8. Minkowski’s theorem.

In this section we prove the an important finiteness result in algebraic number theory. We
prove that the class group of the ring of integers of a number field is finite.

Theorem 8.1. (Blichfeldt 1873-1945, Danish-US mathematician) Let L be a lattice in
a Fuclidean vector space V. Then any measurable set A C V with vol(A) > covol(L)
contains two vectors a # b for which a — b is in L.

Proof. Let F' C V be a fundamental domain for L. Then A is a disjoint union of the sets
Ax = AN (F 4 x) where x € L. Next consider the translated sets Ax — x. They are all
contained in F'. Therefore the volume of their union is at most vol(F'). On the other hand

we have
vol(A) = Z vol(Ax) = Z vol(Ax — x).

xeL xeL

Since vol(A) > vol(F), the sum of the volumes of the sets Ax — x is strictly larger than
the volume of their union. This means that some of the sets Ay — x must have non-empty
intersection. In other words, there exist two distinct x,y € L for which (Ax —x)N (A4, —y)
is not empty. So there is a vector v € F' for which both a =v+x and b=v+y are in A.
Since a — b is equal to the non-zero vector x —y in L, we are done.

Theorem 8.2. (Minkowski’s convex body theorem) Let L be a lattice in a Euclidean
vector space V. Let B be a bounded, convex, symmetric subset of V. If

vol(B) > 2"covol(L)
then there exists a non-zero vector x € L N B.

Proof. Consider the lattice 2L = {2x : x € L}. An application of Blichfeldt’s theorem

shows that there exist two vectors x # y in B for which x — y is in 2L. This means that

%(x —y) isin L. On the other hand, since B is symmetric, the vector —y is in B and

since B is convex, the vector 3(x —y) is in B. This proves the theorem.

We need to compute the volumes of certain convex bodies. Let & € R~y and let
f:R"™ — R>( be a continuous function with the property that

f(Ax) = \ef(x) for all A € R>g and z € R™,
B={xeR": f(z) <1} is bounded.
This implies that f vanishes only in the origin. By continuity, f attains a minimum ¢ > 0

on the unit sphere S = {z € R" : f(z) = 1}. It follows that the integral [g,e /@ dx is

at most fooo e=°t" dt times the area of S. Therefore it converges absolutely.

Lemma 8.3. We have

1
IB e S — —f({l?) A
vol(B) F(%+1)/ne dx

Proof. This follows by observing that R™ is a disjoint union of sets of the form S, = {z €
R" : f(x) = r*} and that f is constant on each S,.. For t > 0 we have S,; = tS,.. It follows
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that the volume of B, = {x € R" : f(x) < r*} is equal to r"vol(B). On the other hand,
we have vol(B,) = [ area(S;)dt. It follows that area(S,) = “Lvol(B,) = nr"~'vol(B).
This gives

/ e 1@ dy = / e_tkarea(St)dt = / €_tkntn_1V01(B)dt = F(% + 1)vol(B),

as required.

As an application consider f(z) = 2% + ...+ 22 with k = 2. The set B is the n-
dimensgonal unit ball and the integral over R" is a product of n integrals of the form
Jr e * dx = /m. This gives the usual formula for the volume of the unit ball in R":

71_71/2

vol(B) = m

Our main application is the convex body given by the function
f@)=lz1| + ...+ |z | + 2|21 + - - - + 2|21, ],

in the Euclidean space Fr. In this case k£ = 1 and the integral of Lemma 8.3 is equal to
the product I J"2, where [ = fR e~ 1*ldz = 2 and J is the integral over C of the function

e 21?1, Keeping in mind that identifying C with R? in the usual way, doubles the scalar

product on R?, we get J =2 [g, e 2V 2*+9* dedy = 7 and hence

AR

vol(B) =

n!

Theorem 8.4. (Minkowski) Let F' be a number field of degree n. Let r1 denote the
number of real embeddings ¢ : F' — R and ry the number of pairs of complex embeddings
F — C. Then every non-zero ideal I of O contains an element x with

| T2
(f) Ap[V2N(D),
T

n:
N < —
N@) < 2

Proof. We view the ideal I via the map ® : Op — Fgr as a lattice in Fg &£ R™ x C".
By Prop.5.10(ii) the covolume of I in Vg is

covol(I) = N(I)|Ap|*/2.
For any positive real number R we put
X(R)={(1,-- Ty Y1s -3 Yry) € R XC™ 1 |zq |+ oo+ |2y | F2|y1 |+ - 2|y, | < R}

Using the triangle inequality one easily verifies that X (R) is a convex, symmetric and
bounded set. By Lemma 7.2 its volume is given by

AR (e

n!

vol(X(R)) = R



From Minkowski’s convex body Theorem 7.1 we conclude that if

2M 2

R" > 2" . N(I)|Ap|'/?,

n!

then there exists a non-zero element z € I N X(R). Since for every R the set X(R) is
bounded, and since the set I N X (R) is finite, it follows that there is a vector = € I such
that z € X(R) for every R satisfying this inequality. This vector z is also contained in
X (Ro) where Ry satisfies the equality

iy

n!

729" = 2" . N(I)|Ap|Y/2

By Prop.2.7(iii) and the arithmetic-geometric-mean-inequality (Exer.7.D), we have that

IN(@)| = |z -z |y P Tyl
(|l Al [+ 20+ 2y |\
— n )
poonl (4\"
S&=£<—> |AR|Y2N ()
n" n™ \mw

as required.

Corollary 8.5. Let F' be a number field of degree n. Then

() 2
ael 2 (B 5)

(b) |Apr| > %. In particular, |Ap| > 1 whenever F' # Q.
(c) Every ideal class contains an ideal I with

IN(D)| < =

I /4\"
(&) o
n" \m

Proof. (a) It follows from the multiplicativity of the norm (Prop.4.6) that for every ideal
I and x € I, one has that |[N(z)| > N(I). Combining this with Theorem 7.3 gives (a)
(b) One verifies (by induction) that n™ > 2"~!n! for all n > 1. It follows from (i) that

(d) The class group Cl(Op) is finite.

stz (%) () e () -

(c) Let ¢ be an ideal class. Every ideal class contains integral ideals. Pick an integral ideal
J in the inverse of the class of I. By Theorem 7.3 there exists an element x € J with

|N(IL’J71)| < TL_' <z>—r2 |AF|1/2'

n™ \ 4
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Since the ideal zJ~! is integral and in ¢, the result follows.

(d) By Prop.4.8(iii) there are only a finite number of prime ideals of a given norm. There-
fore, for every number B, there are only a finite number of integral ideals of norm less
than B. The result now follows from (iii).

The cardinality of the class group Cl(Op) is called the class number of Op, or of F.
It is denoted by

hp = #CIl(OF).
The expression

n! 4\
— | = vVIA
associated to a number field F', with the usual notations, is called the Minkowski constant
associated to F. Using Stirling’s formula is is easy to see that Cor.7.4(i) implies that for

large values of n we have
2 4 7;1_1
Agl/7 > en =
[Ar] - ( 4 T ’

> (5.803)(1.273) .

Minkowski’s Theorem can be used to calculate class groups of rings of integers of number
fields. In this section we present two small examples. In the next section we will give more
elaborate examples.

Examples. (i) Take F = Q(«) where « is a zero of the polynomial f(T) =72 —~T —1. In
section 2 we have calculated the discriminant Ap of F'. We have that Ap = Disc(f) = —23.
It is easily verified that the polynomial 7% — T' — 1 has precisely one real zero. So r; = 1
and ro = 1. The bound in Minkowski’s Theorem is now

3! /4
(—) V23 ~ 1.356942.

33 \ 7

Therefore, by Cor.7.4(iii), every ideal class contains an integral ideal of norm less than or
equal to 1. This shows, at once, that the class group of F' is trivial. (By Exer.7.R the ring
of integers Z[a] is even Euclidean!)

(ii) Take F' = Q(1/—47). By the example in section 2, the ring of integers of F'is Z[%TN]
and the discriminant of F' satisfies A = —47. Since r1 = 0 and ro = 1 we find that the
Minkowski constant is equal to

|
2 (é) VAT ~ 4.36444.

22 \ 7

Therefore the class group is generated by the prime ideals of norm less than or equal to
4. To find these prime ideals explicitly, we decompose the primes 2 and 3 in Op. Let
o= %_747. Then a? — a + 12 = 0. By the Factorization Lemma (Theorem 6.1) we
see that (2) = pap) where py = (2,) and p, = (2, — 1). Similarly (3) = psps where

4



p3 = (3,a) and p5 = (3, — 1). We conclude that the only ideals of O of norm less than
4.36444 are O, pa, P, P3, P5, P3, P5, paps. Therefore the class number is at most 8.

Since (2) = pap)h, the ideal classes of py and p) are each others inverses: pj ~ p;'.
Similarly ps ~ p3 1 We conclude that the class group is generated by the classe of ps
and ps.

In order to determine the class group, we decompose some principal ideals into prime
factors. Principal ideals () can be factored, by first factoring their norm N () € Z and
then determining the prime ideal divisors of (). For the sake of convenience we take

elements [ of the form f = o — k where k € Z is a small integer. By Exer.2.F we have
that N(8) = N(k —a) = k* — k + 12.

We find
Table.

k B | N(B) (B)

) | 1| 1—a | 12=22.3 | pi’ps

G) | 2 | 2—a | 14=2-7 pab7

(iii) 3| 3—a | 18=2-32 | phps?

(IV) 4 4— 24 =23.3 p23p3

v) | 5| b—a | 32=2° p,°

From entry (i), we see that the ideal class of p,°pj ~ (1) is trivial. The relation implies
that

ps~ Py
We conclude that the class group is cyclic. It is generated by the class of po. We will now

determine the order of this class. The second entry tells us that p7 ~ p5 ! and is not of
much use to us. Relation (iii) implies that

P2 NP%-

Combining this with the relation obtained from the first entry of our table, gives at once
that

p3 ~ 1.

This relation can also be deduced directly from entry (v) of the table. It follows that the
class group is cyclic of order 5 or 1. The latter case occurs if and only if the ideal ps is
principal. Suppose that for a,b € Z the element v = a+b(1++/—47)/2 € O is a generator
of py. Since the norm of py is 2, we must have that

2= N(ps) = |N()| = a® + ab + 12b%

Writing this equation as (2a + b)? + 47b% = 8, it is immediate that there are no solutions
a,b € Z. We conclude that ps is not principal and that C’ZQ(\/TN) >~ 7/5Z.
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Corollary 8.6. (J. Hermite, French mathematician 1822-1901) Let A € Z. Up to iso-
morphism there are only finitely many number fields F' with |Ar| = A.

Proof. Let A € Z. By Cor.8.5 (b) there are only finitely many possible values for the
degree n of F'. Therefore we may assume that the degree n is fixed. Let F' be a number
field of degree n and discriminant A. In the usual notation we have n = rq + 2rs.

We consider a certain bounded, convex and symmetric box B in Fr. If F is totally
complex, i.e. if r; = 0 the R-algebra Fg is isomorphic to C™ and we put

B={(z1,.-.,2r,) € Fr: |Re(z1)| <1, [Im(z1)| < /|A|+ 1 and |z] < 1 for i > 2}.

If 1 =1 we put

B={(x1,. .., Tr; 21y, 2ry) EFR: |2i] <1for i >1and |z;| <V A+, forz:: 1’}
1, for ¢ > 2.

It is easily checked that volume of B is 8(2m)™271(1/|A| + 1) in the first case, while it
is 2" (2m)"2(y/|A| + 1) in the second. In either case vol(B) exceeds 2"covol(Op). By
Minkowski’s convex body theorem there exists a non-zero element o € Op for which the
element (¢1(a),...,¢n()) of Fr isin B.

Since « is not zero, its norm is at least 1. The fact that a € B implies that |¢; ()| < 1
for all i > 1. We conclude that |¢1(«)] > 1. It follows that ¢1(a) # ¢i(a) for all i > 2.
Indeed, this is clear when 71 > 0. In this case we even have |¢;(a)| < |¢1(a)| for all 7 > 2.
In the case r1 = 0, the same is true for all embeddings except the complex conjugate
of ¢1. However, if it were the case that ¢;(a) = ¢;(a), then ¢1(a) is in R, which implies
|p1 ()| = |Re(¢1(er))] < 1, which is a contradiction.

Let f(T') denote the characteristic polynomial of a. Its zeroes are ¢1(a),..., ¢, ().
Since ¢1(a) # ¢i(a) for all i > 2, the polynomial f(7') has a simple zero. Prop. 2.7 (c)
therefore implies that f(7) is also the minimum polynomial of «. It follows that F' = Q(«).

Since the zeroes ¢;(a) of f(T) have absolute values bounded by +/|A[ + 1, the coef-
ficients of f are bounded as well. Since the coefficients are in Z, there are only finitely
many possibilities for f and therefore, up to isomorphism, for the field F'. This proves the
corollary.

8.0 (Jensen’s inequality) Let n > 1, let x1,..., 2z, in the interval [a,b] C R and Ai,..., A, be
‘weights’ in the interval (0, 1) satisfying Z?:l A; = 1. Suppose f is a convex function on the
interval [a, b].

(a) Show that we have f(3 " | Aiwi) < Y0 Xif(wi).
(b) Apply (a) to the convex function “—log” and prove the arithmetic-geometric mean

inequaliy
(1) <ix-.
=1

=1
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8.1

8.2

8.3
8.4
8.5
8.6
8.7
8.8

8.9

with equality if and only if all ; are equal. A function is called convex on [a,b] if for
each x,x’ € [a,b] we have f(’”ga’/) < f(m)zf(ml).

Let T'(s) = fooo e*z° 4% denote Euler’s gamma function.

(a) Prove that the integral converges absolutely for s € C with Re(s) > 1.

(b) Show that sI'(s) =I'(s + 1) for s € C with Re(s) > 1.

(c) Show that I'(n + 1) = n! for n € Zy.

(d) Show that I'(3) = /.
Show that Z[\/—163] has trivial class group and that Z[v/—71] has class group isomorphic
to Z/7Z.
Show that the class group of Q(«) where « is a zero of the polynomial 7% + T — 1 is trivial.
Show that the class group of Q(¢11) is trivial.
Let f(T') € Z[T]. Show: if Disc(f) =1, then f(T) = (T — k)(T — k — 1) for some k € Z.
Show that the ring Z[(1 + +/19)/2] is not Euclidean, but admits unique factorization.
Show that the ring Z[v/—5] has class number 2.
Suppose x,y € Z satisfy y? = 2 — 5.

(a) Show that x is odd and y is even.

(b) Show that y + +/—5 and y — +/5 are coprime in the ring Z[/—5].

(c) Show that the ideal (y + +/—5) is the cube of an ideal of Z[v/—5].

(d) Show that y — /=5 is the cube of an element of Z[/—5] (Hint: previous exercise)

(e) Show that the Diophantine equation Y = X? — 5 has no solutions X,Y € Z.
Let F' be a number field. Show that if

| T2

n" \mw

then the ring of integers O is a Euclidean for the norm |N(z)|. (Hint: Let © € Fr. Show,
using the notation of the proof of Theorem 7.3, that the set X (R) U (X(R) 4+ x) with R=n
has a volume that is larger than 2" covol(Or). Show that it contains a lattice point.)



