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1. MAHLER’'S WORK ON THE GEOMETRY OF NUMBERS

JAN-HENDRIK EVERTSE

Mahler has written many papers on the geometry of numbers. Arguably, his
most influential achievements in this area are his compactness theorem for
lattices, his work on star bodies and their critical lattices, and his estimates
for the successive minima of reciprocal convex bodies and compound convex
bodies. We give a, by far not complete, overview of Mahler’s work on these
topics and their impact.

1 COMPACTNESS THEOREM, STAR BODIES AND THEIR CRITICAL LATTICES

Many problems in the geometry of numbers are about whether a particular
n-dimensional body contains a non-zero point from a given lattice, and quite
often one can show that this is true as long as the determinant of the lattice is
below a critical value depending on the given body. Mahler intensively studied
such problems for so-called star bodies. Before mentioning some of his results,
we start with recalling some definitions. We follow [M87].

Let n > 2 be an integer that we fix henceforth. A distance function on R" is a
function F': R™ — R such that:

(i) F(x) > 0 for all x € R™ and F(x) > 0 for at least one x;
(il) F(tx) = [t| - F(x) for x € R™ and ¢ € R;
(iii) F' is continuous.
A (symmetric) star body in R™ is a set of the shape
S={xeR": F(x) <1},

where F' is a distance function. We call S the star body with distance function
F. The boundary of S is {x € R" : F(x) = 1}, and the interior of § is
{x € R": F(x) < 1}. The set S is bounded, if and only if F(x) > 0 whenever
x # 0. The star bodies contain as a subclass the symmetric convex bodies,
which correspond to the distance functions F satisfying, in addition to (i), (ii),
and (iii), the triangle inequality F(x +y) < F(x) + F(y) for x,y € R.
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Let A={>"", za;: z1,...,2, € Z} be alattice in R™ with basis {ai,...,a,}.
We define its determinant by d(A) :=|det(ay,...,a,)|. Let S be a star body.
We call A S-admissible if 0 is the only point of A in the interior of S. The star
body S is called of finite type if it has admissible lattices, and of infinite type
otherwise. Bounded star bodies are necessarily of finite type, but conversely,
star bodies of finite type do not have to be bounded. For instance, let S :=
{x=(x1,...,2,) €ER™: |21 ---2,| < 1}. Take a totally real number field K of
degree n, denote by Of its ring of integers, and let o — a® (i =1,...,n) be
the embeddings of K in R. Then {(aV),... a(™): a € Ok} is an S-admissible
lattice.

Assume henceforth that S is a star body of finite type. Then we can define its
determinant,

A(S) :=inf{d(A) : A admissible lattice for S}.

Thus, if A is any lattice in R™ with d(A) < A(S), then S contains a non-zero
point from A. The quantity A(S) cannot be too small. From the Minkowski—
Hlawka theorem (proved by Hlawka [8] and earlier stated without proof by
Minkowski) it follows that A(S) > (2¢(n))~'V(S), where ((n) = Y ;o k™"
and V(S) is the volume (n-dimensional Lebesgue measure) of S.

We call A a critical lattice for S if A is S-admissible and d(A) = A(S). In
a series of papers [M75, M76, M83, M84, M85] Mahler studied star bodies in
R2, proved that they have critical lattices, and computed their determinant in
various instances. Later, Mahler picked up the study of star bodies of arbitrary
dimension [M87]. We recall Theorem 8 from this paper, which is Mahler’s
central result on star bodies.

THEOREM 1.1. Let S be a star body in R™ of finite type. Then S has at least
one critical lattice.

The main tool is a compactness result for lattices, also due to Mahler. We say
that a sequence of lattices {A,,}2°_; in R™ converges if we can choose a basis

A 15 58mn of Ap, for m =1,2,... such that a; := lim,, 0 &y, ; exists for
j=1,...,nand ay,...,a, are linearly independent. We call the lattice A with
basis aj, ..., a, the limit of the sequence {A,,}5°_;; it can be shown that this

limit, if it exists, is unique. Denote by ||x|| the Euclidean norm of x € R™.
The following result, which became known as Mahler’s compactness theorem
or Mahler’s selection theorem and turned out to be a valuable tool at various
places other than the geometry of numbers, is Theorem 2 from [M87].

THEOREM 1.2. Let p > 0, C > 0. Then any infinite collection of lattices A
in R™ such that min{||x|| : x € A\ {0}} > p and d(A) < C has an infinite

convergent subsequence.

We recall the quick deduction of Theorem 1.1.
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1. MAHLER'S WORK ON THE GEOMETRY OF NUMBERS 31

Proof of Theorem 1.1. By the definition of A(S), there is an infinite sequence
{An}5°_, of S-admissible lattices such that A(S) < d(An) < A(S) +1/m
for m = 1,2,.... Since 0 is an interior point of S,there is p > 0 such that
{x e R": ||x|| < p} € S. hence ||x| = p for every non-zero x € A,, and every
m > 1. Further, the sequence {d(A,,)} is clearly bounded. So by Theorem
1.2, {A,,} has a convergent subsequence. After reindexing, we may write this
sequence as {A,,}>°_; and denote its limit by A. We show that A is a critical
lattice for S.

Choose bases am 1,...,amn of Ap, for m =1,2,... and ay,...,a, of A such
that an, ; — a; for j = 1,...,n. Clearly d(A) = limy, 00 d(Ar) = A(S). To
prove that A is S-admissible, take a non-zero xg € A and assume it is in the
interior of S. Then there is ¢ > 0 such that all x € R™ with ||x — x¢| < ¢
are in the interior of S. Write xo = Y., z;&; with z; € Z, and then x,, =
S Zidy,; for m > 1, so that x,, € Ay, \ {0}. For m sufficiently large,
lIxm — xo|| < €, hence x,, is in the interior of S, which is however impossible
since A,, is S-admissible. This completes the proof. O

In [M87], Mahler made a further study of the critical lattices of n-dimensional
star bodies. Among other things he proved [M87, Theorem 11] that if S is any
bounded n-dimensional star body and A a critical lattice for S, then there are
n linearly independent points of A lying on the boundary of S. If Py,..., P,
are such points, then the 2n points P, ..., £ P, lie on the boundary of S. A
simple consequence of this is, that any lattice of determinant equal to A(S) has
a non-zero point either in the interior or on the boundary of S. Mahler showed
further [M87, Corollary on p. 165] that for any integer m > n there exist an
n-dimensional star body S and a critical lattice A of S having precisely 2m
points on the boundary of S.

In an other series of papers on n-dimensional star bodies [M88] Mahler intro-
duced the notions of reducible and irreducible star bodies. A star body S is
called reducible if there is a star body S’ which is strictly contained in S and
for which A(S’) = A(S), and otherwise irreducible. An unbounded star body
S of finite type is called boundedly reducible if there is a bounded star body S’
contained in S such that A(S') = A(S). Mahler gave criteria for star bodies
being (boundedly) reducible and deduced some Diophantine approximation re-
sults. To give a flavour we mention one of these results [M88, Theorem P, p.
628]:

THEOREM 1.3. There is a positive constant v such that if 81,82 are any real
numbers and Q is any number > 1, then there are integers vy, va,vs, not all 0,
such that

[v1v2(Brv1 + Bov2 + v3)| < %,
21| < Q, |22] < Q, |Brvr + Bava + vs] <HQ2.

Idea of proof. Let S be the set of x = (71,72, 23) € R? given by |z1m223| < 1.
By a result of Davenport [3], S is a finite type star body and has determinant
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A(S) = 7. Mahler [M88, Theorem M, p. 527] proved that S is in fact boundedly
reducible, which implies that there is r > 0 such that the star body S’ given
by |z1z223] < 1 and maxyg<s|z;| < r also has determinant 7. Now let A be
the lattice consisting of the points (rQ ™ vy, 7Q " va, Tr=2Q?(B1v1 + Bov2 +v3))
with vy, vg,v3 € Z. This lattice has determinant 7 and so has a non-zero point
in S’. Tt follows that Theorem 1.3 holds with v = 73 /7. O

For further theory on star bodies, we refer to Mahler’s papers quoted above
and the books of Cassels [2] and Gruber and Lekkerkerker [7].

2 RECIPROCAL CONVEX BODIES

Studies of transference principles such as Khintchine’s for systems of Diophan-
tine inequalities (see [M44, M56]) led Mahler to consider reciprocal lattices and
reciprocal convez bodies (also called polar lattices and polar convex bodies).
We recall some of his results. Here and below, for any real vectors x, y of
the same dimension, we denote by x - y their standard inner product, i.e., for
X=(21,.. ., Tm), Y= (W1,.--,Ym) € R™ we put x -y := >.I" | ;5. Then the
Euclidean norm of x € R™ is [|x|| := v/x - x.

Now let n be a fixed integer > 2. Given a lattice A in R™, we define the
reciprocal lattice of A by

A ={xeR": x-yeZforalyeA}.

Then A* is again a lattice of R™, and d(A*) = d(A)~!. Let C be a symmetric
convex body in R", i.e., C is convex, symmetric about 0 and compact. The
set C may be described alternatively as {x € R™ : F(x) < 1}, where F is a
distance function as above, satisfying also the triangle inequality. We define
the reciprocal of C by

Cr={xeR":x-y<1lforallyeC}.

Then C* is again a symmetric convex body. Mahler [M57, p. 97, formula (6)]
proved the following result for the volumes of C and C*.

THEOREM 2.1. There are c1(n), ca(n) > 0 depending only on n with the fol-

lowing property. If C is any symmetric convex body in R™ and C* its reciprocal,
then c1(n) < V(C) - V(C*) < ca(n).

Mabhler proved this with c;(n) = 4"/(n!)? and ca(n) = 4". Santalé [16] im-
proved the upper bound to cz(n) = k2 where k, is the volume of the n-
dimensional Euclidean unit ball B,, := {x € R™ : ||x|| < 1}; this upper bound
is attained for C = C* = B,. Bourgain and Milman [1]. improved the lower
bound to c¢;(n) = ¢"x2 with some absolute constant c¢. This is probably not
optimal. Mahler conjectured that the optimal value for ¢;(n) is 4™ /n!, which is
attained for C the unit cube max; |2;| < 1 and C* the octahedron >, |z;] < 1.
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1. MAHLER'S WORK ON THE GEOMETRY OF NUMBERS 33

Recall that the i-th successive minimum X;(C, A) of a symmetric convex body
C in R™ with respect to a lattice A in R™ is the smallest A such that A\C N A
contains ¢ linearly independent points. Thus, C has n successive minima, and
by Minkowski’s theorem on successive minima [14] one has

2™ d(A) d(A)

— = <A (C,A) - A (CoA) <27 ———. 2.1
Mahler [M57, p.100, (A), (B)] proved the following transference principle for
reciprocal convex bodies.

THEOREM 2.2. There is cs(n) > 0 depending only on n with the following
property. Let A, C be a lattice and symmetric convex body in R™, and A*, C*
their respective reciprocals. Then

1 g )\Z(C,A) . )\n+1,i(c*,A*) < C3(’I’L).

The lower bounds for the products \;(C, A)A,4+1-:(C*, A*) are easy to prove,
and then the upper bounds are obtained by combining the lower bound in
Theorem 2.1 with the upper bound in (2.1) and the similar one for C* and
A*. With his bound for ¢;(n), Mahler deduced Theorem 2.2 with ¢s(n) =
(n!)2. Using instead the bound for ¢;(n) by Bourgain and Milman, one obtains
Theorem 2.2 with cz(n) = (¢'n)™ for some absolute constant ¢/. Kannan and
Lovész [11] obtained A1 (C, A)A%(C*,A*) < ¢’n? with some absolute constant
.

Mahler’s results led to various applications, among others to inhomogeneous
results. A simple consequence, implicit in Mahler’s paper [M57] is the following:

COROLLARY 2.3. There is c4(n) > 0 with the following property. Let C, A, C*
and A* be as in Theorem 2.2 and suppose that C* does not contain a non-zero
point from A*. Then for every a € R™ there is z € A such that a+z € c4(n)C.

Idea of proof. Using that the distance function associated with C satisfies the
triangle inequality, one easily shows that for every a € R"™ there is z € A
with a +z € n\,(C,A) - C. By assumption we have A\ (C*,A*) > 1, and thus,
An(C*, A*) < cs(n). O

The second application we mention is a transference principle for systems of
Diophantine inequalities. We define the maximum norm and sum-norm of x =
(z1,...,2,) € R" by ||x|ls = max; |z;| and ||x||1 := Y i, |z, respectively.
We denote by AT the transpose of a matrix A.

COROLLARY 2.4. Let m,n be integers with 0 < m < n and let A be a (n—m) x
m-matriz with real entries where m,n are integers with 0 < m < n. Let w be
the supremum of the reals n > 0 such that there are infinitely many non-zero
X € Z™ for which there exists y € Z"~™ with

alm (1+m)

A% — ylloo < [l (2.2)
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Further, let w* be the supremum of the reals n* > 0 for which there are infinitely
many non-zero w € Z"~™ for which there exists v € Z™ such that

AT = V][0 < [l ™ 7 (2.3)

Then

*

> d > d
= , W= .
(m-—1w+n-—1 (n—m-1w*+n-1

*

w

(2.4)

These inequalities were proved by Dyson [4]. The special case m = 1 was
established earlier by Khintchine [12, 13] and became known as Khintchine’s
transference principle. Jarnik [9] proved that both inequalities are best possible.

Proof. We prove only the first inequality; then the second follows by symmetry.

Let @ 21,0 <n <w. Put p* ::m.
consisting of the points (x,y) € R @ R"™" = R” with ||x|lcc < Q and ||Ax —
Voo < Q_ﬁ(l‘m). Denote the successive minima of Cq, Cf), respectively
with respect to Z"™ by A\;(Q), Af(Q), for i =1,...,n. By the choice of 7, there
is a sequence of ) — oo such that A1(Q) < 1. Let @ be from this sequence.
The body Cq has volume V(Cq) < Q™. The reciprocal body C¢, of Cq is
the set of (u,v) € R*" @ R™ with Q||ATu — v|; + Q 7=+ |ju|; < 1.
Combining Theorem 2.2 with the lower bound in (2.1), we infer that

Consider the convex body Cq

AH(Q) < M@ < (V(Co) - M(@) "V < @/ (1),

where the implied constants depend on m and n. The body A} (Q)CZ) contains
a non-zero point (u,v) € Z"~™ @ Z™, and thus,

mn
n—

oo € Q)75 =
[ATu Voo < Q1% = QIR

If there is a non-zero ug € Z"~™ with ATuy = vq for some v € Z™ then (2.3)
holds with all integer multiples of (ug, vg). Otherwise, if we let () — oo then
u runs through an infinite set. The first inequality of (2.4) easily follows. [

3 COMPOUND CONVEX BODIES

Mahler extended his theory of reciprocal convex bodies to so-called compound
convez bodies, which are in some sense exterior powers of convex bodies.

Let again m > 2 be an integer and p an integer with 1 < p < n — 1. Put
N = (Z) and denote by Z,, the collection of N integer tuples (i1,...,%p)

with 1 < 43 < --- < i, < n. Let {e1,...,e,} be the standard basis of R"
(i.e., €; has a 1 on the i-th place and zeros elsewhere) and {€i,...,€yx} the
standard basis of R. We define exterior products of p vectors by means of the
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1. MAHLER'S WORK ON THE GEOMETRY OF NUMBERS 35

multilinear map (x,...,%,) — X1 A -+ Ax, from (R")? to RV, which is such
that e;, A---ANe;, =¢€; for j=1,... Nif (i1,...,1ip) is the j-th tuple of Z,, ,
in the lexicographic ordering, and such that x; A --- A x,, changes sign if two
of the vectors are interchanged.

Let C be a symmetric body in R™ and A a lattice in R™. Then the p-th compound
Cp of C is defined as the convex hull of the points x; A --+ Ax, € RY with
X1,...,Xp € C, while the p-th compound A, of A is the lattice in R generated
by the points x1 A -+ A x,, with x1,...,%, € A. Then d(A,) = d(A)F where
P = (Z:}) Mabhler [M126, Theorem 1] proved the following analogue for the
volume of the p-th compound of a symmetric convex body.

THEOREM 3.1. Let C be any symmetric convex body in R™ and p any integer
with 1 <p<n—1. Then

c1(n,p) SV(Cp) - V(€)' < ea(n,p),
where c1(n,p), ca(n,p) are positive numbers depending only on n and p.

Idea of proof. The quotient V(C,) - V(C)~F is invariant under linear trans-
formations, so Theorem 3.1 holds for ellipsoids, these are the images of the
Euclidean unit ball B, := {x € R™ : ||x|| < 1} under linear transformations.
Now the theorem follows for arbitrary symmetric convex bodies C, with dif-
ferent c¢i(n,p), ca(n,p), by invoking John’s theorem [10], which asserts that
for every symmetric convex body C in R" there is an ellipsoid £ such that
n~l2£cCccCE. O

Mahler [M126, Theorem 3] deduced from this the following result on the suc-
cessive minima of a compound convex body.

THEOREM 3.2. Let C be a symmetric convex body and A a lattice in R™, and let
p be any integer with 1 < p < n—1. Further, let p1,...,un, where N = (;) , be
the products A, (C,A)--- X (C,A) ((i1,...,ip) € L, p) in non-decreasing order.
Then for the successive minima of C, with respect to A, we have

Ai (Cpa Ap)

<C4(n7p) fOTi:la"'aNa
i

03(nap) g

where c3(n,p), ca(n,p) depend on n and p only.

Idea of proof. Constants implied by < and > will depend on n and p only.
Let vy, ..., v, be linearly independent vectors of A with v; € \;C, where \; =
Ai(C,A) for i = 1,...,n. Then for each tuple (i1,...,4,) € I,, we have
Vig Noes AV, € Ay oA, Cp. Since the vectors v A -+ A v, are linearly
independent elements of A,, it follows that A;(Cp, Ap) < p; for i =1,..., N.
On the other hand, by the lower bound of (2.1) applied to Cp,, A, we have
Hﬁvzl Xi(Cp, Ap) > d(A,)/V(Cp,) and by the upper bound of (2.1), pq -+ pn =
(A1---An)F < (d(A)/V(C))F. By combining this with Theorem 3.1, one easily
deduces Theorem 3.2. O
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Mahler’s results on compound convex bodies are in fact generalisations of
his results on reciprocal bodies. To make this precise, let C be a sym-
metric convex body and A a lattice in R™ and let C*, A* be their recip-
rocals. Then A* = d(A)~l'p(A,_1) where ¢ is the linear map given by
(x1,...,20) = (Tn,—Tp_1,...,(=1)""1zy). Further, by an observation of
Mahler [M126, Theorem 4],

cs(MV (€)™ o(Com1) S C* C es(n)V(C) ™ 0(Cor)

for certain numbers c5(n), cg(n) depending only on n. Together with these
facts, Theorems 3.1 and 3.2 immediately imply Theorems 2.1 and 2.2 in a
slightly weaker form.

As Mabhler already observed in [M126], it may be quite difficult to compute
the compounds of a given convex body, but often one can give an approxi-
mation which for applications is just as good. For instance, let ay,...,a, be
linearly independent vectors in R™ and A, ..., A, positive reals, and consider
the parallelepiped

M:={xeR": |a; x| <A;fori=1,...,n},

where - denotes the standard inner product. Let 1 <p<n—1, N = (;) and
define for i =1,..., N,

~

2/1\1‘2: ail/\n-/\aip, Al ::Ail"‘Aipa (31)

where (i1,...,4p) is the i-th tuple of Z,, ,, in the lexicographic ordering. Then
the p-th pseudocompound of II is given by

I,:={xeRY: & X[ <A fori=1,...,N}.

One easily shows (see [M126, p. 377]), that there are positive numbers cz(n, p),
cs(n, p) such that ¢z (n, p)II, C ﬁp C cs(n, p)IL,, where I, is the p-th compound
of II. This implies that Theorem 3.2 holds with ﬁp instead of II,, with other
constants cz(n, p), ca(n,p).

Mahler’s results on compound convex bodies turned out to be a very impor-
tant tool in Diophantine approximation. First, it is a crucial ingredient in
Schmidt’s proof of his celebrated Subspace Theorem [17, 18], and second it has
been used to deduce several transference principles for systems of Diophantine
inequalities.

We first give a very brief overview of Schmidt’s proof of his Subspace Theorem,
focusing on the role of Theorem 3.2. For the complete proof, see [18].

SUBSPACE THEOREM. Let n > 2 and let L;(X) = anXy + -+ ain X, (i =

1,...,n) be linearly independent linear forms with algebraic coefficients in C.
Further, let § > 0. Then the set of solutions of
1Ly (x) - Ly (x)| < ||x[| 70 inx € Z" (3.2)

is contained in finitely many proper linear subspaces of Q™.

DOCUMENTA MATHEMATICA - EXTRA VOLUME MAHLER SELECTA (2019) 29-43



1. MAHLER'S WORK ON THE GEOMETRY OF NUMBERS 37

Outline of the proof. We can make a reduction to the case that Lq,..., L, all
have real algebraic coeflicients by replacing each L; by its real or imaginary
part, such that the resulting linear forms are linearly independent. Further,
after a normalisation we arrange that these linear forms have determinant 1. So
henceforth we assume that the coefficients of L1, ..., L, are real algebraic, with
det(Ly,...,L,) = 1. Next, it suffices to consider only x € Z™ with L;(x) # 0
fori=1,...,n.

Now let x € Z™ be a solution of (3.2) and put

Ay = LG La(0) - La() ™ (i = 1,....m),
A= (44,...,4,), QA):=max(Ay,...,A,).

With this choice, 4; --- A, = 1. Assuming that ||x|| is sufficiently large, there
is a fixed D > 0 independent of x, such that ||x||=? < |L;(x)| < ||x[|P for
i =1,...,n. Hence Q(A) < ||x|*P. Write L;(X) = a; - X where a; is the
vector of coeflicients of L; and consider the parallelepiped

IMA)={yeR": |a,-y| < A4;fori=1,...,n}. (3.3)
Since |Ly(x) - -+ L (x)|Y/™ < [|x]| 7%/ < Q(A) ™% with §; := §/2nD, we have
x € Q(A)7II(A).

Let T(A) denote the vector space generated by Q(A)~'II(A) NZ". So x €
T(A). It clearly suffices to show the following:

for every 61 > 0 there is a finite collection {T1,...,T:} of proper linear sub-
spaces of Q™ such that for every n-tuple A of positive reals with Ay --- A, =1,
the vector space T(A) is contained in one of Ty, ..., T;.

Assume that this assertion is false. Pick many tuples A1,..., A,, such that the
spaces T := T(A;) (i =1,...,m) are all different. Then one can construct
a polynomial in m blocks of n variables Xy, ...,X,, with integer coefficients,
which is homogeneous in each block and divisible by high powers of L;(X;),
fori=1,...,n, j = 1,...,m. All partial derivatives of this polynomial of
order up to a certain bound have absolute value < 1, hence are 0, at many
integral points of T(!) x ... x T Then by extrapolation, it follows that this
polynomial vanishes with high multiplicity on all of 7™ x ... x T(™) Now
one would like to apply a non-vanishing result implying that this is impossible,
but such a result can been proved only if the dimensions of 7MW, ... T(™) are
equal to n — 1. So the above argument works only for those tuples A for which
dimT(A) = n — 1, that is, for which the (n — 1)-th successive minimum of
II(A) with respect to Z" is at most Q(A)™%.

Now Schmidt could make his proof of the Subspace Theorem work for arbitrary
tuples A by means of an ingenious argument, in which he constructs from the
parallelepiped II(A) a new parallelepiped II(B), in general of larger dimension
N, with B = (By, ..., By) satisfying By - -- By = 1, of which the (N — 1)-th
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successive minimum with respect to Z is small. In this construction, Mahler’s
results on compound convex bodies play a crucial role.

In what follows, constants implies by <, >, < will depend only on n, §; and
Lq,...,L,, while o, 63, ... will denote positive numbers depending only on §;
and n. Denote the successive minima of II(A) with respect to Z™ by A1, ..., An.
Then clearly,

M < Q(A)T
Further, by (2.1),

/\1/\n = 1. (34)

Let k be the largest index with A\, < Q(A)™%. Then (3.4) implies that
A > Q(A)F/(m=k)  Hence there is p with k¥ < n —p < n — 1 such
that A\p—p/An_pr1 < Q(A)7%. Let S(A) be the vector space generated by
An—pII(A) NZ". This space contains T'(A). So it suffices to prove that S(A)
runs through a finite collection of proper linear subspaces of Q™.

Let N := (Z) and consider the p-th pseudocompound
I,(A)={yeRY: [@-y| <A fori=1,...,N}.

Denote by A1, ..., Ay the successive minima of ﬁp(.//i) with respect to Z™. Then

A~

by Theorem 3.2 we have for the last two minima, Any_1 <X Ap_pAp_pi2- - An,
AN X Ap—py1 - Ap. Hence

AN-1/AN € Ao/ Anpr1 < QA) ™. (3.5)

Moreover, by (3.4), Theorem 3.2 we have

~

We still need one reduction step. By a variation on a result of Davenport,
proved by Schmidt (see e.g., [18, p. 89]), for every choice of reals p1,...,pnN
with R R

pr=z-2pn>0, prA <---<pyAn, p1oopny =1,

there is a permutation o of 1,..., N such that the parallelepiped
I,B)={yeRY: |a,-§| < B fori=1,...,N},

where Ei = p;(li)zzl\i for i = 1,..., N, has successive minima X; = pixi for
i=1,...,N. Now with the choice

pi=c/hi(i=1,...,N—=1), py=c/An_

where P R N
c= A AN Qo1 /AN
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has been chosen to make p;---py = 1, we obtain XQVA < ¢ < Q(A)™% in
view of (3.5),(3.6). One can show that

~

Q(B) := max(By,, ..., By) < Q(A)*

with d depending only on n and p. Thus, XQ\,_l < Q(ﬁ)‘54. Further,

n—1

Bi--By=pr-pn(Ar-A)G7) = 1.

Now by means of the argument sketched above, with the construction of the
polynomial and the application of the non-vanishing result, one can show that
if A=(Ay,...,A,) runs through the tuples of positive reals with A;--- A, =
1, then the vector space T(fﬂ) generated by X&_lﬁp(ﬁ) N ZY runs through

a finite collection. Omne can show that 7'(B) uniquely determines the space
S(A). Hence S(A) runs through a finite collection. This proves the Subspace
Theorem. O

We should mention here that Faltings and Wiistholz [6] gave a very differ-
ent proof of the Subspace Theorem, avoiding geometry of numbers but using
instead some involved algebraic geometry.

Mahler’s results on compound convex bodies have been applied at various
other places, in particular to obtain generalisations of Khintchine’s transfer-
ence principle and Corollary 2.4. Many of these results can be incorporated
into the Parametric Geometry of Numbers, a recent theory which was initi-
ated by Schmidt and Summerer [19, 20]. The general idea is as follows. Let
W1, .-,y be fixed reals which we normalise so that gy +--- 4+ p, = 0 and
consider the parametrised class of convex bodies in R",

Clg) ={x=(z1,...,20n) ER" : |zy| < e fori=1,...,n} (¢>0).

Further, let A be a fixed lattice in R™ and A\ (q), ..., An(g) the successive min-
ima of C(gq) with respect to A. Then one would like to study these successive
minima as functions of ¢. In particular, one is interested in the quantities

@, = ,(A p) = liminf(log \i(q)) /g,

P =@M, ) = li;risogp(log Ai(a))/q (E=1,..0sm). (3.7)

That is, @, is the infimum of all 1 such that there are arbitrarily large ¢ for
which the system of inequalities

21| < e(m+n)q7 o Ea] < eltn+n)q (3.8)

is satisfied by ¢ linearly independent points from A, while @, is the infimum
of all n such that for every sufficiently large ¢, system (3.8) is satisfied by 4
linearly independent points from A. The quantities P, P are finite, since if
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p > max; |p;|, then for every sufficiently large ¢, the body e*9C(g) contains n
linearly independent points from A, while e #2C(q) does not contain a non-zero
point of A.

In case that A is an algebraic lattice, i.e., if it is generated by vectors with
algebraic coordinates, then by following the proof of the Subspace Theorem
one can show that Y, =% fori=1,...,n, ie., the limits exist (this is a special
case of [5, Theorem 16.1], but very likely this was known before). However, for
non-algebraic lattices A it may happen that e, <@ for some 1.

Many of the Diophantine approximation exponents that have been introduced
during the last decades can be expressed in terms of the quantities P, Pis and
thus, results for these exponents can be translated into results for the ;5 Pi-
For instance, let A be a real (n —m) X m-matrix with 1 < m < n, and take

A={(x,Ax—y): x€Z™, yeZ" ™},

JL= = gy SN ] == iy =
Define ¢ (A) := ¢ (A, p) for this A and p. Then for the quantities w, w* from
Corollary 2.4 we have

n—m)3w m2w*
g, () = B Ty~

n+ (n—mw n+ mw*’

and the inequalities (2.4) become
91(AT) < ﬁ 9, (A4), 9, (4) < ﬁ 'fl(AT)'

Studying the successive minima functions \;(¢q) for arbitrary lattices A and
reals p1, ..., ft, is probably much too hard. In their papers [19, 20] Schmidt
and Summerer considered the special case

A= {(‘T,glx — Y1, 'fn_ll’ - yn—l) DT YL, -, Yn—1 € Z}a
(3.9)
/len—l, M2:"':/~Ln:_17
where &1, ...,&,_1 are reals such that 1,&,...,&,_1 are linearly independent

over Q. That is, they considered the system of inequalities
jof <™V gGr — gyl < e (i=1,...,m 1)

Let ¢ ,®; be the quantities defined in (3.7), with A,p as in (3.9). In
[19], Schmidt and Summerer showed among other things that for every i €
{1,...,n—1} there are arbitrarily large g such that A;11(¢) = A\i(q). As a con-
sequence, ¢, >, fori=1,...,n—1. They deduced several other algebraic
inequalities for the numbers ;P

In [20], Schmidt and Summerer continued their research and studied in more
detail the functions

Li(q) :==1logX\i(q) (i =1,...,n).
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To this end, they introduced a class of n-tuples of continuous, piecewise linear
functions on (0,00) with certain properties, the so-called (n,~)-systems. The
key argument in their proof is, that there is an (n,y)-system (Py(q), ..., Pn(q))
such that |L;(¢) — Pi(¢)| < ¢(n) for i = 1,...,n, ¢ > 0, where ¢(n) depends
on n only. In the construction of these functions, essential use is made of
Mabhler’s results on compound convex bodies. Indeed, for p = 1,...,n — 1
let C?)(q) be the p-th pseudocompound of C(q) and let eM»(@ be the first
minimum of C®)(q) with respect to the p-th compound A, of A. Further,
put My(q) = M, (q) := 0. Schmidt and Summerer showed that the functions
Pi(q) == M;(q) — M;—1(q) (i = 1,...,n) form an (n,~v)-system. Theorem 3.2
implies that there is ¢(n) > 0 such that |L;(¢) — Pi(q)| < ¢(n) fori=1,...,n,
g > 0. It is important that Pi(q) + - - + Pn(¢) = 0, while for the original
functions L1(q), ..., L,(q) one knows only that their sum is bounded. It is clear
that for : = 1,...,n we have ¢, = m;, §; = 7; where m; := liminfy,o Pi(q)/q
and 7; := limsup,_, Pi(q)/q.

Schmidt and Summerer analysed (n,7y)-systems, which involved basically com-
binatorics and had no connection with geometry of numbers anymore. As a
result of their (fairly difficult) analysis they obtained several algebraic inequal-
ities for m;, T; (i = 1,...,n). These imply of course the same inequalities for
©.5 P (i =1,...,n). This led to new proofs of older results and also various
new results.

For instance, it is an easy consequence of Minkowski’s theorem on successive
minima that

Schmidt and Summerer [20, bottom of p. 55] improved this to
(n=—1p, +2, <P1(n—p, +2,), (m—1)p,+¢ 2¢ (n—2,+¢).

Recently, Roy [15] showed that the functions Li(q),..., L,(q) considered by
Schmidt and Summerer can be approximated very well by piecewise linear
functions from a more restrictive class, the (n,0)-systems. This smaller class
may be more easy to analyse than the (n,y)-systems and may perhaps lead to
new insights in the functions L;(q).

REFERENCES

[M44] K. Mabhler, Neuer Beweis eines Satzes von A. Khintchine, Rec. Math.
Moscow, n. Ser. 1 (1936), 961-962.

[M56] K. Mahler, Fin ﬁbertmgungsprinzip fiir lineare Ungleichungen, Casopis
Mat. Fysik. Praha 68 (1939), 85-92.

[M57] K. Mabhler, Ein Ubertmgungsprinzip fiir konveze Korper, Casopis Mat.
Fysik. Praha 68 (1939), 93-102.

DOCUMENTA MATHEMATICA - EXTRA VOLUME MAHLER SELECTA (2019) 29-43



42 J.-H. EVERTSE

[M75] K. Mabhler, Note on lattice points in star domains, J. London Math.
Soc. 17 (1942), 130-133.

[M76] K. Mahler, On lattice points in an infinite star domain, J. London
Math. Soc. 18 (1943), 233-238.

[M83] K. Mahler, Lattice points in two-dimensional star domains, I, Proc.
London Math. Soc. (2) 49 (1946), 128-157.

[M84] K. Mabhler, Lattice points in two-dimensional star domains, II, Proc.
London Math. Soc. (2) 49 (1946), 158-167.

[M85] K. Mahler, Lattice points in two-dimensional star domains, III, Proc.
London Math. Soc. (2) 49 (1946), 168-183.

[M87] K. Mahler, On lattice points in n-dimensional star bodies, I: Existence
theorems, Proc. R. Soc. London, Ser. A 187 (1946), 151-187.

[M88] K. Mahler, Lattice points in n-dimensional star bodies, II: Reducibility
theorems I, II, III, IV, Proc. Akad. Wet. Amsterdam 49 (1946), 331—
343, 444-454, 524-532, 622—631.

[M126] K. Mahler, On compound convex bodies, I, Proc. London Math. Soc.
(3) 5 (1955), 358-379.

[1] J. Bourgain and V. D. Milman, New volume ratio properties for convex
symmetric bodies in R™, Invent. Math. 88 (1987), no. 2, 319-340.

[2] J. W. S. Cassels, An introduction to the geometry of numbers,
Springer-Verlag, Berlin-New York, 1971, Second printing, corrected,
Die Grundlehren der mathematischen Wissenschaften, Band 99.

[3] H. Davenport, On the Product of Three Homogeneous Linear Forms
(II), Proc. London Math. Soc. (2) 44 (1938), no. 6, 412-431.

[4] F. J. Dyson, On simultaneous Diophantine approzimations, Proc. Lon-
don Math. Soc. (2) 49 (1947), 409-420.

[5] J.-H. Evertse and R. G. Ferretti, A further improvement of the quanti-
tative subspace theorem, Ann. of Math. (2) 177 (2013), no. 2, 513-590.

[6] G. Faltings and G. Wiistholz, Diophantine approximations on projec-
tive spaces, Invent. Math. 116 (1994), no. 1-3, 109-138.

[7] P. M. Gruber and C. G. Lekkerkerker, Geometry of numbers, second
ed., North-Holland Mathematical Library, vol. 37, North-Holland Pub-
lishing Co., Amsterdam, 1987.

[8] E. Hlawka, Zur Geometrie der Zahlen, Math. Z. 49 (1943), 285-312.

DOCUMENTA MATHEMATICA - EXTRA VOLUME MAHLER SELECTA (2019) 29-43



[9]

[10]

1. MAHLER'S WORK ON THE GEOMETRY OF NUMBERS 43

V. Jarni k, Fine Bemerkung zum Ubertmgungssatz, Bulgar. Akad. Nauk
Izv. Mat. Inst. 3 (1959), no. 2, 169-175 (1959).

F. John, Extremum problems with inequalities as subsidiary conditions,
Studies and Essays Presented to R. Courant on his 60th Birthday,
January 8, 1948, Interscience Publishers, Inc., New York, N. Y., 1948,
pp. 187-204.

R. Kannan and L. Lovéasz, Covering minima and lattice-point-free con-
vez bodies, Ann. of Math. (2) 128 (1988), no. 3, 577-602.

A. Khintchine, Zwei Bemerkungen zu einer Arbeit des Herrn Perron,
Math. Z. 22 (1925), no. 1, 274-284.

A. Khintchine, Uber eine Klasse linearer Diophantischer Approxima-
tionen, Rend. Circ. Math. Palermo 50 (1926), 170-195.

H. Minkowski, Geometrie der Zahlen, Teubner, Leipzig, 1910.

D. Roy, On Schmidt and Summerer parametric geometry of numbers,
Ann. of Math. (2) 182 (2015), no. 2, 739-786.

L. A. Santalé, An affine invariant for convex bodies of n-dimensional
space, Portugaliae Math. 8 (1949), 155-161.

W. M. Schmidt, Norm form equations, Ann. of Math. (2) 96 (1972),
526-551.

W. M. Schmidt, Diophantine approximation, Lecture Notes in Mathe-
matics, vol. 785, Springer, Berlin, 1980.

W. M. Schmidt and L. Summerer, Parametric geometry of numbers
and applications, Acta Arith. 140 (2009), no. 1, 67-91.

W. M. Schmidt and L. Summerer, Diophantine approxrimation and
parametric geometry of numbers, Monatsh. Math. 169 (2013), no. 1,
51-104.

Jan-Hendrik Evertse
Universiteit Leiden
Mathematisch Instituut
Postbus 9512

2300 RA Leiden

The Netherlands

DOCUMENTA MATHEMATICA - EXTRA VOLUME MAHLER SELECTA (2019) 29-43



44

DOCUMENTA MATHEMATICA - EXTRA VOLUME MAHLER SELECTA (2019)



