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61. Introduction.

Let F(X,Y) =aoX" + a1 X" 'Y +...4+a,Y" be a binary form in Z[X, Y] and let
P1, ..., p be distinet prime numbers. F is a product of linear forms [[;_, (X +
B3;Y') with algebraic «y, 8;. From results of Thue [23] and Mahler [11] it follows
that if among the linear forms o; X + ;Y there are three pairwise non-proportional
ones, then the equation

(1.1) \F(z,y)| = pi*..pf* in x,y,21,...,2¢ € Z with ged(z,y) =1

has only finitely many solutions. The Diophantine approximation techniques of
Thue and Mahler and improvements by Siegel, Dyson, Roth and Bombieri made
it possible to derive good explicit upper bounds for the number of solutions of
(1.1). The best such upper bound to date, due to Bombieri [1] is 2 x (12r)!2(¢t+1)
(Bombieri assumed that F' is irreducible and r» > 6 which was not essential in his
proof). For t =0, i.e. |F(x,y)| =1 in x,y € Z, Bombieri and Schmidt [2] derived
the upper bound constant xr which is best possible in terms of r.

In this paper we consider generalisations of (1.1) where instead of a binary form we
take a decomposable form in n > 3 variables, that is, a homogeneous polynomial
F(X) with integer coefficients which is expressible as a product of linear forms with
algebraic coefficients, i.e. F(X) =[[;_, (a1 X1 + ... + a;nX,,). More precisely, we
consider decomposable form equations

(1.2) |F(x)| = pi*..p;* Inx€Z", 2,..., 2 € Z with x primitive,

where x = (21, ...,x,) € Z™ is called primitive if ged (21, ..., 2,) = 1. Schmidt ini-
tiated the study of decomposable form equations and after that several qualitative
and quantitative finiteness results on (1.2) have been derived analogous to those
mentioned above for eq. (1.1). Below we give an overview. For instance, from
results of Schmidt, Schlickewei and Gyéry it follows that for ‘non-degenerate’ de-
composable forms F', there exists an explicit upper bound, depending on r = deg F/,
n and ¢ only, for the number of solutions of (1.2), with a doubly exponential de-
pendence on n. In this paper we improve this bound to 2 x (2337’2)”3(t+1). Our
result as well as the previous ones all go back to Schmidt’s Subspace theorem.
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The probably best known type of a decomposable form equation (apart from (1.1))
is a norm form equation, that is, an equation (1.2) in which F' is a norm form, i.e.

[M:Q)
(1.3)  F(X)=c-NyyglonXi + ..+ onXn) = ¢ [] (0?X1 + ... + o) X,0),
=1

where M = Q(aq,...,,) is an algebraic number field, ¢ is a non-zero integer,
and z — (i = 1,...,[M : Q]) are the isomorphic embeddings of M into C.
We consider more generally decomposable form equations rather than norm form
equations since several problems can be reduced to decomposable form equations
which are not norm form equations; for instance the S-unit equation

(14) x4 ..+2, =0 inx = (zg,...,x,) € Z"T!

with x primitive, |zy...x,| composed of p1, ..., p:
can be reduced to eq. (1.2) with FI(X) = X7 -+ X, (X1 + ... + X).

We remark that for every solution (x, z1, ..., z) of (1.2) we have F(x) € R*, where
R is the ring Z[(p;...p;) "] and R* is the unit group of R. We consider the more
general decomposable form equation over number fields,

(1.5) F(x) € Og inx € OF,

where Qg is the ring of S-integers for some finite set of places .S on some algebraic
number field K, O% is the unit group of Og, i.e. the group of S-units, and
where F' is a decomposable form in n variables with coefficients from Og. We
recall that Og = Og[(p1...p¢) "], where O is the ring of integers of K and
©1, ..., ¢ are the prime ideals of Ok, i.e. finite places, belonging to S. Further,
Ot ={r e K:(z)=p".. .0 for z1,..., 2 € Z}.

Obviously, if x is a solution of (1.5), then so is ex for every e € O%. Therefore,
we will give upper bounds for the maximal number of O%-cosets {ex : € € O%}
contained in the set of solutions of (1.5).

Below we give an overview of previous results on decomposable form equations,
norm form equations, and S-unit equations, and then state our improvements.
These improvements are consequences of our main result, stated in §2.

Overview of previous results.

In 1972, Schmidt [19, 20] was the first to derive non-trivial finiteness results for
norm form equations. He formulated a non-degeneracy condition for norm forms
F € Z[ X4, ..., X,] and showed that the equation

F(x)=0b inxeZ"
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has only finitely many solutions for every non-zero integer b if and only if F' is non-
degenerate. Schmidt derived this from his own higher dimensional generalisation
of Roth’s theorem, the Subspace Theorem [20].

Schmidt’s result on norm form equations was generalised successively by Schlick-
ewei in 1977 [14] to p-adic norm form equations (1.2) and by Laurent in 1984
[10] to norm form equations (1.5) over number fields; Laurent derived this from a
result of his on linear tori conjectured by Lang. In 1988, Gy6ry and the author
[8] proved an extension of Laurent’s result to arbitrary decomposable form equa-
tions (1.5) over number fields. Later, Gaal, Gy6ry and the author [7] proved the
following ‘semi-quantitative’ refinement of this: given a finite extension L of K,
there exists a uniform bound C, depending only on n,.S and L, such that for every
‘non-degenerate’ decomposable form F € Og[Xj, ..., X,] which can be factored
into linear forms over L, the number of O%-cosets of solutions of (1.5) is at most
C'; however, their method of proof did not enable an explicit computation of C.
We mention that all these results follow from Schmidt’s Subspace theorem and its
p-adic generalisation by Schlickewei [13].

In 1989, Schmidt [21] made another breakthrough by proving a quantitative version
of his Subspace theorem from [20] and then deriving an explicit upper bound for
the number of solutions of norm form equations of the type |F(x)| =1 in x € Z",
where F' is a norm form as in (1.3) [22]. We state his result in detail. We can
rewrite the equation |F'(x)| =1 as

(1.6) lcNaj@(é)l =1 in§ e M,
where M is the Z-module generated by aq, ..., a,,. We assume that cNM/Q(ale +
.. + apX,) has its coefficients in Z. Let V = QM denote the Q-vector space

generated by M, i.e. by aq,...,a,. For each subfield J of M, define the subspace
of V,

(1.7) VI={¢eV: X eV forevery \ € J}.

Thus, V' is the largest linear subspace of V closed under scalar multiplication by
elements from J. V is called non-degenerate if

(1.8) V7 = (0) for each subfield J of M which is not equal to Q

or an imaginary quadratic field.

Let r = [M : Q] and n = dim V. Among other things, Schmidt showed that if V'
is non-degenerate then the number of solutions of (1.6) is at most

(1.9) min (T230nr2 , r(zn)nanﬁ) )
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Soon afterwards, Schlickewei proved a p-adic generalisation of Schmidt’s quantita-
tive Subspace theorem and extended this to number fields [15]. As an application,
he obtained an explicit upper bound for the number of solutions of S-unit equa-
tions over number fields [16]. GyOry [9] used this to derive an explicit upper bound
for the number of O%-cosets of solutions of eq. (1.5) for arbitrary decomposable
forms F'. We state the results of Schlickewei and Gy6ry below.

Let K be an algebraic number field, and S a finite set of places on K, containing
all infinite places. Thus, S has cardinality r; + ro + ¢ where r; is the number of
embeddings of K into R, r5 is the number of complex conjugate pairs of embed-
dings of K into C and t is the number of prime ideals in S. From the Subspace
theorem it follows (cf. [4,12]) that the so-called S-unit equation

(1.10) aiuy + ... + apuy, =1 in ug,...,u, € O,

where ay, ..., a, are non-zero coefficients from K, has only finitely many solutions
with non-vanishing subsums,

(1.11) Zaiui # 0 for each non-empty I C {1,...,n}.
il

In [16], Schlickewei proved that the number of such solutions is at most

236nD 56

(1.12) (4sD) :

where s is the cardinality of S and D is the degree of the normal closure of K/Q.
Later [17] he improved this to 92""s

In [9], GyOry generalised finiteness results of Schmidt and Schlickewei on ‘fami-
lies of solutions’ of (possibly degenerate) norm form equations to decomposable
form equations over number fields and obtained explicit upper bounds for the
number of families. As a consequence, he obtained the following: suppose that
F € Og[X, ..., X,] is a decomposable form such that the number of O¥%-cosets of
solutions of (1.5) is finite (for instance, if F' satisfies the non-degeneracy condition
of [8]); then this number of cosets is at most

(1.13) {(5sG}2""s°

where G is the degree of the normal closure of the field generated by K and the
coefficients of the linear forms dividing F'.

Gyory derived his bound by reducing eq. (1.5) to a system of S-unit equations in
some large extension of K (following the arguments in [10,8,7]) and using Schlick-
ewei’s bound (1.12) for the latter. If [K : Q] = d and if F' is a norm form of
degree r then dr < G < (dr)!; this implies that Gyo6ry ’s bound is at least doubly
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exponential in r. GyOry’s approach might give something better by using an im-
provement of (1.12), but the best one can get in this way is a bound depending
exponentially on r. We mention that Schmidt obtained his bound (1.9) with a
polynomial dependence on r by reducing norm form equation (1.6) directly to his
quantitative Subspace theorem.

New Results.

In contrast to the results mentioned above, our estimates are not only for the
number of solutions of ‘non-degenerate’ decomposable form equations but also
for the number of ‘non-degenerate’ solutions of possibly degenerate decomposable
form equations. Let K be an algebraic number field and S a finite set of places on
K of cardinality s, containing all infinite places. Let

F(X)=5L(X)-1.(X) € Os[X1, ..., X,

be a decomposable form of degree r, where [, ..., [,. are linear forms with coefficients
in some extension of K such that

(1.14) (x € K" : 11(x) =0,...,1,(x) = 0} = {0}.

In §2 we shall define what it means for x € O% to be (F,S)-non-degenerate or
(F, S)-degenerate. A more restrictive condition independent of S is that for every
proper, non-empty subset I of {1,...,7} there are algebraic numbers ¢y, ..., ¢, such
that

(1.15) c1l1 + ... + ¢l is identically zero,
Z cili(x) #0 .
il

(cf. 87, Remark 4). For instance, if F' is a binary form with at least three pairwise
non-proportional linear factors then every x € 0% with F(x) # 0 is (F,S)-non-
degenerate. We shall prove:

Theorem 1. The set of (F,S)-non-degenerate solutions of
(1.5) F(x) € O inx e 0%

is the union of at most .
(2337,2)n S

O%-cosets {ex : € € O%}.

We obtain the upper bound 2 x (233r2)""(+1) for the number of (F,S)-non-
degenerate solutions of (1.2) by taking K = Q and S = {oco,p1,...,pt} (where
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oo is the infinite place of Q) and observing that each O%-coset contains precisely
two primitive x.

It will turn out (cf. §2, Remark 2) that from a given (F, S)-degenerate solution it
is possible to construct infinitely many O%-cosets of such solutions. Together with
Theorem 1 this yields:

Corollary. Suppose that the number of O%-cosets of solutions of (1.5) is finite.
Then this number is at most (23372)n"s.

We are going to state a general result on norm form equations. let K, S be as
before, and let M be a finite extension of K. Further, let M be a finitely generated
Og-module contained in M. Choose ¢ € K* such that for some set of generators
a1, ...y Oy for M, the form

F(X) == CNM/K(Oéle + ...+ Oéme>

has its coefficients in Og. It is easy to see that this holds for any set of generators
for M if it holds for one set of generators. We consider the norm form equation

Let V= KM ={a€ :a € K,& € M} denote the K-vector space generated by M.
We denote the integral closure of Og in some finite extension J of K by O; s and
the unit group of this ring by O g. Similarly to (1.7) we define for each subfield
J of M containing K,

VI={£eV €V forevery \ € J}.
Definition. € € V is called S-non-degenerate if

(1.17) ¢ ¢V’ for every subfield J of M with J D K
for which O} ¢/Of% is infinite.

It is easy to show that O3 ¢/O% is finite in the following two situations only: (i)
J = K; (ii) K is totally real, J is a totally complex quadratic extension of K and
none of the prime ideals in S splits into two different prime ideals in J.

We may partition the set of solutions of (1.16) into O%-cosets {e§ : € € O%}.
Clearly, if one element in an Og-coset is S-non-degenerate, then so is every other
element.

Theorem 2. Suppose that [M : K] = r, that dimg V = n, and that S has car-

3
dinality s. Then eq. (1.16) has at most (233r2)n ® O%-cosets of S-non-degenerate
solutions.



We call the space V' S-non-degenerate if every non-zero £ € V' is S-non-degenerate.
For K = Q, S = {oo}, this is precisely definition (1.8). Note that in this case
O%-cosets consist of ££. It follows that Schmidt’s bound (1.9) for the number of
solutions of eq. (1.6): [cNy/(§)| =1 in £ € M can be improved to

2 x (233r2)"3.

Finally, we mention an improvement of Schlickewei’s upper bound (1.12) for the
number of solutions of S-unit equations. Let K, S be as before.

Theorem 3. Let aq,...,a, € K*. Suppose that S has cardinality s. Then the
equation

auy + ... + apuy, =1 inug, ..., u, € OF with

Zaiui # 0 for each non-empty I C {1,...,n}
il

3
has at most (235n2)n ® solutions.

Although norm form equations and S-unit equations may be considered as special
types of decomposable form equations, there are problems with deriving Theorems
2 and 3 from Theorem 1, caused by the fact that in general Og is not a principal
ideal domain. Therefore, we will derive Theorems 1,2,3 from Theorem 4 in §2,
which is a result on “Galois-symmetric S-unit-vectors.”

Let K, S be as before and let F'(X) € Og[Xy, ..., X,] be a decomposable form
of degree r. Then F(X) = [;(X)---1(X) where l1, ..., are linear forms with
coefficients in some normal extension L of K. For x € K", put u; := l;(x) for
i=1,..,r and u = (uq, ..., u,). By multiplying them with constants if necessary,
we may assume that the linear factors [y, ..., [, of F' are permuted by applying any
automorphism from Gal(L/K) to their coefficients. Thus, every o € Gal(L/K)
permutes uq, ..., u,, in other words, for every o € Gal(L/K) there is a permutation
o(1),...,a(r) of 1,...,r such that o(u;) = ug for i = 1,...,7. Such a vector is
said to be Galois-symmetric. There is a finite set of places S’ on L such that for
every solution x of (1.5), uy,...,u, are S’-units. Thus, every solution x of (1.5)
corresponds to a Galois-symmetric S’-unit vector u.

The main tool in the proof of Theorem 4 is our improved quantitative Subspace the-
orem from [6]. We use several ideas from Schmidt’s paper [22] but our arguments
differ from that of [22] in that we do not apply the Diophantine approximation
techniques to the solutions x of (1.5) but to the corresponding Galois-symmetric
vectors u; for instance, we use the reformulation of the quantitative Subspace the-
orem in terms of u which is stated in §4. In this way we can avoid generalising
the reduction theory for norm form equations in [22] to the p-adic case.
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§2. The main result.

The unit group of a ring or algebra R (always assumed to have a unit ele-
ment) is denoted by R*. The r-fold direct sum or product of a ring, group,
etc. G is denoted by G". Let Q denote the algebraic closure of Q. For tu-
ples A = A, M), 0 = (1,0, 1) € Q we define coordinatewise addition
A= (AL 4 p1, ooy Ap A+ 1), scalar multiplication aX = (a)y, ..., a)\,) (for a € Q),
and multiplication A\ = (A1p1, ..., Arptrr). The Galois group of a Galois extension
F'/F is denoted by Gal(F’/F). For any algebraic number field it will be assumed
that it is contained in Q.

In what follows, K is an algebraic number field and S a finite set of places on K,
containing all infinite places. We denote by Og the integral closure in Q of the

ring of S-integers Og.

Let ¥ be a Gal(Q/K)-action on {1,...,r}, i.e. a homomorphism from Gal(Q/K)
to the permutation group of {1,...,7}; thus, ¥ attaches to every o € Gal(Q/K) a
permutation (o(1),...,0(r)) of (1,...,7). To ¥ we associate the K-algebra

— _ =T o(\i) = Aoy fore=1,..r
@1 Asi= {A_ Aty Ay €Q andaeGal(@/K)}

endowed with coordinatewise addition, multiplication and scalar multiplication by
elements of K. (Verify that Ay is closed under these operations). Note that Ay
has unit element 1 := (1,...,1). Further, Ay has unit group Ay = {\ € Ay :
A1+ A # 0}, ) The diagonal homomorphism ¢ : a — (a,...,a) = a -1 maps K
injectively into Ay. For instance, if 3 is the trivial Gal(Q/K)-action on {1,...,7}
then Ay is the K-algebra K" with coordinatewise operations.

Let P be a (3-)symmetric partition of {1,...,,r}, that is, a collection of sets
P ={Py,..., P} such that:

P, ..., P, are non-empty and pairwise disjoint,
PU...UP ={1,..,1}, -
o(P;):={o(k): k€ P;} belongs to P for i = 1,...,r and for 0 € Gal(Q/K).

It is easy to show that Ay is isomorphic to a direct K-algebra sum K;1®...® K, of finite field extensions
of K with [K1:K]|+...4+[K::K]|=r, cf. [5], Lemma 6.
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A pair i zj is a pair i,j € {1,...,7} such that 7, j belong to the same set of P. To
P we associate the following K-subalgebra of Ax:

Ap=Asp={A=(1,...,\) €Ag: A\ = A; for each pair i % j}. T)

For instance, if P = {{1},...,{r}} then Ap = Ay while if P = {{1,...,7}} then
Ap = §(K). Further, we define the Og-algebra

Ops=ApN(O0g) ={A=A1,..,\) EAp: \; € Og for i =1,...,7}.
Note that Op g has unit group
Ops={N€Ap: )\ €0y fori=1,..r}
and that §(0%) = {(a,...,a) : a € Og} is a subgroup of 0% .

Now let W be an n-dimensional K-linear subspace of Ay, where n > 2. For each
symmetric partition P of Ay, define the K-linear subspace of W,

Wp=Wsp:={ueW: dueW forevery X\ e Ap}.

For every \,u € Ap, u € Wp we have A(pu) = (Ap)u € W; hence pu € Wp.
Therefore, Wp is closed under multiplication by elements of Ap. It is in fact the
largest subspace of W with this property. The spaces Wp appeared also in Gyory’s

paper [9].
Definition. u € W is called S-non-degenerate if

(2.2) u ¢ Wp for each symmetric partition P of {1,...,7}
for which O ¢/6(O%) is infinite,

and S-degenerate otherwise.

At the end of this section (cf. Remark 3), we have listed the symmetric partitions
P for which O% 5/6(0%) is finite.

For our applications to decomposable form equations, norm form equations and
S-unit equations we need a result on the set of vectors u = (uq,...,u,) € W with
ULy enny Uy € 6;. Since for this we did not have to change our arguments, we proved
a slightly more general “projective” result about elements u of W for which the
quotients u;/u; belong to @’;. A K*-coset is a set {au: a € K*} with some fixed
ue€ As.

T) In fact, in this way we obtain all K-subalgebras of Ay containing 1.
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Theorem 4. Let K be an algebraic number field, S a finite set of places of K of
cardinality s containing all infinite places, ¥ a Gal(Q/K)- action on {1, ...,r} and
W' an n-dimensional K -linear subspace of

Ay ={\ € Q : o(Xi) = Agqy fori=1,..,r, o€ Gal(Q/K)}
where r > 2,n > 2. Then the set of u € W for which

uy-cup # 0, ui/u, 66*5 fori,7=1,...,r,

u is S-non-degenerate
is the union of at most
(2.5) (233r2)""
K*-cosets.

Clearly, if u satisfies (2.3), (2.4), then so does au for every a € K*; therefore, it
makes sense to count the number of K*-cosets of elements u € W with (2.3), (2.4).
We remark that a K*-coset of elements of Ay, satisfying (2.3) need not contain an

u = (uy,...,u,) with uy,...,u, € @;.

Remark 1. From an S-degenerate element u of W with (2.3) one can construct
infinitely many K™*-cosets of such elements. Namely, let u € Wp for some sym-
metric partition P of {1,...,r} for which O 4/6(O0%) is infinite. Every element of
the set H := {u: ( € O} g} belongs to Wp and satisfies (2.3). Moreover, since
Op ¢ NO(K™) = 6(0%), the set H is not contained in the union of finitely many
K*-cosets.

We now define the notion of (F,S)-degeneracy for decomposable forms F'. Let
as before S be a finite set of places on K of cardinality s, containing all infinite
places. Further, let F(X) = 11(X)---[(X) € Og[X1, ..., X,] be a decomposable
form of degree r in n > 2 variables, where [y, ..., [, are homogeneous linear forms
in n variables with coefficients from Q such that

(1.14) {xe K": l1(x)=0,..10.(x) =0} = {0}.

Define the K-linear map and the K-vector space

T

o K" =0 p(x) = ((x), e 1n(x)) and W = p(K™),

respectively. ¢ is injective because of (1.14). By applying o € Gal(Q/K) to the
coefficients of [y, ..., [,, we obtain the same linear forms, but multiplied with certain
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constants and in permuted order. In other words, there is a Gal(Q/K)-action %
on {1,...,r} such that

(2.6) o(l;) = oilyy fori=1,..,r, o € Gal(Q/K),

where o(l;) is the linear form obtained by applying o to the coefficients of [; and
where ¢,; is some constant. We define again the space Wp by {u e W : due W
for every A € Ap}.

Definition. x € K™ is called (F,S)-non-degenerate if ¢(x) is S-non-degenerate,
i.e. if p(x) ¢ Wp for every symmetric partition P of {1,...,7} for which
Op ¢/0(0%) is infinite. Otherwise, x is called (F), S)-degenerate.

Clearly, if x is (F,S)-(non-) degenerate, then so is every element in the O%-coset
{ex: e € O%}.

We claim that the set of (F,.S)-non-degenerate elements of K™ does not depend
on the choice of the factorisation l; - - - [,. of F' into linear forms and moreover, does
not change when F' is replaced by cF for some ¢ € K*. Namely, let I} ---1. be a
factorisation of cF' into linear forms. Then there is a tuple of non-zero algebraic
numbers ¢ = (c¢q,...,¢,) such that lf,...,l is a permutation of ¢1ly,...,¢.l,.. Put
O(x) = (I1(x), .., 1L(x)), W := ¢/(K™). Then ¢’ = 7ot oy, where ¢t denotes
coordinatewise multiplication with ¢ and 7 is some permutation of coordinates.
t maps the S-non-degenerate elements of W bijectively to those of ¢(W) since
t(W)p = t(Wp) for each symmetric partition P of {1,...,r}. Further, it is easy
to verify that 7 maps Ay to Ay where ¥/ is some other Gal(Q/K)-action of
{1,...,r} and that for each ¥-symmetric partition P of {1,...,r}, 7 maps t(W)p
to W, where P’ is some ¥'-symmetric partition of {1,...,7}. Hence 7 maps the
S-non-degenerate elements of ¢(W) bijectively to those of W’. This proves our
claim.

Below, we shall derive Theorems 1,2 and 3 from Theorem 4. We need the following
lemma.

Lemma 1. Let G(X) = G1(X)...G(X) be a form in Og[Xy,..., X,], where
G1,...,G, are homogeneous polynomials with coefficients from Q. Then for ev-
ery x,y € O% with G(x) € 0%, G(y) € Of we have

Gi(x)/Gi(y) € Og for i =1,..., 1.

Proof. Let L be a finite extension of K containing the coefficients of Gy, ..., G,..
Let R denote the integral closure of Og in L; then R* is a subgroup of 52. For
a polynomial P with coefficients from L, denote by (P) the fractional ideal with
respect to R generated by the coefficients of P. Using Gauss’ lemma for Dedekind
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domains we obtain (G1)...(G,) = (G) € R. Further, we have G,(x) € (G;) for
i=1,..,rand G1(x)...Gr(x) = G(x) € R*. It follows that for i = 1,...,r we have
(Gi(x)) = (G;). Clearly the same holds for y. It follows that for i =1, ...,r, G;(x)
and G;(y) generate the same ideal i.e. their quotient belongs to R*. 0

Proof of Theorem 1 (on decomposable form equations).

Recall that we are considering eq. (1.5) F(x) € Of% in x € O%. We assume
that (1.5) has a solution, y, say. Replacing I; by l;(y)~1l; fori = 1,...,r and F
by F(y)~!'F does not affect the set of (F,S)-non-degenerate solutions of (1.5).
Therefore, we may assume that /;(y) = 1 for ¢ = 1,...,r, and shall do so in the
sequel. Thus, the constants c,; in (2.6) are equal to 1, ie. o(l;) = I, for
i=1,..,r, 0 € Gal(Q/K). It follows that W = ¢(K™) is a K-linear subspace
of Ay. Further, o(x) = (I1(x)/l1(y), ..., 1 (x)/1,(y)). From the injectivity of ¢ it
follows that dim W = n and that ¢ maps different O¢§-cosets in OF into different
K*-cosets in W. If x is any (F,S)-non-degenerate solution of (1.5), then by
definition, ¢(x) is an S-non-degenerate element of W; further, by Lemma 1 with
G = l;, the coordinates of ¢(x) belong to Og, whence ¢(x) satisfies (2.3). Now
Theorem 1 follows at once by applying Theorem 4 to W. 0J

Remark 2. We now show that from an (F,S)-degenerate solution of (1.5) it is
possible to construct infinitely many Og-cosets of such solutions. Let x be an
(F, S)-degenerate solution of (1.5) with ¢(x) € Wp, where P is a symmetric
partition of {1,...,r} for which OF 5/d(O%) is infinite. For every A € Ap, put
x) = ¢ 1(A.p(x)); note that x) € o~ 1 (Wp). Op s is a finitely generated Og-
module; let {A1,...,A\¢:} be a set of generators. There is a non-zero d € Og such
that dx,, € O% for ¢ = 1,...,t. Then dx) € OF% for every A € Op g. There is a
positive integer m such that n™ —1 € dOp g for every n € Op g since Op.s/dOp s
is finite.

Now let
G:={en":e€04,neO0ps}.

For ¢ = en™ € G we have ¢ = €1 + d\ for some A € Op 5. Hence x; = ¢ ({el +
d\}p(x)) = ex+dxy € O%. Moreover, if ¢ = ((1,..., (), then ¢ -+~ ¢ € OgNK* =
O%. Therefore, F(x¢) = (1., F(x) € O, i.e., x¢ satisfies (1.5). Since O g is
finitely generated, G has finite index in Op g. Therefore, G/5(0%) is infinite.
Hence the set of vectors (p(x), and so the set of vectors x; (( € G), is not
contained in the union of finitely many O%-cosets. 0

Proof of Theorem 2 (on norm form equations).

Let S be as before. Further, let M be a finite extension of K of degree r and
let M be a finitely generated Og-submodule of M, such that the K-vector space
Vi=KM={a :a € K,§ € M} has dimension n. Choose a set of generators
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{ag, ..., } for M. We assume that

(2.7) leM, Nyjg(ar Xy + ... +amXp) € Os[Xyq, ..., Xy
and we consider the equation

(2.8) Ny (§) € Og in & € M.

We show that (2.8) has at most C' := (2337:2)n"s O%-cosets of solutions. In Theorem
2 we considered the more general equation (1.16) cNy/k (§) € O% inx € O% and
we assumed that CNM/K(Ole + ... + @ X;m) has its coefficients in Og, for some
¢ € K*. However, taking a solution &, of (1.16), we have for any solution &;
of (1.16) that & := &1/& is a solution of Ny /() € O in¢ € M’ where
M’ = &5 M; moreover, M’ satisfies (2.7). So it suffices to consider eq. (2.8).

Let £ — W . &€ — £ denote the K-isomorphic embeddings of M into Q, where
€M) = ¢, The mapping

v M—Q ) = (€W, ...,

is a K-algebra isomorphism from M to Ay, where ¥ is the Gal(Q/K)-action on
{1,...,r} defined by o(6®) = £ for i =1,...,r. Put W := (V).

We claim that if £ is an S-non-degenerate element of V' then v (§) is an S-non-
degenerate element of W. Namely, suppose that £ € V is such that ¢ (&) is an
S-degenerate element of W. Then ¢(§) € Wp for some symmetric partition P
of {1,...,r} for which O ¢/6(0%) is infinite. Let J := ¢"'(Ap). Then J is a
K-subalgebra of M containing 1, hence a subfield of M containing K. Denote by
O s the integral closure of Og in J. Then for € € J we have ¢ € Oj, g if and only
if () = (W, ...,e™) € (Og)". Hence 9(0%¢) = Ap N (Og)" = Op ¢. Further,
Y(0%) = §(0%), since both maps make an r-fold copy of £ € K. Hence O 5/O%
is infinite. Moreover, since ¥(&) € Wp we have ¥(§)Y(J) = Y(§)Ap C W = ¢(V),
i.e. £J C V, which implies ¢ € V7. It follows that ¢ is an S-degenerate element
of V. This proves our claim.

Let £ € M be a solution of (2.8). Choose a vector x = (z1,...,zp) € OF with
£ = >, xiay; by (2.7) there is a vector y = (y1,..., ym) € OF with 1 = Y yia,.
Define the linear forms [;(X) = agi)X1+...+a7(q?Xm fori =1,...,r. Then by (2.7),
their product F' has its coefficients in Og. Hence by Lemma 1, £ = I;(x)/l;(y) €
6*5 for i = 1,...,r. Therefore, 1)(§) satisfies (2.3). Now by applying Theorem 4
to W = ¢(V'), using our claim from above and observing that i) maps different
O%-cosets into different K*-cosets we infer that (2.8) has at most C' O%-cosets of
solutions. This implies Theorem 2. O
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Proof of Theorem 3 (on S-unit equations).
Let S be as before, and ay,...,a, € K*. Recall that we have to estimate the
number of solutions of

(1.10) aruy + .. + apty, =1 in ug, . u, € OF
with
(1.11) Zaiui # 0 for each non-empty subset I of {1,...,n}.
iel
Let ¥ be the trivial action on {1,....,n + 1} so that Ay, = K™*! endowed with
coordinatewise operations. Put a,11 := —1. Define the K-linear subspace of Ax:

W ={u= (ui,...,uny1) € As : a1u1 + ... + apUy + Gpg1Un+1 = 0}.

Let (uq,...,u,) be a solution of (1.10) with (1.11) and put u := (ug, ..., un, 1).
Thus, u € W. We show that u is S-non-degenerate. Assume the contrary. Then
u € Wp for some partition P = {P, ..., P;} of {1,...,n+ 1} with ¢ > 2. We have
Ap = {A = (A1, Ang1) € K™ 0\, = ) for each pair 4 L j}; there are no
conjugacy relations between the \; since X is trivial. We assume without loss of
generality that n + 1 ¢ P;. Choose A € Ap with \; =1 for ¢ € P;, \; = 0 for
1€ P,U...UP,. We have A\u € W which implies that ZiePl a;u; = 0. But this
contradicts (1.11).

By Theorem 4 with 7 = n+1, there are at most (233(n+1)2)""* S-non-degenerate

vectors u = (u1,...,up, 1) € W with uy,...,u, € O§. This implies Theorem 3.
O

Remark 3. Let as before K be an algebraic number field, S a finite set of places on

K containing all infinite places, and ¥ a Gal(Q/K)-action on {1,...,r}. Lemma

8 of [5] (equivalence (ii)«=(iii) with O} g replacing G(F)) gives a description of

the symmetric partitions P of {1,...,7} for which O% /5(0%) is finite. For the

sake of completeness we recall this result.

Let P = {Py,..., P} be a symmetric partition of {1,...,7}. Define the fields

Kl, ceey Kt by
Gal(Q/K;) = {0 € Gal(Q/K) : o(P;) = P;} forj=1,..,t

Divide { P4, ..., P;} into orbits such that P;, P; belong to the same orbit if and only

if P; = o(P;) for some o € Gal(Q/K). In that case, o(K;) = K;. Let u be the

number of orbits. Then OF 4/6(O%) is finite if and only if one of the conditions

(2.9.a,b,c) below is satisfied:

(29.a) w=1,t=1,1ie. P={{1,....,7}};

(2.9.b) w=1,t=2, K is totally real and K; is a totally complex quadratic
extension of K such that none of the prime ideals in S splits into two
prime ideals in Ki; further, Ky = o(K1) = K; for some o € Gal(Q/K);

(2.9.c)  u > 2, each field among K, K1, ..., K; is either Q or an imaginary
quadratic field, and S = {00}, where oo is the only infinite place of K.
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§3. Absolute values and heights.

Let K be an algebraic number field and denote by Mg the set of places of K. Mg
consists of the embeddings ¢ : K < R which are called real infinite places; the
pairs of complex conjugate embeddings 0,5 : K < C which are called complex
infinite places; and the prime ideals of O which are also called finite places. For
every v € My we define an absolute value |.|, as follows:

|
|
|
here Ny is the norm of p, i.e. the cardinality of Ok /p, and ord,(x) is the
exponent of  in the prime ideal decomposition of (x). For every v € My we
choose a continuation of |.|, to Q, denoted also by |.|,,, and fix this in the sequel.

Note that if S is a finite subset of My containing all (real and complex) infinite
places, then

Os={zxeK:|z|,<lforv¢ S}, Oig={reK:|z|,=1forv¢S}

v = o ()| if v is a real infinite place o : K «— R;
v = o ()P = |7()|2/[KQ if v is a complex infinite place {7,7 : K — C};
v = (Ngp)~0rde Q/IKQL if 4 is a finite place, i.e. prime ideal p of O;

here we write v ¢ S for v € Mg \S. The absolute values defined above satisfy the
Product formula

H\a\vzl for a € K*

(product over M) and the Extension formulas for each finite extension L of K,

[T lalw = [Nz k(@)K for a € Lv € Mg,

wlv

H\a|w =lal, forae K,ve Mg

wlv
where the product is taken over all w € My, lying above v (i.e. over all w such
that the restriction of |.|,, to K is a power of |.|,).
For a vector x = (z1, ...,x,) € Q', put
x|y = |21, .oy |y = max(|z1]ys -y [2r|0) for v e Mg.
Define the height of x = (1, ...,x,) € Q by
H(x)=H(z1,...owr) =[] %o
weMTy,

where L is any number field containing 1, ..., x, and |x|,, is defined similarly as
|x|,. By the Extension formula, this does not depend on L. By the Product
formula, we have

H(\x)=H(x) forxeQ ,AeQ .
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Note that H(x) > 1 if x # 0.

For v € Mg, put

1 2
s(v) = ——= if v is real infinite, s(v) = ——= if v is complex infinite,
Y Vg
s(v) =0 if v is finite.

For the numbers 71, ro of real infinite places, complex infinite places, respectively
we have r; + 2ro = [K : Q]. Hence

v v|oo
We define the scalar product of x = (x1,...,x.), y = (Y1, .., Yr) € Q' as usual by

(x,y) =211 + oo + T Y.

We shall frequently use the following straightforward inequalities which are valid
for every v € Mk:

(3.1) |n1ar + ... + nearly < (Jng] + ... + \nr|)s("’) max(|ai|y, .-, |Gr|v)
for ni,...,n, €Z,aq,...,ar € Q,

(32) |(X7 y)|11 S TS(U)|X|’U|y|’U fOI‘ Xuy € @Tu

(3.3) [det(x1, s X )| < (PD* %1 |y - [Xp |y for xq,..,%, € Q.

We can generalise (3.3) to exterior products. Let n € {1,...,r} and x1, ..., X, € Q.
For I = {iy,...,i,} with 1 <4y < ... < i, <, define the n x n-determinant

T1,iq A
(Xl AN Xn)[ =

Tniq R 2

where x; = (x;1, ..., ;). Letting Iy, ..., I(r) be the subsets of {1, ...,7} of cardinal-

ity n in some fixed order, we define

XA e AKXy = (XIA e AXp) Dy ooy (X1 A o AXy)1,, ) € @(;)

()

Note that x; A ... AX,, # 0 if and only if {x1,...,x,,} is (Q-) linearly independent.
Clearly (3.3) can be generalised to

(3.4) X1 A Ao < ()5 @)x1 ] |Xn]o  for v e Mg.
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Schmidt [18] introduced the following height for a Q-linear subspace Y of Q"
H((0)) = H(@T) =1 and, if Y has basis {ay,...,a, }, say, then

H(Y):=H(a1 A...\ay).

This is independent of the choice of {ai,...,a,}. For if {by,...,b,} is any other

basis of Y, with b; = Z?Zl a;ja; for i = 1,...,n where A := det(a;;) # 0, then

biA...Ab, = A-aj; A...Aa, and this implies that H(b;A...Ab,) = H(aj A...Aa,).
The orthogonal complement of Y in @T is defined by
L={ceQ : (ccu)=0forallueY}.
By [18], p. 433 we have
(3.5) HYH =H(®Y).

Express Q as a direct sum @ &) Q where r = ! + T2 Suppose that Y C @T
is a direct sum of Q-linear subspaces Y;, Ys of Q" Q , respectively, i.e.

Y=Y Y, = {(ul,ug) tu; €Yq,us € YQ}

Then
(3.6) H(Y)=H(Y1)- - H(Yz).
Namely, choose bases {b1,...,b,, }, {cn,+1,.--,cn} of Y7, Y5, respectively; then
{ay,...,a,} with a; = (b;,0) for i = 1,...,ny,a; = (0,¢;) fori =n1 +1,...,nis a
basis of Y. Thus, if (a; A ... Aa,); # 0 then I = I U Is, where I; C {1,...,r1}
has cardinality ny and Io C {r; + 1,...,r} has cardinality n — n;. In that case it
is easy to verify that

(a1 Ao Aag)r = (b1 Ao Abp,)r, - (Cny41 A o ACr) 1
Now (3.6) follows from the identity

H(z1y1, 2192, -, TmYn—1, TmYn) = H(@1, ooy xm) - H(y1, ..., yn)
fOr 1, ..oy Tons Y1y o, Yn € Q.

Let X be a Gal(Q/K)-action on {1,...,7} (r > 1) and let Ax, be the corresponding
K-algebra defined by (2.1). We have Ay, C L, where L is the field defined by

Gal(Q/L) = {o € Gal(Q/K) : 0(i) =i for i = 1, ...,r}.
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L is a finite, normal extension of K. If wy, ..., w, are the places on L lying above

v € Mg, then there are oy, ...,0, € Gal(Q/K) such that ||, = |a¢(.)|71/g for
i =1,...,g (recall that |- |, has been extended from K to Q). This implies that
for A = (A1,..., \r) € Ay,

|>\ w; — ’O’i()\l),...,O'i()\T) 11)/9

= |)‘Ui(1)7 "‘7AO'7;(7") 11;/9 = |)\‘11)/g,

w; = | A1y ey Ar

whence

wlv
wEML

It follows that ||, is independent of the choice of the continuation of |.|, to Q.
Further,

(3.7) HXN = [ 1] We= J] Mo for xeAs

vEMEg wlv vEMK
weMy,

(so H(A) can be defined by taking the product over v € Mg although the coordi-
nates of A are not all in K).

In order to define a height for K-linear subspaces of Ay, we need the following
lemma.

Lemma 2. Let W be a K-linear subspace of Ay, and let {a1,...,a,} be a basis of
W. Then {as,...,a,} is Q-linearly independent.

Proof. Assume the contrary. Without loss of generality we assume that for some
i <mn,{ay,..,a;}is a maximal Q-linearly independent subset of {ai, ...,a, }. Then
a;+1 = a1a; + ... + o;a; for certain, uniquely determined aq,...,q; € Q. Since
every o € Gal(Q/K) permutes the coordinates of a; (j = 1,...,n) we have a;1; =
o(ar)ag + ... + o(a;)a; for o € Gal(Q/K). So by the unicity of a;, o(a;) = a; for
every o € Gal(Q/K), i.e. aj € K for j =1,...,i. Hence {ay,...,a;4;} is K-linearly
dependent. But this contradicts that {ay,...,a,} is a basis of W. O

Now we define the height of a K-linear subspace W of Ay by
(3.8) H(W):=H(a1 A... Nay,),

where {ay,...,a,} is any basis of W. Under the action X, every o € Gal(Q/K)
maps a subset I of {1,...,7} of cardinality n to another such subset but it does not
necessarily preserve the increasing order. It follows that every ¢ permutes, up to
signs, the coordinates of a; A ... Aa,. Since signs do not affect the absolute values,
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we can repeat the above arguments leading to (3.7) and conclude that for v € Mg
the quantity la; A ... A a,l, does not depend on the choice of the continuation of
v to Q, and that the height can be obtained by taking the product over v € M,

(3.9) HW)= [ lai A Aanle.

vEMK

§4. The quantitative Subspace theorem.

Our main tool is the quantitative Subspace theorem from [6] which we recall below.
This is an improvement of the quantitative Subspace theorem of Schmidt [21] and
its p-adic generalisation by Schlickewei [15].

For a linear form [(X) := oy X1 + ... + anX, where a := (aq,...,ap) € Q" is
non-zero and for a number field K put

H(l) := H(a), K():=K(a1 /o an/a)

where i is any index from {1,...,n} with «; # 0. For any field K, any finite-
dimensional K-vector space V, and any subset S of V', the linear scattering of
S in V is defined as the smallest integer h for which there are proper K-linear
subspaces W1y, ..., Wy of V with § € W7 U ... U Wy if such an integer h does not
exist, then the linear scattering of S in V' is defined to be oo. For instance, S has
linear scattering > 2 in V' if and only if § contains a basis of V.

Now let K be an algebraic number field, S a finite set of places on K containing all
infinite places, n an integer > 2, § a real with 0 < § < 1 and for v € S, {l14, ..., lnv}

a linearly independent set of linear forms in n variables with algebraic coefficients
such that

(4.1) H() < H, [K(y): K] <D forveS, i=1,..n,

where H > 1,D > 1. By det(ly, ...,l,,) we denote the coefficient determinant of n
linear forms [y, ...,[, in n variables.

Lemma 3. The set of x € K™ with

o< T < b0 { T et ol 0

(4.2) iy
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has linear scattering in K™ at most

{260"25’7”}3 log4D -loglog4D .

Proof. For x = (x1,....,x,) € K™,v € Mg, put ||[x||, := |x|, if v is finite and
%o == (|21 |2/5®) + ..+ |2, [&/°))5()/2 if p is infinite, and define the Euclidean
height Hs(x) := HveMK ||x||,. This height depends only on x and not on K;
hence the Euclidean height can be extended uniquely to a height Hs : @n — R.
It is easy to see that |x|, < [[x[|s < n*®)/2|x|, for x € Q",v € Mg; hence
H(x) < Hy(x) < n'/2H(x) for x € Q". Let Hy := max; , Ha(l;,,), where Ha(l;y)
is the FEuclidean height of the coefficient vector of l;,. Clearly, every x € K™ with
(4.2) satisfies

0 < H ﬁ v (%) < H |det(Liy, .oy o) |w - Ha(x) "0,

(4.3) vegior Il T

and by the Theorem of [6], the set of x € K™ with (4.3) has linear scattering at
most {2607°§5="}5 1og 4D - log log 4D. O

Let K be a number field and S a finite set of places as above, and let ¥ be a
Gal(Q/K)-action on {1,...,7} where r > 2. Further, let W be an n-dimensional
K-linear subspace of Ayx;, with n > 2. We need an analogue of Lemma 3 for W.
As before, we denote vectors of W by u = (uq,...,u,). A non-empty subset I of
{1,...,r} is called independent if {u; : i € I'} is Q-linearly independent on W, that
is, for ¢; € Q (i € I) we have

(4.4) Zciui:OforallueVV:>ci:0fori€I.
il

Let {a; = (a11,..-,01y), .., 8p = (an1, ..., anr) } be a basis of W. Then for a subset
I of {1,...,7} of cardinality n we have that I is independent<= > _._; c;u; = 0 for
u=aj,..,a, implies that ¢, =0 fori € [ <= (a; A ... Na,); =

det((aij)i=1,...n, jer) # 0. Now Lemma 2 implies that {1,...,r} has independent
subsets of cardinality n.

In what follows, by I, (v € S) we always denote independent subsets of {1,...,r}
of cardinality n, and by I = (I, : v € S) a collection of such subsets. For such a
collection I we define

ALW) =[] @ A Aan)rlo- [] lar A Aanl;
veES vgS

iel

this quantity plays the role of [ ], . ¢ |det(l1v, .., lnv)]v. A(I, W) does not depend on
the choice of the basis {ay, ...,a,} of W. Namely, let {by,...,b,} be another basis
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of W, where b; = Z?Zl a;ja; for i = 1,...,n, and put A := det(a;;). Then for
each subset I of {1, ..., 7} of cardinality n we have (b1 A...Aby,); = A-(a;A...Aay)r;
together with the Product formula this implies that

[TIbiA oAbl [ 1A Abaly= ] 1AL -AXW) =ATLW).
veS véS vEMK

Lemma 4. Let n,r be integers > 2, § a real with 0 < § < 1, K an algebraic
number field, S a finite set of places on K of cardinality s containing all infinite
places, ¥ a Gal(Q/K)-action on {1, ...,7}, W an n-dimensional K -linear subspace
of Ay, and I = (I, : v € S) a collection of independent subsets of {1,...,r} of
cardinality n. Then the set of u = (uy,...,u,) € W with

(4.5) IT1I ||?;||: <ALW) - H(u) "

veS i€l

has linear scattering in W at most
{261712 r2n677n }5 )

In the proof of Lemma 4 we use Lemma 3 and a gap principle. This gap principle
is developed in §5. Lemma 4 will be proved in §6.

§5. A gap principle.

Let again K be an algebraic number field with [K : Q] = d, S a finite set of
places on K of cardinality s containing all infinite places, ¥ a Gal(Q/K)- action
on {1,....,r} where r > 2, and W an n-dimensional K-linear subspace of Ay, where
n > 2. Further, I = ([, : v € S) is a collection of independent subsets of {1,...,7}
of cardinality n. We shall estimate the linear scattering in W of sets of u € W
with

, H(u) < B,

IO

(5.1) 1111 |@3||: < A(IL,W)H(u)™"-

vESiEL,|

where P > 1,Q > 1,B > 2P. First we prove some auxiliary results. By |S| we
denote the cardinality of a set S.

Lemma 5. Let 0 be a real with 0 < 0 < ; and q an integer > 1. Then there

exists a set I' with the following properties:
(i). |T| <{e(2+671)}9, where e = 2.7182...;
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(ii). T’ consists of g-tuples v = (y1,...,7q) With v; > 0 for i =1, ..., ¢;
(iii). for every set of reals F4, ..., F,, M with

(52) 0< F; <1, Fl"'FqZM, M <1
there is a tuple v € I with

(5.3) MO/ « po< MY for i=1,..,q.

Proof. This is Lemma 9 (ii) of [6]. O

Lemma 6. Let F' be a real > 1 and let S be a subset of W of linear scattering
in W at least

max <6F5d, 4 x 7d+25).

Then there are uy,...,u,, € S with

A ... AN Uply _
(5.4) 0<]] [ Unlo _ o1,
¢S

[ugy...[unly

Proof. This is a variation on Lemma 10 of [6]. Let p be a prime ideal outside S
of which the norm N is minimal. We assume that S satisfies the condition of
Lemma 6 and moreover that 0 ¢ S and that

(5.5) (Np)™ 4 < jul, <1 forues.

This is no restriction. Namely, for non-zero u € W we have |u|, = (Ngp)~*/4
with o € Q. Write a = m + ( with m € Z and 0 < 8 < 1, choose A\, € K* with
Aulp = (Np)~™/4, and put u’ := Ag'u. Then u’ € W and (Np)~ /4 < |v/|, < 1.
Since the left-hand side of (5.4) does not change when uy, ..., u, are multiplied
with scalars from K*, it suffices to prove Lemma 6 for &’ := {u’ : u € S} instead
of S.

We assume that Lemma 6 is false, i.e. for all linearly independent uy,...,u, € S
we have

VANPUTIVANS § PO o _
(5.6) I1 [w Unlo o g1,

AL Tyl

Fix a linearly independent subset {uj,...,u,} of S (this exists since S has linear
scattering > 2). For yi,...,ym € W, let [y1,...,ym] be the K-linear subspace of
W generated by yi,...,¥m. In the remainder of the proof we consider only those
x € § with

(5.7) x ¢ [ug,...,up_1], X &[Ug,...,up_2,u,l;
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thus, we exclude at most two proper linear subspaces of W. We write x = xyu; +
e + xpuy, with zq, ...z, € K. For i =1,2,... {Cy; : v & S} will denote a set of
numbers of the form {|x1 A... AXp|v/|X1]v---|Xn|o : v & S} where x4, ..., x,, are any
linearly independent elements from S which may be different for each #; by (5.6)
and (3.4) such numbers satisfy

(5.8) 0<Cy <1 forvgs, [[Cu>F"
vgS

Fix x € § with (5.7). Then {uy,...,up—1,x}, {us,...,u,_2,u,,x} are linearly
independent. Hence for v € Mg\ S we have

]y = lup Ao A—o Ay A Xy _ Cor |x[o 7
(5.9 lag Ao A gy Cu2 [un—_1ly
o), = lug Ao A1 A x|y _ Cus x|y .
lup A .o Ay, Co2 [unly

Let y be any vector in S satisfying
(510) y ¢ [uh EE) un—l]a y ¢ [ulv sy Up—2, un]7 y g [ula L) un—27X]
and write y = y1u; + ... + ypu, with y1,...,y, € K. Similarly to (5.9) we have

Cv5 |Y|v
CvQ ‘un|v

Cha |Y|v
C’U2 |un—1’v ’

(5.11) [Yn—1lv = for v ¢ S.

|yn‘v =

Further, since {uy,...,u,_2,x,y} is linearly independent we have

|111/\.../\11n,2/\X/\Y|11

5.12 n—1Yn — LnlYn—-1fjv —
( ) (019 = Tnyn-1] lug A .o Ayl

Cv6 |X|UIY|U

= forv ¢ S.

Cv2 ‘un—l‘v|un‘v ¢

Now (5.9), (5.11), (5.12), (5.8) imply
|$n—1yn|v
maX(‘xn—lyn‘vv ’:Enyn—lyin |xn—1yn - xnyn—l‘v)
= CU10U5 Z 011101)5 .

maX(C'Ul 01)5, CU3CU4, CUQCUG)

Hence, again by (5.8),

(5.132)  [] [n—1Ynlo > F2,
vgS max(|xn—1yn|v7 |xnyn—1|v7 |xn—1yn - xnyn—l‘v)
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Similarly, we have

(5.130) ] nYn—1lo > P2,
By max(|xn,1yn|v, |xnyn71|v7 |xn,1yn - xnynfl‘v)

(5.13¢) ] [n—1Yn = Tnfn-1lv > F2,
vgs maX(‘mn—lyn‘m ’xnyn—lyvv |xn—1yn - xnyn—l‘v)

Define the integer m by
(5.14) (Np)m=D/d < p2 < (Ng)™/d,

From (5.6) and (3.4) it follows that F' > 1. Hence m > 1. We distinguish two
cases.

First case: m = 1.

From the definition of the absolute values it follows that the left-hand side of each
of the inequalities (5.13 a, b, c¢) is of the form (Na)~!/¢, where a is an ideal of O
composed of prime ideals outside S. This ideal is integral since for every v € S,
the corresponding factors in the left-hand sides of (5.13 a, b, ¢) are < 1. We have
a = (1) for otherwise, since p ¢ S was chosen to have minimal norm and since
m = 1, we would have had (Na)~'/¢ < (Ngp)~'/¢ < F~2. Therefore, the left-hand
sides of (5.13 a, b, c¢) are equal to 1. But then, the factors in the products on the
left-hand sides of (5.13 a,b,c) are also equal to 1. It follows that if x,y € S satisfy
(5.7), (5.10), respectively, then

|xn—1yn|v = |xnyn—1|v = |~Tnyn—1 - wn—lyn’v for v ¢ S.

Hence u := Zp—1Yn/TnYn—1 satisfies |u|, = |1 —ul, = 1 for v ¢ S, ie. u,1 —
u € OFf (note that u € K). By Theorem 1 of [3], there are at most 3 X
74+25 possibilities for u. Fix x € S with (5.7). Then there is a set U of car-
dinality < 3 x 79%2% such that every y € S with (5.10) satisfies y,,_1/yn €
U. In other words, S is contained in the union of the proper linear subspaces
[ula ) unfl], [ulv ooy Up—2, u’n]a [u17 ey Up—2;, X]7 [ul, <oy Up—2, @Un—1 +un] (a € U)
of W. Hence S has linear scattering in W at most 3 + 3 x 79125 < 4 x 74+2s,
This contradicts our assumption on S in the statement of Lemma 6; therefore, our
assumption that Lemma 6 is false was incorrect.

Second case: m > 2.
We consider again x = x1u; + ... + z,u, € S with (5.7). By (5.9) with v = p we
have |z,—1/%n|p = Coi1lun|o/Cps|un—1l,. Together with (5.5), (5.8), (5.14) this

implies

(Ng) 04/ < FrL(Np) e < |2 < F(N) < (W),
T [
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We have |2,_1/n|, = (Np)*=/4 for some ky € Z. Clearly,
1 1
—1—§m<k:x<1+§m.
Therefore, for ky there are at most m + 2 possibilities.

Fix 7 € p such that |7|, = (Np)~/% Then
Tpo1 = TnT*ayx, with ax € K, lax|e = 1.

We call x,y € S congruent if they both satisfy (5.7) and if kx = ky and ax =
ay (mod p™), ie. |ax — ayl, < (Np)~™/4. We claim that each congruence class
has linear scattering at most 1. Namely, fix x from a given congruence class, and
take y from the same class. Suppose that y ¢ [uy, ..., u,_2,%]. Then

Tn—1Yn — TnYn—1lp
maX(|$n—1yn|so7 |$nyn—1’@7 | Tp—1Yn — xnyn—llp)
. |7T|Zx|xnyn|@|ax — oylp
]W!Zﬂxnyn\pmax(\ax\p, |aylp, [ax — aylp)

_ oy — O‘y|@
max(1, |ax — ayly)

Since the other factors in the left-hand side of (5.13c) are < 1, this contradicts
(5.13c). It follows that every y € S with (5.7) which is congruent to x belongs to
[ug, ..., up—2,x]. This proves our claim.

By m > 2 and (5.14) we have (Np)™ < F*4. Taking into consideration the number
of possibilities for ky, it follows that the number of congruence classes is

4dlog F Ad
2)(Np)™ —— + 2 | F*.
< (m+2)(Np)™ < (ng@ + )
Hence S has linear scattering
4dlog F
<o (20987 L o) ptd o gpod.
log 2

here we must add 2 because of (5.7). So again, the assumption that Lemma 6 is
false leads to a contradiction with the condition on §. We conclude that Lemma
6 holds true in both cases m = 1 and m > 2. O

Below we state our gap principle:

Lemma 7. Let P,Q, B be reals with P > 1,Q) > 1,B > 2P. Then the set of
u € W with

(5.1) 1111 ||1;"||: < A(T, W)H(u)_”.%, H(u) < B

'UGSZGI'U
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log B ) ns+1

has linear scattering in W at most Q°? <27On10r . @

Proof. Let F be the set of u € W satisfying (5.1) and also uj - --u, # 0. Thus,
from W we exclude solutions of (5.1) belonging to at most r proper linear subspaces
of W. For u € F we have u; - --u, € K*, so by the Product formula and (3.7),

Gas) T |“1|” > T |“1|u’7”:’”‘” = (H yu\v> (g]ul...urjv)

veSiel, vES vES
—T
> ( 11 \u|v> =H(u) ™" >B"".
vEMK

Put log B .
0g
=— fi=— N:=[2n-2 1.
" log2P’ 2rk’ [(2n = 2)r] +

By (5.15) and Lemma 5 with M = B~", there is a set I" of ns-tuples of non-negative
reals v = (yip : v € S,i € I,)) of cardinality

T < {e(2+07 1)}

such that for every u € F there is a tuple v € I with

(5.16) (B~T)viwt(0/ns) o |’ l'” < (B forvels, iel,.
Uy

Further, for every u € F there is a j € {1,..., N} such that
(5.17) BU-V/N < H(u) < B/N .

Let F (v, j) be the set of u € F satisfying (5.16), (5.17). Since x = log B/ log 2P >
1, the number of sets F(v,j) is at most

IT|- N <{e(2+2rk)}"*{(2n — 2)k + 1} < 2nk - (3erx)"®
We shall show that each set F(, j) has linear scattering in W
(5.18) < max(6F>¢, 4 x 772%)  with F := 2n!Q.

Since d < 2s we have max(6F°¢,4 x 79+2%) < 6(2n!)19Q5?. Assuming (5.18), it
follows that F has linear scattering in W at most

2nk(3erk)™ - 6(2n))12 Q5% < Q% - 12nk(n!)1%% (96erk)™*
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< Q5d <270n10r

taking into consideration the solutions with w; - - - u,, = 0, this implies Lemma 7.

So it remains to prove that the linear scattering of F(v,j) is smaller than the
bound in (5.18). Suppose the contrary. Then by Lemma 6, there are linearly
independent uy, ..., u, € F(v,j) with

VANVAN
(5.19) I1 [w Unlo (o)1,
v M\S [ugy..-[unly
K
Take v € S. Let u; = (u;1, ..., us) for ¢ = 1,...,n. Suppose for convenience that

I, ={1,...,n}. Then by (5.16),

|<111 A oA un)1v|v

[ugy..-[unly

|UT(n),n|’v

’ur(1)|v |u7'(n)‘v

S (n|)s(v) (B_T)Ziefu Yiv

< ()

where the maximum is taken over all permutations 7 of (1,...,n). By taking the
product over v € S we obtain, using the first inequality of (5.16) with u; replacing
u and k =log B/log2P, 0 = 1/2rk,

/\ e /\ n )1, |v —r . iv
veS v lEnlu
<u(TTTT 1ot )
veSiel,

< nIA(IL,W)H (u;) "QP !B/
= 2n!QA(L, W)H (u,)""B~1/2%,

Since {uy,...,u,} is a basis of W we have, in view of (3.7),

= [T 1w Ao Ao [T e A Aag,

veES vgS
VANRVAN VANRPRIVAN
:H|u1 Un)r, o Hlul un’”-H(ul)---H(un).
veS ‘ul‘v' ‘un‘v |u1|v"' ’un|v

Together with (5.20), (5.19), (5.17) and N = [(2n — 2)x + 1] this implies that

AL, W) < 2n!QA(I,W)H (u )_”B_1/2“ -(2n)7QT - H(wy)H(ug)...H(u,)
( W)B~2*H(u1)' " H (us)... H (uy,)
)B~ /26 g(1-n)(j—=1)/N g(n—1)j/N
). B~/ (=1)/N
)

Y
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which is impossible. Thus, our assumption that the linear scattering of F(v,j) is
larger than the bound in (5.18) leads to a contradiction. This completes the proof
of Lemma 7. O

§6. Proof of Lemma 4.

Let again K be an algebraic number field, S a finite set of places on K of cardinality
s containing all infinite places, ¥ a Gal(Q/K)-action on {1,...,7} where r > 2, W
an n-dimensional K-linear subspace of Ay, where n > 2 and I = ([, : v € 5) a
collection of independent subsets of {1, ..., 7} of cardinality n. Further, let 0 < § <
1. We consider the solutions of

(4.5) 1111 ||ls||: <ALW)-Hu)™° inueW .

vesSiel,

We shall distinguish between “large” and “small” solutions. The small solutions
are treated by the gap principle. We shall deal with the large solutions u of
(4.5) by choosing a suitable basis {ai,...,a,} for W and then showing that the
corresponding vectors x = (z1,...,x,) € K™ defined by u = z1a; + ... + z,a,
satisfy an inequality of type (4.2) to which Lemma 3 is applicable.

We first choose the basis. Put
Wy :={u=(uy,...,u.) € W:ug---u, #0}.

Choose a vector ag = (ag1, ..., ap,) from Wy with minimal height and define the
linear form

(X) =) ay'X;.
j=1

Let
T :={ueW:l(u) =0}

Ty is a proper K-linear subspace of W since l(ag) = r # 0. Choose a basis
{a1,...,a,} of W such that a; € Wy and a; ¢ Ty for i = 1,...,r and such that
subject to these conditions, the product

H(ay)...H(a,) is minimal.

Clearly, we may assume that H(a;) < ... < H(a,). Thus, putting M := H(a,),
we have

(6.1) H(ag) < H(ay) < ... < H(a,) = M.

28



We must normalise aq,...,a,. The properties of ay,...,a, just mentioned are not
affected when for ¢ = 1,...,n, the vector a; is replaced by \;a; for any non-zero
\i € K. Take )\; := (ap1---aor) tl(a;)~t. Each )\; belongs to K* (as can be
verified by checking that o(\;) = \; for o € Gal(Q/K)) and I(\;a;) = (ap1...aor) ~*

for i = 1,...,r. Therefore, we may assume that
(6.2) I(a;) = (ag1 ---ag,)”+ fori=1,..r

and shall do so in the sequel. Because of (6.2) we have some control over the
quantities |a;|,(v € Mg,i = 1,...,n). Namely, let a; = (a;1, ..., a;-); then by (6.2)
we have 1 = (ao1 - aor) (32— @ij/ao;) and together with (3.1) this implies that

(6.3) 1 <r*Wlag"La;|, forve Mg, i=1,...,n.
We need (6.3) to estimate |u|, and |x|, in terms of each other where x = (1, ..., x,,)

€ K" is defined by zi1a; + ... + z,a,.

Let T5 be the K-linear subspace of W generated by ai,...,a,_1. For every u €
Wo\(T1 UT5),{ay, ...,a,_1,u} is a basis of W. So since ag, ..., a,, were chosen such
that H(ay)--- H(a,) is minimal we have H(ay)...H(a,—1)H(u) > H(a;)...H(a,).
Hence

(64) H(u) > M foruce W()\(T1 U TQ)
Because of (6.4), the set of solutions of (4.5) can be divided into three sets:

A={ueWy\(T1 UTy) : u satisfies (4.5), H(u) > (2M)400’“3/5}’
B ={u e Wy\(T1 UT3) : usatisfies (4.5), M < H(u) < (2M)400T3/5},
C={ueThUThU{u; =0}U...U{u, =0} : u satisfies (4.5)}.

Clearly, C has linear scattering < r + 2 in W. It remains to estimate the linear
scatterings of A and B.

We first estimate the linear scattering of A in W. Take u € A. Then x =
(x1,...,zn) € K™ defined by u = z1a; + ... + x,a, is non-zero. By (6.3) and r > n
we have
(6.5) lul, = 7Y |x|,max(|ay |y, ..., |an]s)

S ns(v)r(n—l)s(v)|a0|1(}r—1)(n—1)|X|v|al|vm|an|v

< r"s(”)|a0|§}’"’1)(”’1)|a1|v...|an|v.|x\q, for v € Mk.
By taking the product over v € M we obtain, using (6.1),

(6.6) H(u) <7r"H(ag)" V" Y H(ay)...H(a,)H (x)
< 7m]\/[(r—1)(n—1)—&—n]¥(x)
<r"M"™H (x).

29



For v € My, choose an independent set I C {1,...,r} of cardinality n such that
(a1 A ... ANay)r|le = |a1 A ... A ayl,. Suppose for convenience that I = {1,...,n}.
Then

ai1 an1
(6.7) A:=(a;A...Na,)r =

A1p ... Qpp

We have u; = Z§:1 aj;x; for i = 1,...,n. Hence by Cramer’s rule,

n

(6.8) m =Y (/D)

j=1

where A;; is £ the determinant obtained by deleting the i-th row and j-th column
from A. By (3.3) and (6.3) we have for v € M,

Al < {tn =D TT lasle < {tn = D r @ agli farlo... an .
oy
By inserting this into (6.8) and using (6.7) we obtain

la|y...|an|v
la; Ao Aagy

1|, < (nlr)*™)]ag|n ! Jul, for v e Mg;

so, by taking the product over v, using n < r and (3.9),

Mr—i—n—l
(6.9) H(x) < Tn_HWH(U) <" TEMTTTLH ().

For j =1, ...,r define the linear form /; by taking the j-th coordinates of ay, ..., a,,
ie.
ZJ(X) == alel + ...+ aann.

For j = 1,...,r define the field K; by Gal(Q/K;) = {0 € Gal(Q/K) : o(j) = j}
(where the action by Gal(Q/K) on {1,...,7} is by means of ¥). The cosets of
Gal(Q/Kj;) in Gal(Q/K) are {0 : 0(j) = k} for certain k € {1,...,r}. Hence [Kj :
K] <r. Foro € Gal(Q/Kj), j=1,...,7,i=1,...,n we have 0(ai;) = a; »(;) = aij
hence [; has its coefficients in K. It follows that

(6.10) (K(l;): K] <r for j=1,..r.
Let L = K;...K,.. For w € M}, we have, by (6.3),

\Lilw = la1j, -y njlw < max(|ag|w, ..., |an|w)

< p(= D) 901 =D =1) a1 | ag]w.
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So by taking the product over w € My, on using (6.1),
H(l;) <=ty r=Dn=bin <pn=lyrn for j =1, r
Together with H(u) > (QM)A‘OOTB/‘S and (6.6) this implies that

(6.11) H(x) > r"M~"™"H(u) > r~" M~ (2M )00 /0

> n1/2 n— ern

We shall show that

(6.12) H H \l‘ ‘ |v <12 H \det(l; i € IU)|U-H(X)_”_996/100.

veES e,

First observe that by (3.4),

(6.13) []ldet(ti i e L)l =[] 11 A~ Aan)r, o

veS veS
—-1
= A(I (H|a1/\ /\anlv>
vgS
W) (H |a1|v...]an\v)
vé¢S

Further, by (6.5) and (6.3),

(6.14) [ T lufo < T aold " Darlo... anls} - T Ixlo

veES vES veES
—rH{Hrs<”>|a - 1|az|v} (H|a1|v |an|v) e
veES UES vES
1/n
<r [] {Hrs(”)|a = 1|al\v} <H|a1|v |an]v) IT 1%l
vEM§K vES vES
—1/n
— " H(a0)" DD H(ay). (H|a1|u |an|v) T Il
véS veSs
—1/n
< mM™ (H |a1]1,...]an\v> T e
vgS veES
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We have [;(x) = u; for i =1,...,7. Now (6.14), (6.13), (6.9) imply that

Li(x)]o -
H H | n%(n+5)(H det(l; : i € Iv)|v> 'H(X)n+995/100

veSiel, veS

\uzwu g B
HH M H\al\v.”\anlv :

veES i€, V€S

A, (H|a1\v \ann)

vgS

n+995/100
. <T,n—|—1Mr—|—n—1) H(u)n+995/100

~ (TLIT ) ammw) o

veSiel,
. n§(n+(5)rn +(n+1)(n+996/100) Mrn2+(r+n—1)(n+996/100)H(u)—6/100‘

By (4.5) and by H(u) > (2M)400T3/5, 0<d<1l,r>n>2thisis < 1. This
proves (6.12).

By Lemma 3 and (6.10), the set of x € K™ with (6.11), (6.12) has linear scattering

in K™ at most
> /100 ™ s
Ny = {260” <®> 5_7”} log 4r - log log 4r .

Since u — x is a bijective linear mapping from W to K™, it follows that the linear
scattering of A in W is at most V4.

We now estimate the linear scattering of B in W. Put
9 -— T(ns—l)/(ns—l—l).
Let k be the smallest integer such that
0% > 40013 /5 .

Asr>2and (ns+1)/(ns — 1) < 3, we have

(6.15) k<1+

1 1
ns + 54 0g(400/6)
ns —1 logr

) < 10 + 510g(400/9).
For each u € B, there is a j € {1, ..., k} such that

]. j—1 J
(6.16) 5(2M)9 < H(u) < (2M)°
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From (4.5) and the lower bound in (6.16) it follows that

‘uz"v —n 1 pi—1 -0
II11 al. < A(I,W)H (u) .{5( M) } .

veSiel,

By applying Lemma 7 with P = {%(2]\4/')9]'_1 }5, Q=1,B = (2M)"”, on observing
that log B/log2P < 0/§, we obtain that the set of u € B with (6.16) has linear
scattering in W at most

ns+1
(27001079 /5)"* T = <270n10/5) 2
Together with (6.15) this implies that B has linear scattering in W at most
Ng := {10 +5 10g(400/5)}(270n10 /&)t pEns

2700107\ 278
< .
= 5

Recalling that C' has linear scattering in W at most N¢ := r+2, we conclude that
the set of u € W with (4.5) has total linear scattering in W at most

N4+ Np+ N¢
™ s 2ns
100 270n'°
= (260n2 (®> 5_7n) log 4r - log log 4r + ( :; r) +r+2
< (261712 r2n6—7n) S.
This completes the proof of Lemma 4. 0

§7. Some linear algebra.

We will have to derive Theorem 4 from Lemma 4 and for this we need some
linear algebra. Let K be an algebraic number field, ¥ a Gal(Q/K)-action on
{1,...,r}, and W an n-dimensional K-linear subspace of Ayx. In what follows,
by u, ¢, A we denote vectors (ui,...,u,), (c1,...,¢), (A1,...,Ar). Note that we
use both the coordinatewise product cu = (cjuy, ..., c,u,) and the scalar product
(c,u) = ciug + ... + ¢yu,.. We define the orthogonal complement of W by the

Q-vector space
Wt ={ceQ : (c,u) =0 for every u e W}.

33



We have to be a little bit careful since W+ is a Q-vector space, whereas W is a
K-vector space.

Lemma 8. W = {u € Ax: (c,u) =0 for every c € W+1.

Proof. Let W = {u € Ay : (c,u) = 0 for every ¢ € W-}. Then W’ is a
K-linear subspace of Ay with W/ O W and W'+ = W+. Let {ai,...,a,} be any
basis of W. Then Wt = {c € Q : (a;,¢) = 0 for i = 1,...,n}. By Lemma
2, {ay,...,a,} is Q-linearly independent. Hence dim@ W+ = r —n. Similarly,
dim@ W't = r —dimg W’. Hence dimg W’ = n. It follows that W = W'. O

For ¢ = (c1,...,¢,) € Q , 0 € Gal(Q/K) define the vector
(71) C(U) = (0'(6071(1)), ceny 0'(0071(7«))).

Obviously, ¢ € Ay if and only if ¢(?) = ¢ for every o € Gal(Q/K). We use this to
prove:

Lemma 9. Let P = {Py,..., P;} be a symmetric partition of {1,...,r}. Then
dimK Ap =t.

Proof. Define the Q-vector space Y = {u € @r : u; = u; for each pair ¢ 3 Jj}

(recall that 4 £§ j if and only if 7,j belong to the same set of P). Then Ap =
Y N Ay. We claim that every u € Y is a linear combination of vectors from
Ap. Namely, take u € Y. Since P is a symmetric partition we have also that
ul®) € Y for every o € Gal(Q/K). Let G be the group of o € Gal(Q/K) such
that o(u;) = u; and o(i) =i for i = 1,...,r. Then G has finite index in Gal(Q/K);

let 01, ...,04 be a full system of left coset-representatives. Let L be the extension
of K with Gal(Q/L) = G and choose a K-basis wy,...,wy of L. Then the vectors
b; =390 (wi)ul?s) (i = 1,...,g) belong to Y; further, by the definition of

G and L, b; is independent of the choice of the coset representatives. Since left
multiplication with o € Gal(Q/K) permutes the left cosets of G in Gal(Q/K), we
have b = S~ 0o (w;)ul®®) = b; for o € Gal(Q/K), i.e. b; € Y N Ay = Ap for
i=1,...,9. Now since the matrix (o;(w;)) is invertible, we have that u is a linear
combination of by, ...,b,. This proves our claim.

Clearly, dim@Y = t. From what we proved above, it follows that Y is generated

by a K-basis of Ap. By Lemma 2, this K-basis is Q-linearly independent, hence
consists of t vectors. This implies Lemma 9. O

We can now give an alternative description for the space Wp:
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Lemma 10. Let P = {Py,..., P;} be a symmetric partition of {1,...,r}. Then

Wp={ueW: Z c;u; =0 for j =1,...,t and for every c € Wl}.
iEPj

Proof. For A = (A1,...,;\r) € Ap define X' = (A\],..., \}) where X\ = \; for each
j € P;. Further, foru € W, c € W+, j = 1,...,t we put (c,u); := Zier Cill;.
Thus, foru e W, c € W, A € Ap we have

t

(7.2) (¢, \u) = Z N(c,u);.

J=1

Recalling that Wp = {u € W : uAp & W}, we infer by Lemma 8 that u € Wp
if and only if (Au,c) = 0 for every A € Ap, ¢ € W. Further, by Lemma 9 and
Lemma 2, among the vectors A € Ap, hence also among the vectors )\, there are ¢
Q-linearly independent ones. Together with (7.2) this implies that (Au,c) = 0 for
every A € Ap if and only if (c,u); =0 for j = 1,...,t. This proves Lemma 10. O

Remark 4. (cf. §1 for notation.) We show that solutions of (1.5) satisfying
(1.15) are (F,S)-non-degenerate. Let [i,...,l, be the linear factors of F', define
the linear mapping ¢(x) = (l1(x),...,l(x)) and put W = ¢(K"™). Suppose that
x € OY satisfies (1.15). Put u = ¢(x). Then for each proper, non-empty subset
I of {1,...,7} there is a ¢ € W+ such that > ,_; ¢;u; # 0. Lemma 10 implies
that u & Wp for each symmetric partition P # {{1,...,r}}; hence u is S-non-
degenerate. Now by definition, x is (F, S)-non-degenerate.

We define the support of ¢ = (c1,...,c,) € W+ by

supp(c) :={i € {1,...,r7} : ¢; # 0}.

We say that ¢ has minimal support in W+ if ¢ € W is non-zero and if there is
no non-zero ¢’ € W+ with supp(c’) S supp(c).

We associate a hypergraph H(W) to W, by taking as set of vertices {1,...,7} and
as edges those subsets I of {1,...,7} for which there exists a vector ¢ of minimal
support in W+ with supp(c) = I.

We say that two vertices i,5 € {1,...,7} are connected if there are i1,is,...,i; €
{1, ...,r}, such that each of the pairs {4, }, {i1,42}, ..., {i, j} is a subset of an edge
of H(W). Connectedness is clearly an equivalence relation on {1,...,7} and the
equivalence classes are called the connected components of H(W).

The connected components of H(W) form a symmetric partition. Namely, let
o € Gal(Q/K). For every ¢ € W, u € W we have (u,c(?) = o((u,c)) = 0,
where ¢(?) is defined by (7.1); hence ¢(®) € W, Tt follows that if I is an edge of
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H(W) then so is o(I). Consequently, o maps each connected component of H (W)
to a connected component.

We prove some properties of H(W). Let P = { P, ..., P,} be the symmetric parti-
tion of connected components of H(W). For j = 1, ..., ¢, define the linear subspace
of W+,

(7.3) Y; :={c € W+ : supp(c) C P;}.

Lemma 11. (i) Wt =Y, @ ... Y,.
(ii). For the height of W we have H(W) = H(Y1)--- H(Y}).
(ii). W = Wp.

Proof. (i). Every non-zero ¢ € W+ is a sum of vectors with minimal support
in W+. Namely, if c € W+ has minimal support then we are done; otherwise,
choose a vector ¢/ with minimal support in W+ such that supp(c’) S supp(c) and
arrange, by taking a suitable scalar multiple, that a non-zero coordinate of ¢’ is
equal to the corresponding coordinate of ¢; then supp(c — ¢’) & supp(c) and we
may repeat the argument with ¢ — c’.

Let c € W+. We have ¢ = 22:1 Ez‘eTj d;;, where d;; has minimal support in
W+ supp(d;;) C P;, and T} is some set of indices. Put c; = Zz‘eTJ— d;;. Then
c=cy+..+c, ¢; € WE supp(cj) C P, ie. ¢; €Y. ci,...,c; are uniquely
determined by c, since for each i € P;, the i-th coordinate of c; is equal to the
i-th coordinate of c. This proves (i).

(ii). By (3.5), (3.6) we have H(W) = H(W=) = H(Y1)--- H(Y;). We mention that
(3.5) has been stated for subspaces of @T and not for subspaces of Ay;. However,
letting W = QW be the Q-vector space generated by W, we know by Lemma 2
that any basis of W is a basis of W, and by definition (3.8) that H(W) = H(W);

o . —1
further, it is obvious that W+ =W .

(iii). By (i) we can express ¢ € W+ as ¢y +...+¢; with ¢; € W+, supp(c;) C P; for
i=1,...,t. Hence for u € W,c € W+ we have (c;,u) =0 for i = 1, ..., t; together
with Lemma 10 this implies that u € Wp. This shows (iii). O

We recall that a non-empty subset I of {1,...,r} is called independent if (4.4)
holds; otherwise I is called dependent. Below we have collected some simple facts
for later use. P = { P, ..., P} denotes again the symmetric partition of connected
components of H(W).

Lemma 12. (i). A non-empty subset I of {1,...,r} is dependent if and only if
there is an edge J of Hy with J C I.
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(ii). Each maximal independent subset of {1, ...,r} has cardinality n.

(iii). Each maximal independent subset of P; (j = 1, ...,t) has the same cardinality,
n;, say.

(iv). Let I; be a maximal independent subset of P; for j =1,...,t. Then I;U...UI,
is a maximal independent subset of {1,...,r}. Hence ny + ... + ny = n.

(v). Let I be an edge of H(W), contained in the connected component P;. Then
there is a subset H of P; such that for each i € I, (I\{i}) U H is an independent
set of cardinality n;.

Proof. We first make some remarks. Let W = QW be the Q-vector space gener-
ated by W. Then by Lemma 2, W has dimension n. Denote by f; the Q-linear
function u +— wu; on W. Thus, fi,..., f, generate the vector space of Q-linear
functions on W. Hence rankg{f1,.... fr} = dim@W =n. Now (4.4) and the fact

that every vector in W is a Q-linear combination of vectors in W imply that I
is (in)dependent if and only if {f; : 7 € I} is Q-linearly (in)dependent. Further,
c=(c1,...,c;) € WEif and only if >0 ¢; fi = 0.

(i). By the remarks just made we have that I is dependent<=> there exists a
non-zero ¢ = (cy,...,¢.) € Q" with supp(c) C I, >0, ¢ifi = 0 <= there is a
non-zero ¢ € W+ with supp (c) C I<=> I contains an edge of H(W).

(ii). The remarks made above imply that a maximal independent subset of
{1,...,r} has cardinality rank@{fl, v fr} = dimg W = n.

(iii). This holds with n; :=rankg{f; : i € P;}.

(iv). We apply (i). Put I = [;U...UI;. If I is dependent then there is an edge J of
H(W) with J C I. But then, J C I NP; = I; for some j which contradicts that I,
is independent. Further, for each i € {1,...,7}\I we have that IU{i} is dependent;
namely if ¢ € P;, say, then I; U {i} is already dependent by the maximality of I;.
(v). Since I is an edge we have by (i) and the remarks made above that for each
i € I, the set B; := {fr : k € I\{i}} is linearly independent, and that f; is lin-
early dependent on B;. Choose ig € I. By (iii) there is a subset H of P; such that
{fi: ke (I\{io}) U H} is linearly independent and of cardinality n;. It follows
easily that also for each i € I, {fx : k € (I\{i}) U H} is linearly independent and
of cardinality n;. This implies (v). O

68. Reduction of Theorem 4 to the Subspace theorem.

We recall that by |S| we denote the cardinality of a set S. As before, K is an
algebraic number field, S is a finite set of places on K containing all infinite
places, ¥ is a Gal(Q/K)-action on {1,...,7} and W is an n-dimensional K-linear
subspace of Ay, where r > n > 2. By u we denote vectors (uq,...,u,), and for
I C{1,...,7} we define the partial vector

ur = (u; : 1 €1).
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Recall that Theorem 4 deals with S-non-degenerate elements u € W satisfying
(2.3) uy -y #0, uifuj € Ogfori,j=1,..,r

In this section we show that each such u satisfies a Diophantine inequality of the
type (4.5) considered in Lemma 4.

Let P = {Py,..., P;} be the symmetric partition of connected components of the

hypergraph H(W) associated to W. We recall that O% ¢ = Ap N (@Z)T and that
d(a) = (a,...,a) (r times) for a € K.

Lemma 13. Suppose that Op ¢/0(O%) is finite. Then for every u € W with (2.3)
we have
H(u) < H(up,)...H(up,).

Proof. Take u = (uy,...,u,) € W with (2.3). Define

r

(8.1) v; = Ui fori=1,....r,
Up... Uy

and put

(8.2) Moo= [ v forkeP,i=1,..t

JEPR;
From (2.3) it follows that for k € P;, i = 1,...,t we have

=TT [Y <o

jEP; 1=1

Obviously, A\x = A; for each pair k 2 Further, for 0 € Gal(Q/K),k € P;,i =
1,....,t we have

o) = [ o) =] voin = I v =roww)

JEP; JEP; j€o(P;)

Hence A € ApN(Og)" = O% - By the finiteness of OF 5/0(0%), there is a positive
integer m such that A™ € §(0%), i.e.

w=peQOy fork=1,..,r

Together with (8.1), (8.2) this implies that

t

1= (vg...0.)" = H( H v))™ = p,



hence p is a root of unity. It follows that HjePi v; is a root of unity for i =1, ..., ¢.
Let L = K(uy,...,u.), v=(v1,...;0.), vi = (v; : 4 € I). Then for w € My,i =
1,...,t we have

|VP2‘

1/1P;]
w=max(|vjly : j € P;) > <H |Uj|w) =1,

JEPR;
hence |v|y, < |Vp,|w---|VP, |w. By taking the product over w € M, we get
(8.3) H(v) < H(vp)...H(vp,).

Now (8.1) and the Product formula imply that H(v;) = H(uy)" for each subset [
of {1,...,r}. Together with (8.3) this implies Lemma 13. O

For i =1,...,t, let n; be the cardinality of a maximal independent subset of P; (cf.
Lemma 12) and let Y; = {u € W : supp(u) C P;} (cf. (7.3)). We have:

Lemma 14. Let u € W with uy ---u, # 0. For eachi € {1,...,t} there is an edge
Ji OfH(W) with Jz g Pi and

(8.4) H(uy,) > 27"/ {H(up,)/H(Y)}/ .

Proof. Fix i € {1,...,t} and put r; := |F;|. If r; = 1 then uy,, up, and the basis of
Y; are vectors with only one non-zero coordinate and by the Product formula these
have height equal to 1; so in that case (8.4) is trivially true. Suppose that r; > 2.
Write P for P;, Y for Y;. Let H be a maximal independent subset of P. By Lemma
12 (iii), H has cardinality n,. We assume that P = {1,...,r;}, H = {1, ...,n;} which
is no loss of generality. By Lemma 12 (i), for each k € P\H = {n; + 1,...,7;},
there is an edge Jy of H(W) with J, C H U {k} and k € Ji. For each k € P\H,
there is a vector ¢, € Y with supp(ci) = Ji. We assume that the k-th coordinate
of ¢ is 1, which is no restriction. That is, we have

Cn;+1 = (Cni—l—l,l?"'a Cni+1,n4> 1707"'50)7
(8.5) Cnit2 = (Cnj42,15 Cnjt2.m 0,1,...,0),
Cr, = (Cri,lw"a Crim;» 070,"'71),

where we have omitted the zero coordinates for the indices in the connected com-
ponents # P. Here, ¢x; # 0 only if i € Ji. The set {cy : Kk € P\H} is a
basis of Y. Namely, let ¢ = (a1,...,a,) € Y. Then supp(c) € P. Further,
c— ZkeP\H aicy has its support in H. But H does not contain an edge of H(W),

hence ¢ = ZkeP\H OLCL.
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For every subset D of H with D # (), H\D # (), there is a k € P\H with
Je N D # 0, J, N (H\D) # (. Namely suppose this is not true for some D. Then
for each k € P\H we have either J, C DU{k} or J; C (H\D)U{k}. Hence every
vector ¢ (k € P\H) defined above has its support either in D' = DU{k € P\H :
Jr € DU{k}} orin P\D’. But then, as {c; : k € P\H} isabasisof Y, everyc € Y
can be expressed as ¢’ 4+ ¢’ with ¢/, c¢” € Y and supp(c’) C D’,supp(c”’) C P\D'.
Hence H(W) has no edge containing elements of both D’ and P\D’ and this
contradicts that P is a connected component of H(W).

Hence there is a ky € P\H with |Ji, N H| > 2. If J,, 2 H, then there is a
ko € P\H with Jg, N Ji, N H # 0, (Jg, UJy,) N H ;t Ji, U H. Continuing in this
way, we get a sequence of elements k1, ..., k, of P\H, with a < n; — 1, such that

| Jky NH| > 2,

i, N (T, U Udy,_ )N H #0 for j=2,...a,

(Jiy Uee Ui, )N H 2 (Ji, U Udy,_ )N H for j=2,..a,
J U...UJy, D H.

(8.6)

Now let u € W with w;...u, # 0. For A, B C {1, ...,r} with AN B # () we have
(8.7) H(uaup) < H(ua)H(up).

Namely, let v = A~'u with A = u; for some i € AN B and let L := K(uq, ..., u,).
Both v4,vp have a coordinate 1. Hence |[vaup|w < [Valw|VB|w for w € M. By

taking the product over w € My, we get H(vaup) < H(va)H(vp) which is the
same as (8.7).
By (8.6) and (8.7) we have

H(UH) < H(qul)---H<qua) < {m?XH(qui)}nz_ .

Hence H(W) has an edge J C P with
(8.8) H(uy) > H(ug)Y/ =Y

where we agree that the right-hand side is 1 if n; = 1 (in this case, |[H| = 1 and
hence H(ugy) = 1). We have to relate H(ug) to H(up).

It is obvious that the exterior product of the basis of Y given in (8.5), ¢, +1A...ACy,
has among its coordinates, up to sign, all numbers 1, ci; (k€ P\H, j € H). Let
L be a finite extension of K containing ui, ..., u, and all ¢x;. Then

(8.9) 1 <|cklw < |Cn;41 Ao ACpylw  for k€ P\H, we M, .
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We have that the scalar product (u,c) = 0, whence

Up = — Z ckju; for ke P\H.
JjEH

Together with (3.2) and (8.9) this implies that
|up|y = max |ug |, < nf(w) max |Ck |y + |UH |w
keP keP
< nf(w)|cni+1 Ao NCpi|wluglw for we My .

By taking the product over w € M we obtain
H(up) <n;H(cp,41 N ... Ncy,)H(ug) =nH(Y)H (ug).
If H(up) > H(Y) then this implies, together with (8.8),

H(uy) 2 max{1, np ' HY) ™ H(up)} /0

1/(n=1)
> n;l/(ni—l) {H(up)/H(Y)}l/(”z_l) Z 2n1/2{H(up)/H(y)} )
(8.4) is clearly true also if H(up) < H(Y). This proves Lemma 14. O
The next lemma is the main result of this section:

Lemma 15. Suppose that O 5/6(0%) is finite. Then for every u € W satistying
(2.3) there is a collection I = (I, : v € S) of independent subsets of {1,...,r} of
cardinality n such that

|u’i|U n " —n— n—
(8.10) 1111 Tl < o2 (w)() - AL W)H (w) ="~/ (=D},
veS iel, v

Proof. Take i € {1,...,t}. Let J; be the edge contained in P; from Lemma 14. By
Lemma 12 (v), there is a subset H' of P;\J; such that for every j € J;, H'U(J;\{j})
is a maximal independent subset of P; of cardinality n,.

Take u € W with (2.3). Put L := K(uq,...,u,) and let T be the set of places
in Mj, lying above those in S. Since u;/u; € Og we have |ui/ujlw = 1 for
we M\T, i,j =1,...,r, whence

|ur]w = oo = |tp|w  for w e Mp\T.
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For w € T, choose i,, € J; such that |u;, |, = |uy,|w and put Iy, == (J;\{iw }) UH'.
Note that |u;|, = |uy,|w = ||y for w € M\T, i = 1,...,r. Together with the
Product formula this implies

ITIT = =TT (0 T ol sl

weTjeIiw weT jEJiUH/

= 1l (H mu) [T (ulr

jEJiUH’ weMTy, weEMT,
= H(u)"™H(uy,) .

w')

UJi

By inserting (8.4) we get for i = 1,..., ¢,

H H “UJ||U) S2ni/2H(Y;‘)1/(n_1)H(u)_mH(uPi)_l/(n_l).
Uy

weT je[iw

Put I, = Ul_, I, for w € T. By Lemma 12 (ii),(iv), I, is an independent subset
of {1,...,7} of cardinality n. By taking the product over i = 1,...,¢ and using
Lemma 12 (iii), Lemma 11 (ii) and Lemma 13 we get

lu

(8.11) H H u]_|w S2(n1+"'+nt)/2{H(Y1)~"H(Yt)}1/(n_1)-

weT jEI, [ulw

CH(u)~ "t H(ap,) - H(up,)} /070

S 2n/2H(W)1/(n71)H<u)fn7{1/(n71)}.

For v € S, let g(v) be the number of places on L lying above v. Since L is a normal
extension of K, for every w € M|, lying above v € S there is a o, € Gal(Q/K)

such that |- |, = |ow () /9 Hence

(8.12) H ||1if||: _ (H %)”9“’) _ ( H |uj|v)1/9<”).

: : L uf
JGIw JGIUJ JETy ([w)

Let I, = o,,'(I,) for that place w lying above v for which the left-hand side of
(8.12) is minimal and put I := (I, : v € S). Since o, maps edges of H(W) to
edges, it maps independent subsets of {1, ...,r} to independent subsets. Therefore,
I consists of independent sets of cardinality n. By the choices of I,,,v € S and by
(8.12) we have, recalling that we have precisely g(v) places w lying above v,

H |Uj|v
|u|v

JEL,

gH 5w for v € S,
11 July
wlv j€ILy
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and by inserting this into (8.11) we obtain

(8.13) 1T 11 [l < o2 (W) =D f ()~ {1/ (=1}

veES jEI, |u"“

We complete the proof of Lemma 15 by deriving a lower bound for A(I, W).
Take any basis {a,...,a,} of W. Let s1,...,s, be the non-zero coordinates of
a; A...Aa, and put s = (s1,...,5p). Note that p < ([). By the remark at the
end of §3, for every o € Gal(Q/K),o(s1),...,0(sp) is up to signs a permutation
of s1,...,5, and by (3.9), H(s) = [I,cps,. [8lv- Further, (sq---s,)? is in K* and
therefore, [[,car, [51--8plo = 1. Let (a1 A ... Aay)r, = s;, for v € S. Then

(8.14) AL W) = [ Isi,lu- H|S|U_(H 'w)

veS veS
(Ulgg e Sp|v)H(S) = (glﬂﬁ : £|sl...sp|v)_lﬂ(s)
- ( 11 ’S|v> _pH(S) = H(s)' P =H(a; A... Na,)' P
veM

= HW)? > Hw) ().
By inserting this into (8.13) we arrive at

H H |U’J’U < 2”/2H(W)ﬁ+(2)_1A(I, W)H(u)—n—{l/(n—l)}
jeSsS jel,

< o2 W) AT, W) H (u)~"~ 1/ (=D}

This proves Lemma 15. 0

89. Proof of Theorem 4.

K,S,;s = |S|,r > 2,% and W have the same meaning as before. Let P be the
symmetric partition of connected components of H(WW'). We recall that by uc we
denote the coordinatewise product of the vectors u and c¢. For u = (uq,...,u,)
with u;...u, # 0 we write u=! for (ul_l,. ,ut). Define the multiplicative group

of u satisfying (2.3),
Gsy ={u=(u1,...,ur) € A5 : u;/uj € Og fori,j=1,...r}.
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Lemma 16. Suppose that dim W =n > 2 and that O 5/6(0O%) is finite. Then
the linear scattering of W N Ggx in W is at most

(2667,4)#3‘

Proof. For uy € G define the K-vector space uy 'W = {u; u:uc W}. Note
that this is again an n-dimensional subspace of Ay. It is no restriction to assume
that

(9.1) Hu 'W) > H(W) for every u € Ggx.
Namely, suppose that W does not satisfy (9.1). Choose ug € Gg x such that
H(ug'W) = min {Hu 'W):ueGsx};

this minimum is assumed since the set at the right-hand side is discrete. Put
W' :=uy'W. Clearly, W’ satisfies (9.1). Further, since (upc, uy 'u) = (c,u) we
have W't = ugW+. Hence the hypergraphs H(W) and H(W’) have the same
edges, i.e. are equal. Moreover, the linear scattering of W/ N Ggx in W’ is the
same as that of W N Ggyx in W. Hence it suffices to prove Lemma 16 for W’
instead of W.

Assume (9.1). We divide W N Gg 5 into the sets

D:={ueWnGsx: H(u>{2HW)}""}
E:={ueWnGss: H(u) <{2HW)}"}

and estimate the linear scatterings of both sets.

Let u e D and let I = (I, : v € S) be the collection of Lemma 15. Then

1T 11 “fli < 22gW) () - AQ, W) H(u) /(=)

veSicl, [l

< ALW) - H ()™t
where we used that H(u) > {2H(W)}"". By Lemma 4, the set of u € D cor-
respoznding to a fixed collection I as above has linear scattering in W at most
(26177210 ™) For each I, we have at most () possibilities and so for I at most
(:L)S possibilities. It follows that the linear scattering of D in W is at most

ND = (r>5(261n2r2nn7n)s S (266,,64)7123.

1
n 2
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Now let u = (uq,...,u,) € E. We rewrite H(u™'W). Choose any basis {aj, ..., a,}
of W. Then (u™'a; A .. AuTta,); = ([, ui)_l(al A ...\ ay)r, hence

(a1 Ao ANay)rle

|Hie[ Ui |y ’

(u W) = H\u aiA...Au” an\v—HmaX

where the maximum is taken over all independent subsets I of cardinality n of
{1,...,r}. For v € S, let I, be a set for which the maximum is assumed and put
I:=(l,:vels). Since u;/u; € O we have lui/ujly =1forv ¢ S, i,5=1,...,r.
Hence |u;|, = |ul, for i =1,...;r, v ¢ S. Therefore,

VANAN
maix (2 )il _ i max| (a1 A . A an)ly

‘Hie[ Uiy

= |u|,"ai1 A ... Na,|, forv¢&S.

It follows that

ul I( al Ao Nag)r, v la; Ao Aag|y
W) H H ul

vES Ze] |u7’|v vgS v
-(ILII '“z'”) (LW)H(w) ™"
veS iel,

Together with (9.1) this implies that

(9.2) I1 H '“@'” < AL W)H(u)"H(W)™L,

veSiel,

Now Lemma 7 with P = H(W), Q =1, B = {2H(W)}"" implies that the set of
u € FE corresponding to a fixed tuple I as in (9.2) has linear scattering in W at
most

(27Onlorn—|—1 )ns—!—l )

Since for I we have at most (;)s possibilities, it follows that the linear scattering
of E'in W is at most

Ng = (:L)S(27077J107“”+1)MJrl < %(2667"4)”25
We conclude that W N Gg 5 has linear scattering in W at most
Np + Ng < (266,47
This proves Lemma 16. OJ
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Proof of Theorem 4.

Let (W) be the set of vectors u € W satisfying (2.3) and (2.4), i.e. u € Ggx and
u is S-non-degenerate. By Lemma 11 (iii), we have W = Wp and so by definition
(2.2), F(W) is empty if OF ¢/06(O%) is infinite. We have to estimate from above
the number of K*-cosets in F(W). We proceed by induction on n = dimg W.

First let n = 2. Then the number of K*-cosets in F (W) is precisely the linear
scattering of F (W) in W. This is 0 if O} ¢/6(0%) is infinite and by Lemma 16 at
most

(2667,4)228 _ (233r2)238

if 0% ¢/0(0%) is finite.

Now let n > 3. Assume that for every K-linear subspace Wy of Ay, of dimension
no with 2 < ng < n, the set F(Wy) of S-non-degenerate elements of Wy belong-

ing to Gg x is the union of at most (233r2)”35K*—cosets. We may assume that
Op 5/6(0%) is finite. Then by Lemma 16 we have

FW)CWiU...UW,
where W1, ..., W; are proper K-linear subspaces of W and
(9.3) t < (206p4)n°s,

The notion ‘S-non-degenerate element of W’ depends on both the element and W
but it follows easily from the definition that for any proper linear subspace Wy of
W, every S-non-degenerate element of W belonging to Wy is an S-non-degenerate
element of Wy. Therefore, F(W) N Wy C F(Wy) for Wy C W. We conclude that

FW) CFWr)U...UF(W).

Together with (9.3) and the induction hypothesis this implies that F (W) is the
union of at most

(266T4)n2s ) (2337,2)(n—1)3s _ (233T2){(n—1)3+2n2}s < (233T2)n33

K*-cosets. This completes the proof of Theorem 4. 0
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