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KURZFASSUNG

Wir untersuchen die Redukte eines abzéhlbar unendlichen Vektor-
raums iiber einem Primkorper ungerader Charakteristik. Insbesondere
beantworten wir die Frage, ob die Anzahl solcher Redukte bis auf In-
terdefinierbarkeit endlich ist oder nicht.

Wir verwenden eine Verbindung, die durch das Ryll-Nardzewski-
-Theorem gegeben ist: die Redukte einer abzéhlbaren w-kategorischen
Struktur entsprechen, bis auf Interdefinierbarkeit, genau den abge-
schlossenen Permutationsgruppen auf der Doméne der Struktur, die
deren Automorphismen enthalten. Nachdem ein abzahlbar unendlicher
Vektorraum iiber einem endlichen Korper w-kategorisch ist, untersu-
chen wir also die abgeschlossenen Permutationsgruppen auf der Menge
der Vektoren, die iiber den Vektorraumautomorphismen liegen. Wir
beginnen mit den Permutationsgruppen, die den Nullvektor festhalten,
und gehen danach iiber zu den Permutationsgruppen, die den Null-
vektor verschieben konnen. Wir kénnen zeigen, dass es tatsdchlich
nur endlich viele solcher Gruppen gibt. Insbesondere schliefsen wir da-
raus, dass ein abzahlbar unendlicher Vektorraum iiber einem endlichen
Primkorper ungerader Charakteristik, bis auf Interdefinierbarkeit, nur
endlich viele Redukte hat.
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ABSTRACT

We investigate the first-order reducts of a countably infinite vector
space over a prime field of odd characteristic. In particular we answer
the question whether or not the number of such reducts is finite up to
interdefinability.

We utilize a connection given by the Ryll-Nardzewski Theorem,
namely that the first-order reducts of an w-categorical structure are,
up to interdefinability, in one-to-one correspondence with the closed
permutation groups on the domain of said structure which contain its
automorphisms. Since any countable vector space over a finite field is
w-categorical, we examine the closed permutation groups on the set of
vectors which contain the vector space automorphisms. We start with
the closed permutation groups on the set of vectors which fix the zero
vector, and then continue with groups which specifically do move the
zero vector. We are able to show that there exist indeed only finitely
many such groups. From this we immediately obtain that there are, up
to interdefinability, only finitely many first-order reducts of our struc-
ture.
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INTRODUCTION

Given a structure A, another structure B is a first-order reduct of A
if A and B have the same domain and all operations and relations of
B are first-order definable in A. Two structures which are first-order
reducts of one another are called interdefinable. In this thesis the role
of the first structure A is taken by a countably infinite dimensional
vector space V over a finite prime field of uneven characteristic. Our
goal is to show that the number of first-order reducts of V is finite up
to interdefinability.

A first-order reduct of V which is not interdefinable with V is for
example the structure (V) R), where V' is the set of vectors of V, and
the four-ary relation R is given by (a,b,c,d) € R iff a +b = ¢+ d.
Any translation is an automorphism of the structure (V,R). As a
consequence, the zero vector cannot be first-order definable in (V) R),
hence (V, R) and V are not interdefinable.

In the case of an w-categorical structure A its first-order reducts are,
up to interdefinability, in one-to-one correspondence with the closed
permutation groups on its domain which contain the automorphism
group of A. Therefore, instead of directly searching for first-order
reducts of V, we may investigate the closed permutation groups lying
between the automorphism group of V and the full symmetric group
on its domain.

The structure of this thesis is as follows. In Chapter 1 we recall
some basic definitions from Algebra and Model Theory and establish a
fixed notation we will be using throughout the thesis. In Chapter 2, we
state the theorems that enable us to study the closed supergroups of
the automorphism group of a structure instead of its first-order reducts.
We also observe that our assumptions suffice to apply said theorems.
For the rest of the thesis we will solely tread this path and investigate
the closed supergroups of the automorphism group of V. In Chapter 3
we consider the case in which a permutation group on the set of vectors
fixes the zero vector. In Chapter 4 we investigate permutation groups
that do not fix the zero vector.

This master thesis is based on a paper draft written by Bertalan
Bodor, Kenda Kalina and Csaba Szab6. The main contributions of
this master thesis are closing gaps, adapting the Fundamental Theo-
rems of Projective and Affine Geometry to a countable infinite setting,
generalizing results, most notably Section 3.1 and Lemma 4.10, as well
as adapting and clarifying various proof ideas.

I would like to thank M. Pinsker for his feedback and many helpful
suggestions.
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1. NOTATION

We recall some basic facts from Algebra, in particular from Linear
Algebra, which we are going to need on a regular basis. For proof of
said facts as well as an introduction to Algebra we refer to [8], [7] or

[5].

1.1. Relations. Let S be a set and let n > 0. The cardinality of ' is
denoted by [S|. A subset R of S™ is an n-ary relation R of S. If R is
a binary relation on S and (a,b) an ordered pair in 5%, we write a R b
iff (a,b) € R. Let ~ be an equivalence relation on S. For an element
s € S the equivalence class of s is denoted by [s].. Every element in
[s]~ is called a representative of the equivalence class [s]..

1.2. Operations. Let S be a set and let n > 0. An n-ary operation on
S is a function from S™ into the set S. A zero-ary operation is called
a constant; it takes only a single element of S as value.

1.3. Structures. A tuple A = (A, (t;)icr, (Rj);es) is called a (first-
order) structure in the signature ((¢;,m;)icr, (Rj, m;)jes) iff

e A is a set, called the domain of A,

e (1;)ics is a tuple of operations on A,

e (R;)jes is a tuple of relations on A,

e for all 7 € I the operation ¢; is of arity m,,

e for all j € J the relation R; is of arity n;.

If the signature is known from context, we usually refrain from men-
tioning it explicitly. We will, if not otherwise specified, denote struc-
tures by a letter in calligraphic font, such as A, and the corresponding
domain by the same letter in plain font, such as A. The tuple of re-
lations might be empty; a structure of this form is called an algebraic
structure or algebra. For example a group may be formalized as an alge-
braic structure in the signature (((0,0), (+,2), (=, 1)),0). On the other
hand a structure without operations is called a relational structure.

1.4. Groups. Let G be a group. For a subgroup H of G we write
H < G. If a subgroup N is normal in G we denote this by N' <1 G.
The order of an element g € G is the size of the smallest subgroup
of G which contains g. For H < G and N < G the group G is the
semi-direct product H x N iff G = HN ={h+n:h € H,n € N} and
H N N = {0}, if + denotes the binary group operation of G and 0 its
neutral element.

Let f: A— B and g: B — C be functions. Then f o g denotes the
composition such that for alla € A: (f og)(a) := g(f(a)). Sometimes
we write a’9 for (f o g)(a), in line with the notation a/ := f(a). For
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aset S C A we define S/ := {s/ : s € S}. We denote the restriction
of fto S by flg: S — B. In this case f is an eztension of f|s. The
identity function on S is denoted by idg: S — S.

The group of all bijective functions on A is the full symmetric group
on A and is denoted by Sym(A). Let G be a set of bijective functions
such that all f € G have domain and codomain A, and

e the identity on A is an element of G,

e for every f € G also f~! € G, and

e forall f,ge G also fogeG.
Then G = (G,idy, 0,71 is a permutation group on A and a subgroup
of Sym(A).

For a subset S of A the subgroup of G consisting of all functions of

G which fix S element-wise is called the stabilizer of S and is denoted
by Gg. If S consists only of finitely many elements z1,...,z, € A we
write G, s, instead of Gy, . ..1. For a function f € Sym(A) and two
sets of functions S, K’ C Sym(A) we introduce the following notation:

foS:={fog:ge€S}CSym(A),
Sof:={gof:g€ S} CSym(A), and
SoK:={goh:ge S he K} CSym(A).

.....

Let A = (A, (ti)ier, (Rj)jes) be a first-order structure in the signa-
ture ((t;, mi)ier, (R;,n5)jes). The automorphism group of A, denoted
by Aut(A), is the subgroup of Sym(A) consisting of all g € Sym(A)
such that for all 7 € 1

Va = (a1,...,am,) € A™ 1 g(ti(a)) =ti(g(ar),...,g9(am,)),
and for every j € J
Va = (a,...,an) € A% :a € Ry <= (g(a1),...,9(an;)) € R;.

1.5. Closedness. Let A be a set. A subset S of Sym(A) is closed with
respect to the pointwise convergence topology iff for all f € Sym(A)
such that for every finite subset F© C A there exists a function g € S
such that g|r = f|r we have f € S.

A sequence (f,,)n>0 of functions in Sym(A) is convergent iff there
exists a function f € Sym(A) such that for all a € A exists n > 0
such that for all N > n : fy(a) = f(a). The function f is the limit
of (fn)n>0. Using this we give an alternative and equivalent definition
of closedness: a subset S of Sym(A) is closed iff the limit of every
convergent sequence of functions in S lies in S.

A permutation group G < Sym(S) on S is closed iff G is.
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1.6. Fields. For a field F = (F,0,+,1,-) the constant 0 denotes the
neutral element of the addition + and the constant 1 denotes the neu-
tral element of the multiplicative group with domain F* := F'\ {0}.
For any two elements a € F and b € F'* we write § :=a - b1, where
b=! denotes the multiplicative inverse of b.

The characteristic of a field F, denoted by char F, is the order of 1
in the group (F, 0,4, —) if the order is finite, otherwise char F is zero.
For every prime number p and every n > 1 the field containing exactly
p" elements is denoted by [F,». This field is unique up to isomorphism.

The characteristic of F,» is always p. The multiplicative group F.
is cyclic.

Two important identities which hold in every finite field F,. are

e for every a € Fyn : a?" = a, and
o forall a,b € Fyn : (a£b)P =a? £ V7.

The prime field F, is isomorphic to the integers modulo p.

1.7. Vector Spaces. Let V = (V,0,+, —, (sf)fer) be a vector space
over a field F. The constant 0 denotes the zero vector of V and for
every f € F the operation sy denotes the scalar multiplication which
maps a vector v € V to fv e V.

The linear closure of a set S C V, denoted by (S), is the set of all
possible linear combinations ) __ ¢,s such that almost all, i.e., all but
finitely many, coefficients ¢, € F' are equal to zero. For finitely many
vectors vy, ...,v, € V we write (vy,...,v,) instead of ({v1,...,v,}).
We say that W C V is a subspace of V if W induces a substructure of
the vector space V), in this case we write W < ). We denote the set of
all subspaces of V by S(V) and the set of all one-dimensional subspaces
of ¥V by S1(V). The dimension of a subspace W < V is denoted by
dim W. Moreover, for two subspaces W, U <V the sum W + U is the
linear closure of W UU. This notation can be extended to an arbitrary
family of subspaces (W;)ic; of V and we write in this case ), ., W;.

For another vector space VW over the same field F and « € Aut(F), a
function ¢: V' — W is semi-linear with respect to « iff for all v,w € V
and all c € F

o p(v+w)=p)+ ew), and
° p(cv) = c"p(v).

The inverse of a bijective semi-linear function is also semi-linear. The
group of all invertible semi-linear functions from V to V is denoted by
I'L(V). Clearly TL(V) < Sym(V). A semi-linear function with respect
to idp € Aut(F) is a linear function. The linear invertible functions
from V to V are exactly the automorphisms of V.
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1.8. Affine Spaces. Let V = (V,0,+, (sf)rer) be a vector space. An
affine space is a set A and an action +4: A X V' — V of the additive
group of ¥V on A such that for all a € A and v,w € V we have

e a+,40=a,

o (a+av)+w=a+4(v+w), and

e the mapping V — A: v a+4 v is a bijection.

We will always assume A to be a subset of V' and + 4 will always
be the addition in the vector space V. In this case we call A an affine
subspace of V. We have that A is an affine subspace of V iff for any
v€E Atheset A—v={a—v €V :a€ A} is a subspace of V. This
subspace does not depend on the choice of v € A. The dimension of
an affine subspace of V is the dimension of the corresponding subspace
of V. For a set of vectors S C V we write Aff(S) for the affine closure
of S'in V which is the set of all affine combinations, i.c., all ) _¢css
such that almost all ¢, € I" are zero and the sum ) _sc, equals 1 €
F. For finitely many vy,...,v, € V we write Aff(vy,...,v,) instead
of Aff({vy,...,v,}). The affine closure Aff(S) is the smallest affine
subspace of V containing S.

Given a € Aut(F) a semi-affine mapping with respect to « is a
function ¢: A — A’ from one affine subspace A of V to another affine
subspace A’ of V such that for all S C A and all affine combinations
Y ses Css we have

0 (Z css> = cap(s).

sesS ses
A bijective semi-affine mapping with respect to idy is called an affine
mapping. The set of all affine mappings from V' to V is denoted by
AGL(V) and the set of all bijective semi-affine functions from V to V
is denoted by AT'L(V).
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2. FIRST-ORDER REDUCTS AND PERMUTATION GROUPS

We will state the exact relation between the first-order reducts of an
w-categorical structure and the closed permutation groups containing
its automorphism group. At the end of this chapter we show that this
relation applies in the case of a countably infinite dimensional vector
space over a finite field, and we will fix the structure we consider in
this thesis. For an introduction into Model Theory we recommend |[6].

Let S be a set, let G be a permutation group on S and let s =
(S1y...,8,) € S™ for some n > 1. Then the n-orbit of s is the set
G(s) :={s?: g € G}, where s9 := (s{,...,59).

Definition 2.1. Let S be a set and let G be a permutation group
on S. The group G is oligomorphic iff for every n > 1 the set of
n-orbits {G(s) : s € S™} is finite.

We note that by expanding a permutation group the number of orbits
can only decrease, therefore any supergroup of an oligomorphic group
is still oligomorphic.

A theory is a set of first-order sentences, i.e., first-order formulas
without free variables, over a signature L. We say that a structure A
in the signature L is a model of a theory T' iff every sentence v of T is
true in A, which we denote by A E 1. The theory of a structure is the
set of all first-order sentences which are true in the structure.

Definition 2.2. A theory is w-categorical iff it has, up to isomorphism,
only one countable model. A structure is w-categorical iff its theory is
w-categorical.

Theorem 2.3. Let A be a structure on a countably infinite domain.
Then A is w-categorical iff the automorphism group Aut(A) is oligo-
morphic.

This is only a part of the Theorem of Engeler, Ryll-Nardzewski and
Svenonius. For the full theorem and proof thereof see [6, p. 171].

Definition 2.4. Let A be a structure and n > 0. An n-ary operation
d: A" — A'is first-order definable over A iff there exists a first-order
formula v (z,y) over the signature of A such that

Vaec A"Vbe A: d(a) =b<+ AF Y(a,b).

Similarly an n-ary relation R C A" is first-order definable over A iff
there exists a first-order formula v () over the signature of A such that

Vac A" : a€ R AFE ¢(a).
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Definition 2.5. Let A be a structure. A structure B on the same
domain A is a first-order reduct of A iff all operations and all relations
of B are first-order definable over A. Two structures which are first-
order reducts of each other are called interdefinable.

Since we are only interested in first-order reducts we omit “first-
order” from now on and write “A is a reduct of B”. If a structure is a
reduct of another structure, then the two automorphism groups relate
in the following way.

Theorem 2.6. Let B be a reduct of a structure A. Then Aut(B) is a
supergroup of Aut(A).

Proof. Given an arbitrary relation R C A™ of B there is a first-order
formula ¢ (xq,...,x,) over the signature of A such that for all tuples
(a1,...,a,) € A" we have (a1,...,a,) € R < AFE ¢(ay,...,a,). Let
a be an arbitrary automorphism of A. For every (ay,...,a,) € A" we
have

AEY(as,...,ay) < AFEY(aq, ..., a,).

By the same argument this also holds for all operations of B, hence
a € Aut(B). O

Let A be a structure. If for an arbitrary function f € Sym(.A) for
every finite subset F' C A there exists a € Aut(A) such that o|r = f|F,
then f satisfies the conditions for being an automorphism and thus lies
in Aut(A). Therefore the automorphism group of a structure is always
closed.

The proof of Theorem 2.7 follows from the full version of Theorem
2.3 and shall be omitted.

Theorem 2.7. Let A be a structure and let G be a closed permutation
group on A containing Aut(A). Then there exists a reduct B of A such
that Aut(B) = G.

For an w-categorical structure Theorem 2.6 and Theorem 2.7 show
that its reducts are, up to interdefinability, in one-to-one correspon-
dence with the closed permutation groups lying between the automor-
phism group of said structure and the full symmetric group on its
domain.

It remains to be shown that the structure we are interested in, i.e.,
a countably infinite dimensional vector space over a finite field, is w-
categorical.

Lemma 2.8. Let W be a countably infinite dimensional vector space
over a finite field F. Then W is w-categorical.
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Proof. Let T be the theory of W. The vector space axioms are con-
tained in 7', hence every countably infinite model of T is a vector space
over F. Let M be such a model. The dimension of M cannot be
finite, since if dim M = n > 0, then the number of vectors would total
|F|" < oo. The number of elements in M is countably infinite, thus
the dimension of M cannot be of higher cardinality. Therefore, dim M
is countably infinite, hence M and W are isomorphic. O

We note that a countably infinite vector space has to be over a finite
field for it to be w-categorical. To see this let VW be a vector space over
a field R. Let v be a non-zero vector of W. For distinct r1,70 € R
the tuples (v, 7v) and (v, rv) lie in different two-orbits of Aut(W). If
R is infinite there are infinitely many different possibilities for r; and
ro and none of the corresponding orbits coincide. But then W does
not have an oligomorphic automorphism group and is therefore not
w-categorical.

We now fix the structure we are considering in the first sections of
this thesis. From Section 3.2 on we will further restrict us to prime
fields. But for now and until we explicitly state otherwise let p be an
odd prime, let m > 1, and

let V be a countably infinite dimensional

vector space over the field Fym.

We will restate this, and any further fixed assumptions of a chapter or
section, only in the main results to ensure that they may be read on
their own.

Our goal is to show that there are only finitely many reducts of V
up to interdefinability. We only manage to do so for the case m = 1.
Nevertheless, the results of the first few sections also hold in the general
case. We know by Theorem 2.6 and Theorem 2.7 that it suffices to
show that the number of closed permutation groups on its domain
which contain Aut()) is finite. We will start in Chapter 3 with the
supergroups of V which fix 0.
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3. THE CLOSED SUPERGROUPS OF Aut()) FIXING 0

For the rest of this chapter let G be a closed permutation group on
V' such that

Aut(V) <G < Sym(V)o.

Our goal is to investigate the structure of G. In particular we examine
the action of G on the set of equivalence classes of a suitable equivalence
relation.

Definition 3.1. Let I' be a multiplicative subgroup of F .. We define
an equivalence relation ~p on V' by setting for all v, w € V:

ve~p w iff for some A € I': v = Aw.

We note that for all I' < F

e This is an equivalence relation since I' is a group.

e Two linearly independent vectors can never be equivalent, i.e.,
for all v € V' the equivalence class [v].,. is contained in (v).

e The equivalence class of 0 is {0}.

If we want G to act on the equivalence classes of ~r we we need that
~r is G-invariant, i.e., for every g € GG and for all v,w € V we have
that v ~r w implies v9 ~r wY. The subgroup I' of I needs to be of a
specific form for this to be possible. To find such I' we look for another
equivalence relation which will obviously be G-invariant and then show
that there is a group I' < . such that the two definitions describe
the same equivalence relation.

The automorphisms of V are not able to split two vectors which lie
in the same one-dimensional subspace of V — “split” meaning that the
vectors would be mapped into different one-dimensional subspaces of V
by an element of Aut()). However, G might be able to split two vectors
which are linearly dependent. With this in mind, another auspicious
relation is the following.

Definition 3.2. Let H be a subgroup of Sym(V). We define an
equivalence relation ~4 on V such that for all vectors v,w € V:

v~y w iff for all h € H: (u") = (w").

We note that for all H < Sym(V)o:

e Two linearly independent vectors can never be equivalent under
~%. In particular for every v € V' we have [v].,, C (v).
e The relation ~y is invariant under H:

~H

(1) Vhe HYv,w € V: vy w <= 0"~y wh.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

13

e The equivalence class of 0 is just {0}.

This already looks similar to what we noted about ~p. Indeed we can
show that for any H < Sym(V')e which contains Aut()) there exists a
group I' < F ), whose domain we also denote by I', such that the two
equivalence relations ~4 and ~r coincide.

Lemma 3.3. Let H be a subgroup of Sym(V)e containing Aut()V).
Then there exists a group I' < F i such that ~y = ~r.

Proof. We fix an arbitrary vector v # 0 and consider the set
My = {N € Fjn 1 v~y M}

We claim that M, does not depend on v. This holds, as for any other
vector w # 0 there exists an automorphism ¢ of V which maps v to w.
Therefore, \v ~3 v iff Aw ~; w because of (1).

Now I' := M, contains 1 € F,m because ~y is reflexive. For any
A € T its inverse A~! is also an element of I' since ~y is symmet-
ric. Furthermore, I' is closed under multiplication due to ~% being
transitive.

This shows that I' is a subgroup of F,.. For all elements A € F .
and for all vectors v € V'\ {0} we have

Ver A == AETD <= v~y .

Any vector outside of (v) cannot be equivalent to v under ~4 or ~r,
and we have already seen [0].,, = [0].,. = {0}. This shows that ~y
and ~r coincide. OJ

We now apply Lemma 3.3 to our fixed group G and fix I' < F . for
the rest of Chapter 3 such that ~g = ~p. Both equivalence relations
will be denoted by ~.

In the case I' = [ we have to distinguish two cases, namely whether
or not G maps two-dimensional subspaces of V to two-dimensional sub-
spaces V. The former will be discussed in Section 3.1, the latter will be
considered together with the remaining case where I' < Fi. in Section
3.2.
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3.1. The group G preserves projective lines. In this section we are
going to assume that I' is equal to F,.. and that G preserves projective
lines. Since for all v € V' \ {0} the equivalence class [v]. is equal to
the linear closure of v without 0 and since the group G fixes 0, the
action of G on the ~-equivalence classes is isomorphic to its action on
the one-dimensional subspaces S;(V) of V. Our goal is to show that
in this case the action of G on S;(V) is the same as the action of a
subgroup of T'L(V) thereon.

Definition 3.4. Let W be a vector space. A bijective function
g: S1(W) — S1(W) preserves projective lines iff for all Lo, Ly, Ly €
S1(W) we have

A group H < Sym(S;(W)) preserves projective lines iff every element
of H preserves projective lines.

Let W be a vector space and let g: S; (W) — S1(W) be a bijective
function which preserves projective lines. Given a two-dimensional
subspace P < W, there are Ly, Ly € S;(W) such that P = L+ L, thus
by (2) every one-dimensional subspace Lo C P of W is mapped into
LY+ L§ by g which, since g is bijective on S;(W), is a two-dimensional
subspace. For any L € S;(V) such that L C LY + L} we have L9 C
Ly + Ly = P. Therefore we obtain

P=| L L<PALeSI(W)}=L{+ LS.

In particular g maps every two-dimensional subspace of W (a “pro-
jective line”, see for example [5, p.165]) to a two-dimensional subspace
of W.

When we say that G preserves projective lines we indicate that the
action of G on S; (V) preserves projective lines. Assuming this, we want
to show that for any element g € GG there exists a semi-linear function
@ € I'L(V) such that their action on S;(V) is the same. In particular,
we want to show that our Definition 29 coincides with the definition of
“collinearity” as it is defined in |5, p.174].

First we need a few easy properties of bijective semi-linear functions.

Lemma 3.5. Let W be a vector space over a field F and let p: V —V
be a bijective semi-linear function with respect to o € Aut(F). Then
for all M,U € S(W) the following holds:

(a) (M +U)?=M?+U?,

(b) dimU = dim U¥, and

(¢) The action of ¢ on S1(V) preserves projective lines.
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Proof. All items (a)-(c) follow immediately from the definition of semi-
linearity. U

The next part of this section until Theorem 3.7 is a slight generalisa-
tion of Section 2.10 of [1, p.87f] from finite-dimensional to countably
infinite-dimensional vector spaces.

If a function preserves projective lines, then it also preserves arbi-
trary subspaces of a vector space in the sense of condition (3) below.
We will need this for the proof of Theorem 3.7.

Lemma 3.6. Let W be a vector space and let g: S1(W) — S1(W) be
a bijective function that preserves projective lines. Then for every set
S CSi(W) and all Ly € Si (W)

(3) LiCY L« L{C> L

LesS LeS
Proof. We first show the statement for all finite sets S C S;(W). We
show via induction over n > 1 that for all one-dimensional subspaces
Lo, Ly, ..., L, of W the function g satisfies

(4) LogiLi — ngiLf.
=1 =1

The case n = 1 is obvious and the case n = 2 is exactly condition
(2). Let n > 2 and assume we have already shown (4) for n — 1. We
show the implication from left to right.

Let Lo, L1, ..., L, € S;(W) be given and assume that Ly C > | L;.
There exist vectors v, w € W such that v is an element of L1+---+L,,_1,
the vector w is an element of L, and the vector v 4+ w spans Ly. We
apply (2) to Ly C (v) + L,, and our induction hypothesis (4) to (v) C
L+ - -+ L,_; and obtain:

19 (CQ) 9 @ 4 g
0 © (W'+L]) © L{+--+ L7+ 1L

Condition (2) also holds for g=!. Therefore, the implication from left
to right of (4) holds for ¢! by what we just showed. This shows that
for g both sides of (4) are equivalent.

Let I be an arbitrary infinite set and let {L; : i € I} be a set of
one-dimensional subspaces of W. If a one-dimensional subspace L, €
S1(W) is contained in ), L; then there is a finite subset I" of I such
that Lo C >, Li. By (4) we obtain that L§ € ., LY € 3., LY.
The other implication follows in the same way as before. 0

We are now able to show that if a function that acts bijectively on the
one-dimensional subspaces of a vector space preserves projective lines,
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then this action is the same as the action of a semi-linear function on
the one-dimensional subspaces of said vector space.

Theorem 3.7. Let g € Sym(S1(V)) preserve projective lines. Then
there exists a bijective semi-linear function ¢: V. — V with respect to
some a € Aut(F,m) such that the action of ¢ on S1(V) is g.

Moreover if 1. V- — V is an arbitrary bijective semi-linear function
with respect to B € Aut(F,m) whose action on S1(V) is equal to g, then
there exists ¢ € Fym such that for every v € V we have p(v) = (cv)
and for every x € Fym : a(z) = B(cxc™).

Proof. To prevent cluttered notation in this proof we will refer to “sub-
spaces of V" simply as “subspaces”.

Let {v; : i > 1} be a basis of V. For all ¢ > 1 define L; := (v;). Every
L; is mapped by g to another one-dimensional subspace L;. For every
i > 1 there exists a vector ; such that L; = (7;).

Claim: The set {0; : ¢ > 1} is a basis of V.

We prove this claim by showing that {#; : ¢ > 1} is a minimal
generating subset of V. Let v € V be arbitrary. The function g acts
bijectively on the one-dimensional subspaces of V, thus there exists a
one-dimensional subspace L such that L9 = (v). The subspace L is
contained in 3., L;, thus by Lemma 3.6 (v) = L9 C 3., L;. Hence,
v is an element of ({7; : i > 1}). -

It remains to show that {o; : ¢ > 1} is minimal with the prop-
erty of generating V. Without loss of generality we show that v; &
({v; : 1 > 2}). We strive for a contradiction. Suppose there exist coef-
ficients (¢;)i>2 in Fpm, almost all of them 0, such that )., c¢;0; = 05.
Then the one-dimensional subspace Zl = (7y) is contained in the sub-
space Y ., L;. By Lemma 3.6 the one-dimensional subspace L is
therefore contained in .., L;, contradicting the fact that {v; : i > 1}
is a basis of V. This shows our claim.

Our next goal is to construct a suitable field automorphism a. For
every ¢ > 2 the one-dimensional subspace (v; + v;) is contained in
Ly + L;. Since g preserves projective lines the subspace (v + v;)? is
contained in (01) + (0;). There exists a uniquely determined ¢; € Fym
such that (v; + v;)? is spanned by a vector of the form o; + ¢;0;. This
¢; cannot be 0 since if ¢; = 0, then both (v;) and (v; 4+ v;) would be
mapped to (v;) which is a contradiction. The set {9; : ¢ > 1} is a basis
of V iff {0} U{c;0; : i > 2} is. Therefore, we may assume without loss
of generality that for all i > 2:¢; = 1.

For any ¢ € F,m and for every ¢ > 2 the subspace (v; + cv;)? is
contained in (0;) + (9;). There exists a unique ¢ € F,m such that
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(v1 + cv;)? is spanned by 0y + é0;. We define a function ;: Fpm — Fym
by ¢ — ¢. This function «; is injective because g is. Since (v + 1v;)? =
(01 + 7;) we obtain a;(1) = 1. Clearly «;(0) is equal to 0. We now want
to show that for all 4, j > 2 the functions «; and «; coincide.

Let ¢ € Fym and 4,5 > 2 be arbitrary such that ¢ # j. The one-
dimensional subspace (cv; — cv;) is contained in (v;) 4+ (v;) as well
as in (v1 + cv;) + (v1 + cv;). Therefore, the one-dimensional subspace
(cv; — cv;)? is spanned by a vector which lies in the intersection

(@i) + <@j>) N ((@1 +COG;) + (B + ¢T;) )
Since v; is not an element of the left-hand side, the subspace
cv; — cv;)? is spanned by a vector of the form c®o; — c®iv;.
J J
For ¢ =1 we end up with
(vi — ;)" = (170 — 197;) = (B — ;) -
For arbitrary ¢ € Fym since (cv; — cvj) = (v; — v;) we obtain
<Cai17i — Cajf]j> = <CUZ' — CUj)g = <7~}z — 17]> s

hence c¢* = ¢*. Since ¢ was arbitrary for all i, > 1 we have o; =
a; = Q.

We show that « is indeed a field automorphism. To this end we are
going to show that for all coefficients (¢;);>2 in Fym, almost all of them
0, we have

9
(5) <1)1 + CiUi> = <1~)1 + ZC?TNJI> .
i>2 1>2

We prove via induction over n > 2 that for all o, ..., ¢, € Fpm

(6) <U1 + ZC@'U1> = <1~J1 + Zcf‘f)l> )

The base case n = 2 holds by definition. Assume we have already
shown (6) for all ca, ..., ¢, € Fym.

Let ca,..., ¢y, c € Fym be given. The one-dimensional subspace
(01 4+ > €U + CUpyq) 18 contained in

<vl + Z civi> + (cvpt1) and (vq + cvpy) + <Z civl-> )
=2 1=2
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Therefore (vy + > 1, ¢;v; + cvy41)? is contained in

n g n g
<v1 + Z cm> + (Vpy1)? and (v1 + cvpgq)? + <Z civi> )
=2

=2
By our induction hypothesis and the base case n = 2 these sets equal

n n g
<171 + Zcf‘??l> + (Upy1) and (07 + 0py1) + <Z civi> .
i=2 1=2

Thus the linear closure

n g
<v1 + Z CiV; + cvn+1>

=2
is spanned by a vector of the form

Ui+ Y+ g
i=2
Since linear combinations are finite, this shows (5).
For any (¢;);>2 in Fpm, almost all of them 0, the subspace <Z¢>2 cz-vi>
is contained in (v; + 3,00 civ5) + (v1) as well as in -, (v;). By (5)
we obtain that (3., c;v;)” is contained in (31 + Y0, ¢¥0;) + (T1) as
well as in > .., (0;), thus

(7) <Z c,-vi> = <Z cf‘ﬁi>.

We now want to show that for all z,y € Fym : (z + y)* = 2® + y°.
For any x,y € F,m the subspace (v; + (2 + y)vs + v3) is contained in

(v1 4 @v2) + (v2) + (vs3) and (v1 + yva) + (v2) + (v3) -
We obtain (v; + (2 + y)ve +v3)? = (01 + (2* + y*)0s + 3) by our
definition of a. By (5):
(v1 + (. + y)va + v3)? = (01 + (v + y)* 0o + T3) .
As a consequence (x + y)* = z“ 4+ y®. To show (zy)* = 2*y* consider
(v1 + xYvy + TU3) C (V1) + (YV2 + V3) .

There exists ¢ € Fym such that (v; + ayvs + zv3)? is spanned by
U1 + cy®Vy + cb3. On the other hand (v; + zyve + zv3)? is equal to
(01 + (zy)*Vy + x*03), hence ¢ = z®. Together, we obtain (zy)* =
Ty,

Since « is compatible with 0,4, 1 and -, it is injective. By finiteness
it follows that « is bijective and therefore a € Aut(F,m ).
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We have already shown for all coefficients (¢;);>2 € F,m, almost all
but not all of them 0, that <vl + > s Civl->g is equal to <1§1 + > s Cf‘fh‘>-
For any additional coefficient ¢; € TF‘;m, since <cwl + > s cin-S is the
same as <vl + > e cl_lcivi> and since « is a field automorphism, we
obtain

(8) <Z cl-vi> = <Z c?ﬁi>.

We can finally define a semi-linear function ¢: V — V. Let v € V
be a vector, which is represented over the basis {v; : ¢ > 1} by the
linear combination ) .., ¢;v; with coefficients (¢;);>1 in Fym, we define:

©
v¥ = < g cw,;) = ( 5 c?@i> )
i>1 i>1

By (8) the function ¢ acts on S1(V) as g. It remains to show the
uniqueness of ¢ and « up to a factor ¢ € Fym.

Let 1 be an injective semi-linear function with respect to a field
automorphism [ and assume the action of 1) on S;(V) is g. For any
vector v € V' \ {0} the functions ¢ and 1 coincide on (v), thus there
exists ¢, € Fym such that ¢(v) = 9¥(c,v). For any other vector w €

VA (v)
SO(U + w) = ¢(Cv+wv) + w(cv—&-ww) equals
p(v) + p(w) = P(c,v) + Y(c,w),

hence for all v,w € F,n» we obtain ¢, = ¢yt = ¢,y =: ¢. Therefore for
all z € V we have p(z) = ¢(cx). For all k € Fym and allv € V

B(0) = (ko) = (k) = p{(chee)v) = (cke™ )P (co),
thus k® = (ckc™1)P. O

Theorem 3.7 is a variation of the Fundamental Theorem of Projective
Geometry (Theorem 2.26 |1, p.88|). We remark two points about the
proof.

e We used that there exist at least three linearly independent vec-
tors in the vector space, i.e., the dimension of the corresponding
projective space is at least 2. In fact Theorem 3.7 also holds
for finite-dimensional vector spaces of dimension at least three
over arbitrary fields, but does not hold in this form for vector
spaces of lower dimension than three. See for example Remark
2 |1, p.88] and Section 11 [1, p.89|.
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e Furthermore we used the finiteness of the underlying field Fym.
This is not necessary and the proof can be easily adjusted to
accommodate an infinite field.

By Theorem 3.7 if we assume that all functions of G when acting on
S1(V) preserve projective lines, we obtain that G acts as a subgroup of
I'L(V) on S{(V). With this in mind we want to give a more detailed
description of the bijective semi-linear functions on a vector space.

Let W be a vector space over a field F. We define an action of
Aut(F) on W in the following way. Let {v; : i € I} =: B be a basis
of W. For every a € Aut(F) we define a mapping ap such that for all
elements (¢;);er of the field F, almost all of them 0,

ap (Z civl-> = ;.

il i€l

We denote Autp(F) = {ap : a € Aut(F)}. Clearly (idp)p = idy
and for any «, 5 € Aut(F) we have agofip = (a0 3)p, hence Autg(F)
is a group.

Lemma 3.8. Let W be a vector space over a field F and let B be a basis
of W. Then the group TL(W) is the semi-direct product Autg(F) X
Aut(W).

Proof. Let B = {v; : i € I} be for aset I. Every function in Autg(F) is
bijective and semi-linear, hence Autg(F) < I'L(W). Moreover Aut(WV)
is normal in I'L(W) since for any ¢» € I'L(W), all ¢ € Aut(W), and all

coefficients (¢;);er in F', almost all of them 0, we have

Yoyt
(Z civi> = Z cz»vzﬁ‘mp—l.

iel i€l

This shows that 1 o@o™ is an automorphism of W, thus
Yo Aut(W) oyt C Aut(W) and Aut(W) < TL(W).

For all (¢;)ier in F, almost all of them 0, every bijective semi-
linear function ¢ with respect to some a € Aut(F) maps any vector

. o . . . o
> ier GV to Y. cfv). The function which maps any linear combina

tion D .., civi to >, ¢;v? defines a function ¢ € Aut(W). We obtain
Y =apgop,ie, TLIW) = Autg(F) o Aut(W). Clearly the only func-
tion which simultaneously lies in Aut(W) and Autg(F) is the identity
on W.

U
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By Theorem 3.7 the action of G on S;(V) is equal to the action of
some subgroup of 'L (V). Since G contains Aut(V) we are interested
in the subgroups of Autp(F,m) x Aut()) containing Aut(V).

Lemma 3.9. Let M be a group, N, H< M and M =H x N. Then
for all subgroups S < M such that N < S, there exists K < H such
that S is the semi-direct product KK x N

Proof. Let S be given and M be formalized as M = (M, 0,4, —). We
define K := H NS and show that this induces an appropriate subgroup
of H. To start with, N is still normal in S since S < M. Also
NNK=NNHNS={0} and K induces a subgroup K of S.

It remains to show NK = S. Clearly NK C S. For the other
inclusion let s € S be given and let h € H and n € N such that
s=n+h. Since N < S also (—n) +n+h=h € S, hence h € SN H.
This concludes the proof. 0

We remark that the dual statement also holds, i.e., if S a subgroup
of H x N and H < S, then there exists K < N such that S = H x K.

If S is a subgroup of Hx N and neither H < S nor ' < S, we cannot
conclude that S is again a semi-direct product. Consider for example
any group M with + as its group operation and 0 its neutral element.
Let M be the isomorphic group with domain M; = {(m,0) : m € M}
and likewise My with domain M, = {(0,m) : m € M}, both with
component-wise addition. Then M; x M is a semi direct product
with domain {(m, k) : m,k € M}. The diagonal {(m,m) : m € M}
induces a subgroup of M; x My not equal to a semi-direct product of
the form H x N for some H < M; and N' < M,.

The automorphisms of a finite field are generated by the Frobenius
automorphism.

Definition 3.10. Let ¢ be a prime number and let n > 1. The function
0: Fgn — Fgn defined by o — 27 is called the Frobenius automorphism
of Fygn.

Let 0: Fym — F,m be the Frobenius automorphism of F,~. By [1,
p.246| the automorphisms of F,m are of the form

Aut(Fym) = {idg,,0,...,0™ '},

This is a cyclic group, thus we know the exact form of its subgroups.
For a proof of Lemma 3.11 see for example [8, p. 23f].

Lemma 3.11. Let M be a cyclic group. Then every subgroup of M
15 cyclic. For every divisor k of the order of M there is exactly one
subgroup H < M such that the order of H is k.
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We recall that V is a countably infinite dimensional vector space over
the finite field [F,» which has odd characteristic and that G is a closed
supergroup of Aut()V) which fixes 0. If G preserves projective lines, by
Theorem 3.7, we obtain that there exist k,n > 1 such that kn = m
and the action of G on S;(V) is the same as the action of

{o", 0, ..., 0" =idg .} x Aut(V) < Sym(S;(V)).

From the next section onwards we are going to restrict ourselves to
a vector space V over a prime field F,, of uneven characteristic.

The finite field F, is isomorphic to the integers modulo p, in partic-
ular F, is generated by 1 and the addition in IF,, therefore Aut(FF,) =
{idg, }. Thus in that case the semi-linear functions I'L()) are the same
as Aut()). We have shown the following theorem.

Theorem 3.12. Let V be a countably infinite-dimensional vector space
over a finite prime field IF, of odd characteristic and let G be a closed
supergroup of Aut(V) fizing 0 and acting on S1(V) as well as preserving
projective lines. Then G acts on S1(V) and on the set of ~-equivalence
classes in the same way as Aut(V) does.
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3.2. The remaining cases for G < Sym(V')e. From now on until
the end of this thesis, we only consider the case that V is a countably
infinite vector space over a prime field I, of odd characteristic p.
We consider the remaining cases, namely
e [' = and the action of G on S;(V) does not preserve projec-
tive lines, or

e <.
Our goal is to show that under these assumptions G acts on the set
of those ~-equivalence classes which are not {0} as the full symmetric
group.
Theorem 3.13. Assume that one of the following conditions holds.

o I' =T and the action of G on S1(V) does not preserve projec-
tive lines, or
e 'S .
Then G acts as the full symmetric group on (V \ {0})/~.

The proof is split into the following three steps:

(i) every tuple of vectors of V' \ {0} can be mapped into a “suffi-
ciently small” subspace of V by an element of G;

(ii) G acts transitively on arbitrary large tuples of non-equivalent
elements of V'\ {0};

(iii) G acting on (V' '\ {0})/~ is a closed permutation group.

From (ii) and (iii) it immediately follows that G acts on (V' \ {0}). as
the full symmetric group.

The first step (i) will carry most of the weight. The second step (ii)
will follow quite easily from (i). The third step (iii) does not depend on
(i) and (ii) and will follow from the fact that all ~-equivalence classes
are finite.

We start with a few easy observations for stabilizers.

Lemma 3.14. Let S be a finite subset of V.. Then for all v € V the
following are equivalent:
(1) Gs(v) is infinite,
(2) Gs(v) contains some vector u ¢ (S,
(3) Gs(v) 2 VA (S).
Proof. Let v € V be given.
(1) = (2): Assume Gg(v) to be infinite. Since (S) is finite Gg(v)
has to contain some element outside of (.5).
(2) = (3): Already Aut(V)s acts transitively on the elements of
V'\ (S). Since there exists a vector in Gg(v) which lies in V'\ (S), any
element outside of (S) is also an element of Gg(v).
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(3) = (1): Since V'\ (S) is infinite, so is Gg(v).
U

Lemma 3.15. Let S be a subset of V' \ {0}. Then for allv € V and
all g € G the following holds:

(1) g 'oGsog=Ggs.

(2) Gs(v)? = Gge(v9).

(3) |Gs(v)] = 00 = |Gga(v9)] = o0.

Proof. Let v € V and g € G be given. If h € Gg then g~ o ho g fixes
every element s9 € 59 since s9(97ha) — gha — 49 For the same reason
if f € Ggg, then go fog™! fixes S element-wise. This proves (1).

For (2) we consider Gg(v)? which is equal to:

1

{V": he Gs} = {v99 . f € Gg}?
= {(v9)7: f € Gs}? 9 = Qo ().
Finally (3) follows immediately from (2). O

Definition 3.16. Let S C V \ {0} and let £ > 1. Then Ak(S) is
defined as the set of vectors v € V for which the set {v} U S can be
mapped into a k-dimensional subspace of V by an element of G.

For any set S C V' \ {0} and any k > 1 as soon as Ag(S) # (0 the
zero vector is an element of Ag(S) since G fixes 0.
The set Ai(S) has some useful and easy to show properties.

Lemma 3.17. Let S be a subset of V '\ {0} and let k > 1. Then
(1) for all g € G: Ap(S) = Ap(S9)9 ",
(2) for all M 2 S: Ag(S) 2 Ar(M) (antitonicity),
(3) for all v € Ak(S): Gg(v) C Ak(S).

Proof. (1): A vector v is an element of Ax(9) iff {v}US can be mapped
into a k-dimensional subspace by an element of G. For all g € G this
is the case iff {v9} U S9 can be mapped into a k-dimensional subspace
by an element of G. The equality Ax(S) = Ax(S9)? " follows.

(2): Let M O S be given. For any v € V if the set {v} U M can
be mapped into some other given set by a function, then so can any
subset of {v} UM by the same function. In particular this is the case
for {v} US.

(3): Let v be an element of Ax(S). Any element w in Gg(v) can
be mapped to v by some function of Gg. Therefore, since {v} U S can
be mapped into a k-dimensional subspace by an element of G, so can

{w}uUs. O
As it turns out the set Ag(S) has always one of three shapes.
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Lemma 3.18. Let S be a subset of V\{0} and let k > 1. Then exactly
one of the following holds:

(1) Ap(S) = 0.

(2) There exists a k-dimensional subspace W of V and there exists
g € G such that Ag(S) = W9.

(3) A(S) =V.

Proof. For S = () the set Ai(S) is equal to V, thus let S # 0. If S
cannot be mapped into a k-dimensional subspace of V by any element of
G, then A(S) = () which is the case (1). Otherwise clearly S C Ax(S).

Let g € G be a function which maps S into a k-dimensional subspace
W of V. By Lemma 3.17 (1) it suffices to prove the statement for
Ak (S9). The subspace W is contained in Ag(SY). If Ax(S9) = W, then
case (2) follows. Otherwise there is an element w € Ag(59) \ W. We
show that from this A(S9) =V, i.e., case (3), follows.

Since (S9) € W the element w cannot lie in (SY), thus by Lemma
3.14 the set Ggo(w) contains V' \ W. By applying Lemma 3.17 (3) we
obtain V'\ W C A,(S7) and (3) follows. O

Let S € V\ {0} and k£ > 1 be given. As it turns out, (2) occurs only
if the number of non-equivalent elements in S is equal to the number of
non-equivalent elements in a k-dimensional subspace of }V minus one.

Clearly the number of non-equivalent elements in .S cannot be greater
than the number of ~-equivalence classes in a k-dimensional subspace
of V minus one, since otherwise A,(S) = ). For the other inequality
assume we already know that Theorem 3.13 holds. In particular every
tuple containing non-equivalent elements of V' \ {0} can be mapped
to any other tuple containing non-equivalent elements of V' \ {0} by
an element of G.  As a consequence, the number of non-equivalent
elements in S cannot be strictly lower than the number of elements
in a k-dimensional subspace of ¥ minus one, since otherwise any other
non-zero element in V' can be mapped alongside S into a k-dimensional
subspace of V by an element of G, which would imply A.(S) = V.

Since all equivalence classes of ~ except {0} are of equal size, the
number of equivalence classes contained in a subspace of V only depends
on its dimension. Hence k already determines how many non-equivalent
elements may appear in S.

Nevertheless, for our proof of Theorem 3.13 the only case which is
interesting to use is case (2). Cases (1) and (3) in Lemma 3.18 we call
trivial. Some of the following properties are also true for the trivial
cases but are so obviously and are of no significance for us.
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Lemma 3.19. Let S be a subset of V '\ {0} and let k > 1. Assume
that Ay (S) is non-trivial. Then the following holds:

(1) 5 C Usesls]~ © Ax(S) € (5).

(2) Ar(Ai(S)) = Ai(S).

(3) For all g € G:

If S C A(S), then Ay(S) = Ax(S)? (= A(S9)).

Proof. We prove (1). The first inclusion is trivial. Let g € G map
S into a k-dimensional subspace W. Then g ([J,.g[s]~) € W. We
show the last inclusion, Ax(S) C (S), by contradiction. Suppose there
exists an element v € A;(S) which lies outside of (S). By Lemma
3.14 we know that |Gs(v)| = oo and by Lemma 3.17 and Lemma 3.18
we obtain that Ay (S) equals V. This contradicts the non-triviality of
Ag(S), whence Ag(S) C (S).

(2): The inclusion A(S) C Ag(Ax(S)) follows from (1). The other
inclusion follows because of antitonicity.

(3): Let g € G be given. If 59 C A,(S) we obtain, by antitonicity,
that

AR(S7) 2 Ap(An(9)) 2 A4(9).

Since Ai(S) # V we obtain by Lemma 3.17 (1) that Ax(S9) # V.
Thus, both are non-trivial and are therefore equal. We already saw in
Lemma 3.17 (1) that A (S5)? = Ax(S9). O

Corollary 3.20 states that, if we assume that S is a linearly inde-
pendent subset of V| then the set A, (S) always contains specific linear

combinations. We say a tuple t = (¢1,...,t,) of arity n is linearly inde-
pendent iff no component ¢; of ¢ can be written as linear combination
of the components {t1,...,t;_1,tix1,...,tn}.

Corollary 3.20. Let S be a linearly independent subset of V', let
k,n > 1, and let (z1,...,2,) and (y1,...,y,) be linearly independent
tuples containing elements of Ag(S). Then for all Ay, ..., \, € F, the
following holds:

(9) D Nimi € A(S) = D i € Aw(S).

= i=1
Proof. In the cases of Ai(S) = V and Ak(S) = 0 this is trivially
true. We assume otherwise. Since {z1,...,2,} C Ax(S) C (5) and
(x1,...,my) is linearly independent we have dim (S) > n. We fix n
arbitrary elements of S.  There exists ¢, € Aut()) mapping those
elements to xy,...,x, and fixing the rest of S. Likewise there exists
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¢, € Aut(V) doing the same for yy, ..., y,. Now applying Lemma 3.19
(3) yields Ay(S) = An(S)?* = Ap(S)?v = Au(S)?*#v . Since linear
combinations are preserved by Aut()) the statement follows. U

In the assumptions of Corollary 3.20 we have to require the set S
to be linearly independent, otherwise the statement does not hold. To
see this, assume again that we already know Theorem 3.13. Choose an
arbitrary k£ > 1. Let ng be one less than the number of equivalence
classes of ~ in any k-dimensional subspace of V. We take an arbitrary
set of my — 1 linearly independent vectors {si,...,s,,—1} and define
S :={s1,...,8n,-1,51 + s2}. Since G preserves ~-equivalence classes,
the set Ax(S) cannot contain any vector which is not already equivalent
to a vector in S. On the other hand, S is contained in A(S), therefore
if Corollary 3.20 were true, it would imply that s, + s3 is an element of
Ag(S). This is not possible since sy + s3 is not equivalent to any vector
in S.

Even for linearly independent S Corollary 3.20 will turn out to be an
empty statement. If Theorem 3.13 holds, as we already discussed, the
only case in which Aj(S) is non-trivial is if the number of equivalence
classes of ~ represented in S is the same as the number of equivalence
classes in k-dimensional subspaces of ¥V minus one. Any linear combi-
nation of vectors in S with more than one coefficient unequal to zero
would yield a vector non-equivalent to any element of S. Therefore if
S is linearly independent and A(S) is non-trivial, it cannot contain
any linear combination over S with more than one coefficient unequal
to zero.

Clearly for every element v € A, (S) the whole equivalence class [v].
is contained in Ai(S). Provided that S is linearly independent we can
show even more: unless A;(S) is already V', no other element of (v) is
contained in A (5).

Lemma 3.21. Let S C V be linearly independent and let k > 1.
Suppose that Ag(S) is non-trivial. Then for all v € Ak(S) \ {0}:

(10) VAETF, : e Ap(S) <= rel.

Proof. Let v € Ap(S) \ {0} be given. If v € (S) \ 9, then there exists
¢ € Aut(V) and w € S such that S¥ = S\ {w}U{v}. By Lemma 3.19
(3) we obtain Ag(S?) = Ax(S) . Therefore we can assume without loss
of generality that v € S.

The implication right to left of (10) has already been shown in
Lemma 3.19 (1). For the other implication let A € F,* \ I'.- We show
A & Ap(S) by contradiction. Assume that \v € Ag(S). Since A ¢ T’
there exists h € G such that ((Av)") # (v"). Let M C V be linearly
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independent such that M" U {v", (Av)"} is linearly independent and of
size | S| + 1.

There exists ¢ € Aut(V) such that S¥ = M U {v} and such that
v? = v. Then ((SU{Av})?") is a |S| + 1-dimensional subspace of
V. Now \v € Ai(S) implies (S U {\w})?" C A, (S¥") which is itself
contained in (S¥") by Lemma 3.19 (1). The dimension of (S¥") is at
most |S|, thus this is a contradiction.

O
We will need the following affine subspace criterion.

Lemma 3.22. Let W be a vector space over a field F with char F # 2.
Let A be a non-empty subset of W such that for all distinct x,y € A
also Aff(z,y) C A. Then A is an affine subspace of V.

Proof. We show by induction over m > 2 that for all subsets
{z1,...,2,} C A of size n every affine combination over said set is
an element of A.

The case n = 2 holds by assumption. Assume we have shown that
every affine combination of n distinct elements of A is contained in A.
Let x1,...,x,.1 be distinct elements in A and let ¢1,...,¢c,01 € F be
arbitrary coefficients which sum up to 1.

We distinguish two cases. First we assume that there exists a coeffi-
cient unequal to 1. Without loss of generality let this coefficient be ¢;.
Then

n+1 n+1 n+1
E Cl; = 1-— E ¢ | 1+ E CiX;.
i=1 1=2 =2

o n+1 . . n+1 ¢ .
We set A := > ", ¢; # 0. The affine combination ) ;") Stw; is an

element of A by our induction hypothesis. If z; = Z?:; Stwg, then

(1= XNz + A (Z?:Ql S1;) = 2, € A and we are done. Otherwise by

the property of A the element

n+1 . n+1
=2 =1
is an element of A.

Now assume that all coefficients are equal to 1. In this case Z?jll ¢ =

S =1 and we write
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Since char F # 2 we have 1 + 1 = 2 # 0, hence 3 € F. We have
Z?j; 1 =1-2= —1. By our induction hypothesis and the property

of A we obtain

1 1 n+1 1
5371 + §x2 €A and Zz:; _—1x, c A

Similar to before, if both coincide, then we are done. Otherwise, our
1 . ..
element Zr‘l+1 x; can be written as affine combination

- 1 1 n+1 1
’ (5“’1 - 5“) += (Z_ _—1%‘) /
which is an element of A.

Therefore Aff(A) = A and A is an affine subspace of W. O

The condition char F # 2 in Lemma 3.22 is necessary. In order to
see this, let YW be a vector space over F = Fo. Now for all distinct
elements z,y € A we have Aff(x,y) = {z,y}, thus the condition in
Lemma 3.22 holds for any subset A of W. However, if VW has at least
dimension 3, there are subsets of W which are not affine subspaces.
For example any three distinct elements u,v,w € W have the affine
closure {u, v, w,u+v+w} # {u,v,w}.

We call any one-dimensional affine space, i.e., a set of the form
Aff(v,w) or v+ (w — v) for some non-zero vectors v, w € V, an affine
line.

If S'is a linearly independent subset of V' we use Lemma 3.22 to show
that if Ax(S) contains an affine line not containing 0, then it contains
certain affine spaces.

Lemma 3.23. Let S C V be linearly independent, let Ap(S) con-
tain an affine line not containing 0 and let n > 2. Then for any set
{ai,...,a,} C Ag(S) of pairwise linearly independent elements, Ax(S)
contains the affine subspace Aff(aq, ..., a,) of V.

Proof. Let a set of pairwise linearly independent elements {ay,...,a,}
C Ai(S) be given. By Lemma 3.22 we need to show that for all distinct
i,7 < n we have that the affine line Aff(a;,a;) is contained in A (.S).
By assumption there exist distinct v, w € V' such that the affine line
Aff (v, w) is contained in Ax(S) and 0 ¢ Aff(v,w). Since Aff(v,w) does
not contain 0 the set {v,w} is linearly independent. Therefore, for all
A € F, the linear combination Av+ (1 —\)w is an element of A;(.S) and
by applying Lemma 3.20 to the tuples (v, w) and (a;, a;) we obtain that
every affine combination Aa; + (1 — A)a; is also an element of Ay (S).
By Lemma 3.22 we have Aff(ay, ..., a,) C Ax(S). O
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The pairwise linear independence of the set {ai,...,a,} in Lemma
3.23 is necessary. In particular, for a linearly independent set S C V' it
does not hold in general that Ax(S) is an affine subspace of V. Since
Ag(S) contains 0, if Ax(S) was an affine subspace of V, it would also
be an actual subspace of V. For I' # F this contradicts Lemma 3.21.

One possible way to prove that Ag(S) contains an affine line not
containing 0 is Lemma 3.24.

Lemma 3.24. Let S C V' be linearly independent and let k,n > 1.
Assume that Ag(S) contains a linearly independent set {a,...,a,} of
size n and a vector v = \jay + - - - + \pa, such that:

e not all coefficients A1, ..., \, are the same,
o at least three coefficients are not equal to zero.

Then Ag(S) contains an affine line not containing 0.

Proof. Without loss of generality we assume that \; # Ay and define

A= A — XA # 0. We apply Corollary 3.20 to the tuples
(a1,as,as,...,a,)and (as, ay,as, ..., a,) and we obtain that v' € Ag(S)
where

v = Aag + Aeay + Z e,

k=3
n
= Z Mg + Aag — ar) = v+ Nag — aq).
k=1
Since v as a linear combination of aq,...,a, has at least three co-

efficients not equal to zero, the set {v,a;,as} is linearly independent.
Thus the set {v'; a1, as} is linearly independent as well. By reapplying
Corollary 3.20 to the tuples (v, as,a;) and (v', as, a;) we obtain

v+ ANag —ay) =v" € Ag(S)
= v + NMag — a1) =: 0" € AR(9).
On the other hand v” is equal to v + 2A(ay — a1). We continue in

this fashion and eventually obtain that v + pA(as — ay) € Ag(S) for all
p € Fp,. Since X # 0 we obtain

L:={v+pulaz —ay):pelF,} C AS).

The set {v, as,a;} is linearly independent, hence the affine line L does
not contain 0. O

The proof of Lemma 3.24 relies heavily on F, being a prime field,
since any non-prime field is not generated by 1 and the addition.
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The next lemma states that it is sufficient to consider linearly inde-
pendent tuples in the step:

(i) Every tuple of vectors of V' '\ {0} can be mapped into a “suffi-
ciently small” subspace of V by an element of G;

from the beginning of Section 3.2.

We define the dimension of a tuple ¢ as the dimension of the subspace
spanned by its components. Furthermore we abuse notation and write
(t) for the linear closure of the components of the tuple ¢ and write
dimt := dim ().

Lemma 3.25. Let n, k > 1. If some linearly independent n-tuple can
be mapped into a k-dimensional subspace of V by an element of G, then
every n-tuple can be mapped into a k-dimensional subspace of V by an
element of G.

Proof. We fix an arbitrary k£ > 1 and prove this statement via induction
over n. The base case n = 1 is obvious. For the induction step we
assume the statement holds for n and show it also holds for n + 1.

Assume there exists a linearly independent tuple x of size n+1 which
can be mapped into a k-dimensional subspace of V. Every linearly
independent tuple of size n+1 can be mapped to x via an automorphism
of V. Therefore we only have to consider linearly dependent tuples.

Let atuplet = (¢4, ..., t,41) of dimension smaller than n+1 be given.
The tuple ¢t has at least one component which is a linear combination
of all other components of t. Without loss of generality let ¢,,; be
such a component. By our induction hypothesis the initial segment
t = (ty,...,t,) of t can be mapped into a k-dimensional subspace W of
V by some g € G. Moreover () is a subset of W, thus if ¢/, € (19),
then ¢/, € W and we are done. Assume otherwise, i.e., t9,, & ().
In that case, by Lemma 3.14 we obtain |Gy, 4.19(t5, )] = 0o, whence
|Gy, 0} (tng1)| = 0o by Lemma 3.15 (3). Therefore there exists h €
Gty,..tny such that ¢ & ({t1,...,t,}), hence dimt" =1 + dim .

If t" is linearly independent, we are done. Otherwise the size of t"
is still n + 1 and dimt" < n + 1, thus we can repeat this process.
Eventually we end with an element ¢ € G such that t9 is linearly
independent. By assumption 9 can be mapped into a k-dimensional
subspace of V by an element of G, whence so can t. O

Let S € V' \ {0} be of size n > 1. We want to map S into a
sufficiently small subspace of V by an element of G. Since G preserves
~-~equivalence classes and S might contain non-equivalent elements,
such a subspace of V has to contain at least n|I'| elements. As it turns
out for the sake of induction it will be convenient to have the subspace



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

L]
lio
nowledge

b

o
i
r

M You

32

contain one additional equivalence class. This means |I'| additional
elements. Since every subspace of )V also contains 0, this sums up to at
least (n|['|+|I'|+1) elements. For any k& > 0, a k-dimensional subspace
of V contains p* elements. Therefore the following inequalities have to
hold:

(n+ 10 +1<pr —

k
p¥—=1
(11) n<f -1
Tl
Since |I'| divides p — 1 it also divides p* — 1, thus the right hand side
of (11) is always a natural number.

Lemma 3.26. Assume that one of the following conditions holds.

(1) T =TF) and the action of G on S1(V) does not preserve projec-
tive lines, or
(2) T <Fy.
Then for alln > 3 and all k > 2 such that (11) holds, every n-tuple of
elements in V '\ {0} can be mapped into a k-dimensional subspace of V
by an element of G.

Proof. We proof this by induction over n. For the proof assume k
to be the smallest natural number which is at least 2 such that (11)
holds. For the base case, n = 3, we have to distinguish whether the
assumption (1) or (2) holds.

Case 1: We assume that (1) holds. The inequality (11) holds for
n = 3 and k = 2. Thus we have to show the statement for £ = 2.
There exists a function g € G whose action on S;()) does not preserve
projective lines. Thus there exist distinct one-dimensional subspaces
Lo C L1+ Lo of V such that L € L{+ Lj. There are vectors vy, vy, vy €
Ly + Ly such that (v;) = L;, for i = 0,1,2. The tuple (v§,v{,v])
is linearly independent and mapped by ¢~! into the two-dimensional
subspace L1 + Lo of V. By Lemma 3.25 we are done.

Case 2: We assume that (2) holds. Again k& = 2 since the right hand
side of (11) only increases with smaller I. Moreover, because I' < F X,
there are at least two elements v,w € V which lie in the same one-
dimensional subspace of V and are split by some g € G, i.e., (v) = (w)
and dim({v?, w9}) = 2. We now choose a vector u & ({v?,w?}). Then
(v9, w9, u) is a linearly independent triple, which is mapped by ¢!
into the at most two-dimensional subspace ({u¢ ", v,w}) of V. Again
by Lemma 3.25 we are done.

This concludes the base case. The right hand side of (11) is strictly
increasing in k. Therefore if in the induction step n increases to n + 1



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

L]
lio
nowledge

b

o
i
r

M You

33

and (11) does not hold for n + 1 and k£ anymore, then it has to hold
again for n+1 and k+1. In the base case n = 3 and k = 2, thusn > k
in every step of the induction.

We assume we have already shown that every n-tuple can be mapped
into a k-dimensional subspace of V by an element of G.

If

B
P 1

Tl ’
then we are done. This is because given an (n + 1)-tuple ¢, the n-tuple
obtained by removing one component of ¢ can be mapped into a k-
dimensional subspace of V by some g € GG by our induction hypothesis.
Therefore the (n + 1)-tuple ¢ is mapped by ¢ into a subspace of V of
dimension at most k + 1.

Thus for the rest of the proof we assume

n+1>

1
(12) n+1< —1 < ||+ 2 <pf - 1.

I

By Lemma 3.25 it suffices to find one linearly independent (n + 1)-
tuple which is mapped into a k-dimensional subspace of V by some
element of G. Let t = (¢1,...,t,11) € V™! be a linearly independent
tuple and let £ := (t1,...,t,). If Ay({t1,...,t,}) = V, then we are
done.

Striving for a contradiction, suppose Ag({t1,...,t,}) # V. By the
induction hypothesis ¢ can be mapped into a k-dimensional subspace
M of V by some h € G, whence Ay({t1,...,t,}) # 0. By Lemma 3.18
there exists ¢ € G and a k-dimensional subspace W of V such that
Ar({t1, ..., t,}) = W9. We want to apply Lemma 3.24. The tuple ¢ is
linearly independent, hence so is .

Claim: Ay({t1,...,t,}) contains at least one element v and a lin-
early independent set {ai,...,a,} of size n such that for some
A, ..., A\, € F we have v = \ja; + - - - + \,a, and

e not all coefficients Aq,..., \, are the same,
e at least three of them are non-zero.

From the inequality (12) we obtain that M contains two “extra”
equivalence classes, i.e., when ¢ is mapped into the k-dimensional sub-
space M < V by h, there exist two non-equivalent vectors v,w # 0

such that [v"]., [w"]. are contained in M but t?, ... t" are neither ele-
ments of [v"] . nor of [w"].. In particular, v, w are in Ax({t1,...,t,}) C
({t1,...,t,}) and non-equivalent to any component of ¢.

Thus there exist coefficients Ay,..., A\, € F, and pq,..., 1, € F)
such that v = Mt + -+ A\t and w = pgty + - - - + ppt,. By Lemma
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3.21 at least two coeflicients of each of these linear combinations have
to be non-zero. By the same lemma (v) # (w), thus at least one set of
coefficients cannot be all the same. Without loss of generality assume
that Ay,..., A\, are not all equal. If more than three of these coefficients
are not equal to zero we are done. Otherwise without loss of generality
A3 =---= M\, =0, hence

V= )\1751 -+ )\th, with )\1, )\2 7’é 0.

We apply Corollary 3.20 to the tuples (t1,t2) and (3, t2). We obtain
that u := At3+Aots is an element of Ay ({t1,...,t,}) too. By combining
the two equations we obtain

v = /\1t1 + (u - >\1t3).

The set {t1,u,ts,t4,...,t,} is linearly independent and v as a linear
combination of these vectors has three coefficients which are not zero.
The coefficients are not all equal since charlF, # 2. This shows our
claim.

We are finally able to apply Lemma 3.24, which tells us that
Ar({t1,...,t,}) contains an affine line not containing 0. Moreover we
can apply Lemma 3.23 to any set of pairwise linear independent ele-
ments contained in Ag(S). In particular Aff({¢y,...,t,}) is contained
in Ap({t1,...,ta}).

We distinguish two cases:

Case 1: I' = {1}: In this case the ~-equivalence class of any v € V'
contains only v. Together with Lemma 3.21 this implies that for any v
in Ag({t1,...,t,}) the vector Av is an element of Ay({t1,...,t,}) iff A
is either 1 or 0. Furthermore since ({t1,...,tn}) = Uscarn, 6y (V)
and Ax({t1,...,tn}) C ({t1,...,tn}), the set Ax({t1,...,t,}) is equal
to Aff({t1,...,t,}) U{0}.

By Lemma 3.18 the set Ay ({t1,...,t,}) contains p* elements. The
set Aff({t1,...,t,}) U {0} contains p™~ + 1 elements. This is a con-
tradiction.

Case 2: {1} < I't Since Aff({t;,...,t,}) does not contain 0,
it contains pairwise linearly independent elements. By Lemma 3.21
for any element v € Ag({t1,...,t,}) and any element A € I also
M € Ap({t1,...,t,}). We choose an arbitrary A € T'\ {1}. Now
Aff({t1, ..., tn}) \{t1} U{At1 } is pairwise linearly independent, thus its
affine closure is contained in Ag({t1,...,t,}). We have

ARE (ARt . ) \ {1 }) = AfE(ty, . L),
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Therefore Aff (Aff(¢y,...,%,) \ {t1} U{At1}) is an affine subspace of V
which contains ¢; and At; and in particular 0. Hence it is a subspace
of V and we obtain ({t1,...,t,}) C Ax({t1,...,tn}) C {t1,.. ., ta}).
The set ({t1,...,t,}) contains p” elements, while the cardinality of
Ar({t1, ..., t,}) is p¥, which contradicts n > k. O

This concludes the step

(i) Every tuple of vectors of V' \ {0} can be mapped into a “suffi-
ciently small” subspace of V by an element of G.

The next step from the beginning of Section 3.2 is
(ii) G acts transitively on arbitrary large tuples of non-equivalent

elements of V'\ {0}.

To show this we restrict Lemma 3.26 to tuples containing
non-equivalent elements such that the tuples are of specific but still
strictly increasing sizes.

Corollary 3.27. Under the assumptions of Lemma 3.26, for all k > 2

every tuple t which contains exactly %= — 1 non-equivalent non-zero

IF\
elements of V can be mapped into a k-dimensional subspace W of V
by an element g of G. There is exactly one equivalence class [v]. in

W\ {0} such that for all components x of t we have x9 & [v].

Lemma 3.28. Assume that one of the following conditions holds.
(1) T' =T and the action of G on Si(V) does not preserve projec-
tive lines, or
(2) T < F.
Then for every n > 1 the group G acts n-transitively on (V '\ {0})/~.

Proof. For every k > 2 we define

pF -1
ng = — 1.
o

Since (ny)g>2 is a strictly increasing sequence it suffices to show that
G acts ng-transitively on (V' \ {0})/. for all & > 2.

Let £k > 2 and t = (t1,...,t,,) € (V' \ {0})™ containing non-
equivalent elements be given. Since G acts transitively on linearly in-
dependent tuples of arbitrary size, it is enough to show that ¢ can be
mapped to some linearly independent ng-tuple by an element of G.

We fix a linearly independent ng-tuple I = (4, ..., 1, ) € (V\{0})".
By Corollary 3.27 both ¢ and [ can be mapped into a k-dimensional
subspace of V by g € G and h € G respectively. Since Aut(V) < G
without loss of generality we may assume that both ¢ and [ are mapped
into the same k-dimensional subspace W < V.




Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

L]
lio
nowledge

b

o
i
r

M You

36

Let [v]~. € W \ {0} be the unique equivalence class such that t9
does not contain any element of [v;]., and let [v;]. € W \ {0} be the
unique equivalence class such that " does not contain any element of
[t]~. There exists an automorphism ¢ of ¥V which maps v; to v; and
such that (W) = W. We obtain the following picture.

t (r—\\W

|
[m s :J
E

Thus t9°" " = [ up to the order of the components of [. Since we only
needed some linearly independent tuple to map t to, this concludes the
proof. O

The last step from the beginning of Section 3.2 is still missing:
(iii) The action of G on (V' \ {0})/~ is closed.

Currently we only know that G is closed as an action on the elements
of V. Since ~ has only finite equivalence classes we can show that the
closedness from G acting on V' is inherited to G acting on (V'\ {0})/~.

Lemma 3.29. Let S be a countable set, let M < Sym(S) be closed,
and let >~ be an M-invariant equivalence relation on S such that all its
equivalence classes are finite. Then the action of M on the set S/~ of
equivalence classes is closed.
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Proof. Let {E,, : n > 0} be an enumeration of the ~-equivalence classes
and let (f,)n>0 be a sequence in M which converges in the action of
M on S/~ to a function f € Sym(S/~).

By restricting to a subsequence we may assume that for all n > 0
we have that for all k > n : fr(E,) = f(E,). For every n > 0 the
equivalence class FE,, is finite, thus there are infinitely many distinct
i,j > n such that fi|g, = fj|g,. Again by restricting to subsequences
we may assume that for all n we have that Vi,j > n : filg, = filg,-
Now the sequence (f,),>0 converges in the action of M on S to a
function f € Sym(S). Since M is closed we obtain f € M. The
action of f on S/~ is equal to f, thus the action of M on S/~ is closed.

O

This shows step (iii), and completes the proof of Theorem 3.13. We
now know the action of G on the ~-equivalence classes. With the help
of this we may now continue our investigation of the structure of G as
permutation group on V.
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3.3. G as the composition of two groups. In Section 3 to Section
3.2 we showed for a permutation group G on V and I' and ~ as in
Section 3 the following connections.

— o (G acts on V/.

does not

\F<F \(gactsonV/N
=P as Sym(V/) o}

{Aut(V) < g,}

closed, fixes 0

Instead of looking at the action of G on the ~-equivalence classes we
now consider the elements of G as functions on V. In order to do this
we decompose every element g € G into two parts, one that acts on
V/. as the identity and one that may move the ~-equivalence classes.

We define

Sym*(V') :={g € Sym(V) : g acts on V/. as the identity}.
Continuing the picture above our goal this section is to show:

(Q acts on V/.
as Aut(V)

(G =G"oAut(V))

[ G acts on V/.

188 Sym(V/) 0}

J%[G — G o Sym((V\ {0})/.) |

Here, G* := Sym*(V) N G, which clearly is the domain of a closed
subgroup G* of G. The set Sym((V \ {0})/~)? will be a subgroup of
Sym(V') which still acts like Sym(V/.)o on V/. and “fixes the insides”
of the ~-equivalence classes. We will define it later.

The case that I' = F)* and the action of G on S;(V) preserves pro-
jective lines turns out to be rather simple. We recall that in this case
the equivalence classes of ~ are exactly the zero-dimensional subspace
{0} and the one-dimensional subspaces of V without 0.

Lemma 3.30. Assume that I' = F)* and the action of G on Si(V)
preserves projective lines. Then

G =G o Aut(V).

Proof. We only need to show the inclusion G C G* o Aut(V). By
Theorem 3.12 for all g € G there exists a function ¢ € Aut(V) < G
such that the action ¢ on S;(V) is the same as the one of g. Thus,
g o ! acts as the identity on (V/{0})/~ and is therefore an element
of G*. U
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In order to talk about how an element g € G “fixes the insides” of the
~~equivalence classes we need to label the elements of the equivalence
classes in a consistent way.

Definition 3.31. For any A <) a function f: V' — Ais a A-labelling
iff for all v € V and all A € A we have f(Av) = Af(v).

We recall that I' is the subgroup of F such that for all v € V
the equivalence class [v]. is equal to ['v = {Av : A € '}, We can
define a I'-labelling f: V' — IT' by choosing for each ~-equivalence class
an arbitrary representative v and setting f(v) := 1 € I'. Since the
equivalence class [v]. is equal to I'v this already determines f fully.
We end up with the following picture.

F r
)\/

/ A

/ 1

This also shows the existence of I'-labellings. For all v € V' and any
[-labelling f we call f(v) the label of v.

Definition 3.32. Let g be an element of Sym((V \ {0})/.) and let
f:V — T beaI-labelling. Then the function g/ € Sym(V ) is defined
by

e ¢/ preserves ~,

e the action of ¢/ on (V' \ {0})/. is equal to g, and

e for all v € V we have f(v9') = f(v).

For a set S C Sym((V \ {0})/~) we define S/ := {¢/ : g € S}.

Our goal is to show that, if I' < F, or I' = [F, and the action of G
on S1(V) does not preserves projective lines, then for all I-labellings f
the set Sym((V \ {0})/~)/ is contained in G. From this it will easily
follow that G = G* o Sym((V \ {0})/.)7.

In order to do this we need to know how a given g € GG acts on the
“inside of a ~-equivalence class”. We define the following.
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Definition 3.33. Let f be a ['-labelling, let v € V and let g € G. A
function o4(g,v): I' — I is defined by, for any A € I':

o e((G))

Step by step what happens in (13) is the following. Let f,v, g be as
in Definition 3.33.

(1) The element ﬁv is the element in [v]. which has label 1 € T".

(2) The element )\(ﬁv) =: x is the element in [v]. which has label
A

(3) x¢ is an element in the ~-equivalence class g([v].) .
(4) Finally f(z9) is the label of x9.

In conclusion of(g,v) tells us how g acts on the labels of the elements
of [v]..

Lemma 3.34. Let f be a I'-labelling. Then for allv € V and all g € G
the following holds.

(1) o4(g,v) € Sym(I).

(2) For all w € [v]. we have o¢(g,v) = o¢(g,w).

(3) For allw € V we have o¢(g,w) = idr iff g € Sym((V\{0})/~)/.
Proof. All items follow directly from the definitions. O

Lemma 3.35. Let g,h be elements of G and let f be a I'-labelling.
Then for allv eV

(14) af(gh,v) = as(g,v) 0 og(h, v%).

Proof. Let v € V be given. By Lemma 3.34 (2) we may assume without
loss of generality that f(v) = 1. There exist u,w € V such that
[w]. = [uM]. = [v9"]. and f(u) = f(w) = 1. For all A\ € T, there exist
p,v € I such that (Av)9" = (uu)* = vw. Then the following picture
holds.

\v (Av)¢ (Av)9h
q i i
Vool L aa
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Since o¢(h,v?) = o¢(h,u) this concludes the proof. O

From Lemma 3.35 it follows immediately that for all [-labellings f,
allg € Gand allv € V the inverse of 04(g,v) is o4(g7*, v). Additionally
Lemma 3.35 shows that Sym((V \ {0})/~)/ is a subgroup of Sym(V).

We are now able to find a function in G N Sym((V '\ {0})/~)/ which
acts cyclically on an infinite linearly independent set of vectors.

Lemma 3.36. Let f be a '-labelling. Assume that G acts as the full
symmetric group on the equivalence classes (V' \ {0})/~.  Then for
all infinite and linearly independent sets {v; : i € Z} C V such that
V\ {v; i €Z})| =00 there exists g € GNSym((V \{0})/~)’ such
that

i) [’l),l]w i) [Uo],\, i) ['Ul]N i)

and g acts as the identity on (V/.) \ {[vi]~ 17 € Z}.

Proof. Let an infinite and linearly independent set {v; : ¢ € Z} such
that V' \ ({v; : ¢ € Z}) is infinite be given. Without loss of generality
we may assume that for every i € Z we have f(v;) = 1.

Since G acts as the full symmetric group on (V'\ {0})/. there exists
an element g € G such that for all i € Z we have g([v;]~) = [vi+1]~ and
such that g acts as the identity on (V/.)\ {[vi]~ : ¢ € Z}. From this g
we now construct a function h which acts like g on the ~-equivalence
classes and additionally for all v € V' we have o;(h,v) = idr.

Since {v; : ¢ € Z} is linearly independent there exists an automor-
phism ¢ € Aut(V) such that o([v;]~) = [vi+1]~ for all i € Z.

The label of every v; is 1 and since every vector space automorphism
is compatible with scalar multiplication we obtain for all ¢ € Z :

os(p,vi) = idp.

For all n > 0 we define g, := @ " ogoe™ Since g acts as the
identity on (V/.)\ {[v] : i € Z} so does g,,. By Lemma 3.35 we obtain
for allm > 0 and all © € Z:

O-f(gnv Ui) - Uf(gv Ui—n)'

Moreover, for all n > 0 an all ¢ € Z the function g, maps [v;]. to
[Vit1]~. We define ¢’ := gy 0 g1 0--- 0 grj—1 and obtain for all i € Z :
Uf(g,> Ui) = Uf(go, Ui) © Uf(gl, Uz’+1) ©:-:0 Uf(9|1“|!71, Ui+\1“|!71)

= os(g,v)"" =idr.
The last equality follows since | Sym(I")| = |['|!.

We found ¢’ such that for all i € Z we have o4(¢',v;) = idp. We
now want ¢” such that additionally ¢” acts as the identity inside the
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equivalence classes (V/.) \ {[vi] : i € Z}. For this we set g" := (¢')'".
For all i € Z we still have o4(¢”,v;) = idp. The function ¢' acts as
the identity on the ~-equivalence classes which are not elements of
{[vi]~ : 1 € Z}, therefore for every u € V which is not equivalent to an
element in {v; : i € Z} we obtain

or(g" u) = Jf(g',u)m! =idp.

By Lemma 3.34 (3) we obtain that ¢” € G'N Sym((V \ {0})/~))”.
We set k := |T|!|T'|!. Now ¢” acts on {v; : i € Z} in the following
way

— V_k — Vo — Vk —

— U1k — U — Uitk S dEE )
g g g

— Vk-1)-k — Uk-1) — Vk-1)+k —7 """,

and inside the equivalence classes (V/.)\{[vi]~ : i € Z} as the identity.

Let a finite set F' C V be given. Since V' \ ({v; : ¢ € Z}) is infinite
there exists an automorphism pp € Aut()) such that ¢ restricted to
({vjr : j € Z}) is the identity and

wr (F\ ({uj: g € 2}) SV ({ui -1 € Z}).

Since ¢"” acts as the identity on V' \ ({v; : i € Z}) the composition
¢rog’ oy acts as the identity on

F\ (v €Z}).

Now (o g" o py') preserves the labels of all elements in F. Since
G N Sym((V \ {0})/~)7 is closed there exists a function h therein such
that

h h h h
— U~ — Uy — U —— e

and h acts as the identity on the complement of | J{[vjx]~ : j € Z}.
There exists ¢ € Aut()) such that for all i € Z we have v = vy
Now ¢ o h o ¢~! proves our statement. l

With the help of Lemma 3.36 we are now able to show that any
transposition of two equivalence classes can be achieved by a function
in G N Sym((V \ {0})/~)7. From this, we quickly obtain the following.

Lemma 3.37. Let f be a I'-labelling. Assume that G acts on (V' '\
{0})/~ as the full symmetric group. Then

Sym((V\ {0})/~) <@G.
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Proof. First, let two linearly independent vectors v,w € V such that
f(v) = f(w) be given. Let {v; : i € Z} be an infinite linearly indepen-
dent subset of V' as in Lemma 3.36 and such that v_; = v and vy = w.
By Lemma 3.36 there exists g € G N Sym((V \ {0})/~)/ such that g is
the identity on V' \ {[v;]~ : i € Z} and
T e O
The set {v; : i € Z\ {0}} still satisfies the assumptions of Lemma
3.36, thus there exists h € G N Sym((V \ {0})/~)/ such that h is the
identity on V' \ {[v;]~ : 4 € Z\ {0}} and
h h h h
—r V.1 —> V1 ——> Uy ——
For all i # —1,0 we have v/" = ol = v; and
V= =g =w  and o' =o' =y =0
Therefore, since g and h act as the identity on V' \ {[v;|~ : i € Z},
we obtain that goh™* € G N Sym((V \ {0})/~)” is the function which
swaps exactly [v]. and [w]. while fixing everything else. We denote
this function by 7y _ u]. -
For two vectors v «¢ w such that (v) = (w) we choose u € V'\ (v). By
Lemma 3.36 and by what we showed 7, _ [ and 7y (4. are both in

G N Sym((V \ {0})/~)7. Since
Tl fule © Twlw,[ul~ © Tl ful = T o], fw]~

we obtain that every function which swaps exactly two ~-equivalence
classes and preserves labels is an element of G'N Sym((V \ {0})/~)”.
Those functions generate the group Sym((V \ {0})/~.)’ and therefore

G NSym((V\{0})/~)’ equals Sym((V'\ {0})/~)". O
From here we show as in Lemma 3.30 that G decomposes into two
groups.

Corollary 3.38. Let f be a I'-labelling. Assume that G acts on (V'\
{0})/~ as the full symmetric group. Then

G =G oSym((V\ {0})/~)".

Proof. The inclusion G O G* o Sym((V \ {0})/~)? holds by Lemma
3.37. For the other inclusion let an arbitrary ¢ € G be given. Again
by Lemma 3.37 there exists ¢’ € Sym((V '\ {0})/~)/ which acts like g
on the ~-equivalence classes, hence g o ¢'~! € G*. 0
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3.4. Finiteness of the set of 0-defining reducts of V. The goal
of this section is to show that there are only finitely many reducts of
V which define 0, i.e., there are only finitely many possibilities for the
group G < Sym(V)g being closed and containing Aut(V).

In Section 3.3 we have seen in Lemma 3.38 and Lemma 3.30 that
G can always be decomposed into Aut(V) or Sym((V \ {0})/.)/ for
some ['-labelling f and the subgroup G* of G. In this section we will
show that G* is already fully determined by two subgroups H and N of
Sym(I'). Since Sym(I") is finite this will yield the desired result. For
the rest of this section we fix a I'-labelling,

f: V=TI

First we will define the sets N and H which will later turn out to be
the domains of two permutation groups on I'.

Definition 3.39. The set H is defined as the set of permutations
o € Sym(I") such that
e there exists a function g € G* and a vector v € V such that
op(g,v) = 0.
The set N is defined as the set of permutations o € Sym(I") such that
e there exists a function g € G* and a vector v € V such that
os(g,v) =0, and
e for all 0 # w € V' \ [v]. we have o(g,w) = idp, i.e., gly\|y. is
the identity on V' \ [v]..

For any A\ € I' we denote the function which acts on I' by multipli-
cation by A\: I' — T,

Lemma 3.40. Let v be an automorphism of V, let v € V' \ {0} and let
g € Sym* (V). Then

oy v) = (J;F(ij))) 2ol e (%) '

Proof. By Lemma 3.35 we obtain

O-f(fygfyila U) = Of(77 U) © Uf(.ga UW) © O-f<7717 ,U’Yg)7

and
1

idr = op(y 'y, 0") = op(y L v) o op(y, 077 ).

The function g fixes the ~-equivalence classes, hence [v]. = [v797 _I]N'

Combining those two equations we obtain

or(vgy " v) = op(y,v) 0 0p(g,07) 0 op(y,v)
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Finally for all A € I" the function o4(7,v) maps A to

(i) ) =+ 0o) =5

This concludes the proof. O

A special case of Lemma 3.40 which we will use repeatedly is the
following: let g be an element of G*, if v € Aut()) maps a vector
v €V \ {0} to a vector v” of the same f-label, then

(15) or(vgy " v) = os(g,07).

In the definition of H and N we only required the existence of some
vector. We show that we can in fact always choose a vector.

Lemma 3.41. Let v be an element of V' \ {0}. The following holds.

e For all h € H there exists g, € G* such that o¢(gn,v) = h.
e For alln € N there exists g, € G* such that o¢(g,,v) =n and
for all 0 #w € V' \ [v]. we have o¢(g,,w) = idr.

Proof. We prove only the second item; the proof of the first item is
identical. Let n € N be given. By Definition 3.39 there exists g € G*
and v € V such that o;(g,u) = n and for all non-zero vectors w €
V'\ [u]~ we have o¢(g, w) = idp. Without loss of generality we assume
f(v) = f(u) = 1. Let v be an automorphism of V such that v = u.
We define ¢’ := yogo~~!. The function g acts as the identity on
V/ ~, hence ¢ € G*.  Moreover, since g|y\[y. = idy\j). we obtain
g v\ = idv\p).. By Lemma 3.35 and because f(v) = f(v?) =1 we
have

o4(g',v) = o5(3,v) 0 04(g,u) 0 04 (v, v) = idp 0 m 0 idy = .
J

We can now show that N and H are the domains of two subgroups
N and H of Sym(T") and that N is normal in H.

Lemma 3.42. N and H induce permutation groups N and H in T,

Proof. Let hy, hy be functions of H. Then by Lemma 3.41 there exist a
vector v € V and gy, g2 € G* such that o;(g1,v) = hy and o4(gq,v) =
hs. By Lemma 3.35 since [v9!].. = [v]. we obtain 0¢(g1gs,v) = hy 0 ha,
hence hy o hy € H. Clearly the same holds for N, and so both H and
N are domains of permutation groups H and N in I. O

Lemma 3.43. N is normal in H.
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Proof. Let n € N and h € H be given. Then by Lemma 3.41 there
exists a vector v € V and g, g9, € G* such that o¢(g,,v) = n and
ot(gn,v) = h. Moreover g; ' o g, o g, € G* and we obtain

5(9n gngn v) = 04(9y, ", 0) 0 0(gn,v) © 04 (gn, v) = h ™ omoh.

Since g, fixes every element in V' \ [v]. so does g; ' o g, o gn, hence
h™'onoh € N. O

We now want to reconstruct G* from N and H. If we manage to do
so, then since
(1) G =G*o Aut(V), or
(2) G=G"oSym((V\{0})/ ~)/,
there are only finitely many different closed groups fixing 0 between
Aut(V) and Sym(V).

Definition 3.44. Let N/ and H' be two permutation groups on I'.
We define S(N',H') as the set of all ¢ € Sym*(V) such that for all
v,we V\{0}:

(1) o4(g,v) € H', and

(2) o4(g,v) 0 0p(g,w)™" € N'.

Our goal is to show that S(N,H) is equal to G*. By Lemma 3.30

and Corollary 3.38 there are two cases:
(1) G =G*oAut(V), or
(2) G =G oSym((V'\{0})/.)’.

The second case turns out to be straightforward since G can map
any ~-equivalence class to any other ~-equivalence class, while still
preserving the insides of the ~-equivalence classes.

We define for any subset S of V' the set [S]. 1= (J,c4[s]~-

Lemma 3.45 through Lemma 3.47 are very easy observations dealing
with the second case. Finally, Lemma 3.48 will show that in the second

case S(N,H) is equal to G*.

Lemma 3.45. Let S be a subset of V \ {0} and let n € N. Then
there exists g € G* such that for all v € S we have o¢(g,v) = n and

ghnis). = idvys). -

Proof. Let M C [S]. such that [M]. = S and no two elements of
M are ~-equivalent. By Lemma 3.41 for every v € M there exists
g» € G* such that of(g,,v) = n and g,|v\pj~ = idy\p~. If S is finite
then the composition of all g, such that v € M in any order proves
the statement. Since G* is closed, this holds for all infinite S C V as
well. 0
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If an element g of G acts on an infinite subset of V' as the identity,
then the action of g on the labels of any ~-equivalence class is in N.

Lemma 3.46. Let S be an infinite subset of V' and let g € G*. Assume
that G = G* o Sym((V \ {0})/~)). If glis).. = idjs)., then for all
v e V\{0} we have o¢(g,v) € N.

Proof. Let v € V '\ {0} be given. We need to show the existence of
g € G* such that o(¢',v) = 04(g,v) and ¢'[y\ . = idy\p).. Let F
be a finite subset of V. Since Sym((V \ {0})/.)7 < G there exists
g € G such that v9 = v and §(F \ [v].) C [S].. We obtain 0999 " = 9
and go go g '|p\p. = idp\p).. The function go go g~ is an element
of G* and G* is closed, hence there exists ¢ € G* with the desired
properties. 0

Lemma 3.47. Let S be an infinite subset of V' \ {0} and let g € G*.
Assume that G = G* o Sym((V '\ {0})/~)7. If for all v,w € S we have
or(g,v) = os(g,w) =: h, then there exists ¢ € G* such that for all
uwe V\ {0} we have o¢(g’,u) = h.

Proof. As in the proof of Lemma 3.46 for any finite /' C V' \ {0} there
exists g € G such that g(F) C [S].. Thus for all v € [F]. we have
0£(399 "|(F1.,v) = h and hence there exits ¢ € G* such that for all
u € V\ {0} we have o¢(¢’,u) = h. Since G is closed this proves the
statement. U

Lemma 3.48. Let g be an element of G*. Assume that G = G* o
Sym((V \ {0})/~)'. Then for all v,w € V the function os(g,v) o
op(g,w)™' is an element of N

Proof. The group Sym(T") is finite, therefore there is an infinite set
S C V such that for all v,w € S we have o¢(g,v) = os(g,w) =:
h € Sym(I'). By Lemma 3.47 there exists ¢’ € G* such that for every
u € V the function o;(¢’,u) is equal to h. The composition g o g'*
is the identity on .S, thus by Lemma 3.46 for any given v, w € V both
o¢(g,v) o h™t and o(g,w) o h~! are elements of A/. By Lemma 3.42
we obtain that of(g,v) o af(g,w)™" = (04(g,v) o h) o (54(g,w) o h)~"
is an element of . O

We have the following immediate consequence.

Corollary 3.49. Assume that G = G* o Sym((V \ {0})/~)/. Then
SN, H) =G

Proof. The inclusion S(N,H) < G* follows from Lemma 3.48 and the
definition of S(N,H). For the other inclusion let g be an element of
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S(N,H). We show that for any finite subset F' of V there exists ¢’ € G*
such that g|r = ¢'|F. Since G* is closed this will be enough.

Let F' be a finite subset of V. For some n > 1 we fix a subset
M = {vy,...,v,} of F'\ {0} such that [M]. D F\ {0} and for all
distinct 4, j < n we have [v;]. # [v;]~. By the Definition 3.44 we have
o¢(g,v1) € H, thus there exists g € G* such that o¢(g,v1) = o¢(g,v1).
By Lemma 3.48 we have for all i < n that o4(g,v1) o op(g,v;)"' € N.
Since g € S(N,H) for all i < n we have o4(g,v;) o 04(g,v1)"". By
o¢(g,v1) = 04(g,v1) we obtain for all i < n that o;(g,v;)00.(g,v;) " €
N. This implies for every ¢« < n the existence of g; € G* such that

Uf(gz',vz‘) = O-f(ga Uz‘) o O-f(.éa Uz‘)_l and gi|V\[vi]N = idV\[vi]N .
We set ¢’ := (g2 0gs0---gs) o g € G* and obtain for all i <n
op(g',vi) = op(g,vi).
Thus g|r = ¢'|r which since G* is closed concludes the proof. U

We still need to show that in the first case
(1) G =G* o Aut(V),
we also have S(N,H) = G*. For this we need a finite version of Lemma
3.46.

Lemma 3.50. There exists Ng > 0 such that for any subspace U <V
with dimU > Ng, for any g € G* and for any v € U\ {0} the following
holds:

(Vw e U\ ([v]~ U{0}) : 04(g,w) € N) = oy(g,v) € N.

Proof. We aim for a contradiction. Assume that the statement does
not hold. Then there exist subspaces (U;);>o of finite dimension such
that (dim Uj;);>0 is strictly increasing, non-zero vectors (v;);>o such that
v; € U; and functions (g;);>0 in G* such that for all i > 0 we have

Vw € U; \ ([vi]l~ U{0}) : 04(g;,w) € N and o4(g;,v;) € N.

Without loss of generality we assume that for all ¢ > 0 we have
f(v;) = 1. By (15) and the fact that Aut()) acts transitively on
subspaces of a fixed dimension we may further assume that for all
1,7 > 0 we have v; = v; =: v as well as

UoCULC - and | JU; =V
i>0
By Lemma 3.45 for every ¢ > 0 there exists gi € G* such that

o¢(gi,v) = 0¢(9:,v) and gj|[y\ju,). = 1d [y\[v,).- Since o¢(gj, v) is always
an element of Sym(I"), which is finite, we are able to restrict ourselves
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to a subsequence of (g});>o and (U;);>o such that for all ¢, j > 0 we have
os(gi,v) = 05(g;,v) = 0. Since G* is closed, there exists g’ € G* such
that o¢(¢',v) = 0 and ¢'|y\jy). = idy\).. This implies o € N which is
a contradiction and concludes our proof. O

For our proof of Lemma 3.51 we need the following slight variation
of Lemma 3.50 with two vectors: there exists N{; > 0 such that for all
subspaces U <V with dimU > N/, and all v,w € U \ {0} we have

(Vu e U\ [{v,w,0}]. :0¢(g9,u) € N) = 04(g,v),0(g,w) € N.

If we assume G = G* o Aut()V) this follows directly from Lemma 3.50.
Since in this case [v]. = (v) \ {0}, thus if [v]. # [w]., then v,w
are linearly independent. For [v]. = [w]. the statement coincides
with the one of Lemma 3.50. Otherwise, if N, is big enough we can
always restrict to a subspace W <V contained in U \ [w]. such that
dimW > Ng and such that v € W. This implies o4(g,v) € N and
subsequently o¢(g,w) € N.

We want to show if G = G* o Aut(V), then for all ¢ € G* and all
v,w € V\{0} the group N contains o;(g,v) o o4(g, w)~*. Striving for a
contradiction we will assume that there exists g € G* and v, w € V\{0}
such that this is not the case. First we show that there exists some
g € G* with the same property such that a certain set of commutators
are contained in N. We will then use those commutators to derive a
contradiction.

Lemma 3.51. Let U be a subspace of V of finite dimension dimU >
N{.. Assume that G = G* o Aut(V). If there exist a function g € G*
and v,w € U\ {0} such that

as(g,v) 0 o(g,w)™" € N,
then there exist ¢ € G* and V,w' € U such that
or(g,v)oop(g, W)t € N and for all x,y € U \ {0} we have

(16)  os(gsx)00s(g y)oos(d,x) oos(g,y) €N
Proof. For any h € G* we define a subset W (h) of U by
(17) W(h):={veU:o¢hv) e N}

Clearly [W(h)]. = W(h). Since G = G* o Aut(V) the variation of
Lemma 3.50 we mentioned holds, thus whenever for any two vectors
v,w € U we have U\ [{v,w}]~ € W(h) then already W (h) = U.

Let h € G* be such that

(18) Jv,w € U such that o¢(h,v) o op(h,w) ™t ¢ N
and |[W(h)| is maximal under all functions in G* satisfying (18).
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We want to show that W (h) contains at least one element. Let,
as in the statement, a function ¢ € G* and v,w € U be given such
that o/(g,v) oof(g,w)™" & N. Then there exists an automorphism
¢ € Aut(V) such that v¥ = w and ¢ fixes an arbitrary vector u € U.
The function p o go ¢! o g™t is an element of G* and

os(pge~g™" v) = 04(g,v) o op(g,w)™" & N.
therefore p o go o' o g~! satisfies (18). On the other hand
arlege™ g~ u) = of(g,u) o op(g,u)™" =idr € N,

thus |[W(pgp~tg~1)| > 1. Because of maximality |W(h)| > 1.
First we note that if for any + € U we have o¢(h,z) € N, then by
N <H we obtain for all y € V' \ {0}

eEN

—
or(h,z)oop(h,y)oop(h,x)  oop(h,y)~" € N.
~—— ~ 4

eN eEN

This shows that for all x,y € U, if
of(h,x)oos(h,y)o af(h,a:)_l oas(h, y) P& N,

then neither o4(g,x) nor o(g,y) is an element of N.

We have to show that the chosen h satisfies (16) for all 2,y € U\ {0}.
Striving for a contradiction we assume that there are vectors such that
(16) does not hold. By Lemma 3.50 and by what we noted we may fix
three non-equivalent elements z,y, z such that (16) does not hold. By
what we just noted, z,y, z are not elements of W (h). Without loss of
generality let f(x) = f(y) = f(z). We construct a function A’ satisfying
(18) such that W (h) € W (h') which contradicts the maximality of h.

There exists 7 € Aut(V) such that y” = z and 27 = w for some
arbitrary fixed w € W (h) # 0. We define ¢’ := yoho~y™ ! € G* and

obtain
o1(gy) = os(h,x) and 04(¢', 2) = op(vhy™", 2) = o(h,w) € N.

Furthermore, we define b/ :== ho g oh™' o ¢! € G* and show that
h' satisfies (18). Since N' <t H we obtain for z

(19)  op(h',2) = 04(h,2) oop(h,w)oas(h,2) oop(h,w)™" € N.

J/

-~ -~

eEN EN
The elements x,y are such that

or(h,y) =os(h,y)oos(h,x)oap(h, y) to os(h, )" ¢ N.

Because o4(h/, z) is an element of N we have o¢(h/,y)oos (b, 2)" &
N, hence b/ satisfies (18).
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For all v € W(h) by N’ <H we have
o(h',v) = as(h,v) oas(g',v) oas(h,v) " oop(g,v)"" € N.
S—— S———

eEN eEN

We already saw in (19) that z € W(h') \ W(h), hence W (h) C W (/).
This contradicts the maximality of h. Therefore for h all z,y € U
satisfy (16). O

Since N’ <1 H we obtain under the assumptions of Lemma 3.51 that
for any £ > 2 and all x1,...,2, € U we have
a(gsar) o oas(g ap) ooy a)" o oop(gak) T € N.
Consequently for any xy,..., 2, € U and any {iy,...,ix} ={1,...,k}
there exists n € NV such that
(20) no(op(g, @)ool xy)) =0s(g,w1) 0 -00s(g, ).
In the proof of Lemma 3.54 we will obtain a I-labelling which might

differ from our fixed I'-labelling. Lemma 3.52 shows that this is in fact
not a problem.

Lemma 3.52. Let f1 and fy be I'-labellings. Then for all g € Sym*(V),

allv e V\ {0} and X := ﬁg; we have

(21) O fy (g,v) =)Ao Of (g7v) oA\

Proof. We claim that for all w € [v]. we have fo(w) = Afi(w). This is
true since there exists p € I'* such that pv = w and

_ folw) o o folw) e (V) e
B = R = R T a1 A
Let w € [v]. be such that fo(w) =1, then f;(Aw) = 1. Now for any
p € I' we have o,(g,v)(1) = fa((nv)?) and
o1, (g, v) (1) = [l (p(w))?) = A7 fo((Ap)w)?)

= A "ap(g,0) (M) = (Ao ap(g,v) 0 A7) (1)

O

For the proof of Lemma 3.54 we need for every n-dimensional sub-
space U of V an element in Aut(U) of order p™ — 1, a so called singer
cycle. Such an ele

ment always exists since we may identify U with Fj» and IF. is cyclic
and therefore generated by a single element, which then has to have
order p™ — 1. Since the multiplication by a field element generates an
automorphism this shows that there exists an automorphisms of U of
order p™ — 1. This argument is taken from |3, p.5|.
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Euler’s Phi function ¢: N — N assigns to every n € N the number
of positive integers k < n which are coprime to n, coprime meaning
that k£ and n do not share a common divisor in N besides 1.

Theorem 3.53 (Euler’s Theorem). Let ¢: N — N be Euler’s Phi func-
tion. Then for all n,q > 1 which are coprime ¢*™ — 1 divides n.

For a proof of Euler’s Theorem see Theorem 11 in [4].

Lemma 3.54. Let g be an element of G*. Assume that G = G* o
Aut(V). Then for all v,w € V '\ {0} the function o¢(g,v) o os(g,w) ™
is an element of N.

Proof. We strive for a contradiction. Assume that there exists g € G*
and @, u € V' \ {0} such that of(g,u) o o4(g,4)"" ¢ N. Without loss
of generality let w and @ be such that their f-labels are 1. Let n be
some natural number greater that N(, from Lemma 3.50 which we will
specify later.

Let U be an n + 1-dimensional subspace of V which contains {u, 4}
and let A’ be an n-dimensional affine subspace of U which also contains
{1, u} but does not contain {0}. Weset U' := A—u = A—1 a subspace
of V contained in U. Since A does not contain 0 the set A is linearly
independent, thus there exists a I'-labelling which is constant on A. By
Lemma 3.52 since A € H and N <9 H for any A € F, we may assume
that f already coincides with this I'-labelling. Moreover by Lemma
3.51 we may assume that o;(g,u)oo(g,4)"" ¢ N and for all x,y € U
we have

(22) O'f(g,ﬂf)OO’f(Q,Z/)OO’f(g,ZE)_lOUf(g,y)_l € N.
There exists v € Aut(U’) of order p"—1 such that for any u € U"\{0}
(23) (W' 1<i<p'—1}=U"\{0}.

Let 4 and 4 in Aut(V) be extensions of v such that @7 = @ and
@7 = 4. The set U = §(U’) is equal to (A — u) = J(A) — 4, thus
7(A) = A. By similar reasoning 4(A) = A. We define for all i < p™ —2
the functions

Gi:=7ogoy 'and §; ;=4 0ogody "
For any a € A and all i < p" — 2 we obtain o(gi, a) = 0(g, a™') and
o¢(gi,a) = 04(g,a”"). We further define
h:=gogiogso-0gmoandh:=§ogiogdo- 0 jum .
Because of (23) we obtain for all a € A\ {u}:
{a"0<i<p'—2}=A\{a},
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and likewise for all a € A\ {1} we have {a" : 0 <i < p"—2} = A\ {a}.
We enumerate A such that A = {u; : 1 < i <p”—1} and @ = w4

as well as @ = uy. We now fix n > N/, such that n is a multiple

of o((p — 1)!). By Euler’s Theorem we obtain that (p — 1)! divides

p?(P=Y 1 which implies that (p — 1)! divides p” — 1. The function

os(h,u) is equal to o (g, u)?" 1. Together we obtain o (h,u) = idp.
For all a € A\ {u} we arrive at

oy(h,a) = oy(g,ur,) © - 0 04(g, )

such that {ug, : 1 <i <p"—2} = A\ {u}. By Lemma 3.51 and by
what we remarked in (20) we obtain that for every a € A\ {u} there
exists n, € N such that

no o ap(h,a) = (o5(g,w) o -0 04(g,umn_2)) 0 oplg,0) " =5,

Likewise we define ¢ := (o¢(g,u1) 0 ---00p(g, up_2)) o o¢(g,u)
With this 7' o6 = 04(g,4) o 0f(g,u)”" which is by assumption not
an element of A. This implies that either & or ¢ is not an element
of N'. Without loss of generality let & ¢ N. Let b € Aut(V) be a
function which fixes every element in U’ \ [u]. but not @. We define

h:=hotyoh toy e G* Forallve U\ [u]. we obtain
7(h,v) = og(h,v) o (o7 (WA~ 0)) ™
= o¢(h,v)oop(h,v)”" =idr € N.

For any v € U \ (U' U [{@,@¥ ' }].) there exists a € A\ {a,a¥ '}
such that (a) = (v). We obtain

73, v) = 07(h,a) o (05 (W10~ a))
=oy(h.a)o Uf(B’a¢)_1 = (n407) 0 (4w 07)~"

-1

=ng0ong € N.

Therefore for all elements v € U\ [{@, 7% }]~ we have o4(h,v) € N,
hence by Lemma 3.50 also o¢(h,u) € N. But

os(h,u) = oy(h,u) o (op(h )_1

= oy(h,a’) ™ = <W1oo>1

The second to last equality follows since o;(h, %) = idp. This contra-
dicts & ¢ N and therefore concludes the proof. 0

Corollary 3.55. Assume that G = G*oAut(V). Then S(N,H) = G*.

Proof. The proof is identical to the one of Corollary 3.49 only using
Lemma 3.54 instead of Lemma 3.48. 0
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We showed that for every closed group G such that
Aut(V) <G < Sym(V)g

the corresponding group G* is equal to S(N,H) from Definition 3.44,
thus G* is uniquely determined by its corresponding groups N <1 H <
Sym(I") from Definition 3.39. Since there are only finitely many pos-
sibilities for N' and H as subgroups of Sym(I') we have shown the
following.

Theorem 3.56. LetV be a countably infinite dimensional vector space
over a finite prime field of uneven characteristic. Then there are only
finitely many first-order reducts of V which first-order define the zero
vector.
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4. THE CLOSED SUPERGROUPS OF Aut()) NOT FIXING 0

We are still considering the countably infinite dimensional vector
space V over a finite field I, of characteristic p > 2. Theorem 3.56
showed that there exist only finitely many reducts of V which do first-
order define the zero vector. The goal for this section is to show that
there are only two reducts of V which do not first-order define 0. To
this end we are interested in the supergroups of Aut()) which shift the
zero vector. Therefore, for the rest of the chapter let G be a closed
permutation group on V such that

Aut(V) < G < Sym(V) and 3g € G : g(0) # 0.

If we restrict ourselves to the subgroup Gg of G we may apply all
results of the previous sections. With this in mind we consider the
equivalence relation ~ given by Go as before together with I' < F 7 as
defined before.

The group Aut(V) acts transitively on V' \ {0}. Since 0 is not fixed
by G we immediately obtain that G acts transitively on V.

The first observation we make is that in this case [' may only be one
of the two trivial subgroups of F'.

Lemma 4.1. The group I' <F) satisfies I' = {1} or I' = F.

Proof. We assume that I" # {1} and show that the only other possi-
bility is I' = F;. Let g be a function of G such that v := 0 # 0.
Since I # {1} there exists some element v € [v]., different from v. We
set w = ¢ . The zero vector is an clement of g~'([v].), thus there
exists at least one element w ~ w such that w? 4 w9. We make a case
distinction.

Case 1: w? # 0: Let h be a function of Gy such that h fixes v and
(w9)h € V' \ (v)?. Since h preserves ~ and © ~ v the element 9" is
contained in [v]. C (v). We obtain

0 v . v ) 0
~ g ~ N ' “ 1
W S v — oh — hg
~ —1
w w9 wgh wghg

Since w9 ¢ (v)? we have W™ oL 9h9 but @ ~ w and gohog ! e
G which is a contradiction.
Case 2: The only possible element w ~ w such that w9 % v is
mapped to 0 by ¢ and there exist u ~ @ € V'\ [w]. such that u? ¢ a9.
By mapping v to either u or «’ and since w is the only element in [w].
such that w? +¢ v we may assume without loss of generality that v and
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¥ are such that there exists a vector space automorphism ¢ mapping v
to u and ¥ to 4. We obtain

0 v U ud
A g A @, N g N
W RN ) (KN U (R u9
w 0 0 v

Now w ~ w and u? +¢ v # 0, hence the composition g o ¢ o g satisfies
the condition for our first case.

Case 3: The only possible element w ~ w such that w9 % v is
mapped to 0 by ¢g and for all distinct u ~ @& € V \ [w]. we have
ud oL ud.

Let u, 4 be elements like in the case assumption. By Theorem 3.12
and Theorem 3.13 the group G acts either as the full symmetric group
or in the same way as Aut()) on the equivalence classes (V\{0})/.. We
assume that Gg acts full symmetric group on (V' \ {0})/~. Then there
exists h € Gy such that v" = v and (u9)" € [u9]. and (a9)" € V'\ [u9]2.
We obtain

0 v X v ) 0

g 9", -1
w | S w | S owh | | udh
i a ash aohe™

Now gohog™t € Gy but w9 £ 499" Therefore Go cannot act
on (V \ {0})/~ as the full symmetric group, consequently the only
possibility for I' is to be equal to F ;. O

Theorem 4.2. Assume that I' = {1}. Then G = Sym(V').

Proof. By Theorem 3.13 the group Go acts as Sym((V/.))o on the
equivalence classes (V/.). The equivalence classes consist only of one
element and there exists g € G such that g(0) # 0. O

From now on we assume
WX
I'= IFp )

Definition 4.3. Let S be a set and let H be a permutation group on
S. For all S C S the algebraic closure of S is defined as the union of

all finite orbits of Hg on S. We denote this set is by acl(5).

As for the linear closure, for finitely many elements vq,...,v, € V
we are going to write acl(vy, ..., v,) instead of acl({vy,...,v,}).

If Sis aset, H < Sym(S), and ~ is an equivalence relation on S
which is H-invariant, then for all finite equivalence classes [a]~ C S
and all b € [a]~ we have b € acl(a). Clearly S C acl(S) for any S.
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In our case the set S is the set of vectors V' and the group H is G.
Furthermore Aut(V) < G and for all v,w € V and all u € V' \ (v, w)
the orbit Aut(V),.,(u) is already V/, thus infinite. The orbit G, ,(v)
contains only v and G, (w) = {w}, thus

(24) {v,w} Cacl(v,w) C (v,w).

By what we argued about finite equivalence classes of an equivalence
relation we have for all w € V' that

w~v = w € acl(0,v).
Together with (24) and since I' = F we obtain the following.

Lemma 4.4. Let v be a vector in V. Then
(25) acl(0,v) = (v) .

For arbitrary vectors v,w € V the structure of acl(v,w) is a little
more complex to determine. For all w € V, if there is a function in
Gu,w which maps u to a vector outside of (v, w) then u cannot be in
acl(v,w). On the other hand, if the orbit G, ,(u) is fully contained
in (v,w), then it is finite and w is an element of the algebraic closure.
Therefore

(26) acl(v,w) ={u eV : Gyu(u) C (v,w)}.

Since G acts transitively on V' we are able to map any pair of vectors
to a pair which contains 0. From this we obtain the following.

Lemma 4.5. Let v, w be distinct vectors in'V and let g € G. Then
(1) acl(v,w)? = acl(v9,w9), and
(2) |acl(v,w)| = p.
Proof. Clearly for all u € V' we have
|Gow(u)| =00 = |Guoue(u?)| = oc.
This shows (1). Item (2) follows from (1) and Lemma 4.4. O

Lemma 4.6. Let v, w be distinct vectors in V. For all distinct elements
x,y of acl(v,w), we have

acl(v,w) = acl(z,y).

Proof. We claim that it suffices to show this in the case that v = 0. Let
u be a non-zero vector and g € G such that (v, w)? = (0,u). Assume
we know that for all distinct a,b € acl(0,u) we have

acl(0,u) = acl(a, b).
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For all distinct elements x,y € acl(v,w) the elements x9 39 are in
acl(0, u), thus by our assumption and (1) of Lemma 4.5:

acl(x,y)? = acl(z?,y?) = acl(0,u) = acl(v, w)’.

Therefore without loss of generality v = 0.
Now for any z,y € acl(0,w) = (w), we have acl(x,y) C (z,y) = (w).
By (2) of Lemma 4.5 we obtain equality. O

Together with (1) of Lemma 4.5 we obtain the following.

Corollary 4.7. Let v,w € V distinct and let g € G be a function such
that v9, w9 € acl(v,w). Then acl(v,w)? = acl(v,w) .

Lemma 4.8. Let v,w be distinct vectors in V. If 0 ¢ acl(v,w), then
every pair (z,y) of distinct elements of acl(v, w) is linearly independent.

Proof. If x,y were distinct linearly dependent elements in acl(v,w),
then by Lemma 4.6 and Lemma 4.4 we would obtain acl(v,w) =
acl(z,y) = (x). O

Lemma 4.9. Let v,w € V be two vectors which are linearly indepen-
dent. For all distinct x,y € acl(v,w) and all distinct X\, p € F,, we have,
if Av+ pw € acl(v,w), then A\x + py € acl(v,w).

Proof. Let z,y € acl(v, w) be distinct and A, i € F,, such that Av+pw €
acl(v,w) be given. The set {z,y} is linearly independent.Therefore,
there exists ¢ € Aut(V) such that v¥ = x and w¥ = y. By Corollary
4.7 the set acl(v,w)? is acl(v,w). The automorphisms of V respect
linear combinations, hence (A\v + pw)? = Ax + py is an element of
acl(v, w). O

Lemma 4.10. Let v, w be two vectors in V. Then the algebraic closure
acl(v,w) is the affine line Aff(v,w).

Proof. 1f {v,w} is linearly dependent, then since |acl(v,w)| = p and
acl(v,w) C (v, w) = (v), we have acl(v,w) = (v) = Aff(v, w).

We assume that {v, w} is linearly independent and define the set I as
set of all tuples (A, 1) € F2 such that there exist distinct z,y € acl(v, w)
for which we have: \x + py € acl(v, w).

Because of Lemma 4.9 for all (A, ) € F7 the existence of distinct
elements x,y € acl(v,w) such that A\x + py € acl(v, w) is equivalent to
all distinct elements x,y € acl(v,w) fulfilling Az 4+ py € acl(v, w).

If (X, p) € I, then (A + pw) — &w = v and since all three (Av +
pw), v, w are elements of acl(v,w) we obtain

(27) YO p) € LAAD = G—g) el



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

59

Furthermore for all (A, p1) € I such that A # 0, the element (v —
fw) + pw is contained in acl(v,w) and equal to v — pw + pv = (1 +
p)v — pw. Thus
(28) VOup) € LA£0 = (L+p,—p) € 1.

If 14 1 # 0 by (28) we obtain (u,1 — u) € I.

Claim: For all y € F,, if (1,0) € I, then p = 1.

This is clear since (1,0) € I and two non-equivalent elements cannot
lie in acl(v, w).

Claim: For all A € F, if (1,\) € I, then A = 0.

We assume otherwise, i.e., A # 0. By (27) we obtain

(%,—%) , (1,=N) el

1 1
acl(v,w) 3 < v+ \w)—= (v — Iw) = 2v.
A — A\ ———

€ acl(v,w) € acl(v,w)

Therefore

Which cannot be since acl(v,w) contains only pairwise non-equivalent
elements and 2v ~ v.

Claim: For all (\, ) € I'if A # 0, then A =1 — p.

If A #0, then pv + (1 — p)w, v € acl(v,w) and

L-(po+ (1 —p)w)+ A= (1 —p))w = pv+ lw € acl(v,w)

Thus (1,A — (1 — p)) € I and by our second claim A =1 — p.
Our three claims show that acl(v,w) C Aff(v,w), both have cardi-

nality p hence equality holds.
O

We nowhere needed the fact that I, is a prime field, hence Lemma
4.10 also holds in the more general setting of a non-prime field. Lemma
4.5 (1) and Lemma 4.10 immediately show the following.

Corollary 4.11. G preserves affine lines, i.e., maps affine lines to
affine lines.

We denote for every v € V' the translation which maps any w € V
to w + v by 7.

We recall Definition 3.4 which states that a bijective function
f:S1(V) = S1(V) preserves projective lines iff for all Ly, Ly, Ly € S;(V)
we have

(29) LoCLi+ Ly, < L{cL{+L]



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

60

For all v,w € V and Ly, Ly € S1(V) two affine lines v + L; and
w—+ Lo are said to be parallel iff Ly = Lo. For a more general definition
of parallelity, see |5, p.146].

Theorem 4.12. Let g be an element of G. Then there exists ¢ €
Aut(V) such that g = ¢ o 4.

Proof. For all u,v,w € V we have that Aff(v,w)™ = Aff(v™, w™). By
Corollary 4.11 the same holds for g o 7_4) =: g. Since g is an element
of Gp it acts on S;(V).

Claim: The action of § on S;(V) preserves projective lines.

Let three arbitrary vectors u,v,w € V be given. We want to show
that (29) holds for Ly = (u),L; = (v) and Ly = (w). Assume that
(u) C (v) + (w). For any = € (u) there are v, € (v) and w, € (w) such
that z € Aff(v,, w,). We obtain 27 € Aff(vd, wi) C (v7) + (w?). By
repeating the same argument for g—! this shows (29).

By Theorem 3.7 there exists ¢ € Aut(V) such that the actions of ¢
and g on S (V) coincide. We set h := g o ! which acts as the identity
on S;(V). Our goal is to show that h = ¢ -idy for some ¢ € F;.

Since for any A € F’ the function z — Az? is again an automorphism
of V and has the same action on S; (V) as ¢ we may assume without loss
of generality that there exists at least one v € V' such that h(v) = v.

Claim: For all u,w € V the function h maps the affine line w+ (u) =
Aff(u + w, w) to the affine line w" + (u) parallel to (u).

Since h preserves projective lines we have that h((u,w)) = (u,w).
Additionally we have Aff(u + w,w)" = Aff((u + w)" w"), therefore
h(w + (u)) = wh + (u+ Mw) for some A € F,. The function h is
bijective and w + (v) N (u) = (), hence w" + (u+ Aw) N (u) is empty
too. Since w" € (w) it follows that A = 0, showing our claim.

We are now in position to finish our proof. Let w € V'\ (v) be given.
Then {v+w} = v+ (w) Nw + (v), thus

{h(v+w)} =h(v+ (w)) Nh(w+ (v)).

Since h(v+w) € (v + w) we obtain h(v+w) = Av+Aw for some A € [,
By our last claim h(v+ (w)) = v+ (w) and h(w + (v)) = wh + (v}, thus
A =1 and in further consequence w" = w.

v+ w

w ~+ (v)
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This implies that i = idy. Therefore g o 7_40) = .
O

Note that in the proof of Theorem 4.12 we never used the structure
of the underlying field of V), hence the statement holds for arbitrary
underlying fields.

By Theorem 6.3.3. of [5, p.153] every affine mapping in AI'L(V) is a
composition of a translation and a vector space automorphism. With
this, Theorem 4.12 is a variant of the Fundamental Theorem of Affine
Geometry which states that a bijective function which preserves affine
lines is a semi-affine function with regards to some field automorphism,
see e.g. [2, p.52|. As we have seen, this holds for a countably infinite
dimensional vector space. It does not hold for dimensions smaller than
2; again [2] gives a counterexample in the beginning of Chapter 2.6.

Since Aut(F,) contains only the identity we have AT'L(V) = AGL(V).
Theorem 4.12 shows that G < AT'L(V) = AGL(V). We now show the
other inclusion.

Lemma 4.13. G is equal to the group of all affine mappings from V
to V.

Proof. By Theorem 4.12 we have G < AGL(V). Since G does not fix
0 there exists an element which is the composition of a vector space
automorphism and a translation. Since Aut(V) < G there exists at
least one v € V'\ {0} such that 7, € G.

Let u € V\{0} be an arbitrary vector. There exists p € Aut(V) < G
which maps u to v. For any w € V' we have

el (0T INTue (T
w (w? ) (w

"t =w+tu,
hence ¢ tor,0p =1, € G.

Since G contains all automorphisms of V' and all translations, by
Theorem 6.3.3 [5, p.153] we have G = AGL(V). O

We define a relation R C V* by
(a,b,c,d) e R: <= a+b=c+d.

The structure (V, R) is clearly a reduct of V. Every translation and

every automorphism of V preserves R, hence by Theorem 6.3.3. [5,

p.153] we have AGL(V) < Aut((V, R)). By what we showed, the only

other possibility for the automorphisms of (V, R) would be Sym(V"), but

not all functions in Sym(V') preserve R, hence Aut((V, R)) = AGL(V).
We obtain the following.
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Theorem 4.14. Assume that a closed permutation group G on 'V con-
taining Aut(V) does not fix zero. Then one of the following holds.

(1) G = Sym(V), or

(2) G = AGL(V).
In particular there are, up to interdefinability, two first-order reducts

of V which do not first-order define 0:

e The pure set with domain V and no operations or relations.
e The structure (V, R) containing no operations.

Together with Theorem 3.56, Theorem 4.14 shows that every count-
ably infinite vector space over a finite prime field of odd characteristic
has, up to interdefinability, only finitely many first-order reducts.
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Summarising we obtain the following picture.

Theorem of Engeler, The reducts of V <—
Ryll-Nardzweski Closed permutation groups
and Svenonius on V containing Aut())

G closed, such that

l |Aut(V) <G < Sym(V) | ‘

G does not g does
fixo0 fix 0

r={1}|e—F——T=F, I =F, r<F

=

Fundamental
Theorem of
Projective Geometry

as Aut(V) as Sym(V/+) {0y
|

[g acts on V/N] [ G acts on V/. ]

Fundamental
Theorem of
Affine Geometry

— G = G*o
G = Sym(V) G = AGL(V) [G* o Aut(V)] [Sym((V \{0})/~)f ]

l |

[ G* = SN, H), H G* = SN, H), ]
N <H <Sym(T') | [N <H < Sym(T)
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