.3.2 Kummer’s Argument

To identify the coefficients s,, we use Kummer’s argument, in a similar fashion as
we did in the proof of Theorem 7.11.
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Let b € Z be such that {{ = Cé’ . Since t generates Gal(L/K), the image of b
in Z/¢Z generates the multiplicative group (Z/€Z)*. This observation is irrelevant
now, but will be important at the final stage of the proof.

The algebraic number

_ =8>
- o

B

is an £7-adic unit, because Ordgs (1 — ;) = 1 by Lemma 7.12. Using this lemma
with £ replaced by £, and the relation o* = eo, we obtain

g 0= B (1—55) ' =2 moae

o4 e \1-=-¢

On the other hand, Proposition 4.19 implies that 8% = f mod £°. We obtain
the congruence b* = e¢mod L. Combining this with (12.2), we obtain
b% = nmod £°.

In this latter congruence both sides belong to the field K. Hence the ideal £° can
be replaced by the underlying ideal I°. We obtain, for every o € G, the congruence

b =nmodl°. (12.3)

The field L and the unit € played their role, and we do not need them anymore.
From now on, we work entirely in the field K.

12.3.3  Projecting All This to [(O/¢ O)*],

Now we project congruences (12.3) to the residue ring A = O/£0 and yet further,
to the quotient multiplicative group [A*], = A*/(A*)4.

Recall that £ splits in K as (£) = [[ ¢ I°, where [ is a fixed prime ideal above ¢
(see end of Sect. 12.2). It follows that A = [[_.; O/°. By the Chinese Remainder
Theorem, there exists & € O such that

a = bmodl, a=1modl® (o #1).

Then «¥ = b*" mod [°. Hence (12.3) can be rewritten as 7 = «¥ mod £, which can
be viewed as an identity in A. Combining this with the initial condition v® € ni/4,
we obtain the congruence

v? = ¥y mod

with some y € U.
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Since both sides of the latter congruence are invertible mod ¥, we can project
this to the quotient multiplicative group [A*],. We obtain

09 =a?, (12.4)

where & and v are the images of o and v in [A™],.

12.3.4 Conclusion

We are almost done. In this final stage of the proof it will be more convenient to
work modg. Thus, let ¥ and © are the images of ¥ and @ in F,[G]. We know
that ¥ annihilates the class of [ in [H], and want to prove the same for O.

Proposition 12.8 implies that [A*], is a free cyclic F,[G]-module. (Here we use
the condition £ = 1 mod p g.) Furthermore, as we have seen in Sect. 12.3.2, the
image of b generates the multiplicative group (Z/{¢Z)*. Hence, arguing as in the
proof of Proposition 12.7, we conclude that o generates A* as a G-module. It
follows that & generates [A*], as an F,[G]-module. Therefore there is an [F,[G]-
isomorphism [A*], = F,[G] such that & € [A*], corresponds to 1 € [F,[G]. Let
Y e F,[G] correspond to U € [A*], under this isomorphism. Then (12.4) can be
rewritten as

U =07 (12.5)

If T were an invertible element of F,[G], we could have written =71y,
completing the proof. Unfortunately, we cannot directly argue this way because 1"
has no reasons to be invertible (and it is not, in fact). However, a more delicate
argument of this sort would work, as we shall see in a while.

Since £ is a suitable prime, the natural map [U], — [A™], is injective. Recall
also that v was chosen as a generator of the cyclic module [I/],. It follows that 7°
generates a submodule of I, [G] isomorphic to [I],. According to Theorem 11.9,
the annihilator of this submodule is (V) @ (1 — ¢), where NV, as usual, is the norm
element. Since I, [G] is a semi-simple ring, this implies that

leMadWN)® (1 —0).
(This can be expressed as “the element ¥ is invertible modulo the ideal
NMed-97)
Multiplying by & and using (12.5), we obtain

OeW)+ W)+ ((1-006).
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Now recall that & E_Z[G]+ (it is only here where we use this assumption), which
implies that (1 —:)® = 0, and we finally obtain & € (¥) + (N). Since both ¥
and N\ annihilate the class of [ in [#{],, so does @. The theorem is proved.

12.4 Reduction of a Multiplicative Group Modulo
a Prime Ideal

Let g be an odd prime number. In this section we prove the following theorem.

Theorem 12.11. Let K be a number field and B € K* not a qth power in K.
Assume that q is unramified in K. Then every ideal class of K contains infinitely
many prime ideals |, of degree 1 (over Q), such that the underlying prime is 1 mod g
and such that B is not a qth power modulo 1.

This theorem is not formally needed here. However, its proof is very similar to
the proof of Theorem 12.3, but technically simpler. Therefore it can provide a good
motivation for the proof of Theorem 12.3, which otherwise looks somewhat messy.

In this and the subsequent sections we systematically use the notions of g-radical
extension and Kummer’s pairing; see Appendix F.2 for the definitions. Let K be
a field (of characteristic distinct from ¢) containing the group ., of gth roots of
unity, L = K({/B) a g-radical extension of K with Galois group I' = Gal(L/K),

and B x I i) Wy Kummer’s pairing. We say that 8 € B and y € I" are Kummer-
orthogonal if f(B,y) = 1. We say that 8 is Kummer-orthogonal to a subset S € I"
if it is Kummer-orthogonal to every element of S.

Our starting point is the following general observation.

Proposition 12.12. Let K be a number field containing the qth roots of unity, let B
be a subgroup of K*, and let L and I' be as above. Then for any prime ideal |
of K, unramified in L, an element B € B is a qth power mod ! if and only if B is
Kummer-orthogonal to ¢, € I', the Frobenius element of [.

Proof. 1t is a direct consequence of the definitions of the Frobenius element and
Kummer’s pairing. O

To warm up, we first establish two “weaker” versions of Theorem 12.11.
Everywhere below K is a number field and § € K™ is not a gth power in K. A
prime ideal [ of K such that § is not a gth power modulo [ will be called suitable.

We start from the “extra-light” version, where we do not require [ to belong to
the given ideal class and assume in addition that {, € K.

Proposition 12.13. Assume that K contains the qth roots of unity. Then there exist
infinitely many suitable prime ideals of K, of degree 1 (over Q), such that the
underlying prime is 1 modg.
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Proof. We apply Proposition 12.12 with B = (B). Since f is not a gth power, the
Galois group I is cyclic of order g, and the only element of I", Kummer-orthogonal
to B, is 1. Thus, if [ is such that ¢; # 1, then B is not a gth power modulo [. By
the Chebotarev density theorem, there exist infinitely many prime ideals [ with this
property and of degree 1. Finally, since [ is of degree 1 and {, € K, the underlying
prime is 1 modq. O

Next, the “simply light” version: we drop the assumption {, € K, but still do not
require our prime ideals to belong to the given class.

Proposition 12.14. There exist infinitely many suitable prime ideals of K, of
degree 1, such that the underlying prime is 1 mod g.

Proof. Put L = K(¢,, B1/9), so that we have a tower of fields K C K(¢y) € L, the
subgroup Gal(L/K(¢,)) of the group Gal(L/K) being cyclic. By the Chebotarev
density theorem, there are infinitely many prime ideals [ of K of degree 1 such that

the Artin symbol [L/—[K] is contained in Gal(L /K ({,)) and generates this group.

Fix one such I. Since [L/—‘K] C Gal(L/K(Z,)). the ideal [ totally splits in K(Z,).
Let[ = £ .- £, be the decomposition of [ in K({,). Then

[L/_[K} ={pe,, ..., 02},

where @g, is the Frobenius of £; in Gal(L/K(Z,)).
Now assume that 8 is a gth power mod I. Then it is a gth power modulo every £;.

It follows that 8 is Kummer-orthogonal to the set [L/—‘K] and, consequently, to the

group I", generated by this set. Thus, § is a gth power in K(,). Corollary F.2 now
implies that it is a gth power in K, contradicting the assumption. Hence [ is suitable.

Finally, since [ is of degree 1 and totally splits in K(¢,), every £; is of degree 1,
whence the underlying prime is 1 mod g. The proposition is proved. O

Notice that neither Proposition 12.13 nor even Proposition 12.14 is formally
weaker than Theorem 12.11, because in them we do not assume that g is unramified
in K. This additional assumption is needed only in the “full” version of Theo-
rem 12.11, to ensure that the prime ideals [ can be selected in a given ideal class.

Proof of Theorem 12.11. As in Proposition 12.14 we set L = K(,, B1/49), and we
let £ be the Hilbert Class Field of K (see Appendix A.11). We view both L and £
as subfields of a fixed algebraic closure of K, so that the intersection L N E and the
composite L E are well defined.

We claim that L N £ = K. Indeed, the field K’ = L N E is both abelian and
unramified over K. Since ¢ is unramified in K, the gth root of unity ¢, is notin K.
Theorem F.7 implies that K’ € K({,). But every prime ideal of K above ¢ totally
ramifies in K(¢,) (Proposition 4.17). Since K’ is unramified over K, we must have
K’ = K. Thus, L N E = K and, consequently,

Gal(LE/K) = Gal(E/K) x Gal(L/K).
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The Galois group Gal(E/K) can be identified, via the Artin map, with the
class group H = Hg. Hence Gal(LE/K) may be identified with the product
H x Gal(L/K). If [ is a prime ideal of K, unramified in L, then

[ [
[LE/K} = el x [L/K]

where cl([) is the ideal class of [in K.
Applying the Chebotarev density theorem to the extension LE/K, we find,
for every ideal class C € H, infinitely many prime ideals [ of degree 1, such

that cl(l) = C and [L/—[K] is as in the proof of Proposition 12.14 (that is, is
contained in Gal(L/K({,)) and generates this group). Arguing as in the proof of
Proposition 12.14, we show that any such [ is suitable, and its underlying prime is

1 mod g. The theorem is proved. O

12.5 Reduction of a Multiplicative Group Modulo a Prime
Number and Proof of Theorem 12.3

Informally, the results of Sect. 12.4 can be stated as follows: if B is not a qth
power then the group [(B)], faithfully reduces modulo certain prime ideals. Next,
instead of a cyclic subgroup () we consider an arbitrary finitely generated subgroup
B < K™ and ask for conditions on when the reduction of the group [B], is faithful.
The analogue of the condition “f is not a gth power in K ” is

BN (K%)= BY. (12.6)

Of course, even when (12.6) is satisfied, we cannot expect that [B], faithfully
reduces modulo prime ideals, because the group [B], is usually not cyclic, and the
multiplicative group modulo a prime ideal is cyclic. However, under certain Galois
conditions upon B, the reduction modulo many rational prime numbers is faithful.

As in the previous section, let ¢ be an odd prime number. In this section prove
the following theorem.

Theorem 12.15. Let K be a finite abelian extension of Q with Galois group G
and let B be a G-invariant finitely generated subgroup of K*, satisfying (12.6).
Assume that q is unramified in K and does not divide the degree [K : Q). Assume
also that [B), is a cyclic G-module. Then, for any ideal class C of K, there exist
infinitely many prime numbers { with the following properties:

e { totally splits in K ;

e {=1modg;

s the reduction homomorphism [B],; — [(Ok /LOk)*], is injective;
¢ the class C contains a prime ideal above {.

Theorem 12.3 is a particular case of Theorem 12.15.
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Proof of Theorem 12.3 (assuming Theorem 12.15). If p is an odd prime number
distinct from ¢ and such that ¢ 4 (p — 1), then ¢ is unramified in the field
K = Q(¢,) and does not divide the degree [K : QQ]. Recall also that [(/], (where U
is the group of Dirichlet units of K) is a cyclic Galois module (Theorem 11.9).
Applying Theorem 12.15 with B = U, we find, for every ideal class C of K,
infinitely many prime numbers £ with the properties listed therein. Since £ totally
splits in K, we have £ = 1 mod p as well. This proves Theorem 12.3. O

As in Sect. 12.4, we first prove a “light” version, without requiring that there is a
prime ideal above £ in the given class.

In the sequel K is a finite abelian extension of Q with Galois group G and B
is a G-invariant finitely generated subgroup of K*, satisfying (12.6). Call a prime
number ¢ suitable if the reduction homomorphism [B], — [(O/£0)*], is injective.

Proposition 12.16. Assume that q does not divide [K : Q] and that

KNQ) =Q (12.7)

Assume also that [B], is a cyclic G-module. Then there exist infinitely many suitable
prime numbers, congruent to 1 mod g and which totally split in K.

Proof. The proof is similar to that of Proposition 12.14. We put L = K(¢/B),
where

UB={BeK*:p"ecB},

in particular ¢, € </ B. Then we have a tower of fields K € K({,) € L, and the
subgroup I' = Gal(L/K(,)) of the group Gal(L/K) is isomorphic, by Propo-
sition F.6, to B/B N (K*)9, which is [B], because of (12.6). Moreover, the two
groups are isomorphic as G-modules; see Appendix F.4 (here the assumption (12.7)
is used). Since [B], is a cyclic G-module by the assumption, so is I".

By the Chebotarev density theorem, there is infinitely many prime ideals [ of K

of degree 1 such that the Artin symbol [L/—’K] is contained in I" and contains a

generator of I" as a G-module. Fix one such [, and denote by £ its underlying rational
prime. Let B € B be a gth power mod£. Then it is a gth power mod[° for any

o

o € G. It follows that 8 is Kummer-orthogonal to the set [L‘/—K] for any 0 € G.

o o .
A straightforward argument shows that [L[/—K] = [L/—’K] . Hence B is Kummer-
orthogonal to the set

g [L/LKT (12.8)

0€G
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Since the set [L/#K] generates I' as G-module, the set (12.8) generates it as an
abelian group. Hence f is Kummer-orthogonal to I", which means that it is a gth
power in K(,) and even in K, by Corollary F.2.
We have just proved that the kernel of the reduction homomorphism
B — [(Ok/tOk)™], is B N (K*)4, which is B? by (12.6). Hence £ is suitable.
Finally, since [ is of degree 1 and totally splits in K({,), the prime £ totally splits
in K(¢;), whence £ = 1 mod g. The proposition is proved. O

Notice that the condition “[B], is a cyclic G-module” is not only sufficient, but
also necessary. Indeed, since ¢ t [K : Q] = |G|, the ring F,[G] is semi-simple;
hence it is a principal ideal ring. On the other hand, the group (Ok/£Ok)™ is a
cyclic IF,[G]-module (Proposition 12.7), and so are its submodules. In particular, so
should be [B],.

Notice also that Proposition 12.16 is not formally weaker than Theorem 12.15,
because the hypothesis “q is unramified in K ” is replaced by a formally weaker
hypothesis (12.7).

Now we are well prepared to prove Theorem 12.15.

Proof of Theorem 12.15. 1t combines the proofs of Theorem 12.11 and Propo-
sition 12.16. We set L = K({,, YB). Since ¢ is unramified in K, we have
[K(¢,) : K] =g — 1, which implies (12.7). Hence, as in the proof of Proposi-
tion 12.16, the group I" = Gal(L/K({,)) is G-isomorphic to [B], and, conse-
quently, is a cyclic G-module.

Denote by E be the Hilbert Class Field of K. As in the proof of Theorem 12.11,
we show that L N E = K (here we again use the hypothesis that g is unramified
in K) and, consequently,

Gal(LE/K) = Gal(E/K) x Gal(L/K).

We again identify Gal(E£/K) with the class group H = Hg and Gal(L E/K) with
the direct product H x Gal(L/K).
Applying the Chebotarev density theorem to the extension LE/K, we find

L/K
the proof of Proposition 12.16 (that is, is contained in Gal(L/K({,;)) and generates
this group as a G-module). Arguing as in the proof of Proposition 12.16, we show
that any such [ is suitable, and its underlying prime is 1 modq. O

infinitely many prime ideals [ of degree 1, such that cl([) = C and [#] is as in

This proves the Theorem of Thaine.



Chapter 13
Baker’s Method and Tijdeman’s Argument

This chapter is somewhat isolated and can be read (almost) independently of the
others. We only assume some (very modest) knowledge of the algebraic number
theory (Sects. A.1-A.8 of Appendix A) and basics about the heights (Appendix B).
In this chapter we discuss the application of Baker’s method to Diophantine
equations of Catalan type. We give a brief introduction to this method, show how
it applies to classical Diophantine equations, and reproduce the beautiful argument
of Tijdeman, who proved that Catalan’s equation has only finitely many solutions.
Moreover, the solutions are bounded by an absolute effective constant (that is, a
constant that can, in principle, be explicitly determined), which reduces the problem
to a finite computation. Before the work of Mihailescu this was the top achievement
on Catalan’s problem.

We also consider the more general equation of Pillai and show that it has finitely
many solutions when one of the four variables is fixed.

To make this chapter self-contained and independent of the rest of the book
(except Appendices A and B), we sometimes re-prove statements already proved
elsewhere in the previous chapters.

Convention. As it is routinely done in this book, we fix an embedding Q < C and
view all the algebraic numbers occurring in this section as complex numbers.

13.1 Introduction: Thue, Gelfond, and Baker

In this section we briefly recall the prehistory and history of Baker’s theory.

13.1.1 The Theorem of Thue

It is classically known that equation ax? + bxy + cy? = 1 with a, b, ¢ € Q™ may
have infinitely many solutions in x, y € Z. In 1909 the Norwegian mathematician
Thue [133] proved the following theorem.

© Springer International Publishing Switzerland 2014 159
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Theorem 13.1 (Thue). Let
F(,y) =any" +ap—1y"'x + -+ agx" € Z[x, y]

be a Q-irreducible homogeneous polynomial of degree n > 3, and A € Z a nonzero
integer. Then the equation

fx,y)=4 (13.1)
has only finitely many solutions in x,y € Z.

Thue proved his theorem by reduction to Diophantine approximation. Decom-
pose the polynomial f(x, y) into linear factors over C:

fx,y) =ay(y —01x)---(y — 0,x) (13.2)
Then, if (x, y) is a solution of our equation, we have
|01 —y/x]---160, — y/x| = |A]|x|™".

If now 6 is the nearest to y/x among the roots 6, ..., ,, then, by the triangle
inequality,

1
16 —y/x| = > 16— 0]
for 6; # 6, which implies the inequality
10— y/x| < clx|™", (13.3)

where ¢ is a constant depending on f and A.

Now, to prove Thue’s theorem, it suffices to show that the latter inequality is
impossible for large x and y. Liouville’s inequality (see Remark B.4) implies that
|6 — y/x| = c|x|™" with another constant ¢, but this is, obviously, insufficient.

Thue proved that for any (real) algebraic number of degree » > 1 and any ¢ > 0
the inequality

16— y/x| > |x| /¢ (13.4)

holds for sufficiently large integers x and y. For n = 2 this is weaker than
Liouville’s inequality, but for n > 3 it is stronger than it, and for large x it
contradicts (13.3). This proves the finiteness.

Thue’s work had a profound impact on the subsequent development of the
Diophantine analysis. Many basic results in this discipline generalize his work or
rely on his ideas. Among many of the improvements of Thue’s inequality (13.4)
mention the celebrated theorem of Roth [119], asserting that in the same setup the
stronger inequality |6 — y/x| > |x| ™27 takes place.
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Unfortunately, Thue’s proof of (13.4) has a serious defect, inherited by all of
the subsequent generalizations. What he actually proves is the existence of a big
number X = X (0) with the following property: if (13.4) has a solution (xg, yo)
with |xo| > X, then any other solution of (13.4) is bounded in terms of this (xg, yo).

Of course, this implies finiteness for the number of solutions of (13.4), but this
argument gives no method to bound the size of these solutions, because a priori we
are not given a solution (xo, yo) with |x9| > X. One says that Thue’s argument is
ineffective, and the same is true for its subsequent generalizations.

13.1.2 Logarithmic Forms

Now let us turn to a seemingly unrelated subject. Let yy, .. ., ¥, be nonzero complex
algebraic numbers. Given b = (by,...,b,) € Z", put

b
y=yb) =y-pbn

Assume that y # 1 and ask the following question: how close can y be to 1? The
simplest lower estimate for |y — 1| follows again from Liouville’s inequality: using
Propositions B.3 and B.2, it is easy to show that

ly — 1] = e~<IPl (13.5)
where ||b|| = |b1| + --- + |by| is the £,-norm of the vector b and ¢ is a positive
constant depending on yy, ..., ¥, (which can be easily made explicit).

Bounding from below |y — 1| is, essentially, equivalent to bounding from
below the quantity A = A(b) = logy = by logy; + --- + b, log y,, with a suitable
choice of the complex logarithms logyy,...,logy,. This is why the theory of
Gelfond-Baker is also called the theory of logarithmic forms.

Estimate (13.5) is too weak to have any interesting consequences. We call it
trivial. In his book [37] (see also [38]) Gelfond showed that any nontrivial estimate,
that is, an estimate of the shape |y — 1| > e2UP " would imply the theorem of
Thue. In particular, any explicit nontrivial lower bound for logarithmic forms would
imply an effective proof for the theorem of Thue.

Gelfond himself obtained a nontrivial lower bound for a logarithmic form in
n = 2 variables, as a by-product of his work in transcendence theory. In 1934
Gelfond [34, 35] and, independently, Schneider [123] solved Hilbert’s seventh
problem: if y and B are complex algebraic numbers, with y # 0,1 and 8 ¢ Q
then y# is transcendent. Later, Gelfond [36] gave a quantitative version of this
theorem, by estimating from below the difference §logy; — log y,, where y1, 2
and f are algebraic numbers, y; # 0,1 and 8 ¢ Q.

Gelfond’s crucial observation was that the latter estimate remains true even
when B € Q, of course, provided Blogy; —logy, # 0. Writing the rational §
as —by /by, one obtains a nontrivial lower estimate for the logarithmic form
A = bilogy; + bylogy,. Gelfond’s original estimate [36] was of the shape
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|A| > ecllog ”b”)HE, where the constant ¢ depends on the numbers y; and on
e > 0. Later it was improved by many authors. The currently best known estimate
for a binary logarithmic form is due to Laurent et al.; see [63—-65], where further
bibliography can be found. The result of [65] was extensively used for the numerical
solution of various cases of Catalan’s equation (see [§9-91]).

Gelfond also observed in [37] that Diophantine approximation results of Thue
type imply a nontrivial lower bound for linear forms in n > 3 logarithms. However,
this bound inherits the non-effectiveness of Thue’s method and cannot be used for
the effective analysis of Diophantine equations.

In 1966 Baker [4] finally obtained a nontrivial effective lower bound for linear
forms in n > 3 logarithms. In its qualitative form, Baker’s result can be stated as
follows.

Theorem 13.2 (Baker). Let yi,..., Y, be nonzero complex algebraic numbers.
For every & > 0 there exists a positive real number B = B(y1, ..., Vs, €), Which
can be explicitly expressed in terms of y1, ..., Y, and &, such that for b € Z" with
0 < |y(b) — 1] < el ye have |b]| < B.

Informally speaking, either y(b) = 1 or |y(b) — 1| > e°(IbD,

This result belongs to the top arithmetical achievements of the twentieth century.
Baker derived from his bound effective proofs of several Diophantine finiteness
results, including the theorem of Thue [5]. In Sect. 13.4 we show some of the
Diophantine applications of Baker’s effective theorems.

In 1970 Baker was awarded a Fields medal for his work in Diophantine analysis
and transcendence.

For applications one often needs a more explicit version of Theorem 13.2, with
an explicit form for the exponent o(||b||). Baker [4] proved for

the estimate | A| > e~¢(°2 oy , where the constant ¢ depends on the numbers y;
and on ¢ > 0. Since then, this was refined many times by many authors. The modern
estimate [7,79, 135] is as follows.

Theorem 13.3 (Baker, Wiistholz, Waldschmidt, Matveev, ...). In the above
setup, we have either A = 0 or

|A| > e—C(Vl)d"+2h'(V1)~"'h’()'n)10g Ibll. (13.6)

Here d = [Q(y1,....yx) : Q] and W (y;) = max {h(y,-),d_l}, where h(-) is the
height function (see Appendix B). Also, c(n) is a constant depending on n.

The articles quoted above provide various explicit expressions for ¢ (7).

Using the Dirichlet approximation theorem (like Theorem VI in [17, Chap. 1]),
one can find a nonzero vector b = (by, ..., b,) € Z", such that |A(b)| < ||b|~"/?
(and even |A(b)| < |b||™ if all the logarithms are real). Hence log ||b|| cannot
be replaced in (13.6) by a smaller function of |b||. On the other hand, one
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can, probably, improve on the dependence in the algebraic numbers y;; for
instance, the product h’(y;)---h'(y,) can, probably, be replaced by the sum
h(y1) + --- + W (y,), which would have many important consequences. However,
such an improvement would require substantially new ideas and seems to be beyond
our present knowledge.

The present effort is concentrated on the refinement of the constant ¢ (). The best
result in this direction is due to Matveev [79], who proved that one may take
c(n) = ¢" with an absolute constant c.

Unfortunately, within the frames of this book, we cannot even give an idea of the
proof of Theorem 13.2, let alone Theorem 13.3. For this we address the reader to
Waldschmidt’s and Nesterenko’s contributions in the Cetraro volume [78]. See also
the Baker Festschrift volume [139] for the history of the subject and the present state
of the art.

13.2 Heights in Finitely Generated Groups

Many arguments in the subsequent sections rely on a simple property, which links
IIbl| = |b1| + -+ + |b,| and the height of the multiplicative combination

b
y=yb) =y -y

Basic properties of heights (see Appendix B!) imply that h(y) < c|/b||, where the
constant ¢ depends on the numbers y;; for instance,

¢ = maxth(y1).....h(y,)}

would do. It turns out that, when the numbers y; are multiplicatively independent,
the opposite inequality holds as well.

Theorem 13.4. Let yi,..., Yy, be multiplicatively independent nonzero algebraic
numbers. Then there exists a positive constant ¢ (depending on the numbers y;)
such that for any b € Z" we have |b|| < ¢ h(y(b)).

Proof. The proof goes back to Dirichlet. Let K be the number field generated
by the numbers y;, and let S be the set of all valuations v € Mg such that

|vil, # 1 for some i. We put s = |S| and consider the map K> A RS defined b
p p y

a = (loglaly),es-
Let I" be the multiplicative group generated by y, ..., y,. By the assumption, I"

is a free abelian group of rank n. For y € I" we have

I£()I = 2dh(y). (13.7)

! Attention: notation || - || has a different meaning in Appendix B.
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where d = [K : Q] and | - || is the £;-norm on R’. Indeed, by the very definition
of S, we have |y|, = 1fory € I"and v ¢ S. It follows that

dh(y) = ) logmax {L.|y|,}.

veS

Hence, for y € I', we have

1L =) [loglyls| =D (logmax {1, |y|,} + logmax {1, [y~"[.})

veS veS
=d (h(y) + h(y™")) = 2dh(y),

as wanted.

Kronecker’s theorems [Proposition B.2, items (2) and (3)] imply that the map £
is injective on " and that £(I") is a discrete subgroup of R*. Indeed, if £L(y) = 0,
then h(y) = 0, which implies that y is a root of unity by Kronecker’s first theorem.
Since I is a free abelian group, this is possible only if y = 1. This proves that |
is injective.

Similarly, Kronecker’s second theorem implies that there is & > 0 such that
h(y) > eify € I'and y # 1. Hencefor A € L(I") and A # 0 we have ||A|| > 2d s,
which proves that £(I") is a discrete subgroup.

We have proved that £(I") is a discrete subgroup of R® of rank n. Hence it
generates a vector space V' of dimension n. Now we are ready to finish the proof.
The isomorphism Z" — I', defined by b — y(b), continues to an isomorphism

7" A4 L(I'"), and the latter extends by linearity to an R-isomorphism R” Y V.
Since ¥ is a non-singular linear map, there exists k > 0 such that ||y (b)|| > «|/b||
for b € R”. In particular, ||b| < /c_l |£(y())|| for b € Z". In view of (13.7) this
proves the theorem with ¢ = 2dx ™. O

With the help of Theorem 13.4, Baker’s Theorem 13.2 can be restated as follows.

Theorem 13.5. Let I' be a finitely generated multiplicative group of complex
algebraic numbers. Then for any & > 0 there exists a positive real hy = hy(e, I')
such that for any y € T with |y — 1| < e~"") we have h(y) < hy.

Proof. Since I' is finitely generated, its torsion subgroup is finite and cyclic
(because a finite group of roots of unity is cyclic), of order, say, m. It follows that I"
has a basis of the form £, yy, ..., y,, where £ is a root of unity and yy, ..., y, are
multiplicatively independent. Then every element of y has a unique presentation as
&%y (b), where 0 < a < m and b € Z". Since multiplication by a root of unity does
not affect the height of an algebraic number, we have

ci[bll < h(y (b)) = h(§“y(b)) < c2|bl|.
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with some positive ¢; and ¢, depending on yy, ..., y,. Here the inequality on the
right follows from the basic properties of heights (as indicated in the beginning of
this section), and the inequality on the left is Theorem 13.4.

Now if y = 1 then the result is obvious, and if 0 < |y — 1| < e™*"") then we
complete the proof applying Theorem 13.2. O

13.3 Almost nth Powers

This is another preparatory section. We recall one simple algebraic principle that is
widely used in the Diophantine analysis from the time of Diophantus.

In its simplest form, the principle tells the following: if the product xy of coprime
positive integers x and y is a square in Z, then each of x and y is itself a square.
Of course, this is well known and obvious.

More generally, if xy is “almost a square” (that is, a square times a given
integer c), and if x, y are “almost coprime” (that is, gcd(x, y) divides a given
integer d), then both x and y are “almost squares.” This means that there exists
a finite set M C Z (depending on ¢ and d) such that x = aX? and b = bY 2, where
a,beMand X,Y € Z.

Of course, the same statement is true not only for squares but for nth powers
with an arbitrary n. Arguments of this sort appeared in the book several times, in
particular, in Chap. 2, in the proof of Cassels’ relations, and in the “most important”
Lemma 6.1.

In the following proposition we extend this property to number fields. It would
also be convenient not to restrict to (algebraic) integers, but to allow our x and y to
have a bounded denominator. In other words, we select them in a given fractional
ideal of a number field.

Recall the definition of divisibility of fractional ideals. Given fractional ideals a
and b of some number field, we say that a | b if there exists an integral ideal q such
that b = aq. Equivalently,a | bif b C a.

Lemma 13.6. Let K be a number field and ¢ a nonzero fractional ideal of K.
Let also 0 be a nonzero integral ideal and n a positive integer:

1. There exists a finite set M of fractional ideals of K, depending on ¢ and 9,
but independent of n, such that the following holds. If x,y € ¢ are such that
xy € (KX)" and® ged(x, y) | 0, then there exist a,b € M such that (x) is a times
an nth power of an integral ideal and (y) is b times an nth power of an integral
ideal.

2. There exists a finite set M, C K*, depending on ¢, 0 and n such that the
following holds. If x,y € ¢ are such that xy € (K*)" and gcd(x, y) | 0, then
there exista, B € M,y and X,Y € Ok such that x = aX" and y = BY".

2By ged(x, y) we mean the fractional ideal generated by x and y.
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Proof. If p is a prime ideal of K and x, y are as in the hypothesis, then

Ordyc < min{Ord,x, Ord,y} < Ord,?,
Ordyx + Ordpy = O mod .

It follows that there exists a finite set of integers A, (not depending on 7) such that
the smallest of the numbers Ord,x or Ord,y belongs to Ay, and the other one is
congruent modulo 7 to some element of A,. Moreover, for all but finitely many p,
we have

Ordyc = Ord,0 = 0,

and for all such p we have A, = {0}. Hence the set M, consisting of the ideals a
satisfying Ordya € A, for every p, is finite and, obviously, has the required property.
This proves Part 1.

Now fix an integral representative in every ideal class of K, and fix a generator
for every principal ideal of the form ah™, where a runs over M and h runs over the
set of the fixed representatives. The set M|, of the fixed generators has the following
property: for any x, y as in the hypothesis, there exist a, B € M,, such that each of
(xa~ ') and (yB™") is an nth power of a principal integral ideal: (x) = (¢X") and
(y) = (BY") for some X, Y € Og.

To complete the proof, we invoke the Dirichlet unit theorem. It implies that the
group Uy /U% is finite. We fix a representative for every class of /g modulo 2/}, and
we define M, to be the set of all ), where & € M,, and 7 runs over the set of the
fixed representatives. Obviously, the set M, is as wanted. The lemma is proved. 0O

We shall use this lemma in the following context: if a is a simple root of
a polynomial f and f(x) is an nth power for some integer x, then x —a is
an “almost” nth power for this x. Precisely speaking, we have the following
consequence.

Corollary 13.7. Let K be a number field, f(x) € K[x] a nonzero polynomial,
a € K a simple root of f, and n a positive integer:

1. There exists a finite set M of fractional ideals of K, depending on f, but inde-
pendent of n, such that the following holds. If x € Ok is such that f(x) € (K*)"
then there exists a € M such that (x — a) is a times an nth power of an integral
ideal.

2. There exists a finite set M,, C K>, depending on f and n such that the following
holds. If x € Ok is such that f(x) € (K*)" then there exist a« € M,, and
X € Ok such that x —a = aX".

Proof. Define polynomials g(x),h(x) € K[x] from f(x) = (x —a)g(x), and
g(x) — g(a) = (x —a)h(x). Recall that g(a) # 0 by the assumption.

Clearly, there exists a fractional ideal ¢, depending only on f such that both
x —a and g(x) are in ¢ for any x € Ok. Also, since g(a) # 0, the relation

g(x) = (x —a)h(x) = g(a)
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implies that there exists a nonzero integral ideal  such that for any x € Og we
have ged(x —a, g(x)) | 0. Now applying Lemma 13.6 with x —a as x and with
g(x) as y, we obtain the result. O

Remark 13.8. More generally, if a is a root of order r, then, defining
n' =n/ged(n,r),

one shows that (x — @) is a times an n’th power of an integral ideal, where again a is
selected in a finite set depending only on f. Indeed, writing f(x) = (x —a)"g(x)
and arguing as above, one proves that the principal ideal ((x — a)”) is “almost” an
nth power, whence (x —a) is “almost” an n’th power. Similarly, x —a = aX "
where X € Ok and « is selected in a finite set, depending on f and 7.

Part 1 of Lemma 13.6 holds even when n = 0. Moreover, in this case, the gcd
assumption is obsolete, and we have the following statement.

Lemma 13.9. Let K be a number field, ¢ a nonzero fractional ideal of K, and a a
nonzero element of K. Then there exists a finite set M (depending on ¢ and a) of
principal ideals of K such that the following holds. If x,y € ¢ are such that xy = a
then the principal ideals (x) and (y) belong to M.

The proof is very simple and left as an exercise.
A fargoing generalization of Lemma 13.6 is known as the Chevalley-Weil
Theorem (see [59, Sect. 2.8]).

13.4 Effective Analysis of Classical Diophantine Equations

In this section we use Baker’s inequality (13.6) to give effective proofs of the
theorem of Thue and of the theorem of Siegel on the “superelliptic equations.”

In this and the subsequent sections the following conventions will apply, unless
the contrary is stated explicitly:

e By a solution of the equations we deal with we always mean a solution (x, y)
inZ?orinZ x Q.

* By constants we mean positive real numbers that may depend on the equation
(and can be explicitly expressed in terms of the equation) but which are
independent of the solution we consider. This convention extends to the constants
implied by the O(:) notation. Even in the course of the same argument the
same letter (say, ¢) may denote different constants, when this does not lead to
a confusion. All these constants are effective, that is, explicitly computable in
terms of the equation.
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13.4.1 The Thue Equation

First of all, we prove an effective version of Theorem 13.1.

Theorem 13.10 (Thue, Baker). Ler f(x,y) € Z[x, y] be a Q-irreducible homo-
geneous polynomial of degree n >3, and A € Z a nonzero integer. Then the
equation

flx,y)=4

has only finitely many solutions in x,y € 7, and the size of these solutions can be
bounded by an explicitly computable constant (depending on f and A).

This effective version of Thue’s theorem was proved by Baker [5].

Proof. Asin Sect. 13.1.1, we write

S, y) =a,(y —01x) - (y — 0,x)

and show that, given a solution (x, y) with x # 0, there exists a root § among
01,...,0, such that y/x is “very close” to 6; precisely speaking,

10— y/x| < clx[™",

with some constant c. It is not relevant for the proof, but can be remarked that the
root 6§ may be assumed to be real; for any non-real theta there is an obvious lower
bound for the difference |6 — y/x|: we have |6 — y/x| > |Im 8.

In the sequel we shall assume (as we may, without loss of generality) that = 6.
Now consider the quotient

y=bx _y/x—06
y—tix  y/x—03

(here we use the assumption n > 3). It is “very close” to (6; — 6,)/(6) — 65).
In other words, the quantity

_b0i—0; y—bOx

V=926, y—6ix
is “very close” to 1:
ly = 1] < c[x|™", (13.8)

with another constant c.
We want now to express the height of y in terms of our solution (x, y). Writing
L, y/x—0s
01 =0, y/x—05
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and using the properties of heights from Appendix B (most significantly, Part 9 of
Proposition B.2), we find that

h(y) =h(y/x) + O(1) = max{log|x/d|.log|y/d[} + O(1),
where d = ged(x, y). Since d divides f(x, y) = A, we obtain
h(y) = max{log |x|,log|y|} + O(1). (13.9)
Finally, since y/x is “close” to 8, we have log|y| = log |x| + O(1). We obtain
h(y) = log|x| 4+ O(1). (13.10)

Now let K be the number field generated by the roots 60y, 6, 63. Lemma 13.9
implies that there is a finite set M C K> such that for any solution (x, y), each
of the numbers y — 6;x can be presented as product of an element of M and
a Dirichlet unit. Hence every y — 6;x belongs to the multiplicative group I,
generated by the set M and the units of K. It follows that, for any solution (x, y), the
quantity y defined above belongs to the group I", generated by I"” and the quotient
(61 — 62)/(61 — 63).

Now it is the time to apply Theorem 13.5. Fix ¢ > 0, to be specified later.
Theorem 13.5 combined with estimate (13.10) implies that either |x| is bounded or

|V _ 1| - e—slog|x|+0(l)'

When ¢ is chosen to be strictly smaller than n (say, ¢ = n/2 would do), this
contradicts (13.8) for large |x|. The theorem is proved. O

13.4.2 The Superelliptic Equation

Another classical Diophantine equation studied by Baker is the superelliptic
equation y" = f(x).

Theorem 13.11 (Siegel, Baker). Letr f(x) € Q[x] be a polynomial with at least 2
simple roots (over C). Then for any integer n > 3 the equation y" = f(x) has only
Sfinitely many solutions in x € Z and y € Q, and the size of these solutions can be
bounded by an explicitly computable constant (depending on f andn). If f has at
least three simple roots, then the same is true for the solutions of y> = f(x).

A noneffective version of this theorem is due to Siegel [127], and Baker [6]
proved an effective version.

To illustrate the idea of the proof, assume that f(x) belongs to Z[x] and has two
simple roots in Z; call them a and b. Corollary 13.7 implies that for any solution
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(x, y) of our equation we have x —a = au”, where « is selected in some finite set
and u € Z. Similarly, x — b = V", where § belongs to a finite set and v € Z.
Thus, we reduced our equation to finitely many Thue equations of the form

au" — V" =b —a, (13.11)

which proves the theorem in the special case. In the general case, one reduces
the superelliptic equation to equations of the same shape as (13.11), but now the
coefficients @ and B belong to some number field K, and one looks for solutions
in the ring of integers Ok. One can analyze this “generalized Thue equation” in,
basically, the same way as one does with the classical Thue equation over Q.
However, it is more practical (and more instructive) to reduce the superelliptic
equation directly to Baker’s inequality, without passing through the Thue equation.

To understand how this should be done, let us return to the case when f(x) has
distinct simple roots a, b € Z. As we have seen, in this case, the original equation
reduces to several Thue equations of the form (13.11). Let us analyze one such
equation using the method of Sect. 13.4.1. We write

au — BV = a( —61v)---(u—6,v),
where

O = 1B/ (k=1,....n)

with ¢ = {, a primitive nth root of unity. If (u,v) is a “big solution,” then the
quotient u/v is “very close” to one of the roots 6y, .. ., 6,, say, to 0.
Now as in the proof of Theorem 13.10, we introduce the quantity y:

_ 91—93 u—@zv
V= 91—92 M—93V‘

Expressing y in terms of the variables x and y of the original equation y" = f(x),
we find

_ 1= Yx—a-tVx-b
C1l-¢ yx—a-0¥x—b

(13.12)

for some determination of the roots {/x —a and ~/x — b.

Notice that y can be defined, using (13.12), without any additional assumption on
the roots a and b. This suggests the following strategy for proving Theorem 13.11:
define y asin (13.12) (one should only be careful here with the correct determination
of the roots), and then show that y belongs to some finitely generated group
(independent of x) and is close to 1, so that one can apply Baker’s inequality.
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We can proceed now with the formal proof.

Proof of Theorem 13.11. Let a € Q be a simple root of f. If (x,y) € Z x Q is
a solution of y" = f(x), then Corollary 13.7 implies x —a = au”", where o is
selected in some finite set A and u € Q(a). It follows that for any solution (x, y) all
the roots /X — a belong to the number field Q(a, ¥/A), generated over Q(a) by the
nth roots of the elements of A and by the nth roots of unity.

Similarly, if b is another simple root of f then there exists a finite set B C Q(b)
such that for any solution (x, y) all the roots ~/x — b belong to the number field
Q(b, V/B).

Denote by K the number field Q(a, b, YA, (/f) and fix a primitive nth root of
unity { = ¢,. Lemma 13.9 and the identity

iﬁ(&?fa—ﬁOgtz):b—a

k=0

imply the following: there exists a finite set of principal ideals of the field K, not
depending on the solution (x, y), such that for k € {0,...,n — 1} the principal

ideals (.”/ — Y x ) belong to this set. It follows that there exists a finitely
generated subgroup I'" of K* (not depending on the solution) such that

Yx—a—-t"/x—ber’ (k=0,....n—1). (13.13)

Now it is the time to define the roots #/x —a and </x —b as complex
numbers. We may restrict ourselves to solutions (x, y) with x > 0; for solutions
with x < 0 just consider the equation y" = f(—x). Further, we may assume that
x > max{|al, |b|} and define the roots 4/1 —a/x and v/1 — b/x as the sums of the
corresponding binomial series:

()

and similarly for {/1 — b/x. With this definition we have

1 p b 1
X X X X

Next, we define /x —a = #/x /1 — a/x, where ¥/x is the only positive nth root
of x, and similarly for </x — b.
Now assume that n > 3. Relations (13.14) imply that the quantity

_52 m—wr
—§ Yx—a—-PUx—

y=vx) =
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satisfies
ly—1]<Cx™ (13.15)
with some constant C. Writing
Jx—b 1= 1-¢p
“Vy—a )/=1_§'1_§2p

and using Proposition B.2 (Part 9 and others), we find
h(p") =h(x) + O(1),  h(y) =h(p) + O(1),

whence
h(y) = %h(x) +0() = %1ogx + 0(1). (13.16)

Now we complete the proof using Theorem 13.5. Clearly, y € I', the group
generated by I'’ and (1 — ¢?)/(1 — ¢). Theorem 13.5 applied with suitably chosen &
and combined with estimate (13.16) implies that either x is bounded or

ly — 1| > e~(/Dlogx+0(),
contradicting (13.15) for large x. The case n > 3 is proved.

If n =2 and f has three simple roots a, b, ¢, the proof is very similar. This time
we put

_Jx—a+~x—b

V= JX—a+Jx=c
We again have
ly —1] < Cx". (13.17)

As for the height, we cannot now have an asymptotical estimate like (13.16), but
we can estimate the height in terms of x from above and from below, which would
suffice.

The upper estimate is a straightforward application of Proposition B.2:

h(y) <2logx + O(1). (13.18)
To estimate the height from below, write

x—>b _ I+p

£ y_—v
x—a L+ /Ap* + 1

p:
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where

A:—’ =
a—>b #

Resolving this in p, we find

p=y—1£yVA—wy? =2y + 1+ p.

Using repeatedly various parts of Proposition B.2, we obtain the estimates
h(p) < (5/2)h(y) + O(1) and log x = h(x) = 2h(p) + O(1), resulting in

logx < 5h(y) + 0(1). (13.19)

Applying Theorem 13.5 with suitably chosen & and combining it with (13.18)
and (13.19), we deduce that either x is bounded or

ly — 1| > e~ (/2 logx+0(),

contradicting (13.17) for large x. The theorem is proved in the case n = 2 as well.
0

13.5 The Theorem of Schinzel and Tijdeman
and the Equation of Pillai

Schinzel and Tijdeman [122] considered the superelliptic equation with the “vary-
ing” exponent n and proved the following remarkable theorem.

Theorem 13.12 (Schinzel, Tijdeman). Ler f(x) € Q[x] be a polynomial with at
least two distinct roots (over C). Then there exists a positive effectively computable
constant ny = no(f) such that for any integer n > no(f) the equation y" = f(x)
has no solutionsin x € Zandy € Qwith y # 0, £1.

The proof of this theorem again relies on Baker’s inequality, but Theorem 13.5
is no longer sufficient. In fact, now we have to deal not with elements of a finitely
generated group I", but of the group (K*)"I'", generated by I" and all nth powers in
the field K. For elements of this group we have the following Baker-type statement.

Theorem 13.13. Let K be a number field, I a finitely generated subgroup of K>,
andn > 2 an integer. Then for any y € (K*)"I" we have either y = 1 or

ly — 1] > eme1 e, (13.20)

where the positive constants ¢i and ¢, depend on K and on I', but not on n.
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Notice that this theorem is of interest only for large n; for small n an appar-
ently better estimate |y — 1| > e~ +l0e2) where d = [K : Q], follows from
“Liouville’s inequality” (Proposition B.3).

Proof. Fix a system yy, ..., Y, of generators of I". Then any y € (K*)"I" can be
written as y = y{}yf" -+~ ybr with y9 € K* and 0 < b; < n. For the height of y, we
have the estimate

h(y)

(h(y) 4+ bih(y1) + -+ + bh(y)) < ——+ 0,

S| =

h(yo) <

the implicit constant depending on I". Hence, h'(yo) < h(y)/n + O(1). Applying
Theorem 13.3, we obtain y = 1 or

1
ly — 1] > e~cKDNGo)logn > o= “Fh()—c2

as wanted. ]

Remark 13.14. 1t is useful to express the constants ¢; and ¢, explicitly in terms of
asystem yy, ..., y, of generators of I". The proof implies that one may take

e =c(rd(y)---0(y), ca=ci(h(y)+---+h@y)+1),

where, as above, d = [K : Q]. This will be used in Sect. 13.6.

Proof of Theorem 13.12. To simplify the notation, we shall give a detailed proof
in the special case when the polynomial f has two distinct simple roots (which is
sufficient for the subsequent applications). At the end, we indicate the few changes
to be made to adapt the proof to the general case.

Notice first of all that n is bounded in terms of x. Indeed, if f(x) # 0, £1 then
the set of n such that f(x) is a pure nth power is finite. And if f(x) € {0, £1} then
from y" = f(x) we find that either n = 0 or y € {0, 21}, which is excluded.

Thus, in the sequel, we may assume | x| as big as we please. In particular, we may
assume that x # 0.

Now let @ and b be two distinct simple roots of f, and put K = Q(a,b).
All constants in the proof, either implied by the O(-)-notation or denoted by
¢,c1,Ca. .., may depend on f but not on n.

Corollary 13.7 implies that the principal ideal (x —a) is au”, where u is an
integral ideal of the field K and a belongs to a finite set of (fractional) ideals, which
depends on f but is independent of x and n.

Now let & = hg be the class number of the field K. Then the ideals a” and u”
are principal. It follows that (x —a)" = anu", where a belongs to a finite set
(independent of x and n), u is an algebraic integer, and 7 is a unit of the field K.
Hence (x — a)” belongs to (K*)"I", where I” is a finitely generated multiplicative

3We hope that no confusion occurs between the height function h(-) and the class number /.
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group, which does not depend on x and n. Similarly, (x — b)" € (K*)"I"" with
some finitely generated I"/, and we may assume that I’ = I". Hence,

= (o0 e

and Theorem 13.13 applies here. To use it, we need to express the height of y
in terms of x. Using items (8) and (9) of Proposition B.2 and recalling that
h(x) = log|x| (because x # 0), we obtain h(y) = hlog|x| + O(1). Substituting
this to (13.20), we obtain that either y = 1 or

|y _ ll > e—clhlonﬂlog \x\—c'z- (13.21)

On the other hand, y =1+ O(|x|™") and y # 1 when |x| > 2max{|a|,|b]|}.
Combining this with (13.21), we obtain that either n < ¢3 or |x| < ¢4. Since n is
bounded in terms of x, this completes the proof in the case when the roots a and b
are simple.

Now assume that ¢ and b are distinct roots of f(x) of multiplicities r
and s, respectively. Using Remark 13.8 instead of Corollary 13.7, we obtain that
(x —a)h e (K*)"/ &4 and (x — b)" € (K*)"/ &4 with some finitely
generated group I". Hence y € (K*)" 'I", where

n' = ! .
lcm(gcd(n, r), ged(n, s))

Now, arguing as above, we bound n’, which implies a bound on n. The theorem is
proved. O

Remark 13.15. Alternatively, one can define

" h
y

= =, <. bl h:h a)s

Y (d(x—a)’”) Qa)

where m is the degree and d is the leading coefficient of the polynomial f.
Since (x —a)" is an “almost” nth power in Q(a), so is y, and since
y' = f(x) =dx™ + O(]x|"""), we have y = 1+ O(|x|™!). Finally, since a
is not the single root of f, we have y # 1 for big x.

This approach might be useful in some cases, because it permits to deal with the
field Q(a) instead of Q(a, b). We shall see how to profit from this in Sect. 13.6.

Combining Theorems 13.11 and 13.12, we obtain the following.

Theorem 13.16. Let f(x) € Q[x] be a polynomial with at least two simple roots.
Then the equation y" = f(x) has only finitely many solutions in x € Z, y € Q,
andn € Z withn > 3 and y # 0 £ 1; moreover, the size of these solutions can be
explicitly bounded. If f has at least three simple roots, then the assumption n > 3
may be replaced by n > 2.



176 13 Baker’s Method and Tijdeman’s Argument

We apply this to the Diophantine equation of Pillai. The Indian mathematician
Pillai studied in [114, 115] the Diophantine equation x™ — y" = ¢ with a fixed
nonzero integer c¢. He conjectured that this equation has only finitely many nontrivial
solutions in positive integers x, y,m,n with m,n > 1. This conjecture is proved
now only forc = £1.

One may state a more general conjecture.

Conjecture 13.17. Let a, b, ¢ be nonzero integers. Then the equation
ax™ +by" =c (13.22)
has finitely many solutions in integers x, y and positive integers m, n such that
x,y#0,£1, m,n>1, (m,n)#(2,2). (13.23)

(One has to exclude the case m = n = 2 because equation ax?> + by> = ¢ may
have infinitely many solutions.)

This conjecture is usually called generalized Pillai’s conjecture, and Eq. (13.22)
is called generalized Pillai’s equation. Solutions satisfying (13.23) will be called
nontrivial.

No instance of Pillai’s conjecture with |abc| > 1 is currently proved.

Theorem 13.16 implies that this equation may have only finitely many nontrivial
solutions with one of the four variables fixed.

Theorem 13.18. Let a,b,c be nonzero integers. Fix integers xo # 0, +1 and
mo > 1. Then Eq. (13.22) has at most finitely many nontrivial solutions (x,y, m,n)
with x = Xy and at most finitely many nontrivial solutions with m = m.

Proof. When m = my is fixed, we write our equation as y" = f(x) with
f(x) = —(ax™ —c)/b and apply Theorem 13.16.

Now fix x = x¢ and write m = 3u + p, where p € {0, 1, 2}. Then (13.22) can
be rewritten as y" = f(X) with f(X) = —(AX> —c¢)/b, where A = ax)) and
X = x}y. For every p this equation has finitely many solutions by Theorem 13.16.
Whence the result. O

13.6 Tijdeman’s Argument

We conclude this chapter with the remarkable result of Tijdeman [134], who proved
in 1976 that Catalan’s problem reduces to a finite calculation.

Theorem 13.19 (Tijdeman). There exists an absolute effective constant C such
that any nontrivial solution (x, y, p, q) of Catalan’s equation x? — y1 = 1 satisfies

max{|x|,|yl, p.q} < C.

By a nontrivial solution we mean here a solution in integers x, y # 0 and primes
D.9q-
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Before the work of Mihdilescu this was the best result on Catalan’s problem.
See Sect. 1.4 (p. 5) and Sect. 1.6 (p. 7) of the Historical Account, where Tijdeman’s
work is put into the historical context.

Notice first of all that if one of the exponents p, g is 2 then the result follows
from Theorem 13.18. Hence, we may assume that p, g are odd prime numbers.
This allows us to use the symmetry: if (x,y, p,q) is a solution, then so is
(_yv —X,q, ]7)

Also, again by Theorem 13.18, we may assume that

x|, [y] = 10. (13.24)

13.6.1 Preparations

To prove Tijdeman’s theorem, we write Catalan’s equation as
Yyl =xP —1, (13.25)

and we may apply Theorem 13.12 to bound ¢ in terms of p. We want to make this
explicit. If we imitate the proof of Theorem 13.12 in this special case, we will have
to deal with the quantity
(x —a )hp
x—b/ "~

where /1, is the class number of the cyclotomic field K, = Q(¢,) and a, b are two
distinct pth roots of unity (in particular, one of them can be 1). This quantity must
be an “almost” gth power in K.

It is more efficient, however, to do as suggested in Remark 13.15 and take

yq

4

This would allow us to work over the field QQ rather that the pth cyclotomic field.
Another important advantage is that we have the following very precise version of
Corollary 13.7. We denote by @,(x) the pth cyclotomic polynomial:

xP—1

Pp(x) = —— =x"T44x+1

Proposition 13.20. Ler (x, y, p,q) be a solution of Catalan’s equation (that is,
X,y are nonzero integers and p,q are (distinct) odd prime numbers, satisfying
x? — y4 = 1). Then either

ged(x —1,P,(x)) =1,
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in which case x — 1, ®,(x) € (Q*)?, or

ged(x = 1,8,(x)) = p,

in which case x —1¢€ p~'(Q*)? and ®,(x) € p(Q*). In addition, in the
second case, Ord,®,(x) = 1. Symmetrically, we have either y + 1 € (Q*)? or
y+1eqg (@)

Proof. We may quote here certain statements from Chap. 2 or 3, but we give a quick
independent proof for the reader’s convenience. It will be more practical to deal
with the polynomial g(¢) = @,(¢t + 1). Since g(0) = @,(1) = p, we have clearly
ged(r, g(¢)) € {1, p} for t € Z. Moreover, writing

gt) = —(Z 1) +Z( ) A

we see that g(¢) = t”~! mod p , which means that, for ¢ € Z, either both ¢ and g()
are not divisible by p (in which case they are coprime) or both are divisible by p
(in which case their ged is p). In this second case we have g(t) = p mod p?, in
particular Ord, g(¢) = 1.

Now let (x, y, p,q) be a solution of Catalan’s equation. Setting t = x — 1, we
rewrite the equation as tg(¢t) = y9. Thus, if gcd(z, g(¢)) = 1 then both ¢ and g(¢)
are pure gth powers, and if ged(z, g(t)) = p then one of the numbers ¢ and g(¢)
is pu? and the other is p?~'v4, where u,v € Z and p } u. Since Ord,g(¢) = 1, it
cannotbe p?~'v4. Thus, g(¢) = pu? € p (Q*) andt = p?~"v7 € p~'(Q*)9. This
completes the proof. O

Remark 13.21. According to Cassels’ Theorem 3.3 from Chap. 3, we actually have
ged(x —1,@,(x)) = p. This result (which is quite involved; see Sect.3.3) is
crucial for the work of Mihdilescu, but we do not need it to prove Theorem 13.19.
Therefore we prefer to ignore this additional knowledge at this time.

Corollary 13.22. We have |x| > 29 — 1 and |y| = 27 — 1.

Proof. If x —1¢€ (Q*)? then either x —1 € {0, %1}, which is impossible
by the assumption (13.24), or |x — 1| > 29, which implies that |x| > 29 — 1.
If x—1€ p ' (@Q%)4 then |x —1| > p?~!, and a quick inspection shows that
p?~! > 24 for any distinct odd primes p and g. This proves that |x| > 29 — 1, and
|y| = 27 — 1 follows by symmetry. O

Again, much sharper results are available (see Sect. 3.4), but the estimates from
Corollary 13.22 are sufficient here.
We also need some estimates concerning y.

Proposition 13.23. The rational number y defined in (13.26) is distinct from £1.
If p < q then y satisfies

y =14+ 0(p/x), h(y) = (p — 1) log|x| + O(log p), (13.27)

the implied constants being absolute.
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Proof. Since

xP -1

4
we clearly have y # +£1. Further, since x| > 29 — 1 > 27 — 1 by Corollary 13.22,
wehavey =1 4+ O(p/x).
To estimate the height of y, we write further

xP x4 1
(x — 1)r1

y:

Proposition 13.20 implies that the greatest common divisor of the denominator and
the numerator is 1 or p. Hence, using Proposition B.2(5), we obtain

h(y) = logmax{lxp_1 +o x4+ 1] (= 1)”_1|} + O(log p). (13.29)

Again using |x| > 2” —1, we find that the right-hand side of (13.29) is
(p — D) log|x| + O(log p). This completes the proof. O

13.6.2 Proof of Theorem 13.19

We now start the proof of Theorem 13.19. By Theorem 13.18 it suffices to bound
one of the exponents p or g. We will do even better, bounding both of them.

We assume that ¢ > p . The proof consists of two steps: first we bound ¢ in terms
of p, and after we bound p in terms of ¢; the combination of both bounds would
imply an absolute bound for p and ¢. Unless the contrary is stated explicitly, all
constants denoted by ¢ or implied by the O(-) notation are absolute.

Bounding ¢ in Terms of p

Our first objective will be the inequality

q < cp(log p)* (13.30)

with some absolute constant c. The exact form of the inequality is of little
importance; we only need to know that ¢ cannot be “too large” compared with p.
As indicated above, this will be a reenactment of the proof of Theorem 13.12, but
with y defined as in (13.26), and with Proposition 13.20 replacing Corollary 13.7.
Proposition 13.20 implies that y € I',(Q*)?, where I', is the subgroup of Q*
generated by p . Since y # 1 (Proposition 13.23), Theorem 13.13 implies that

ly — 1] > e K15 -k
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where quantities K; and K, depend on I',, that is, on p. Moreover, as follows
from Remark 13.14, one has K; = O(log p) and K, = O ((log p)z) (recall that the
constants implied by the O(-)-notation are absolute). Using also the height estimate
from (13.27), we obtain

_.(p=Dlogplogg _ 2
ly—1]=e* 0 loehlzeloep) (13.31)

with some absolute constant c.
On the other hand, the first estimate from (13.27) can be rewritten as

O<|y—1]< e~ log|x[+0(log p)

Comparing this with (13.31), we obtain

plog plogq

log|x| <c log |x| + c(log p)?

with a different ¢. Using the inequality |x| > 2¢ — 1, we deduce from this that

q 2
<cpl 1 — (1 ,
g < cplogplogq +cqmi— (log p)

which implies that ¢ < cp(log p)> with yet another constant ¢. This proves
estimate (13.30).

Bounding p in Terms of ¢
Thus, we have
P < q < cp(log p)*. (13.32)

Now we want to bound p in terms of ¢g. We may write the equation as x” = y? 4 1
and try the quantity

x]’
(y + 1)

’

but this would imply something like p < cq(log ¢)?, quite uninteresting.
Tijdeman’s bright idea was to use

_(x=D7
P=0Tn
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The crucial point is that 8 is an “almost p gth power”; precisely, Proposition 13.20
implies that 8 € I, ,(Q*)?9, where I',, ; is the multiplicative group generated by p
and ¢g. As we will see in a while, applying Theorem 13.13 to § would result in a
very sharp upper bound for p in terms of g.

In what follows we treat 8 very similarly to our treatment of y above. First of all,
we have for B analogues of estimates (13.27):

1#B=1+0(q/y).  h(B)=qloglyl+ O(q/y). (13.33)

It is clear that § # 1: observe, for instance, that the denominator and the numerator
in the definition of B are coprime, because x — 1 divides y9. To prove that

B =14 0(q/y), write
=7y !
p= xP —1 (y+1)

Using Corollary 13.22 and (13.32), we find

B =0+ 0p/x)(1+ 0(q/y).

Finally, since ¢ > p, we have |y| < |x|, which implies that § = 1 + O(gq/y).
In a similar fashion one estimates the height of 8. Since the denominator and the
numerator in the definition of § are coprime, we have

h(B) = max {plog|x —1|.qlog|y + 1]},
and, using, as above, Corollary 13.22 and (13.32), we find
h(B) = max{plog|x|.qlog|y|} + O(q/y).
Finally, since
plog|x| =log|y? + 1| = glog|y| + O(y™),
we obtain h(8) = g log|y| + O(q/y).

Now we are ready to apply Theorem 13.13, which, together with Remark 13.14,
gives the lower bound

log(pq) _
1B — 1] > e K175 K K; =0 ((logg)?). K>= 0((logg)?).
Combining this with the height estimate from (13.33), we obtain

(log

 (logg)’ e 3
IIB _ 1| > e—C ,,q log [y| 6(108’1)z (1334)

with some absolute constant c.
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Rewriting the first estimate from (13.33) as

0<|p—1] < e loglyl+0(logq)
and comparing this with (13.34), we obtain

(logg)?
log|y| < choglyl + c(loggq)’

with a different c; in other words,

P

(logq)*. (13.35)
log |y|

p <c(logq)® +c¢

By Corollary 13.22 we have |y| > 27 — 1. Hence the right-hand side of (13.35) is
0 ((log q)3). Thus,

p <c(logq)’

with yet another c.

This is the promised bound for p in terms of g. Combining it with (13.32)
we bound both p and g by an absolute constant, completing the proof of
Theorem 13.19. O



Appendix A
Number Fields

This is a brief synopsis of the algebraic number theory used in the present book.
It cannot serve as introduction to algebraic number theory: its only purpose is to
refresh the terminology and recall the basic facts. We give almost no proofs and
almost no references, assuming that every reader will find the proofs of all (or, at
least, most) of the statements from this appendix in his favorite algebraic number
theory textbook(s).

A.1 Embeddings, Integral Bases, and Discriminant

An algebraic number field or, shorter, a number field is a finite extension of
the field QQ of rational numbers. Let K be a number field of degree n = [K:Q].
Then there exist exactly n distinct embeddings o1,...,0, : K < C. An embed-
ding o is called real if 0(K) C R and complex otherwise. Complex embeddings
enter the list oy,...,0, in pairs: if o is a complex embedding, then its complex
conjugate 0 is another complex embedding of K. In particular, the number of
complex embeddings is always even.

A field with only real embeddings is called fotally real, and a field with no real
embeddings is called fotally imaginary.

Denote by Ok the ring of algebraic integers from the number field K. The addi-
tive group of Ok is a free abelian group of rank n. Let wy,...,w, be a Z-basis
of Ok (such a basis is usually called an integral basis of K). The quantity

Dk = (det [Gi (Wj)]lsi,ji”)2

is independent of the choice of the integral basis wy,...,w, and is called the
discriminant of K. It is a nonzero rational integer.

183
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Recall also Kronecker’s theorem: if a € Ok satisfies |o(«)| < 1 for any embed-
ding o of K, then either « = 0 or « is a root of unity. [It is proved in Appendix B;
see Proposition B.2(2).]

A.2 Units, Regulator

The invertible elements of the ring Ok are called the units (or Dirichlet units)
of K. The multiplicative group Ux = O% of units is a finitely generated abelian
group. More precisely, let #; and 2¢, be the number of real and complex embeddings
of K, respectively. Let 2x be the group of roots of unity from K (it is a finite
cyclic group). The fundamental Dirichlet unit theorem asserts that Uy / 2k is a free
abelian group of rank r = #; + #; — 1. (The inequality r < ¢; + £, — 1 is relatively
easy to establish; the nontrivial partis r > t; + 1, — 1.)

Let 01,...,0,41 be a selection of embeddings of K, containing all real embed-
dings and one from each pair of complex embeddings (r +1 =#; + 1,), and
let ny,...,n, be a basis of the infinite part of /x (usually called a system of

fundamental units). Put e; = 1 if o; is real and ¢; = 2 if 0; is complex, and consider
the map Ux — R” which associates to every n € Uk the vector

(erloglor(m)]..... e loglo-(n)]).

The kernel of this map is 2k, and its image is a lattice in R". The fundamental
volume of this lattice, that is, the quantity

)det [@i 10g iai (nj)|]1§i,j§r

(which is independent of the choice of the basic units 7y, . .., 7, and of our selection
of the embeddings o1, . .., 0,41), is called the regulator of K and is denoted by Rg.

A.3 Ideals, Factorization

The ring Ok is a Dedekind ring; that is, it is Noetherian and integrally closed, and all
its nonzero prime ideals are maximal. Hence it has the unique factorization property
for ideals: every nonzero ideal of Ok has a unique (up to the order) presentation
as a product of prime ideals. In other words, the nonzero ideals of Ok form a free
multiplicative semigroup, the (nonzero) prime ideals being its free generators.

A fractional ideal is a finitely generated Og-submodule of K. (Equivalently,
an Og-module a C K is a fractional ideal if there exists a nonzero @ € K such
that a C Ok.) For every nonzero fractional ideal a there exists a unique fractional
ideal a™! such that aa™! = (1). It follows that nonzero fractional ideals form a free
abelian group, with prime ideals as free generators.
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One often abuses the language, calling the fractional ideals as the ideals of K.
Ideals of Ok are then referred to as integral ideals of K, and nonzero prime ideals
of Ok are called the prime ideals of K (or just the primes of K). We follow this
tradition in the present book.

If a is an ideal of a number field K, and L a finite extension of K, then aO
is an ideal of L, which is usually denoted by a as well. (In case of confusion, one
can specify which field is in mind, but this is seldom needed.) For instance, a prime
ideal p of K often becomes composite in L, and we can speak about the prime
decomposition of p in L.

A.4 Norm of an Ideal

Let a be a nonzero ideal of Og. The norm of a, denoted by N a, is, by definition, the
cardinality of the residue ring Ok /a. The norm of the zero ideal is, by definition, 0.

The norm is multiplicative: N'(ab) = Na A'b. By multiplicativity, the norm
function extends to all fractional ideals, defining a homomorphism from the group
of (nonzero) fractional ideals to Q*. This function is compatible with the usual norm
map K — Q: the norm of the principal ideal («) is equal to the absolute value of
the norm of «.

If K is a Galois extension of (Q with Galois group G, then for any ideal a we
have [],c; a° = (Na). (We write the Galois action by G exponentially.)

The norm defined above is called sometimes the absolute norm. More generally,
let K be a number field, L a finite extension of K, and a an ideal of L. Then one
can define the L/ K-norm (called also relative norm) N /K, which will be an ideal
of K. The L /K-norm is multiplicative, and one also has the “transitivity relation”:
if K C L C M is a tower of number fields and a is an ideal of M, then

NL/K (NM/LU.) ZNM/KCL (A.1)

If L is a Galois extension of K with Galois group G and a an ideal of L, then
[loec a° = Nijka.

If a is an ideal of the number field K, then one can define the absolute norm N a,
which is a nonnegative rational number, and the K/Q-norm N K/, which is an
ideal of Q. The two definitions agree in the sense that Nx /ga is the ideal generated
by Na.

A.5 Ideal Classes, the Class Group

The multiplicative group of fractional ideals has a subgroup consisting of principal
ideals (it is isomorphic to K*/O%). The corresponding quotient group is called
the group of classes of ideals or, shorter, the class group of K. The class group is
denoted by Hg; its elements are called classes of ideals, or ideal classes, or simply
classes.
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It is fundamental and nontrivial that the class group is finite. Its cardinality is
called the class number of K; it is denoted by % k. Together with the discriminant Dg
and regulator R, the class number belongs to the most important numerical
invariants of the field K.

A.6 Prime Ideals, Ramification

Any prime ideal of K contains exactly one prime number, called the underlying
prime of this prime ideal. Let p be a prime ideal and p its underlying prime. Then
Ok /p is the finite field IF,;, where the integer f satisfies f <n = [K:Q] and is
called the residue field degree of p (over Q).

Further, the positive integer e such that p¢ divides p, but p°™" does not, is called
the ramification index of p (over Q). The ideal p is ramified (over Q) if e > 1
and unramified otherwise. The product ef is called the local degree, or simply the
degree of p (over Q).

Conversely, let p be a prime number. Then only finitely many (actually, no more

e+1

than n) prime ideals of K lie above p. Letpy, ..., p, be these prime ideals, ey, . .., es
their ramification indices, and fi, ..., f; their residue field degrees, respectively.
Then we have the factorization (p) = p}' ---p%. Comparing the absolute norms of

both parts, we obtain the basic identity e; f; + - -- + e fy = n (“global degree is the
sum of local degrees”).

We say that p splits completely in K if p decomposes in K into a product
of n distinct prime ideals; equivalently, p splits completely if all prime ideals of K
above p are of local degree 1.

We say that the prime p is ramified in K if at least one of the ideals py, ..., p;
is ramified over Q, that is, if at least one of the numbers ey, . . ., e, is greater than 1.
Otherwise, the prime p is unramified in K. The prime p is fotally ramified in K if
s =1,e; =n, fi = 1,thatis, if (p) = p" for some prime ideal p. In this case, p is
also totally ramified in any subfield of K (distinct from Q).

One proves the existence of an integral ideal 0k, called the different of K, with
the following properties: N'(0x) = |Dk|, and a prime ideal p is ramified if and
only if p | 0x. Consequently, a prime number p is ramified in K if and only if
it divides the discriminant D. In particular, there are only finitely many ramified
primes.

Minkowski’s theorem asserts that |Dg| > 1 for K # Q. Equivalently, if K # Q
then at least one prime number is ramified in K.

More generally, let K be a number field, L a finite extension of K, and ¥ a
prime ideal of L. Then p =B N Ok is a prime ideal of K, called the underlying
prime ideal of B in K. One can define now the ramification index and the residue
field degree of B over K, the relative different 07,x, the relative discriminant
Dpjx = N, 1/k(01/k), and so on. We shall use the following properties of the
different:
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» Differents are multiplicative in towers; that is, if K € L € M is a tower of
number fields, then 0y7/x = 0p/107 k-

e Ifa € Opissuchthat L = K(«) and f(x) € Og[x] is the minimal polynomial
of « over K then 0, /x divides f’(x).

A.7 Galois Extensions

Let K be a finite Galois extension of Q with the Galois group G = Gal(K/Q). Let p
be a prime number and p a prime ideal of K above p . Then for any o € G the prime
ideal p® again lies above p . Thus, G acts in the obvious way on the set {p, ..., ps}
of the prime ideals of K above p. It is important that this action is transitive, which
implies that the ramification indices ey, ..., e; are all equal, and the same is true
for the residue field degrees fi,..., f;. One calls the number e = ¢} = --- = ¢
the ramification index of p in K; similarly, f = f; = --- = f; is called the residue
field degree of p in K.

Again, let p be a prime ideal of K and p the underlying prime number. The
decomposition group of p is the subgroup of G stabilizing p:

Gy, ={oe€G:p° =p}.
The inertia group is the subgroup of G, defined by
I, ={0€G,:a° =amodp forall @ € Og}.

We have |G,| = ef and |/,| = e. The inertia group is a normal subgroup of the
decomposition group, the quotient G,//, being canonically isomorphic to the
Galois group of the residue field Ok /p over Z/ pZ. In particular, it is a cyclic group
of f elements.

If p is unramified then /, is trivial and G, is itself a cyclic group of f elements.
Moreover, it has a canonical generator ¢ = ¢, € Gy, called the Frobenius element.
The latter is defined as the unique element of G such that o = «” mod p for all
a € Og. Thus, to every unramified prime ideal p of K, we associate its Frobenius
element @,,.

One has similar terminology and statements in the relative case, for the Galois
extensions L/K. We shall be very brief. Let 3 be a prime ideal of L and p the
underlying prime ideal of K. The subgroup G/, of G = Gal(L/K) preserving
is called the decomposition group of B over K. If B is unramified over K then Gy
is a cyclic group generated by the Frobenius element ¢ = @/, which is the unique
element of Gy, satisfying o = aNP mod*p forall o € Oy.
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A.8 Valuations

Let K be a field (not just a number field). A valuation v on K is a real-valued
function x — |x|, on K with the following properties:

1. We have |«|, > 0 for all @ € K also, ||, = 0if and only if « = 0.
2. For any «, B € K we have |af|, = |a|,|B]-
3. There exists a constant ¢, > 0 such that for any «, B € K we have

lo + Blv < ¢y max {|ely. |Bls} - (A.2)

The valuation, defined by |0|, = 0 and |«|, = 1 for any « # 0, is called trivial.
In the sequel, trivial valuations are excluded from consideration; thus, from now on,
when we say valuation, we mean nontrivial valuation.

If v is a valuation and a a positive real number then the function x +— |x|¢ is
again a valuation (with the constant ¢ instead of ¢,). Two valuations v and V' are
called equivalent if there exists @ > 0 such that |x|,, = |x|¢ for any x € K.

A valuation v is called non-Archimedean if (A.2) holds with ¢, =1 and
Archimedean otherwise. If v is (non-)Archimedean, then all equivalent valuations
are (non-)Archimedean as well.

One usually denotes by Mg the set of all classes of equivalent valuations of
the field K (these classes are called places). It is practical, however, to choose a
representative in each class (“normalize the valuations™) and to denote by Mg the
set of chosen representatives.

In general, there is no “canonical” way to normalize the valuations of a
number field, and, except the case K = Q, there is even no commonly accepted
normalization: different normalizations are used in different sources. Below we
describe the normalizations adopted in this book.

First of all, recall the commonly used normalization for K = Q. We have

Mg = {the prime numbers} U {00},

where the symbol oo corresponds to the usual absolute value: |o|s = |o| for
a € Q, and each prime number p corresponds to the standard p-adic valuation,
defined as follows. Let @ be a nonzero rational number. We define the p-
adic order Ord, o as the unique integer m such that @ = p™a/b with a,b € Z
satisfying ged(p ,ab) = 1. Next, we define |a|, = p~O . By definition, one
puts Ord, 0 = 400 and |0|, = 0. With this normalization, for any nonzero o € Q,
one has the product formula ]_[veMQ ||, = 1.
Now let K be an arbitrary number field. Then

Mg ={the prime ideals of K} U {the real embeddings of K}U

{the pairs of complex conjugate embeddings of K}.
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If v € Mk is areal embedding o, then, for @ € K, we define ||, = |o(@)|. Ifvisa
pair of complex conjugate embeddings o, 5, then we define |a|, = |o(r)|?. Finally,
if vis a prime ideal p then ||, = (N'p) =9 @ (the p-adic valuation). Here Ord, ()
is the p-adic order of «, defined by (o) = p©» @ qb~!, where a, b are integral ideals
of K coprime with p (with the convention Ord,, (0) = +00). With this normalization
we again have the product formula

[]leh=1 (xek).

VEMK

The valuations (and places) corresponding to the embeddings of K are called
infinite; they are Archimedean. The p-adic valuations are called finite; they are non-
Archimedean.

Let K be a number field and L a finite extension of K. We say that w € M lies
above v € Mg and v lies below w (notation: w | v) if the restriction of w to K is
equivalent to v. There are only finitely many w € M| above a given v € M. With
our normalization, for any « € L, we have the identity

|Nikel, = l_[ o]y

wlv

In particular, if @ € K then

[ Tlehw = Jer|EE5. (A3)

wlv

Now let 7 : K — K’ be an isomorphism of number fields. Then 7 induces a
natural map t« : Mx — Mg . Indeed, forav € Mg, we define a valuation v of K’
by |Ble.y = |71 (B)|,. A priori, T,V is merely equivalent to a valuation from M;
however, it is easy to show that it is “correctly” normalized and thereby belongs
to Mgr.

Indeed, if v is p-adic, then T,v is p’-adic, where p’ = t(p). It remains to notice
that prime ideals p of K and p’ of K’ have the same norm. If v is infinite and
corresponds to the embedding o of K, then 7.v corresponds to the embedding
o ot of K’, and if o is real (respectively, complex), then o o 7 is real (respectively,
complex) as well.

Recall in conclusion the following simple property of non-Archimedean valua-
tions, which is widely exploited in the present book. It will be more convenient to
use the notion of p-adic order rather than valuation.

Lemma A.1. Let K be a number field, ay, ... ,o, € K, and p a prime ideal of K.
Assume that oy # 0 and that Ordp(cg) < Ordy(ex) fork =1,...,m. Then

Ordp (g + -+ + @) = Ordy(ap) .

In particular, g + -+ - + o, # 0.
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A9 Dedekind ¢-Function

The Riemann {-function is defined, for s > 1, by
o0
L) =y n". (A.4)
n=1

The arithmetical significance of this function comes from Euler’s observation that it
decomposes into the following infinite product:

ty=JJa-p7", (A5)
V4

where p runs over all prime numbers (the Euler product formula).
Since the series Y oo, n~! diverges to infinity, we have {(s) — +o00 as s tends
to 1 from the right. Using the obvious inequality

n+1
nm+1)° < / xPdx <n”?,

we obtain
+o0 +o00
/ xFdx <l(s) <1 +/ xYdx.
1 1

Since || 1+°° xSdx = (s — 1)™!, we find the exact asymptotic behavior of {(s) as s
approaches 1 from the right:

ts)=(@6—-D""+0Q).
In particular,

ljfll(s —1)(s) = 1. (A.6)

The Dedekind ¢-function is a proper generalization of the Riemann ¢-function
for the needs of algebraic number theory. Given a number field K, we define the
Dedekind ¢-function {k (s) by

Ek(s) =Y N(@)~,

the sum being over all nonzero integral ideals of K. Obviously, {g(s) = {(s). Again,
the series converges for s > 1, and we have the Euler product formula

@) =[Ja-Nm™™. (A7)
p
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the product being over the prime ideals of K. One also has an analogue for the
“residue formula” (A.6):

1 15
lim(s — Dex(s) = T Rih A8
sl +/|Dk]|

where #; and 2f, are the numbers of real and of complex embeddings and w is the
number of roots of unity in K. The proof again relies on approximating certain sums
by integrals, but it is much more involved.

The series (A.4) converges not only for real s > 1 but also for complex s with
Res > 1, and the sum is analytic on the half-plane Re s > 1. Riemann showed that it
satisfies a functional equation, which allows one to continue ¢ (s) to a meromorphic
function on C with a single pole at s = 1. The same is true for the Dedekind ¢-
function {k (s). The complex analytic theory of the ¢-function is deep and important,
but we do not use it in this book.

A.10 Chebotarev Density Theorem

One uses the ¢-function to establish various “density theorems” about prime
numbers and prime ideals. The most important of them is the Chebotarev density
theorem.

First of all, we define the notion of Dirichlet density. Combining the Euler
product formula (A.5) and the residue formula (A.6), we obtain

Y —log(1—p~*) =log + 0(1) (A.9)

p

s—1

for s > 1. Using that —log(1 —z) = z + O(|z|?) for |z| < 1/2, we may write the
left-hand side of (A.9) as

The O(-)-term is obviously bounded for s > 1, and we obtain

1
> p =log — T o). (A.10)
P
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Now let A be a set of prime numbers. We say that the set A is regular if there
exists a real number a such that

Zp_szalogsi

PEA

-+ 0()

for s > 1. The number a is called the Dirichlet density of the set A.

Now we are ready to state the theorem of Chebotarev. Let K be a finite Galois
extension of Q and let G be its Galois group. Recall that to every prime ideal p of K,
unramified over QQ, we associated its Frobenius element ¢, (see Sect. A.7). Now, in
the opposite direction, to every prime number p, unramified in K, we associate the
subset of G, consisting of the Frobenius elements of all prime ideals above p. This
subset is a full conjugacy class' of G; it is called the Artin symbol of p (with respect
to K) and is denoted by [ £].

Chebotarev proved that conversely, every element from G serves as the Frobenius
element for infinitely many prime ideals of K, and, consequently, each conjugacy
class serves as the Artin symbol for infinitely many prime numbers. In particular,
the Artin map

{prime numbers unramified in K} — {conjugacy classes of G}

re[%]
K
is surjective. In fact, Chebotarev proved much more than this: given a conjugacy
class S of G, the set of prime numbers with Artin symbol S is regular and has
the “correct” Dirichlet density %
In the case when K is a cyclotomic field, Chebotarev’s theorem becomes the clas-
sical theorem of Dirichlet about primes in arithmetical progressions (see Sect. 5.2.2).
A similar statement holds in the relative case. Let K be a number field. Euler’s
product (A.7) together with the residue formula (A.8) implies that

ZN(p)—S log ——+ 0(1),

where the sum extends to all the prime ideals of K. We say that a set A of prime
ideals is regular of Dirichlet density a if

‘ 1
ZN(p)_“ =alog —

I + 0(1)
peA

fors > 1.

Indeed, if p is an ideal above p, then the full set of ideals above p is {p° : 0 € G}, and a
straightforward verification shows that g0 = 0~ ', 0.
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One simple remark would be relevant here: the set of prime ideals of degree 1
(over Q) is regular and of Dirichlet density 1. Indeed, since there is at most
n = [K : Q] prime ideals over every rational prime, we have, for s > 1,

YN®T =YY p T sny p =0,

>2 P plp p
T fp=2

Hence, the prime ideals of degree at least 2 form a regular set of Dirichlet density 0,
and those of degree 1 form a regular set of density 1.

Now let L/K be a finite Galois extension with Galois group G, and let p be a
prime ideal of K unramified in L. Then the Artin symbol of p (with respect to the
extension L/K) is

0| =t

itis a full conjugacy class of G. The Chebotarev density theorem asserts that the set
of prime ideals whose Artin symbol is a given conjugacy class S is regular and of

Dirichlet density % In particular, the Artin map

{prime ideals of K unramified in L} — {conjugacy classes of G}

p (A.11)
p | —=
%)

is surjective.

Since the prime ideals of degree 1 have Dirichlet density 1, every conjugacy
class of G serves as the Artin symbol for infinitely many prime ideals of K of
degree 1.

A.11 Hilbert Class Field

According to the theorem of Minkowski, mentioned in Sect. A.6, for every nontrivial
extension of Q, there exists a prime number ramified in this extension. This theorem,
however, does not extend to arbitrary number fields: a number field K may have, in
general, nontrivial extensions where no prime ideal of K ramifies. For example, so
is the extension Q(+/—5, v/—1) of the field Q(+~/—5). Such extensions are called
unramified at finite places, because prime ideals correspond to the finite places of
the field K (see Sect. A.8). We want to extend this to infinite places as well.

There are two types of infinite places: those corresponding to real embeddings
of K (real infinite places) and those corresponding to pairs of complex conjugate
embeddings (complex infinite places).
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Let L/K be a finite extension of number fields. We say that an infinite place w
of L is ramified over K if w is a complex place, but the underlying place v of K
is real. If both v and w are real, or both are complex, we say that w is unramified
over K. An infinite place v of K is unramified in L if all the places above v are
unramified over K. This happens if either v is complex or v is real and so are all the
places above.

We say that L is unramified over K at infinity if every infinite place of K
is unramified in L. Equivalently, L is unramified over K at infinity if every real
embedding of K extends only to real embeddings of L. In particular, if K is totally
real then only totally real extensions K are unramified at infinity, and if K is totally
imaginary, then any extension of K is unramified at infinity.

Finally, we say that L is unramified over K if it is unramified at all places, both
finite and infinite. For example, the already mentioned field Q(+/—5, v/—1) is an
unramified extension of Q(\/—_S).

Now let L be a finite abelian extension of a number field K. This means that
L/K is a Galois extension and the Galois group G = Gal(K/Q) is abelian.

Let p be a prime ideal of K unramified in L. In Sect. A.10 we associated to it

the Artin symbol [L/LK], which is a conjugate class of G. Since G is abelian, this
class consists of a single element. Thus, for the abelian extensions, the Artin map
has values in G itself rather than in the set of conjugacy classes.

If, in addition, we assume that the abelian extension L /K is unramified at all

finite places, then we have the map
{prime ideals of K} — G.

Extending it by linearity, we obtain a group homomorphism I — G, where [ is the
group of all ideals of the field K. It is called the Artin homomorphism of the abelian
extension L/ K. Chebotarev density theorem implies that the Artin homomorphism
is surjective. Describing its kernel is the central problem of the Class Field Theory.
The principal result (usually referred to as Artin’s reciprocity law) states: if the
abelian extension L /K is unramified (everywhere, at all finite and infinite places),
then the kernel of the Artin map contains the group of principal ideals.> This
defines a surjective homomorphism Hx — G (also called the Artin map or Artin
homomorphism), where Hg is the ideal class group of K.

Conversely, let K be a number field, and fix a surjective homomorphism
Hx — G of the class group of K onto a finite abelian group G. Then there exists
a unique (in the given algebraic closure) unramified abelian extension L /K with
Galois group G and such that the fixed homomorphism is the Artin homomorphism

21t is not sufficient to assume that only the finite places of K are unramified in L. Under this
weaker assumption, one can merely show that the kernel contains the principal ideals, generated
by the elements « € K with the property o («) > 0 for any real embedding o
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of L/K. In particular, there exists a unique unramified abelian extension of K
with Galois group canonically isomorphic to 7k, the isomorphism being given
by the Artin map. It is called the Hilbert class field of K.

Certain analogues of the results described above hold for ramified abelian
extensions as well. A very good account (without proofs) of the Class Field Theory
can be found in an appendix to Washington’s book [136]. Among the complete
(with all proofs) expositions of the Class Field Theory, the most systematic one is,
probably, due to Neukirch [104, 105]. The recent book of Childress [24] is a good
introductory text for an unsophisticated reader. One may also consult the famous
books of Artin and Tate [2], Cassels and Frolich [19], Weil [137] , and Lang [61].






Appendix B
Heights

In this appendix we introduce the height function on the field of algebraic num-
bers @ We start with an informal discussion, which should motivate the definition.

Intuitively, the height should measure the “size” of an algebraic number.
We expect our height function to have the following properties:

* The height of an algebraic number is a nonnegative real number.

e The height should “behave well” with respect to algebraic operations. (That is,
one should have easy and efficient upper estimates for the heights of « + 8 and
af in terms of the heights (and, perhaps, degrees) of & and $.)

e For a given C > 0, there should exist only finitely many algebraic numbers of
degree and height bounded by C.

Of course, one can imagine many functions with these properties. Our purpose is to
define the one which is the most convenient to use.

On integers, the usual absolute value is an adequate measure of size. Thus, we
define the height of a nonzero o € Z by H(x) = || and H(0) = 1, the latter
exception being made just for compatibility with the more general definition below.

On rational numbers, the absolute value is no longer adequate: there exist
infinitely many rational numbers of bounded absolute value. To obtain finiteness,
one should bound both the numerator and the denominator. Thus, fora = a/b € Q,
where a, b € Z and ged(a, b) = 1, we define H(o) = max{|a|, |b|}.

Next, we wish to extend this definition to all algebraic numbers. One idea
is to observe that bX —a is the minimal polynomial of the rational number
a/b over Q. Hence, for « € Q, we may put H(a) = max {|ay|, ..., |a,|}, where
an X" 4 -+ ap is the minimal polynomial of « over Z. Indeed, one extensively
used this definition of height in the past. However, it is rather inconvenient from
many points of view, and it was eventually abandoned in favor of a different
definition, due to A. Weil.

The definition of Weil’s height is motivated by the following observation: the
height of a rational number o = a/b, originally defined as max{|a|, ||}, satisfies
the identity

197
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H(w) = [ max{1|el}. (B.1)

vEMq

(The proof is an easy exercise.) Weil’s height is the logarithm! of the right-hand side
of this identity, properly generalized to number fields.

Now we are ready to give a formal definition of the height. Let K be a number
field. Define the logarithmic K-height (or, simply, the K-height) hx : K — R by

hg (o) = Z log max{1, |«|,}.

veMg
In the sequel, we use the notation”
leelly = max{l, |el,}
so that

hx(@) = Y log|ell.

vVEMg

Proposition B.1. If K and L are two number fields, then for any ¢ € KN L
we have
hi(@) _ hu(@)
[K:Q] [L:Q]"
Proof. Assume first that K C L. As follows from (A.3), for any o € K and
v € Mg, we have

(B.2)

[L:K]log [llly = Y " log fle]lw.

wlv

where the sum extends to all w € M}, lying above this v. Hence for any o € K
we have

h 1 1

[z((g; = m XM: log ”a”w = m XM: lelog ”a”w
_[LK] _ k(@)
_E@g;“wvm@’

'One prefers the logarithm due to many reasons; for instance, because it is easier to add than to
multiply.

2This notation is used only in this appendix. In the rest of the book || - || has a different meaning.
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which proves (B.2) in the case K C L. In the general case, let M be a number field
containing both K and L. Then foranyo € K N L

hr(@) _ hu(@) _ hi(®)
[K:Q [M:Q [L:Q]’

which proves (B.2) in the general case. O

Now let o be an algebraic number. We define the absolute logarithmic height
(or, simply, height) of o by

_ hk(@)
[K:Q]’

where K is any number field containing . By Proposition B.1, the right-hand side
of (B.3) depends only on « and is independent of the particular choice of the field K.

We have defined a function h : Q — R. Its properties are summarized in the
following proposition.

h(w) (B.3)

Proposition B.2. 1. Forany o € Q we have h(e) > 0.

2. (Kronecker’s first theorem) We have h(a) = 0 if and only if « = 0 or « is a

root of unity.

3. (Kronecker’s second theorem) For every positive integer d, there exists
e(d) > 0 with the following property. Let a be an algebraic number of degree
not exceeding d. Then either h(o) = 0 (in which case « is zero or a root of
unity) or h(a) > e(d).

(Galois action) If o and B are conjugate over Q then h(a) = h(B).
5. (Height of a rational number) Assume that o« = a/b € Q, where a,b € Z and
ged(a, b) = 1. Then

R

h(a) = logmax{|al, |b|}.

In particular, if o is a nonzero rational integer then h(o) = log |«|.
6. (Height of a quotient) More generally, let K be a number field, a, B € K, and
B # 0. Then

h@/B) = e 3 logmaxflal., Bl (B.4)

[K vEMK
Also, if « and B are both algebraic integers, then

1

h(a/B) < m

Y logmaxilo(@).[o(B)}, (B.5)

0:K—C

the sum being extended to all embeddings o: K — C.
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7. (Heights of sums and products) For any o, p € Q we have

h(ef) < h(e) + h(B), h(a + B) <h(x) + h(B) + log2. (B.6)
More generally, for ay,...,a, € @ we have

h(“l o 'an) = h(O{) +eeet h(()én), (B.7

h(o; + -+ @) < h(ay) +--- + h(a,) + logn. (B.8)

8. (Height of a power) For any o € Q andn € Z (witha # 0 if n < 0) we have

h(e") = |n|h(x) . (B.9)
. . . ab L
9. (Height of a linear fraction) Let [c d:| be a nondegenerate matrix with
algebraic entries. Then for any algebraic number x # —d /c
ax +b
h =h o(1),
(cx +d ) x) +0)

where the constant implied by O(1) may depend on a, b, ¢, d (but not on x).
10. (Northcott’s finiteness theorem) For any C > 0 there exist only finitely many
algebraic numbers a of degree and height bounded by C.

Proof. Part 1 is obvious. To prove Part 4, put K = Q(«), L = Q(B) and let
7 : K — L be the isomorphism defined by 7(«r) = B. As we have seen in Sect. A.8,
the isomorphism t induces a bijection tx : Mx — M, and, by the definition of t,
we have ||, = |B].,, for any v € M. It follows that

he(8) = > loglBllv =D logllBllesy = Y log el =hk(@).

VEM| vVEMg VEMk

Since [K:Q] = [L:Q), this implies h(«) = h(B).
For Part 6, observe that |la/8], = |8|;! max {|«|,, |B|,}. Hence

hx(a/B) = ) logmax{lal,, |Bl,} —log [T IBl..

VEMg vEMg

and the second term vanishes by the product formula. This proves (B.4).
If o« and B are algebraic integers, then log max{|«/|,, |B|,} < 0 for any finite v.
Hence, (B.4) implies that

1

h(e/p) < m

Y logmax{lel,. [Bl.} . (B.10)

vEMK
vloo
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where the sum extends to infinite valuations of K. It remains to notice that the right-
hand side of (B.10) is equal to the right-hand side of (B.5).
Part 5 [which is a reformulation of identity (B.1)] is a particular case of (B.4).

To prove Part 7, fix a number field K containing «;, . . ., &, and observe that for
any v € Mg
lar---anlly < llelly---llanlly
o + -« 4+ anlly < lInfly max {laillv, ... e llv} < lnflvlleally - el -

Taking the logarithm and summing up over v € Mg, we obtain

hg(o -+ an) < hg(@) + -+ + hg(on),
hg(on + -+ ) < hg(en) + - + hg(an) + hg(n).

It remains to divide by [K:Q] and to observe that h(n) = logn.

Part 8 for n > 0 is obvious, because |«" ||, = ||a|/”. To extend (B.9) to nega-
tive n, it suffices to observe that h(1/«) = h(«) by (B.4).
In Part 9 put
ax +b
y = .
cx+d

If ¢ = 0 then the statement is immediate from Part 7. If ¢ # 0 then

_a+bc—ad 1
Y=z cx+d ¢’

and, using Parts 7 and 8, we find h(y) < h(x) + O(1). Writing

_—dy+b

cy—a’

we prove similarly that h(x) < h(y) + O(1), and Part 9 follows.

To prove Part 10, fix an algebraic number « of degree and height bounded
by C. Let x" + a,—1x"~! +--- 4+ ao be the minimal polynomial of & over Q.
Using Parts 4 and 7, we may estimate the heights of the coefficients ay, ..., a,—; in
terms of C. By Part 5, the numerators and denominators of the rational numbers
ao,...,a,— are bounded in terms of C. Hence we have only finitely many
possibilities for ay, . . ., a,—;. This proves Northcott’s theorem.

We are left with Parts 2 and 3 (Kronecker’s theorems). Obviously, the height
of 0 is 0, as well as the height of any root of unity. Conversely, let « be an
algebraic number of height 0. Then its powers 1, a, a?, ... are of height 0 as well.
Northcott’s theorem implies that among the numbers 1, o, a?, ..., only finitely
many are distinct. Hence there exist distinct integers £ and m such that o = .
This implies that @ = 0 or « is a root of unity, proving Kronecker’s first theorem.
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Kronecker’s second theorem is proved similarly. Let N = N(d) be the number
of algebraic numbers of degree bounded by d and height bounded by 1. If h(a) # 0
then all the powers 1, o, @, ... are pairwise distinct, which implies that h(a™) > 1.
Hence Kronecker’s second theorem holds with e(d) = N(d)™!. O

The following statement is almost trivial, but it plays an important role in
Diophantine analysis and, in particular, in the solution of Catalan’s problem.

Proposition B.3 (Liouville’s inequality). Let K be a number field and o € K*.
Then for any v € Mg we have
||, > e 1K:Qh@) (B.11)

More generally, for any S € Mg, we have

[]lely > et (B.12)

veS

In particular, assume that K is a subfield of C. Then
jor| = eI, (B.13)

whered = 1if K C Rand d = 2 otherwise.
Proof. We have

(l—[ Ialv)_ =TTl =TTl '], = TT e, = k@™,

veS veS vES VEMK

Since h(a™!) = h(a), this proves (B.12) and, a fortiori, (B.11). For (B.13), let
v € Mk be the infinite valuation corresponding to the identical embedding K < C.
Then |a|, = |«| if the embedding is real (thatis, K C R) and ||, = |a|? otherwise.
Applying (B.11) with this v, we obtain (B.13). O

Remark B.4. Liouville’s inequality goes back to the celebrated work of Liou-
ville [74] (published the same year as Catalan’s note extraite). Liouville proved
that algebraic numbers cannot be well approximated by rationals. Precisely, if « is
a real algebraic number of degree n > 1 and p/q is a rational number, then

la — p/ql = clq|™, (B.14)

where ¢ is a positive constant depending on «. One may deduce (B.14) from
Proposition B.3 by applying (B.13) with o — p/q instead of o and estimating
h(a — p/q) using Proposition B.2.



Appendix C
Commutative Rings, Modules,
and Semi-simplicity

In this appendix, we recall several basic facts about rings and modules over them.
In particular, we give a very brief treatise of semi-simplicity. The notion of semi-
simplicity is central in the theory of noncommutative rings. In this outline we
assume that the rings in question are commutative. This is irrelevant in some
cases: for instance, the contents of Sect. C.3 extend without changes to the (left)
modules over noncommutative base rings. On the other hand, the structure theory
of semi-simple commutative rings (see Theorem C.11) is drastically simpler than its
noncommutative counterpart.

All rings in this appendix are commutative and with 1. We assume that the reader
is familiar with the definitions and basic facts about modules over a (commutative)
ring, which can be found in any reasonable textbook of algebra.

One piece of notation: if S is a subset of an R-module, then the annihilator of S
is, by definition, the set of all @ € R such that aS = 0. It is an ideal of R, which
will be denoted by anng(S) or simply by ann(S). An R-module M is called exact if
ann(M) = 0. Every R-module M admits a natural structure of an exact R /ann(M )-
module and, more generally, of R/a-module, where a is any ideal annihilating M .
If M’ is another R-module annihilated by a then M is R-isomorphic to M if and
only if M is R/a-isomorphic to M’.

Warning. In this appendix the abelian group law on modules is written additively,
and the ring action is written multiplicatively. This is different from the rest of the
book, where we normally use the multiplicative notation for the abelian group law
and the exponential notation for the ring action.

C.1 Cyclic Modules

Let R be a (commutative) ring. An R-module M is called cyclic if it is generated
over R by a single element. That is, there exists g € M such that M = Rg.

203
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If M = Rg is a cyclic module, then ann(M ) = ann(g), and M is isomorphic,
as an R-module, to the quotient ring R/ann(M ). In particular, the annihilator of a
cyclic module defines it up to an isomorphism.

Since the submodules of R/ann(M) are the ideals of the ring R/ann(M),
we have a one-to-one correspondence between the submodules of M and the
ideals of R/ann(M ), or the ideals of R containing ann(M ). Explicitly, the latter
correspondence can be described as follows: if a is an ideal of R containing ann(M )
then the corresponding submodule of M is ag; conversely, if N is submodule of M
then the corresponding ideal a consists of all a € R such thatag € N.

If N is a submodule of a cyclic module M = Rg then the quotient M/N is a
cyclic module generated by the image of g. Also, if R is a principal ideal ring then
so is R /ann(M ). We obtain the following statement.

Proposition C.1. A quotient of a cyclic R-module is cyclic as well. If R is a
principal ideal ring, then every submodule of a cyclic R-module is cyclic.

Maximal ideals of R/ann(M) correspond to maximal (proper) submodules
of M. Since every ring has a maximal ideal, we obtain the following assertion,
which will be used in Sect. C.3.

Proposition C.2. Every cyclic module has a proper maximal submodule.

This statement does not extend to arbitrary modules; for instance, the additive
group Q, viewed as a Z-module, does not have a proper maximal submodule.

C.2 Finitely Generated Modules

Let R be a commutative ring. If M is a cyclic R-module and a an ideal of R,
then the following property is immediate: a € R satisfies aM C aM if and only if
a € a + ann(M ). We want to extend this to finitely generated modules.

Theorem C.3. Let M be a finitely generated R-module and let a be an ideal of R.
Further, let a € R satisfy aM C aM. Then a™ € a + ann(M) for some positive
integer m.

(It will follow from the proof that m does not exceed the minimal number of
generators of M. In particular, for the cyclic modules, we recover the statement
above.)

For the proof, we need a lemma.

Lemma C4. Let M be an R-module generated by its elements g1, . .., gm and let
A = [aiji<i,j<m be an m x m-matrix over R. Assume that

Zaug’j:() (izl,...,m). (C.l)
j=1

Then det A € ann(M ).
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Proof. Rewrite (C.1) as AG = 0, where G is the column [g1, . .., gn], and multiply
this from the left by the adjoint matrix! of A. We obtain the equality (det A)G = 0,
that is, (det A)g; = --- = (det A)g,, = 0. Hence det A annihilates M . O

Proof of Theorem C.3. Let gi,...,g, be a system of R-generators of M. Since
every element of M is an R-linear combination of g1, ..., g, every element of aM
is an a-linear combination of gi,..., g,. In particular, if aM C aM then there
exists a matrix A = [@;;]i<i j<m With entries in a such that

m
agi=Zocijgj @=1,....,m).

Applying Lemma C.4, we find that det(al — A) € ann(M). On the other hand,
since the entries of A belong to a, we have det(a/ — A) = a™ mod a. This implies
that a™ € a + ann(M). O

If M is an R-module, and a is an ideal of R, then M = M/aM has the
natural structure of a module over the quotient ring R = R/a. Obviously, ifa € R
annihilates M, then its image in R annihilates M. It is natural to ask whether the
converse is true, that is, whether every a € R, annihilating M , is an image of some
a € R annihilating M. In other words, we ask whether anny (M) is the R-image
of anng(M). Of course, this is not true in general, but Theorem C.3 provides a
sufficient condition for this.

Recall that ais a radical ideal of R if for any a € R and for any positive integer m
we have a™ € a = a € a. Equivalently, a is a radical ideal if the quotient ring R /a
has no nilpotent elements.

Corollary C.5. Let M be a finitely generated R-module, and let a be an ideal of R.
Put, as above, R = R/aand M = M/aM. Assume that a + anng (M) is a radical
ideal of R. Then ann (M) is the R-image of anng(M).

Proof. As we have seen above, the image of anng (M) is contained in ann R(M ).
Conversely, let @ € R annihilate M, and let @ € R be a pullback of @ Then
aM C aM, and Theorem C.3 implies that a™ € a + anng(M) for some positive
integer m. Since a 4 anng(M) is a radical ideal, we obtain a € a + anng(M).
Writea = a + B witha € aand B € anng(M). Then the image of in Risa. O

'Recall that the adjoint matrix is A’ = [A;;]i<ij<m, Where A; is (=1)'t/ times the
(m — 1) X (m — 1)-determinant, obtained from A by removing its jth line and ith column. We
have A’A = AA’ = (det A)I, where I is the unity matrix.
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C.3 Semi-simple Modules

In this section we closely follow Lang [58, Sect. 17.2].

Let R be a (commutative) ring. A nonzero R-module is called simple if it has no
submodules except 0 and itself.

For example, if R is a field then the simple modules are exactly the vector spaces
of dimension 1. Also, simple Z-modules are cyclic groups of prime order.

Simple modules are rather “rigid” objects. For instance, a morphism of a simple
module (into another module) is either injective or a zero map. (Indeed, its kernel is
a submodule of our simple module; hence it is either 0 or the module itself.) This
property is usually called “Schur’s lemma.”

Another evidence for this “rigidness” is the fact that a sum of simple modules
can always be made direct.” More precisely, we have the following property.

Proposition C.6. Let Y ;. , M, be a sum of simple submodules of a certain
R-module. Then there is a subset A" C A suchthat )", , M) = Py Mo

Proof. Let A’ be a maximal subset of A such that the sum ), . ,» My is direct.
We have to show that every M) is contained in M := € vear Mys. We cannot have
M; N M = 0 because otherwise we can add A to the set A’ and still have a direct
sum, contradicting the maximal choice of A’. Thus, M N M # 0, and, since M}, is
simple, we have M, N M = M,, thatis, M, C M. O

Now we are ready to define semi-simple modules.

Proposition C.7. Let R be a commutative ring and M a module over R. Then the
following three properties are equivalent:

1. The module M is a sum of its simple submodules.

2. The module M is a direct sum of its simple submodules.

3. Each submodule of M has a direct complement. (That is, if N is a submodule
of M then there exists another submodule N' such that M = N @& N'.)

An R-module with these properties is called semi-simple.

Proof. Implication (1)=(2) is Proposition C.6. To deduce implication (2)=(3),
write M = P 1e4 M., where each M) is simple, and let N be a submodule of M.
Let A’ be a maximal subset of A such that the sum N + ,,c,, My is direct.
Arguing as in the proof of Proposition C.6, we show that M = N & @,,,» My .
We are left with the implication (3)=>(1). First of all, let us show that Property 3
implies the following: every nonzero submodule of M has a simple submodule.
Thus, let N be a nonzero submodule of M . Since every nonzero module contains
a cyclic submodule, we may assume that N is cyclic. By Proposition C.2, it has
a maximal submodule S. By Property 3, the module S has a direct complement

ZRecall that the sum Y, o 4 M; is called direct and is denoted by @, 4, M, if for any pu € A we
have M, N ZAAEA M, = 0.
w
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in M; thatis, M = S & S’, where S’ is yet another submodule of M. It follows
that N = S @ P, where P = N N S’. The module P, which is isomorphic to the
quotient N/ S, is simple, because S is a maximal submodule of N.

Now we are ready to deduce the implication (3)=(1). Let M’ be the sum
of all simple submodules of M. If M’ # M then, by Property 3, we have
M = M'® M", where M" is a nonzero submodule. But, as we have just seen, M"”
has a simple submodule, which contradicts our definition of M’ as the sum of all
simple submodules. Thus, M’ = M. O

Remark C.8. Property 3 of semi-simple modules can also be restated as follows:
if M is a semi-simple module and N is a submodule of M then M =~ N & M/N.

Semi-simplicity is inherited by sub- and quotient modules.

Proposition C.9. Submodules and quotient modules of a semi-simple module are
semi-simple.

Proof. Let M be a semi-simple module and N its submodule. Further, let S be a
submodule of N. Since M is semi-simple, S has a direct complement in M ; that
is, M =S @ S’. It follows that N = S & (S’ N N). We have shown that every
submodule of N has a direct complement in N. Hence N is semi-simple.

Further, write M = N @ N’. Then M/N = N’. Since N’ is semi-simple (as a
submodule of M), sois M/N. O

C.4 Semi-simple Rings

A ring is called semi-simple 1if it is semi-simple as a module over itself. Since
a submodule of R is an ideal of R, and a simple submodule of R is a minimal
(nonzero) ideal, the following conditions are equivalent by Proposition C.7:

* R is semi-simple;

¢ R is a sum of its minimal ideals;

¢ R is adirect sum of its minimal ideals;

* Every ideal a of R has a direct complement (that is, there is an ideal a’ such that
R=ad®d).

For instance, a field is a semi-simple ring. Further, a direct product of finitely many
semi-simple rings is again a semi-simple ring.

Indeed, it suffices to verify that a direct product of two semi-simple rings is
semi-simple. Thus, let R; and R, be semi-simple rings, and let a be an ideal of
R = R; X R;. Denote by a; and a, the projections of a on R; and R,, respectively,
and let a’l, respectively, a’2 be a direct complement of a; in R;, and, respectively,
of ay in Ry. Then a straightforward verification shows that R = a @ o/, where
a’ = a} x a}. Hence R is semi-simple.
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In particular, a direct product of finitely many fields is a semi-simple ring.
On the other hand, Z is not a semi-simple ring: the submodule 2Z has no direct
complement.

Proposition C.10. Any module over a semi-simple ring is semi-simple.

Proof. If R is a semi-simple ring then any free R-module is semi-simple, because
it is a direct sum of modules isomorphic to R. Since any R-module is a quotient of
a free R-module, it is semi-simple by Proposition C.9. O

It is remarkable that semi-simple commutative rings admit a very explicit
classification.

Theorem C.11. A (commutative) ring is semi-simple if and only if it is isomorphic
to a direct product of finitely many fields.

Proof. The “if” part is already proved in the beginning of the section. Now assume
that R is a semi-simple ring and prove that it is isomorphic to a direct product of
fields.

Write R = P 34 G2, Where every a, is a minimal nonzero ideal of R. It follows
that every x € R can be (uniquely) presented as x = ) se4 X1, where x; € ay, and
for all but finitely many A we have x; = 0.

In particular, write 1 = Y, ., 1, and let A’ be the finite subset of A consisting
of A-s such that 1; # 0. Then 1 = ), ,, 1, and, in particular, 1 belongs to the
ideal @ e @1- However, 1 cannot belong to a proper ideal. Hence &b rear M = R,
that is, A’ = A. Thus, we have proved that the set A is finite.

Further, since the sum is direct, we have a; N a, = 0 for any distinct A, u € A.
Hence aja, = 0 for A # p. In particular, if x € a, then 1,x = 0 for any u # A.
It follows that for x € ay,

1Ax=11x+21ﬂx=1x=x.

HEA
HFA

Thus, every a, is a ring, with 1, serving as its unity, and R is isomorphic to the
direct product of the rings aj.
Moreover, let b be an ideal of the ring a,, so that a;b < b. Then

Rb=a;b+ Y a,b=a;bCb:

HEA
HFA

that is, b is an ideal of R as well. Since a, is a minimal ideal of R, we have b = a;
orb =0.

Thus, a, is a ring without nontrivial ideals. Hence a, is a field. The proof is
complete. O
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It is easy to describe the ideals of a semi-simple ring. Let R be a semi-simple
ring, and write it as a direct product of finitely many fields: R = K| x --- x Kj.
Put A = {1,...,s}. For A € A we denote by 1, the element (x, ..., x;) such that
x; = land x,, = 0 for u # A (so that

1, =(1,0,...,0),  1,=(0,1,0,...,0), (C.2)

etc.).
We leave to the reader the proof of the following proposition.

Proposition C.12. . For A’ C A let ay consist of x = (x1,...,X5) € R such
that x, =0 for all A ¢ A’. Then a, is an ideal of R. Conversely, any ideal
of R is equal to a, for some A’ C A.

2. The ideal a principal; it is generated by the element 141 = Y, c 1 11. More

generally, a, is generated by any x = (X1,...,X,) such that x; # 0 for all

A e A (and x) =0 forall L ¢ A').

In addition to this, a, is itself a (semi-simple) ring, with the unity 1 5.

4. If A" and A" are subsets of A then

w

aarapr = AaNnAY, aa’ + AA7 = AAUA .

Corollary C.13. A semi-simple ring is a principal ideal ring without nilpotent
elements. It has only finitely many ideals. Every prime ideal of a semi-simple ring is
maximal. Any quotient of a semi-simple ring is again a semi-simple ring. Any ideals
a, b of a semi-simple ring satisfy ab = aNb.

Another consequence of Proposition C.12 is that the direct complement of an
ideal is defined uniquely.

Proposition C.14. 1. Let R be a semi-simple ring and a an ideal of R. Then there
is a uniquely defined ideal a* such that a ® a*+ = R.
2. For any ideals a, b of R, one has

(@)t =at +6t,  (@+b)t =atel. (C.3)

Also, ab = 0 if and only if b C at.

The ideal at will be called the complementary ideal, or, simply, the complement
of a.

Proof. Write a as a, and define al as a4 . Then all the statements of this

proposition are immediate consequences of Proposition C.12(4). O

It is equally easy to characterize R-modules. Let R = K x --- x K be a semi-
simple ring, and fix vector spaces V; over Kji,..., V; over K. Then the direct
product M =V x---xV; is an R-module, the R-action being defined
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componentwise: if a = (aj,...,a;) € R and v=(vi,...,vs) € M, then
av = (apviy,...,asvs). It is easy to show that any R-module is of this type: for
free modules this is obvious, and an arbitrary module is quotient of a free module.

Below we state several simple properties of modules over semi-simple rings. The
proofs are left to the reader.

Proposition C.15. Let R= K| x---x K; be a semi-simple ring and let
M =V x---x Vs bean R-module. We put A = {1,...,s}:

1. The module M is finitely generated if and only if all the vector spaces V1, ..., V;
are finite dimensional.

2. The module M is cyclic if and only if dimg, V) <1 forall A € A.

3. The annihilator of M is a, where the set A’ consists of all A € A with
dimg, V3 = 0.

We have the following consequence for finite semi-simple rings.

Corollary C.16. Let R be a finite semi-simple ring and let M be a finitely
generated R-module. Then |M| > |R/ann(M)|, with equality if and only if M is
cyclic.

Proof. Write R = K; x---x Kgand M = V| x --- x V, and let d, be the dimen-
sion of the K} -vector space V. Then

M| =Y "d)|Ki|.  |R/ann(M)| =) |K;].
A€A AEA
dy >0
It is clear that the second sum does not exceed the first sum, and the two are equal
only if d;, < 1 forall A. O

C.5 The “Dual” Module

Let R be a commutative ring, S its subring, M an R-module, and N
an S-module. Denote by Homg(M,N) the set of S-morphisms M — N.
Obviously, Homg(M, N) has a natural S-module structure. But one can say
more: Homg (M, N) has an R-module structure, defined as follows: given
f € Homg(M, N) and a € R, the morphism af € Homg(M, N) is defined by
(af)(x) = f(ax) for x € M. (Precisely speaking, if M is a left R-module,
then Homg(M, N) becomes a right R-module. However, since the ring R is
commutative, we need not distinguish between left and right.)

Now assume that the ring R has a field K as a subring. Then every R-module M
is a K-vector space, and the “dual space” M* = Homg (M, K) has a natural R-
module structure, obtained by applying the previous paragraph with § = N = K.
If our ring R is of finite K-dimension, and M is a finitely generated R-module,
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then M and the “dual module” M* are finite-dimensional K -vector spaces of the
same dimension; in particular, they are K-isomorphic. We shall see that when R is
semi-simple, they are R-isomorphic as well.

Theorem C.17. Let R be a semi-simple (commutative) ring, containing a field K
as a subring. Assume that R is of finite dimension over K, and let M be a finitely
generated R-module. Then M* = Homg (M, K) is R-isomorphic to M.

Proof. Write R as a direct product of finitely many fields: R = L; x -+ x L.
Each field L) contains a subfield isomorphic to K, given by K1, (see (C.2) for the
definition of 1,). Since R is finite dimensional over K, each L, is a finite extension
of K.

Now write M = V; x --- x V;, where each V) is a finite-dimensional L-vector
space. Each V,* = Homg (V;, K) has an Lj-module structure and is L-isomorphic
to V), as follows by counting dimensions:

dimg V¥ dimg V3
[L)L : K] [LA : K]

dimg, V;* = = dim,, V.

Hence V}* x -+ x V* is R-isomorphic to M = V; x .- x V;. Finally, the map
M*_)I/l*xxv;
f'_)(fIVlvaf|Vs)

is an R-isomorphism. The theorem is proved. O






Appendix D
Group Rings and Characters

In this appendix we collect basic facts about group rings and characters of finite
commutative groups.

Let A be a commutative ring and G a finite group. The group ring A[G] is, by
definition, the set of formal linear combinations 2eG 48 where a, € A, with the
operations defined in the obvious way:

Zagg + Zbgg = Z(ag +bg)g,

g€G g€G g€G
Doacg | [ beg | = D[ 2 anbe | g
g€G g€G g€G \ hkeG

hk=g

The unity of the group ring A[G] is e, the neutral element of the group G.
This suggests the following convention: in the group ring, we identify e and 1.
Precisely speaking, we may write a typical element of the group ring A[G] in both
ways dec agg or a, + Z:e;j agg, and we choose the writing most fit for the

circumstances. In particular, we assume that A4 is a subring of A[G].
In this book the group G is usually abelian, and A is either the ring of integers Z
or a field (except Appendix E, where A = Z/ p *Z occurs).

D.1 The Weight Function and the Norm Element

In this section we recall the most basic notions about the group rings. We define the
weight function w : A|[G] — A by

w Zagg = Zag.

g€G g€G

213



214 D Group Rings and Characters

One immediately verifies that the weight function is additive and multiplicative:

Proposition D.1. Forany x,y € A[G]
wlx +y) =wx) +wx),  wlxy) =wx)w(y).

Thus, the weight function is a ring homomorphism. Its kernel, consisting of
elements of weight 0, is called the augmentation ideal of the group ring A[G].
The norm element of A[G] is

N=Zg.

g€G

It is obvious that xA” = A'x = A for any x € G. Extending this by linearity, we
obtain the following property.

Proposition D.2. For any x € A[G] we have xN = N'x = w(x)N. In particular,
A[GIN = NA[G] = AN.

The ideal AN is called the norm ideal of the group ring A[G]. If the cardi-
nality |G| is an invertible element of A (which is, in particular, the case if A
is a field of characteristic not dividing |G|) then, writing each x € A[G] as
(x —w(x)|G|7'N) + w(x)|G|~' NV, we obtain the following.

Proposition D.3. Assume that |G| is an invertible element of A. Then A[G] is the
direct sum of its augmentation ideal and its norm ideal.

The terms norm element and norm ideal are not common, but they are most suited
for the purposes of this book.

D.2 Characters of a Finite Abelian Group

Let G be a (finite or infinite, commutative or not) group, and let K be a field.
Denote by K the algebraic closure of K. A K-character' of G is a group
homomorphism y : G — K*. The character y is called trivial if y(g) = 1 for any
g € G. Characters form a multiplicative group, with the trivial character as the unity.

If G is finite, then the values of a nontrivial character sum to 0.

Proposition D.4. Let y be a nontrivial character of a finite group G. Then

ZXGG )(()C) =0.

For noncommutative groups the word “character” has a wider meaning, and what we define here
is usually called “linear character.” Since we deal mainly with abelian groups, we use the word
“character.”
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Proof. Since y is nontrivial, there exists g € G such that y(g) # 1. We obtain

0= x(x)=Y x(gx)=(1-x(8)Y_ x(x).

x€G xX€G xX€G

Since 1 — x(g) # 0 by the choice of g, the result follows. O

Denote by K the K-vector space of K-valued functions on G. Itis well known
that the characters of G form a linearly independent subset of K. This statement
is usually attributed to Artin (see [58, Sect. 7.4]).

Proposition D.5 (Artin). The K-characters of G are linearly independent over K.
That is, given pairwise distinct K-characters x1,..., Ym, and oy, ..., € K, not
all zero, the linear combination oy x| + - -+ + 0y Ym is not identically zero on G.

Proof. Assume that some nonzero linear combination oy + -+ + o, m identi-
cally vanishes on G:

ary1(x) + -+ ompm(x) =0 (D.1)

for any x € G. We may assume that m is minimal; in particular, o; # 0. Also,
m > 2, and, in particular, y; # y., because the characters are pairwise distinct.
Thus, there exists g € G such that x(g) # ym(g)- Rewriting (D.1) with gx instead
of x, we obtain

arx1(g)x1(x) + -+ Y (g) xm (x) = 0. (D.2)

Multiplying (D.1) by x,,(g) and subtracting the resulting identity from (D.2), we
obtain

Bixi(x) + -+ + Bu—1)xm—1(x) =0 (D.3)

for any x € G. Here By = o (xx(g) — xm(g)), and, in particular,

Br = a1(x1(g) = xm(g)) # 0.

Identity (D.3) contradicts the minimal choice of m. The proposition is proved.
0

In the sequel, unless the contrary is stated explicitly, the group G will be abelian
and finite, and we shall assume that the characteristic of K does not divide |G|.
Under these assumptions, the group of characters is usually called the dual group
of G and is denoted by G. The structure of this group is well known.

Theorem D.6. Let G be a finite abelian group and K a field of characteristic not
dividing |G |. Then the group of characters G is isomorphic to G. In particular, there
are exactly |G| distinct characters.
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Proof. We use induction on |G|. Assume first that G = (g) is a cyclic group of
finite order m. Then the map y + y(g) is an isomorphism of G and the group of
mth roots of unity in K. Since char K does not divide m, the latter group is again
cyclic of order m. This shows that G ~G.

Now let G be not cyclic. Then it is a direct sum of two nontrivial
subgroups: G = G| & G,. Consider the homomorphism G — Gl X Gz defined
by x = (xle, - xlc,), and the homomorphism G1 x G, — G, which to each
pair (x1, x2) associates the character y € G defined by yx(x1x2) = x1(x1) x2(x2).
A routine verification shows that the two homomorphisms are inverse one to the
cher. Hence G = él X Gz. Since, by induction, él ~ G, and éz =~ (,, we obtain
G =G. |

Theorem D.6 implies that the characters form a basis of the space K¢ of K-
valued functions on G: indeed, the characters are linearly independent, and their
number is equal to the dimension |G| of this space. We obtain the following
statement.

Proposition D.7. Let G be a finite abelian group and K a field of characteristic not
dividing |G|. Then the K-characters of the group G form a K-basis of the vector

space KO. In particular, the |G| x |G| matrix [x(g)] ,e is nondegenerate.
g€EG

In the case K C C one can say more: the characters form an orthogonal basis of
the space K¢, with respect to the natural inner product

(i fo) = |?1| S A B,

x€G

Proposition D.8. Assume that K C C. Then for any two characters yi and y, we
have (x1, x2) = 1if y1 = x2 and (x1. x2) = 0if x1 # xo.
1

Proof. Since the values of any character y are roots of unity, we have y = ™.
Hence x| x» is a trivial character if and only if y; = y». Applying Proposition D.4
to the character y; y», we obtain the result. O

D.3 Conjugate Characters

For a character y € G we denote by K, the extension of K generated by the
values of y. It is the dth cyclotomic extension of K, where d is the order of y.
In particular, K, is a Galois extension of K. If 0 € Gal(K,/K), then o o y is also
a K-character of G.

Let us say that two characters y, y’ € G are conjugate (over K) if K, = K/
and there exists o € Gal(K,/K) such that y’ = o o y. The conjugacy relation is an
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equivalence on G, the class of every x € G containing exactly [K,:K] elements.
Thus, if we pick a representative in every conjugacy class of characters, and denote
by M the set of chosen representatives, then we obtain the equality

> (KK =1G|. (D.4)

XEM

Remark D.9. Let us mention several simple facts, which are relevant here, but are
not used in the book:

1. If y and y’ are conjugate characters, then they are of the same order; moreover,
x' = x*, where a is an integer coprime with the order.

2. The converse of the last statement is, in general, not true: for instance, if K is
algebraically closed then the only character conjugate to y is y itself.

3. However, the converse is true if K = Q; that is, if y is a Q-character of order m
then for every a € Z, coprime with m, the character y“ is conjugate to y.

4. In particular, two QQ-characters of a finite cyclic group are conjugate if and only
if they are of the same order.

The proofs are left to the reader.

D.4 Semi-simplicity of the Group Ring

In this section G is a finite abelian group and K is a field of characteristic not
dividing |G|. The K-characters of G extend by linearity to the group ring K[G]:
given y € G, we define the map K[G] — K, by

Zagg = Z agX(g)-

g€G g€G

As one immediately verifies, this is a ring homomorphism. We denote it also by y,
and we call it a character of the group ring K[G]. The set of all characters of K[G]
will again be denoted by G.
Non-degeneracy of the matrix [x(g)],c¢ (Proposition D.7) implies that the
2€G

common kernel of all characters is trivial.

Proposition D.10. [f x € K[G] satisfies y(x) = O for every character y € G, then
x =0.

Using this property, we show that the group ring K [G] is semi-simple, as defined
in Appendix C.4.
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Theorem D.11 (the ‘“‘abelian Maschke theorem’). Let G be a finite abelian
group and K a field of characteristic not dividing |G|. Choose a system M of
representatives of conjugacy classes of characters. Then the ring homomorphism

K[Gl— [] K,
reM (D.5)

x = (%) genm -
is an isomorphism. In particular, the ring K[G] is semi-simple.

Proof. Let x be in the kernel of the map (D.5), that is, x(x) =0 for any
character y € M. Since conjugate characters vanish simultaneously at x, we obtain
x(x) =0 for any x € G. Proposition D.10 implies that x = 0. Hence (D.5) is a
monomorphism and, by (D.4), the K-dimensions of both parts of (D.5) are equal.
Therefore we have an isomorphism. O

Remark D.12. In the case “G is a cyclic group of order m and K = Q”
Theorem D.11 implies the isomorphism Q[G] = ]_[d‘m Q(¢q4). We do not use
this in the present book.

As Proposition C.12 suggests, the ideals of K[G] can be characterized as
common kernels of characters from the set M : for a subset S of M let Zg be the
common kernel of the characters from the complement M \ S. Then Zy is an ideal
of K[G], and any ideal of K[G] is equal to Zg for some S € M.

The ideal Zg is isomorphic, as a K[G]-module, to [] yes K- It follows that it is
a K-vector space, and

dimg Zs = » _[K, : K].
XES

If 6 € K[G] then the principal ideal (6) is equal to Zs, where S consists of
characters y € M with y(6) # 0. Hence

dimg(0) = ) [K,: K]. (D.6)
1()F#0

Since conjugate characters vanish at 6 simultaneously, and since for every y there
are exactly [K, : K] characters, conjugate to y, the sum in (D.6) is equal to the

number of y € G with x(0) # 0. We have proved the following statement.

Proposition D.13. Let 0 be an element of K[G]. Then the K-dimension of the
principal ideal (0) is equal to the number of characters y € G nonvanishing at 6.

Finally, we state one more consequence of Theorem D.11, to be used in
Appendix F.4. Let N be a module over the group ring K[G]. Then N is a K-vector
space, and the “dual space” N* = Homg (N, K) has a natural G-module structure
(see Appendix C.5). The following result is a direct application of Theorems C.17
and D.11.
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Corollary D.14. Let G be a finite abelian group and K a field of characteristic not
dividing |G|. Let N be a finitely generated K|[G|-module. Then the “dual module”
N* = Homg (N, K) is K[G]-isomorphic to N.

D.5 Idempotents

We retain the setup of the previous section. It is useful to have an explicit basis of
the ideal Zg as a K-vector space and an explicit generator of Zg as a principal ideal.
In this section we produce both, under the additional assumption

K contains the |G |th roots of unity, (D.7)

which is sufficient for our purposes. The reader is invited to examine the general
case.

Assumption (D.7) implies that K, = K for all characters y, or, equivalently,
every character is conjugate only to itself. It follows that in Theorem D.11 we have
M = G, and the map (D.5) becomes the isomorphism

v : K[G] — KC,

where K is the ring of K-functions on G.
For every character y, we define the element ¢, € K[G] as follows:

1
o = g 2 X8

g€G

These elements have many remarkable properties; here are some of them.

Proposition D.15. 1. For any characters y and y' we have

/ 1 l:fxlev
(gy) =
e {0 ifx#x.

2. For any x € K[G] we have xg, = x(x)g,.

3. For any y we have 8?( = ¢g,.

Proof. Applying Proposition D.4 to the character y(yx’)~', we find

Ke) == D 27" = {(1) =7

1
6] 22 ifr#1.
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This proves Part 1. Part 2 is trivially true for any x € G. By linearity, it extends to
x € K[G]. Part 3 is an immediate consequence of the previous parts. O

The element ¢, is called the idempotent of x. Notice that the idempotent of the
trivial character is |G|~'\V.

Since xe, € Ke, for any x € K[G], the set K¢, is an ideal of K[G]. We have
decomposed K[G] into a direct sum of one-dimensional ideals:

K[Gl =P Ke,.
€6

The ideal Zg decomposes as

Ts = P Key .

XES

which, in particular, implies that {e, : x € S} is a K-basis of Zg.
Also, it is easy to see that

Is = K[G] Y &,

XES

which gives an explicit generator of the principal ideal Zg. Since we do not use this
result, its proof is left to the reader.



Appendix E
Reduction and Torsion of Finite G -Modules

In this appendix we study the reduction of G-modules modulo a prime number.
Like in Appendix C (and unlike in the rest of the book) here we write the abelian
group law on modules additively and the ring action multiplicatively.

Let M be a finite Z-module (written additively), and let p be a prime num-
ber. It is easy to see that M/pM is isomorphic to the p-torsion submodule
M[p]l={a e M : pa =1}. In this appendix we show that this automorphism
extends, under a mild assumption, to finite G-modules.

Theorem E.1. Let G be a finite abelian group and let M be a finite G-module.
Further, let p be a prime number not dividing |G|. Then M/ pM and M|[p] are
G-isomorphic.

It is easy to see (see end of Sect. E.4) that M can be replaced by its p-Sylow
submodule and the group ring Z[G] can be replaced by the finite ring Z/ p Z[G]
with sufficiently large s. We introduce a very special class of rings (called here
telescopic rings) and describe, in terms of these rings, the structure of the group ring
Z/ p*Z[G] and of the finitely generated Z/ p *Z[G]-modules. After this preparation
Theorem E.1 becomes immediate.

When writing this appendix we profited from very useful discussions with Jean
Fresnel. Many arguments below are due to him or based on his ideas.

E.1 Telescopic Rings

Call a (commutative) ring R telescopic if R has an ideal m such that any other ideal
is a power of m. A basic example of a telescopic ring is Z/ p *Z, where p is a prime
number: in this ring every ideal is a power of the principal ideal (p).

Obviously, R is a local ring with the maximal ideal m. Also, since the zero ideal
is a power of m, the latter is nilpotent: m* = 0 for some s. If we choose the minimal s

221
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with this property (called the index of nilpotency of m) then mF # m**! for k < s:
indeed, if m* = m**! then, multiplying by m**~!, we obtain m*~! = m® = 0,
contradicting the minimal choice of s. It follows that

R=m’2m2...2m' =0 (E.1)

is the complete list of ideals of the telescopic ring R. Thus, we may regard telescopic
rings as a “nilpotent analogue” of discrete valuation rings.

It is important that the maximal ideal of a telescopic ring is principal (and hence
so are all its ideals). Indeed, if s = 1 then m = O (in which case R is a field), and if
s > 1 then m 2 m?, and we may choose an element 7 € m which does not belong
tom2. Thenm D 7R 2 m?, which shows that m = 7R.

Conversely, telescopic rings can be characterized as rings having a principal and
nilpotent maximal ideal.

Proposition E.2. A commutative ring with a principal and nilpotent maximal ideal
is telescopic.

Proof. Let m be a principal and nilpotent maximal ideal of a ring R. Since m is
nilpotent, it is contained in any other maximal ideal of R, which means that m is
the only maximal ideal of R. Thus, R is a local ring; in particular, every element
outside m is invertible.

It remains to show that every proper ideal of R is a power of m. Thus, let a be
a nonzero proper ideal of R, and let k be the maximal integer with the property
a € m* (since m is nilpotent, the set of integers with this property is finite). We are
going to show that a = m*.

By the maximal choice of k we have a € m**!. Let « be an element of a not
contained in m**!. Recall that m is a principal ideal, and let 7 be its generator.
Since o belongs to m¥, but not to m**1, we have @ = ¢, where ¢ ¢ m. Since R
is a local ring, the element ¢ is invertible. Thus, 7% € a, which proves that a = mk.

|

Remark E.3. 1t is not sufficient to assume only that the maximal ideal is nilpotent
(without assuming it principal), as shows the following example, kindly communi-
cated to us by Jean Fresnel. Let K be a field, and put R = K|[x, y]/(x2, y2, xy).
Then m = xR + yR is a maximal ideal of R satisfying m> = 0, but R is not a
telescopic ring, because the ideal xR is not a power of m.

E.2 Products of Telescopic Rings

Let R be a direct product of finitely many telescopic rings: R = R} X -+ X R,
where every R; is telescopic. Let m; = 7; R; be the maximal ideal of R; and
K; = Rj/m; be the residue field. Then = = (71, ..., m,) is a nilpotent element
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of R, and R/mR is isomorphic to K| x --- x K,,. In particular, R/7R is a semi-
simple ring (see Appendix C.4).
It turns out that this property characterizes products of telescopic rings.

Theorem E.4. Let R be a (commutative) ring, having a nilpotent element 7w such
that the quotient ring R/nR is semi-simple. Then R is a direct product of finitely
many telescopic rings.

As a consequence, we obtain the structure of the group ring Z/ p *Z[G].

Corollary E.5. Let R be a telescopic ring with residue field K, and let G be a
finite abelian group. Assume that the characteristic of K does not divide G. Then
the group ring R[G] is a direct product of finitely many telescopic rings.

In particular, if G is a finite abelian group and p is a prime number not
dividing |G|, then for any positive integer s the ring Z/ p *Z[G] is a direct product
of telescopic rings.

Proof. Let m generate the maximal ideal of the telescopic ring R. Then
R[G]/mR[G] is isomorphic to K[G], which is a semi-simple ring by Theorem D.11.
Whence the result. O

For the proof of Theorem E.4 we need a lemma (a familiar reader will quickly
recognize in it a version of “Hensel’s lemma”).

Lemma E.6. Let w be a nilpotent element of a ring R and let oy, By be coprime
elements of R satisfying aoBo = 0 mod 7. Then there exists coprime a, B € R such
thatx = ag mod 7w, B = By modmw, and aff = 0.

Proof. Write 9By = mA. Since oy and By are coprime, there exist u,v € R
such that woy+vBp=1. Put oy =ap—vAxr and B; = Bo—uinw. Then
a1 = 0mod 2. Also, a; and B are coprime. Indeed, ua; + vf; = 1 mod 7,
and an element congruent to 1 modulo 7 is invertible!.

Iterating the process, we find, for every k, coprime elements a, 8x € R such that
ar = ogmodw, By = By modm, and ag B = 0 mod 7% Since 7 is nilpotent, we
shall eventually obtain o 8 = 0. O

We shall also use the “Chinese remainder theorem™: if a and b are coprime ideals
of a ring R, then the natural homomorphism R — R/a x R/b is surjective and
defines an isomorphism R/ab =~ R/a x R/b. See, for instance, [58, Sect.2.2] or
[3, Proposition 1.10].2

"Write it as 1 — ;r¢. Then its inverse is 1 + ¢ + - -+ + (7w¢)* !, where s is the nilpotency index
of m.

2In both these references R /(a N b) appears instead of R /ab. However, for coprime ideals a and
b, we have a N b = ab. Indeed, since a and b are coprime, there exist @ € a and 8 € b such that
a+ B =1.Nowif y € anb then ya, yp € ab, and hence y = y(«x + ) € ab, which proves
that a N b = ab.
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Proof of Theorem E.4. We write R/nR = Ky x ---x K, where Ki,..., K, are
fields and, arguing by induction on n, we shall prove that R is a product of n
telescopic rings. The case n = 1 is exactly Proposition E.2.

Now assume that n > 1. There exist coprime o, € R such that ¢ =0,
the image of @ in K; x---x K, is e; = (1,0,...,0) and the image of B is
1—e; =(0,1,...,1). To find such « and B, fix an arbitrary p € R with image e,
put 8o = 1 — ap, and apply Lemma E.6.

By the Chinese remainder theorem, the ring R is isomorphic to R’ x R”, where
R = R/aR and R” = R/BR. Let 7/, respectively n”, be the image of 7 in R/,
respectively R”. Then

R/7’'R' = R/(@aR+ nR) = Ky x---x K,,,

and by induction we conclude that R’ is a direct product of n — 1 telescopic rings.
Similarly, R” /7" R” = K, whence R” is a telescopic ring. The theorem is proved.
O

E.3 Elementary Divisors and Finitely Generated Modules

Like principal ideal domains, telescopic rings admit the “theory of elementary
divisors,” and a finitely generated module over a telescopic ring is a direct sum
of its cyclic submodules.

Theorem E.7. Let n > 1 be an integer, R a telescopic ring with the maximal

idealm, and H a submodule of the free module R". Then there existay, . ..,a, € R"
such that

R"=Ra & ---® Ra,, H=w"a & ---®dm"a,, (E.2)
where ry, ..., I, are nonnegative integers.

Proof. Let pr: R" — R be the projection on the kth coordinate. Then
pr(H) = m' where 1, ..., are nonnegative integers. We put

r :min{tl,...,tn}

and we may assume that r; = ¢;, so that p;(H) = m"™ and py(H) C m" for
k=2,...,n.

Let 7 be a generator of m. Then H has an element b such that p;(b) = "', Write
b= x",7"x,y,...,7"x,) = n"ay, where a; = (1,x1,...,x,). Obviously,
R" = Ra; ® ker p;, and an easy verification shows that H = Rb & H’, where
H’ = ker py N H. Since Rb = m"'ay, we obtain

R" = Ra, & ker py, H=wm"a & H'.
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By induction, there exist a,, ..., a, € ker p; such that
ker pi = Ra, & --- @ Ray, H =m"a, ®---®m"a,.

This proves the theorem. O

Corollary E.8. A finitely generated module over a telescopic ring is a direct sum
of its cyclic submodules.

Proof. Let M be a finitely generated module over a telescopic ring R. Then for
some n there is a surjective homomorphism R" — M. Let H be its kernel,
so that M =~ R"/H, and let ay,...,a, € R" be such that (E.2) holds. Then
M = Roy & ---® Ra,, where «y,...,0, € M are the images of ay,...,a,,
respectively. O

E.4 Reduction and Torsion

Let R be a ring, let M be an R-module, and let a be an ideal of R. Put
Ma] = {x € M : ax = 0}, and call it the a-forsion submodule of M .

Proposition E.9. Let M be a finitely generated module over a telescopic ring R,
and let a be an ideal of R. Then M /aM is R-isomorphic to M [a].

Proof. It M = @;‘;1 M, is a direct sum of its submodules, then

M[a];éM,-[a], M/aM’:VéMi/aMi.

i=1 i=1

By Corollary E.8 this reduces Proposition E.9 to the case when M is a cyclic
module. Replacing R by the ring R/anng(M) (and a by its image in this ring),
we may assume that anng (M) = 0 and thereby M =~ R.

Let m = 7R be the maximal ideal of R, and write a = m* = n¥FR.
Then M/aM = R/7*R and M|[a] = 7* %R, where s is the nilpotency index
of 7. The map R — R defined by x > 7% x has 7*7¥ R as its image and 7% R as
its kernel. Hence R/7* R = 75~* R, as wanted. |

Proposition E.9 extends to direct products of telescopic rings.

Proposition E.10. Let R be a direct product of finitely many telescopic rings,
and let M be a finitely generated R-module. Then for any ideal a of R we have
M/aM = M|al.

Proof. Write R = Ry x -+ X R,,, where each Ry is a telescopic ring. Put

e; =(1,0,...,0), e =(0,1,0,...,0),
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and so on, so that 1 = e; + -+ + ¢,. Then an R-module M splits into a direct sum
asM = @;;1 M;, where M; = e; M. As in the proof of Proposition E.9, it suffices
to verify the required property for every M;.

Since M; is annihilated by 1 —e; it can be viewed as a module over the
ring R/(1 —e;)R, which is isomorphic to the telescopic ring R;. We reduced
Propositions E.10-E.9, hereby completing the proof. O

Now we are ready to prove Theorem E.1.

Proof of Theorem E.1. Let M, be the p-Sylow subgroup of M. Then M, is
a G-submodule of M, and the embedding M, <> M induces G-isomorphisms
M[p]= M,[p] and M/pM = M,/pM,. Hence we may assume that M is a
p-group; in particular, M has a natural structure of a Z/p *Z[G]-module for a
suitable s.

By the assumption, p does not divide |G |. Hence Z/ p *Z[G] is a direct product
of finitely many telescopic rings (Corollary E.5), and our theorem becomes a direct
consequence of Proposition E.10. O



Appendix F
Radical Extensions

In this appendix we give an account of the theory of the g-radical extensions, that
is, the extensions generated by gth roots of elements of the field. Everywhere in this
appendix X is a field and ¢ a prime number, distinct from the characteristic of K.

F.1 Field Generated by a Single Root

Fix B € K and a gth root 8/9. Then all conjugates of 8!/ over K are contained in
the set

{B'4€ 1 £ € pg}, (E1)

where u, = {1, Cqsevns Z_l} is the group of the gth roots of unity.

Proposition F.1. If f is not a qth power in K, then [K(B8'9) : K] = q for any
choice of the root B4,

In other words, the polynomial x¢ — § either has a root in K or is irreducible
over K (in which case (F.1) is the full set of conjugates of ,31/‘1).

Proof. Assume that [K(B'/?) : K] = r < ¢ for some choice of the root /4. We
have Ng1/0)/x (B/9) = B/1€ with & € . Since ¢ is prime, there exist integers a
and b such that ar + bg = 1. Then ((B7/9£)8?)* = B; that is, B is a gth power
in K. O

Since [K({,) : K] < g — 1, we obtain the following consequence, which will be
systematically used in the sequel.

Corollary F.2. If B € K is not a qth power in K, then it is not a qth power in K({,)
either.
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F.2 Kummer’s Theory

We wish to study the Galois group (over K) of the field K({,, 8 174 (the field,
generated by all the gth roots of 8). Actually, we consider a more general situation.
We fix a subgroup B of the multiplicative group K™, and consider the field
L = K({/B), generated over K by the set

VB={peK*:p'ecB)}.

It is a Galois extension of K (the composite of splitting fields of all polynomials
x4 — B, where B € B). The structure of the Galois group I = Gal(L/K) depends
on whether or not {, belongs to K.

In this section we assume that

¢, € K. (F2)

In this case the theory of g-radical extensions is called Kummer’s theory. Fix B € B
and a gth root 8'/4. Then all conjugates of B'/¢ over K are contained in the set

{B'4& : £ € pg}, where

Wg = {1’§q~~,§;’_l}

is the group of the gth roots of unity. In other words, for any y € I, we have
(BY4)r /B4 € ,. The quotient (B'/4)7 /B4 depends only on B and y, but not
on the particular choice of the gth root /4 indeed, if we replace /¢ by p/4¢
with § € u,, the quotient is not changed because |, C K by the assumption (F.2).

To continue, recall the notion of pairing. Given groups V' and W, and an abelian
group A, an A-pairing of V and W is amap f : V x W — A such that for any
y € Wthemap x — f(x,y) is a group homomorphism V' — A, andforany x € V
the map y — f(x,y) is a group homomorphism W — A. The pairing induces
group homomorphisms V' — Hom(W, A) and W — Hom(V, A). The kernels of
these homomorphisms are called left and right kernels of our pairing. The pairing is
left (respectively, right) faithful if its left (right) kernel is 1 and faithful if it is both
left and right faithful.

In our case we have Kummer’s pairing B x I' — 4 defined by

(B)"
Bl -

It is obviously right faithful, which implies that I" is isomorphic to a subgroup of
Hom(B, |y). It follows that I" is a g-torsion abelian group; in particular, it has a
natural structure of an [F,-vector space.

(B,7) —
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However, Kummer’s pairing is not left faithful in general, its right kernel being
B N (K*)?. Putting B = B/B N (K*)?, we obtain a faithful pairing B x I — [,
and the following holds.

Theorem F.3. If the group B is finitely generated, then I' is isomorphic to B.

This is a special case of a general statement in linear algebra. Let F be a field
and V' and W vector spaces over F. A pairing V x W — F is F-bilinear if both
the induced maps V' — Hom(W, F) and W — Hom(V, F) are F-linear.

Proposition F.4. Assume that one of the spaces V and W is of finite F-dimension
and that there exists a faithful F-bilinear pairing V x W — F; then V and W are
isomorphic vector spaces.

Proof. Assume, for instance, that V' is finite dimensional. Then the dual space
V* = Hom(V, F) is of the same dimension as V. Since our pairing is right faithful,
we have a linear monomorphism W < V*. Hence, W is finite dimensional, and

dimW <dimV* = dim V.

Similarly, dim V' < dim W. Hence dim V' = dim W, as wanted. O

Proof of Theorem F.3. Both groups B and I" have a natural structure of an Fy-
vector space. Identifying |1, with the additive group of F,;, we obtain a faithful

F,-bilinear pairing B x I' — F,. Since B is finitely generated, B is a finite-
dimensional IF,-space. Now apply Proposition F.4. O

If B’ is a subgroup of B(K*)? then the field L' = K(¥/B’) is a subfield of L.
In the case when B is finitely generated, any subfield of L, containing K, is of this
form. More precisely, we have the following statement (which will not be used in
the sequel).

Proposition F.5. Assume that B is finitely generated. Then there is a one-to-one
correspondence between the group towers (K*)? < B’ < B(K*)? and the field
towers K C L' C L, givenby L' = K(/B’).

Proof. If there is a faithful F-bilinear pairing V x W i) F of finite-dimensional
vector spaces, then the subspaces V' of V and W’ of W stay in the one-to-
one correspondence given by! W’ = (V’)L. In our case we obtain a one-to-one
correspondence between the subgroups of B and of I'. Since the former correspond
to the group towers (K*)? < B’ < B(K*)? and the latter to the field towers
K C L' C L, we obtain a one-to-one correspondence between the two types of tow-
ers. A straightforward inspection shows that L’ = K({/B’) for the corresponding
towers. O

"Where (V)L ={we W : f(v,w) =0forallv € V'}.
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Without assuming that B is finitely generated, the following statement
still holds: there is a one-to-one correspondence between the group towers
(K*)? < B’ < B(K*)? and the field towers K € L’ C L such that both the index
[B(K*)? : B'] and the degree [L : L'] are finite, and the correspondence is again
given by L’ = K({/B’). We leave the proof to the reader.

F.3 General Radical Extensions

We no longer assume that {, € K. Since 1 € B, we have {, € +/B, which means
that we have a tower of fields

K CK(i)cCL,

where {, is a primitive gth root of unity and L = K( UB).

Proposition F.6. Assume that the group B is finitely generated. Then the group
I' = Gal(L/K(g,)) is isomorphicto B = B/B N (K*)1.

Proof. Corollary F2 implies that B N (K*)? = B N (K({;)*)?. Now apply
Theorem F.3 with K(¢,) instead of K. O

Putting A = Gal(L/K) and H = Gal(K({,)/K), we obtain the exact sequence
1T —>A—>H—1. (F3)

Both extensions K({,)/K and L/K({,) are abelian, but, as we shall see in a while,
when ¢, ¢ K, the extension L /K is badly non-abelian.

Theorem F.7. Assume that {, ¢ K. Let Ly be an abelian extension of K contained
in L. Then Ly C K({,).

The proof relies on a simple group-theoretic lemma. To state it, we need some
preparation. Recall, first of all, the notion of group extension. Let

l1>A—>E—>Q—1 (F4)

be an exact sequence of groups, the group A being abelian. The group E acts
on its normal subgroup A by conjugation (we write this action exponentially,
a v a® = e 'ae). Since A is abelian, it acts on itself trivially. This induces a
natural right action of O = E /A on A (again written exponentially).

Now assume that we are given an abelian group A, a group Q, and a right Q-
action on A. Then any exact sequence (F.4) inducing the given Q-action on 4 is
called an extension of Q by A (with respect to the given action).
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Now let F be a field and A an F-vector space. It will be convenient for us to
write the group structure on A multiplicatively and the F'-action on A exponentially
(that is, instead of the familiar Ax + 1y, we write x* y*).

Lemma E.8. Let Q be a subgroup of the multiplicative group F*, and let
1> A— E— Q — 1 be an extension of Q by A with respect to the standard
action of Q on A. Assume that Q # 1. Then> A = [E, E), the commutator subgroup
of E.

In other words, if E’ is a normal subgroup of E with abelian quotient £/ E’, then
E'> A.

The assumption Q # 1 is essential: if Q = 1 then £ = A is an abelian group
and [E, E] = 1.

Proof. Since the quotient E/A is abelian, we have [E, E] < A, so it suffices to
prove that A < [E, E].

Recall that we write the group law on A multiplicatively and the F-action
on A exponentially. Fix an element x # 1 of Q. Then, when a runs over A, the
expression a* ! runs over A as well. If for every x € Q we fix a lifting ¥ € E, then
a* = X~ 'ax. It follows that

Thus, every element of A can be presented as a commutator [a,i]. Hence
A <|[E,E]. O

Proof of Theorem F.7. Consider the exact sequence (F.3). The group I' is an F-
vector space (see Sect. F.2), and H can be viewed as a subgroup of (Z/qZ)* = IF;‘,
the action of H on I being exactly the (restricted to H') F,-vector space action.
Since ¢, ¢ K, we have H # 1 and Lemma F.8 applies. By the lemma, every
subgroup of A with abelian quotient contains I". By the Galois theory, this means
that every subfield of L, abelian over K, is contained in the subfield fixed by I", that
is, in K(¢,). The theorem is proved. O

F.4 Equivariant Kummer’s Theory

Now assume that K is a Galois extension of some field Ky, with Galois group
G = Gal(K/Ky), and that B is a G-invariant subgroup of K. Then L = K(¥/B)
is a Galois extension of K, (the composite of splitting fields of polynomials

2We identify A with its image in E.



232 F Radical Extensions

[l,eq(x — B%), where B € B). It follows that G acts naturally on the group
A = Gal(L/K), and the subgroup I" = Gal(L/K({,)) is invariant under this
action.?

Thus, both B and I" are G-modules, and sois B = B/B N (K*)?. Recall that I"
and B are isomorphic as abelian groups when B is finitely generated. It is natural
to ask whether they are isomorphic as G-modules. In general, this is not true.
For instance, assume that {, ¢ Ko, K = K¢({;) and B C K. Then B is a trivial
G-module, but I" is a nontrivial G-module.

Similar examples show that to have G-isomorphism we must assume that

K N Ko(&,) = Ko. (E5)

Adding to these some technical hypotheses, we indeed prove that B and I' are
G-isomorphic.

Theorem F.9. In the above setup, assume that the group B is finitely generated
and that (F.5) holds. Assume, in addition, that the group G s finite and abelian and
that g does not divide |G|. Then B and I are G-isomorphic.

First of all, we establish an equivariant version of Proposition F.4. Let V' and W
be G-modules, where G is a group, and let A be an abelian group. A pairing

VxW —f> A is called G-equivariant if forany x € V,y € W,ando € G, we have
S, y%) = f(x,p).

Proposition F.10. Let F be a field, G a finite abelian group, V, W two finitely
generated F|[G]-modules, and V x W — F a G-equivariant faithful bilinear
pairing. Assume that the characteristic of F does not divide |G|. Then V and W
are isomorphic as F[G]-modules.

Proof. According to Proposition F.4, the natural map W — V* is an isomorphism
of vector spaces. Moreover, G-equivariance of the pairing implies that this map
is a G-morphism. Thus, W is F[G]-isomorphic to the dual space V*. Finally,
Corollary D.14 implies that V* is G-isomorphic to V. O

Proof of Theorem F.9. Assume first that {, € Ko. Then we also have ¢, € K, and
Kummer’s theory (Sect.F.2) applies. In particular, we have Kummer’s pairing

BxTI —f> Mg, and it is easy to verify that Kummer’s pairing is G-equivariant.

Indeed, fory € I" and o € G, we have y° = 6 1y5, whereff is a lifting of o to
Gal(L/ Ko). Further, if /¢ is a gth root of B € B, then (8'/4)” is a gth root of B°.
It follows that

1/4\%7° 1/q4\Y% }
e Tl M sl S )
(,Bl/q) (ﬁl/q)

3n fact, I is invariant under any automorphism of A, because I" is the only ¢-Sylow subgroup
of A.
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But f(B.y) € g C Ko (recall that ¢, € Ko), whence f(B,y)° = f(B.y).
Thus, we have proved that f(8°,y°) = f(B,y)foranyf € B,y € I',ando € G.

Hence Kummer’s pairing is G-equivariant.

It follows that the faithful pairing B x I' — F,, defined in the proof of
Theorem F.3, is G-equivariant as well. Proposition F.10 implies that B is F,[G]-
isomorphic to I". This proves the theorem in the special case {, € K.

In the general case, assumption (F.5) implies that

Gal (K(¢,)/ Ko(&,)) = G.

Hence we may replace Ky by Ko({,) and K by K({,), reducing the general case to
the case {, € Ko, already proved. O

Remark F.11. The results of this section remain true without assuming the group G
abelian. The proofs are, basically, the same, but one should use the full (non-abelian)
version of the Maschke theorem (Theorem D.11).
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