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Conventions and notation

e By N ={1,2,...} we denote the set of natural numbers, i.e., all positive integers, not
including zero.

e For any N € N we write [N] for the set {1,..., N} C N.
e For any set S C R and a,b € R we write aS + b for the set {as+b|s € S}.

e When an index is omitted, we indicate this by writing a hat above the omitted part of
the expression. For example, ag+ ...+ a1 X' +a; 1 X+ ... +a,X" can then be

—

written as ag + ..a; X*.. + a, X".

e If o(t) : X — X is a function, we write o(t)" for the n-fold product of o(t) with
itself and o(t)°" for the n-fold composition of o(t) with itself. So o(t)?> = o(t)o(t) and

a(t)? = o(o(t)).

e Let P be a prime of some ring R and x € R. We write vp(x) for the P-adic valuation
of z. For example, if R =TFy[t], P = (t) and = = t° + t'° + ¢! + ..., then vp(z) = 5.



Introduction

The Nottingham group .4, was first defined in 1988 by D. Johnson and I. York [20], who
both resided in Nottingham at the time. The combination of it being easy to calculate with
and having interesting properties, has led to it becoming popular amongst group theorists
[11]. It has been used, for instance, to refute conjectures about profinite groups [18]. Fur-
thermore, number theorists have also taken an interest in this group, because it occurs as
wild ramification group of F,((¢)). In 1997 these two interpretations were brought together
by the proof and implications of the following theorem [26]:

Theorem 0.1 (Camina [10]). Every countably based pro-p group can be embedded, as a
closed subgroup, in the Nottingham group.

A consequence of this theorem is that every finite p-group must be a subgroup of the Not-
tingham group. However, so far not many explicit examples of elements of finite order have
been found |11]. The goal of this thesis is to find more examples and then especially examples
that are sparse. This property interests us because it forces the elements to have a relatively
straightforward structure, which might be possible to generalise. Besides, explicit elements
of the Nottingham group are also relevant in deformation theory (e.g. [3, p. 212]) and since
sparse elements are relatively easy to implement in a computer program, this gives an extra
motivation to look for such elements. An important invariant of elements of the Nottingham
group is their depth. The only sparse series of finite order that were known before this thesis
are of order 2 or 4 and have depths 2* + 1 [8] or 1 |4} |§], respectively.

In Chapter 1 all relevant definitions and propositions about the Nottingham group, sparse-
ness and automata are given and previous work is reviewed. Chapter 2 is devoted to giving
a new proof of Cobham’s Theorem in the language of digraphs. The theorem concerns a
characterisation of automatic sparse elements and the new proof can be used to determine
a growth constant in both the sparse and non-sparse case. Chapter 3 examines if the finite
order condition imposes certain structural conditions on the elements. Especially when the
order is 2 this turns out to be the case. These conditions are then used to make smart guesses
for other series of order 2 that might be sparse, which works for depths 2 — 3. The other
guesses are not all sparse, as is proved in Chapter 4, based on a Galois theoretic condition
for sparseness combined with Newton polygons.



Chapter 1

Prerequisites

In this chapter the prerequisites to understand the rest of the thesis are given. The first
section contains all specific terminology and some examples. The second section focuses on
the basics of algebraic graph theory and is only relevant to follow the proofs in Chapter 2.
It can, therefore, be skipped if the reader is either already familiar with the subject or not
as interested in the specifics. The third section gives a more extensive recap of previously
known results than was given in the introduction.

1.1 Nottingham group, p-automata and sparseness

Definition 1.1. Let p be a prime number. The Nottingham group .4, is the subgroup of
Aut(F,[t]) consisting of the elements o such that o(t) = ¢t + O(¢*). The group operation is
composition.

Remark. Note that an element of Aut(F,[t]) is completely determined by the image of t.
Thus the same holds for .4,,.

That .4, meets all the group axioms follows quite straightforwardly from the fact that
Aut(F,[t]) is a group. However, for intuitive understanding, it is still useful to calculate
some examples of inverses and compositions.

Examples. Note that the identity of .4}, is t. All examples are in 45.

e Define ox1(t) := ¢t +t* +t>+t*+.... Then, o is its own inverse. This can be
deduced by calculating o1 (t + 12+ ... + ") = t + t"" + O(t"*?) for each n € N.
Alternatively a more combinatorial proof can be given. We may write ok 1(0x1(t)) =
ait + ast? + ast® + ... and note that a; equals the number of compositions of i. For
example we get a3 = 4, because 3=1+1+1=1+2=2+1= 3. Hence, a; = 2!,
which is zero modulo 2 for all ¢ > 1 and a; = 1.

e Define 7(t) := ¢t +t* +t* + 3+ .... Then, 77(t) = t + ¢* is its inverse. We can
calculate this by first taking 77(t) = t + O(t?). Since 7(t) = t + t* + ..., we see
that the next term of 7—! should be t?. Using that we are in characteristic 2 we find
(t+ )" = 12" + ¥ and thus, 7(t +12) =t + 22+ 2t + 203 + ... = ¢.



e We can also calculate some compositions of these elements.

o (T ) =t + 22 4 33+ 5t S 4 130+ 21T+ =t P T
T Hog () =t +22 + 3 2t P 2 T =t BT

From this we conclude that .45 is non-abelian.

Definition 1.2. We say a power series in F,[t] has finite compositional order N if N € N
is the smallest integer such that o°V(t) = t.

In previous example we saw that o ; was its own inverse. Therefore, the finite compositional
order of ok ; is equal to 2. Any conjugate of o 1, such as Too g 4 o771, also has order 2, but
these are (in general) quite cumbersome to calculate. However, the next proposition shows
that any power series of finite compositional order must be in .4, and have order some power
of p.

Proposition 1.3. Let o(t) = ag + a1t + ast* + ... € F,[t] be of finite compositional order
N > 1. Then ay =0, a; = 1, o has infinitely many terms and N = p" for some r € N.

Proof. That ag must equal 0 holds because otherwise composition of power series is not well
defined. Infinitely many terms are needed, because if o(t) were a polynomial of degree n > 1,
the degree of o°V(¢) would be nV instead of 1. The fact that a; = 1 and N = p" can be
proved by analysing the coefficients of ¢°V, as follows.

Suppose o(t) = ait + ag_1t* + O(t?) with ag_; # 0. It is easy to calculate that o(t)°N =
alVt + NaYtag_1t*! + O(t?). This must equal ¢, so p must divide N. Now suppose that
N = ¢ - p" with ¢ € N and coprime to p. Then the series o(#)°*" has order ¢, which tells
us that it is either the identity or p divides q. We assumed ¢ to be coprime to p and may
conclude ¢ = 1 and N is a power of p. We also need a)¥ = aﬁ’r =1 mod p, which by Fermat’s
little theorem implies a; = 1. O

Another consequence of the proposition is that no polynomial has finite compositional order.
Therefore 77!, as defined in previous example, has infinite order. The same must then hold
for 7, even though this element does have infinitely many terms.

One way to construct elements of the Nottingham group with a lot of structure is by using
p-automata.

Definition 1.4. Let p be a prime. A p-automaton is a finite directed multigraph for which
the following hold:

e cach vertex is labelled by an element of F,,.
e one vertex is additionally labelled with ‘Start’.

e cach vertex has p outgoing edges, that are all labelled with a different element of
{0,1,...,p—1}.
e an edge labelled with 0 connects two vertices with the same label.

e cach vertex can be reached from the start vertex. (This is called accessibility.)

From a p-automaton we can, in a natural way, construct a sequence. If for a certain sequence
there exists such a p-automaton we call that sequence automatic. This is made precise in
the following definition.



Definition 1.5. Let k € Z, p a prime and (b;);>0 a (finite) base-p expansion of k, in symbols
k=", bip". Suppose we are given a p-automaton. From the ‘Start’ vertex consecutively
follow the edges labelled by by, by, ...,b, and suppose we end up at vertex v. Define a; to
equal the label of v in F,,. Then (a;);>¢ is called an automatic sequence.

Remark. The fourth property of a p-automaton implies that an automatic sequence does
not depend on which base-p expansion one takes for an integer. For instance writing 5 =
1-140-241-4 will give the same value for a5 as writing 5 =1-1+0-2+1-4+0-8. This
property is therefore also called leading zero invariance.

Definition 1.6. An automatic series is a formal power series o(t) € F,[t] such that for
some automatic sequence (a;);>o in F, we have:

o(t) = ag + art + ast®* + ast® + .. ..

Examples. We use the two 2-automata in Figure and write (a;)iez., and (b;)icz., Te-
spectively for the automatic sequences generated by (a) and (b).

e First of all one should check that both automata meet all the requirements of Definition
1.5.

e Suppose we are interested in calculating a;3 and by3. In binary 13 = 1101, so we must
follow the arrows labelled by 1,0, 1 and 1 consecutively. In (a) we end up in the vertex
at the bottom labelled with 0 and in (b) in the top right vertex labelled with 1. Hence,
a3 = 0 and b3 = 1.

e Using this method for all i € Z>, we get (a;) = (0,1,1,0,1,0,0,0,1,...) and (b;) =
(0,1,0,0,1,0,0,0,0,...). This leads to the series t+#2+t*+t8+. .. and t +t*+13 4. .
respectively.

e In fact, we can see directly from the automaton in (a) that a; = 1 if and only if ¢ is
a power of 2; the only paths that lead to a non-zero labelled vertex are the ones with
edges labeled by 0,0,...,0,1(,0,...,0), here the zeroes between the brackets account
for the leading zero invariance. A similarly simple description of (b) is not possible,
but we will see later on that it generates a so-called Klopsch’s series.

OO0
O=ORED
)

0,1

(b)

Figure 1.1: Automata for the series (a) 7(t) =t +1?>+t*+ ... and (b) ok 3(t) as given in [9,
Figure 1].
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The amount of structure automatic series contain is best described by a theorem of G.
Christol stating that a series is automatic if and only if it is algebraic, as follows.

Definition 1.7. Let p be a prime and o(t) € F,[t]. We say that o is algebraic if it satisfies
the polynomial equation F'(t, X) = 0 for some F(t, X) € F,[t, X].

Examples. All series we have seen so far are actually algebraic. The following examples are
all taken from .A45.

e All polynomials p(t) are algebraic since they satisfy X — p(t) = 0.

e The series o 1(t) =t + 1%+ ¢3 + ... is algebraic since it satisfies (t — 1) X +¢ = 0.

o The series 771(t) =t + 12 + t* + ... is algebraic since it satisfies X? — X +¢ = 0.
Theorem 1.8 (Christol [13]). A power series in A, is automatic if and only if it is algebraic.

The proof of Christol’s theorem is constructive in the sense that given an algebraic equation
one can construct the automaton and vice versa. This is also how Figure was determined.

As one can imagine, having finite compositional order also requires some structure. In [4}
Remark 1.6] it was pointed out that every series of finite order is in fact automatic (and thus
algebraic). Hence, in our search for elements of finite compositional order, we only have to
consider automatic series.

Another interesting property elements of the Nottingham group can possess is sparseness.
It tells us something about the extent of non-zero coefficients and is based on the support of
an element.

Definition 1.9. Let o(t) be a power series in F,[¢t] for some prime p, then its support is
defined to be the set
E(o)={k € Z | a, # 0}.

Furthermore, we write E(o)y for the set E(o) N [N].

Definition 1.10. A power series o(t) in F,[t] is (r-)sparse if
#E(0)n = O(log(N)")

for some r > 0. The infimum of such r is called the rank of sparseness of o. In the case that
o(t) is automatic, the corresponding p-automaton and automatic sequence are also called
(r)-sparse.

Examples. Let ok and 7 be as defined in previous examples.
e Any polynomial has a finite support and is therefore sparse of rank 0.

e The support of o is F(ok1) = N and therefore #E(ok 1)y = N. Thus, ok is not
sparse.

e The support of 7 is E(7) ={1,2,4,8,...} and therefore
#E(T)n = #{1,2,..., 2]} = O(log(N)).

Thus, 7 is sparse of rank 1.



In previous examples it was quite easy to recognise whether a series was sparse or not.
This might not always be the case, for instance if the support is a union of several sets all
growing polylogarithmically. The following definition and proposition give one way to make
this distinction and will be of relevance in the automatic sparse case. Both rely partially on
Definitions [L17 and [L.I8 of the next section.

Definition 1.11. Let r be a non-negative integer and vy, . . ., v,, wo, . . . , W, some p-ary words,
with all w; non-trivial. Then their simple sparse set is the set

{v,wir -~ vwitvg | ; € Zso} C Z>o.

If either |v,| # 0 or |w,| # 0, we say the simple sparse set has rank r.

Remark. The previous definition is not universal in the sense that different sources use
different terminology. For a brief discussion see [9, p. 14].

Proposition 1.12. Let E be a simple sparse set of rank r. Then there exists some constant
C > 0 such that for sufficiently large N the following holds:

#(EN[N]) = Clog(N)".

Proof. By definition we can write E as {v,w?" - - vjwivg | x; € Z>¢} for some p-ary words
Vg, ..., Up, W1, ..., Ww,, Where w; is non-trivial for all 1 < ¢ < r. Write z for the sum of the
lengths of vy, ..., v, and [; for the length of w;, and define L := max(l;).

For all N € N there exists an integer k > 0 such that p“**+* < N < pt®+D+2 The number
of elements in E'N[N] is then larger than or equal to the number of elements in E N [p=**2],
so it will suffice to examine this number.

Let (o, ..., z,) € Z54! so that 29+ ...+, = k. Then v,w?®" - - - vjw] vy has length less than
or equal to Lk + z and thus, has size less than p“***. Note that each solution (x, ..., z,)
leads to a unique size of v,w® ---viw{ vy, so the number of such solutions gives a lower

bound. There are exactly (kjr) of such solutions and we find

#meDz#EmWHmz(””)>lﬂ

r

We also know that L(k + 1) + z > log,(N), so k > 1(log,(N) — z — L). Since r, L, z and p
are constants we quickly see that, for sufficiently large N, we can find some constant C' such
that

#(EN[N]) > Clog(NY" s

From this proposition one may conclude that, if the support of a series is equal to a finite
union of simple sparse sets, the series is sparse. It should be remarked, though, that the
converse does not hold: there are certainly sparse series whose supports are not equal to a
union of simple sparse sets. In fact, sparseness does not force a series to have any kind of
predictable structure at all, but this changes when we add being automatic (or equivalently,
algebraic) to the mix.

Proposition 1.13 (Szilard, Yu, Zhang and Shallit [28], [9] Cor. 3.10). A series o is au-
tomatic and r-sparse if and only if its support is a finite union of pairwise disjoint simple
sparse sets of rank at most r.



In Chapter 2 we will see a proof of this proposition.

Remark. In the automatic case we can now give a more quantitative description of what
it means for a series to be ‘easy to implement’. When the simple sparse sets of a series
are determined it takes O(log(N)) time to calculate its first N coefficients. Whereas for a
non-sparse automatic series this would take roughly O(N log N) time.

Additionally, sparseness also imposes a condition on the automaton. By a theorem of A.
Cobham any automatic series is either sparse or it support grows fractionally in N. A.
Szilard, S. Yu, K. Zhang and J. Shallit showed that the sparse case holds if and only if the
automaton contains a tied vertex.

Definition 1.14. Let v be a vertex of some p-automaton. Then v is called tied if the
following two properties hold:

(i) there exists a (possibly empty) walk from v to a vertex with a label other than 0.
(i) there exist two different walks of the same length from v to itself.

Theorem 1.15 (Cobham [14], [28]). An automatic series o(t) € F,[t] is sparse if and only
if a corresponding automaton does not contain any tied vertices. Furthermore, if it is not
sparse #Ex (o) > N* for some o € (0,1] and sufficiently large N.

This theorem will also be proved in Chapter 2.

1.2 Digraphs and linear algebra

We will need some more general (algebraic) graph theory. Here we will renew the necessary
definitions.

Definition 1.16. Let G = (V| E) be a graph. Then a walk W consists of vertices vy, vy, ..., v,
in V and edges eq,es,...,e, in E so that e; is an edge between v;_; and v; for each i. If we
also require that all vertices are distinct, W is called a path.

Definition 1.17. Let G be a graph and W some walk in G consisting of n edges. Then we
define the length (W) of W as n.

Definition 1.18. Let W be a walk in some p-automaton, such that the edges of W are
consecutively labelled by by, bs,...,b,. Then we define the size |W| of W by

b1 -+ bQ}? -+ bgp2 + ..+ bnpnil.

Examples. The walk with vy equal to the start-vertex that we use to determine a,, has size
m and length [log,(m) +1].

For each vertex v in a p-automaton and each integer m there is exactly one walk of size m
that does not end in a zero-labelled edge and starts at v.

Definition 1.19. Let D = (V, E) be a digraph (i.e. directed graph). We call D a rooted
out-tree or an arborescence if there is a vertex v in V' such that for each vertex w € V there
is exactly one walk from v to w. The vertex v is called the root of D and if w has no outgoing
edges, it is called a leaf.



Definition 1.20. Let D = (V, E) be an arborescence. Then the height of D is the maximal
length of a walk from the root v to some vertex w € V.

Figure 1.2: An example of an arborescence with height 3, root v and 5 leaves.

Definition 1.21. Let D = (V, E') be a digraph with n vertices and suppose we have labelled
the vertices by vy, va,...,v,. For 1 < ¢,57 < n define a;; to be the number of edges in
going from v; to v;. The square matrix Ap := (a; ;) is called the adjacency matriz of D.

The advantage of considering the adjacency matrix is that we can now use a bit of linear
algebra to analyse digraphs. In the following we will assume all matrices to be taken over R.

Definition 1.22. Let A be a matrix. We say A is positive if all entries are positive and that
A is non-negative if all entries are non-negative. The definition is analogous for vectors.

Definition 1.23. Let A be a square matrix. The set of distinct eigenvalues is called the
spectrum of A and denoted by Spec(A). The number

A) = A
p(A) \enax A)I |

is the spectral radius of A. Here |.| is the usual absolute value over C.

Definition 1.24. Let A be a square matrix. We say A is a reducible matriz if there exists
a permutation matrix P so that

XY
-1
par - (X 1),
where XY, Z and 0 are non-trivial matrices and X and Z are square.
If A does not meet this condition, it is called an irreducible matriz.

Definition 1.25. A digraph D = (V, E) is called strongly connected if for each pair of
vertices u, v there exits a path from u to v. It is called weakly connected if there exists a
path from u to v or from v to wu.

Lemma 1.26. A digraph D is strongly connected if and only of its adjacency matriz Ap is
wrreducible.

Proof. Assume that Ap is reducible and that the vertices have been permuted such that
Ay — (X Y

0 7
note that m, +m, = n. The zero-block in Ap tells us that there does not exist an edge from
v; to v; for any m, +1 <¢ <nand 1 < j < m,. Therefore, there cannot exist a path from

. Suppose X and Z have dimensions m, X m, and m, X m,, receptively, and
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v, to vy and D is not strongly connected.

Now suppose D is not strongly connected. There must be vertices v and u so that there is no
path from v to u. Define V, to be the set of vertices w for which there exists a path starting
at v and ending at w and define V,, as the other vertices. Neither will be empty, since v € V,
and v € V,. Now permute the vertices in such a way that v; € V,, and v; € V, implies 7 < j.
One checks that Ap can then be written as in Definition [1.24] and is thus reducible. O

1.3 Previous work

Before we talk about the known sparse series of finite compositional order, we should briefly
discuss the conjugacy classes in .4,. It is a basic fact from group theory that the order of
two elements in the same conjugacy class must be the same. For elements of order p each
class can be characterised by the depth d and coefficient a4, of its elements.

Definition 1.27. The depth d of an element o(t) in .4}, is v;(c —t) — 1 and therefore lies in
NU {o0}.

Proposition 1.28 (Klopsch |21 Prop. 1.2). Let oy and oy in A, have depth d, order p and
both be of the form t + at®™* + O(t*2) for some non-zero a € F,. Then there exists some
T € N, such that To177' = 0y.

B. Klopsch also gave a representative for each conjugacy class of order p, which exists if and
only if the depth is not divisible by p.

Definition 1.29. For each prime p, integer d # 0 mod p and a € F,’ we define a Klopsch’s
series by:
t
=t 4at! .
V1 — dat?
When p = 2 we denote these series by ox 4.

Remark. Since Klopsch’s series have finite order, they are algebraic. In fact they satisfy
the equation X4(1 — dat?) — t¢ = 0. For p = 2 it simplifies to X4 + (tX)? + ¢4 = 0.

In our search for sparse series of finite order p we now know that they will be conjugate to
some Klopsch’s series and focus on finding a representative for each pair (d, a).

In the introduction it was mentioned that the only sparse series of order p known previously
were of order 2 and depths 2# £+ 1. See Section 3.2 for their exact definitions.

Theorem 1.30 ([8] Prop. 10.2.1.). For all depths d = 2" £1 and u € N there exists a sparse
automatic series of order 2. These series will be denoted by og 4.

Example. The series 051 =t + P+t 4+t 4+¢"+. .. and og1 =1+ 2 +t3+t*+ ... both
have order 2 and depth 2. Hence, there must exist some 7 € .45 so that 7'05717*1 = OK1-
It is in general hard to determine these 7 and it is not even known if 7 can or cannot be
transcendental.

For elements of order higher than p a similar classification of conjugacy classes is possible,
see [24]. This classification is based on the depths of 0,0, . .. ,0°pn_1, where p™ is the order
of 0. However, since this thesis does not focus on any explicit examples of higher orders, we
will not elaborate on it here.

11



Chapter 2

Automatic sparseness

In this chapter we will examine automatic series more closely. By a theorem of A. Cobham
[14] any automatic series o(t) is either sparse or E(o)y grows faster than N* for some a > 0.
Originally, the proof of this theorem was given in the terminology of formal languages, which
makes it hard to read from a graph theoretic perspective. In the first section we give a
different proof using an idea of A. Szilard, S. Yu, K. Zhang and J. Shallit [28] about a
correspondence between sparseness and tied vertices. From the structure of this proof we
can also determine the rank of sparseness of o or the order of growth « for E(o)y. Section
2 and 4 will be devoted to this, respectively. In Section 4 we will see that the supremum of
values for « is always the logarithm of an algebraic integer. In Section 3 we prove all the
details needed for Section 4 and in Section 5 we will calculate o for several series of finite
compositional order.

2.1 Identifying sparseness by the automaton

We will prove that we can see whether an automatic series is sparse by looking solely at the
automaton. Namely, the series will be sparse if and only if the automaton contains no tied
vertices. Besides, we will see that in the case that an automatic series is not sparse, F(o)y
will grow as a fractional power of N. First we need the following two lemmas.

Lemma 2.1. Let Wy and Wy be two walks in a p-automaton of length n and m respectively.
Suppose that the last vertex of Wi equals the first vertex of Ws. Then these walks can be
composed to a walk with size

‘Wl 9] W2| = |W1| +p”|W2|.

Proof. That the walks can be composed is clear. Now suppose W; has edges labelled by
bi,...,b, and W5 has edges labelled by ¢q,...,¢,,. Then W; o W5 has edges labelled by
bi,...,bp,c1,...,cnp and thus its size becomes

br+bp+ . bup" e A ™ = (W 4 " W, O
Lemma 2.2. Let v be a vertex that is not tied but does have a walk to a vertex labelled
non-zero. Then there can be at most one walk from v to v that does not contain v a third

time.

12



Proof. We will prove this lemma by contradiction. So suppose there are two distinct walks
Wy and Wy starting and ending in v that do not contain v a third time. Because v is not
tied, these two walks cannot have the same length. Define the length of W; to be z; and
assume without loss of generality that x; < x,. Since W; and W, start and end in v, they
can both be combined with each other. Consider the walks W7 o0W5 and W50 W;. The length
of both these walks is x1 + x5 and they also still start and end in v. Furthermore, they are
not the same walk, since, the first walk will have a vertex v at spot x; and the second walk
will not, because W5 would then contain a third v. We have constructed two different walks
from v to v of the same length. This contradicts the fact that v is tied and we may conclude
that no such W; and W, can exist, which proves the lemma. O

Theorem 2.3. Let o(t) be an automatic series in F,[t], then one of the following must hold:

e the p-automaton contains a tied vertex and there is an o € (0,1] such that #E(o)n >
N for sufficiently large N.

e the p-automaton of o contains no tied vertices and o is sparse.

Proof. First we will prove that if the p-automaton contains a tied vertex then we can find
a > 0 such that #FE(0)y > N© for sufficiently large N. Secondly we will show that if the
p-automaton does not contain any tied vertices then, #E(c)y = O(log(N)") for some r > 0
and thus o will be sparse. Note that this proves the theorem, since it is obvious that the
p-automaton always either contains at least one tied vertex or does not contain any tied
vertices at all.

Let v be a tied vertex in a p-automaton that results in the automatic series o(t). By
connectivity we know that there must be some walk W from ‘Start” to v. Because v is tied
we also have distinct walks Wy and Wy going from v to v with equal length. Finally, we
know that there is a walk W, from v to a vertex labelled non-zero. We write z, x and y for
the lengths of W, W, and W, respectively. Before we start the proof we take a closer look
at We,. Suppose W, contains only zero labelled edges. Then W, only contains vertices with
the same label as v and thus v is non-zero itself. So, W; and W5 are both walks from v to a
non-zero vertex. Because W; and W, are distinct, we know at least one of them must contain
a non-zero labelled edge, thus we might as well choose W, to be this walk and assume that
W, contains a non-zero labelled edge. Furthermore, if the last edge of W, is labelled by zero,
we may remove this edge because of the leading-zero-invariance and thus we may assume
that W. does not end in a 0.

Wi
Start
(w20
v
Wy

Figure 2.1: A tied vertex and its walks.
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Now we can find a lower bound on the size of E(o)y using the tied vertex v. Namely, for
each k € Z>(, we have that the set

{{WsoW,;, oW, 0...0oW;, oW,|:1; € {1,2} for 1 < j <k}

is a subset of E(c). Note here that we used that W starts at Start and ends in v, that W,
and W5 both start at and end in v, and that W, starts at v and ends in a non-zero vertex.
Also notice that all choices of k and i; give walks of different sizes, because the walks are
different and do not end with a zero-edge. Hence, by Lemma for each k we find in this
way 2F unique elements in E(c) that all lie between p**v+(*=17 and p**v+k  Even better,
we find at least 2¥ — 1 elements in E(o)y for N = p*tv+(—1z,

Define B := %logp(Q), let 0 < a < B and N a sufficiently large integer. Then there is some k
such that N lies between p*T¥+* =12 and p*+v+k*  Using previous observations we find that,

#E<0_>N Z 2k —1= pka -1 Z (pz—l-y)apzka Z (pz—l—y—i-zk:)a Z ]\/'oc7

where we use that N (and therefore k) is sufficiently large for the second inequality. We have
now shown that, if the p-automaton contains a tied vertex, then #F(c)y > N for some «,
proving the first part of the theorem.

To prove that o being sparse implies the automaton has no tied vertices we will first examine
the structure that such a p-automaton can have.
Let v be any vertex of the automaton, then by Lemma [2.2| we have three cases:

(i) v is labelled by 0 and every walk from v goes to a 0,
(ii) there is a walk from v to a vertex labelled non-zero, but not a walk from v to v,

(iii) there is a walk from v to a vertex labelled non-zero and exactly one walk from v to v
that does not contain v a third time.

In case (i) we can assume that all edges going outwards of v go to v itself. In case (iii) we
know the walk from v to v is a cycle. If w is a vertex on this cycle, then the cycle also gives
a walk from w to w and thus w is a case-(iii) vertex as well. Since a vertex cannot belong
to two cycles, we can group case-(iii) vertices together by their cycle. In a similar manner
we will group case-(ii) vertices together by arborescences. To do this we might first need
to enlarge our p-automaton a bit. Suppose two distinct edges arrive at the same vertex or
the same cycle and neither of these edges is part of a cycle. Then we take this vertex/cycle
and all of the p-automaton that can still be reached from this vertex/cycle, and copy it.
We attach one of the copies to the first edge and the other copy to the second edge. Now
the two edges do not go to the same vertex or cycle any more. This can be done for all
such pairs of edges throughout the p-automaton, until there are none left. Because there
are only finitely many such pairs, we will still have a p-automaton in the end, that in fact
produces the same automatic sequence. This construction ensures that every case-(ii) vertex
has at most one ingoing edge. So, if we group together case-(ii) vertices that can be reached
through each other without passing a case-(iii) vertex, these form an arborescence inside
the graph. Furthermore, the construction also ensures that each cycle can be reached by
at most one sequence of earlier cycles. With that in mind we can view our p-automaton
as a bigger arborescence, where the vertices are the cycles made of case-(iii) vertices, the
edges are the (possibly empty) arborescences made of case-(ii) vertices and the leaves are
the case-(i) vertices. Also see Figure 2.2]
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Figure 2.2: An example of a p-automaton without tied vertices viewed as cycle-arborescence.
All the case-(i) vertices and their edges are not drawn.

Before we start with the computational part of the proof, we will introduce some important
constants and labels based on the new structure of the p-automaton. We define s as the
number of cycles there are and label them C', Cy, ..., C,. For each C; write [; for the number
of vertices it contains and define [ := min((;). Also, let r be the height of the p-automaton
viewed as cycle-arborescence, or in other words r is the maximum number of cycles one can
pass through consecutively.

Now we will examine how many integers there are in E(c)y with N = pF*! — 1 for some
integer £ > 1. Note that the integers m < pF*! are exactly the integers for which the value
of a,, can be determined by taking &£+ 1 steps in the p-automaton. Write k+1 = xl+y with
0 <y < [. Since all the case-(i) vertices are labelled by 0, it will suffice to give an upper
bound on the number of different walks of length k£ + 1 that end in a case-(ii) or case-(iii)
vertex.

Let v be any case-(ii) or -(iii) vertex. There is a unique sequence of cycles, C;,,C,, ...,
with j < r, the walk has to pass through in order to end up at v. We will proceed with
induction on j. If j is either 0 or 1 (where the first can only happen if v is a case-(ii)
vertex), the length (k4 1)-walk to v must be either unique or non-existent. Now suppose we
already know that there are O(log(N)’~") walks to some vertex v in the cycle C;,_, (induction
hypothesis). To extend such a walk to v we can either take the shortest walk to Cj; and cycle
in Cj; until our steps are gone, or we can cycle 1,2,...,x times in C;,_, and then go to Cj,.
This gives (z+1)O(log(N)?~!) ways to end up at v. We had N = p"*™¥ so z+1 = O(log(N))
and, by induction, we get that there are O(log(N)?) walks of length k + 1 to v. Since there
are finitely many vertices in our p-automaton we also get E(o)y = O(log(N)") and o(t) is
sparse. ]

C

159

In the proof we just saw, we constructed a p-automaton that can be viewed almost as an
arborescence but then with cycles instead of vertices and actual arborescences instead of
edges. The following definition makes this precise and generalises the notion for digraphs.

Definition 2.4. Let D = (V, E) be a weakly connected digraph. We call D a cycle arbores-
cence if for each v € V' one of the following holds:

(i) all outgoing edges of v are self-loops, and v has exactly one other ingoing edge.

(ii) any path starting at v does not end at v, and v has exactly one ingoing edge.

15



(iii) there exists a unique path from v to v, and on this path exactly one vertex has two
ingoing edges, the others have one ingoing edge.

The only exception is the root vertex, which has one ingoing edge less.

Remark. The options for v coincide with the case-(i), -(ii) and -(iii) vertices as defined in
the proof. To see this one should note that a case-(i) vertex has p self-loops and p > 1, so it
is never simultaneously in the third category of the definition.

Remark. Theorem [2.3| can also be used to see if some element o(t) of I, [¢] is an automatic
series. Namely, if #F(o)x is not O(log(N)") for any r and there also does not exist any «
such that #F(o)y > N for sufficiently large N, then a p-automaton for o both has to and
cannot contain a tied vertex, so it does not exist.

For an example of this, define o(t) € F,[t] by ap = 0,a1 = 1,a2 = 0,a3 = 0 and for N > 3,
ay = 0 if and only if [log(N)ele™¥)] = [log(N — 1)lele™=1)]  Then E(0)y grows as
log(V)'ee(N) which is not O(log(N)") and neither grows as fast as N® for any a > 0. So
o meets the requirements and cannot be automatic.

2.2 Determining the rank of sparseness

We will use the proof of Theorem to look at automatic sparse power series and say
something about their rank of sparseness. Recall that the rank of sparseness for a series o
is the infimum of r such that #E(o)x is in O(log(N)"). The proof of Theorem directly
gives an upper bound for this r, namely the height of the cycle arborescence. It turns out
this is also a lower bound and therefore equals the rank.

The idea will be to construct disjoint simple sparse sets of rank at most r. These grow like
log(N)", which will give us our lower bound. We will make this precise in the following
lemma.

Lemma 2.5. Suppose o is an automatic sparse power series with a cycle arborescence of
height r. Then we can write E (o) as a finite union of disjoint simple sparse sets of rank at
most r. Moreover, at least one of those sets will have rank equal to r.

Proof. We will first prove that we can write E(o) as a finite union of disjoint simple sparse
sets of rank at most r and then that we must have at least one set of rank exactly r.

Let v be some vertex in the p-automaton that is labelled non-zero. By the structure of
the cycle arborescence we found in the proof of Theorem there is a unique sequence of
cycles, Cy,, Cy,, ..., C;, one can pass through consecutively to end up at v. Also, there are
the following unique walks: ag from ‘Start’ to Cj,, ay from Cj, to C;,, forall1 <k <j—1
and a; from Cj; to v. Write ay, for the walk of the cycle Cj,. All the ways to reach v from
‘Start’ are

{a;a" - araf*ag | z; € Lo}

This is a simple sparse set of at most rank r, because 7 must be smaller or equal to the
height of the cycle arborescence. We can do this for all non-zero labelled vertices. Note that
the simple sparse sets we obtain must be disjoint, because they reach different end points in
the p-automaton.
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Now we still need to show that there is at least one vertex such that the simple sparse set
we obtain has exactly rank r. Recall that we can find r cycles C;,,...,C; through which
we can pass consecutively by the definition of height. Also, recall that for any vertex w in
C;, there must exist a walk from w to some non-zero vertex v, because, otherwise w would
have been a case-(i) vertex instead of a case-(iii) vertex. So, for this particular vertex v,
we find that its corresponding simple sparse set must have rank exactly r. This proves the
lemma. O

Theorem 2.6. Let o(t) be a sparse automatic series in Fp[t] with cycle arborescence of
height r. Then the rank of sparseness of o is r.

Proof. From the proof of Theorem [2.3| we know that #E(c)y = O(log(NN)"), so the rank of
sparseness of ¢ is at most r. Now we need to show that the rank cannot be smaller.

Lemma [2.5[tells us that E (o) contains a simple sparse set E of rank r and Lemma then
gives a constant C' so that for sufficiently large IV,

#E(0)n = #EN[N] > Clog(N)".

Since log(N)" is not in O(log(N)"~¢) for any € > 0 we conclude that there does not exist
any 1’ < r such that o has rank at most 7’. In other words, r is the infimum we are looking
for and o has rank of sparseness equal to 7. n

Corollary 2.6.1. If o(t) is an automatic sparse series, then its rank of sparseness is an
integer that is attained.

Proof. From Theorem [2.6) we know the rank is the height of a cycle arborescence, which is an
integer. In the proof of Theorem we saw that if r is the height of the cycle arborescence,
then #FE(o)n = O(log(N)"). So indeed, the rank is attained. O

Example. In Figure we saw an automaton for a sparse power series. This automaton
is already in the cycle arborescence form with two cycles (the self-loops at the top vertices).
These cycles can be used consecutively, so the height is 2 and we can conclude that the rank
of sparseness is 2.

2.3 Bounds on the number of walks

Here we state the definitions and lemmas we will need to give an upper bound for « in the
next section. The focus will lie on bounding the number of loops with certain length for a
tied vertex. Intuitively it makes sense that a depends on this; if there are more loops of a
certain length we can construct more walks via the tied vertex to a non-zero vertex.

Definition 2.7. Let u and v be vertices of a (di)graph and & a non-negative integer. Define
Qk(u,v) as the number of walks of length k, starting at v and ending at v. When u = v we
also write Q(v). Furthermore, the number of walks of length less or equal to & is denoted
by Q< (u,v), that is Qg (u,v) := Zf:o Q;(u,v).
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Remark. The number of walks of certain length in a (di)graph can also be determined by
its adjacency matrix. Namely, if u and v are two vertices of some (di)graph with adjacency
matrix A, then the number of walks of length k from u to v corresponds to (A¥),, ,. Therefore,

Qo(u, v) = (AF),0.

The remark shows us that we can use linear algebra to analyse €2,,(v). We will see that the
spectrum and especially the spectral radius of certain matrices will be of importance.

Perron-Frobenius theory deals with the spectra of matrices that are either positive or non-
negative and irreducible. The results are quite numerous and can be found for instance in
[25, Chapter 8]. The following proposition assembles the parts needed in this section.

Proposition 2.8. Let A be any non-negative irreducible matriz. Then

(i) the spectral radius p(A) of A is positive and contained in Spec(A). Also, it is a simple
eigenvalue.

(i1) there exists a positive right-eigenvector T corresponding to the eigenvalue p(A).
Proof. See [25, Perron—Frobenius Theorem p. 673]. O

Perron-Frobenius theory cannot be used immediately. This is because, given any p-automaton
or digraph, the adjacency matrix is not necessarily irreducible. In fact, it is known that the
adjacency matrix is irreducible if and only if it corresponds to a strongly connected digraph,
that is a digraph such that there is a path from u to v for any two vertices v and v. For each
vertex v of a certain p-automaton we will be able to look at a subdigraph that is strongly
connected. The idea is based on the observation that any vertex on a walk from v to v must
be strongly connected to v. Indeed, suppose W is some walk from v to v and u any vertex
on W, then clearly there is a path going from v to u and a path from u to v. Even better,
if w is yet another vertex strongly connected to v, we can also construct a path from u to w
and w to u by going via v. What we see here is that all vertices involved in walks from v to
v are strongly connected to each other. It now makes sense to look at the subdigraph that
only consists of vertices that are strongly connected to v and the edges between them.

Definition 2.9. Let D = (V, E) be a digraph and v € V. Define
o the set of vertices V, := {u € V' | there are paths from u to v and from v to u},
e the set of edges E, := {(u,w) € E | u,w € V,}.

Then D, := (V,, E,) is called the strongly connected subdigraph of D at v. Its adjacency
matrix will be denoted by A,, its spectral radius by p, and the positive normalized right
eigenvector belonging to p, by Z,. The spectral radius will also be called the spectral radius

of v.

Remark. Note that previous definition relies on Proposition [2.8] since we assume 7, to exist
and be unique.

Finally, before we state and prove our first theorem, it is important to note that the number
of walks from v to v of length n in D, is the same as it was in D. This follows from
the observation we made before that any such walk must consist solely of vertices that are
strongly connected to v. Therefore we still have that Q,,(v) = (A})y.-
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Theorem 2.10. Let D = (V, E) be some p-automaton and v any tied vertex of D. Then
there exists some constant C' > 0 so that

(i) for alln € N we have Q,(v) < p.
(11) for infinitely many n € N we have Q,(v) > Cp}.

Proof. Consider the strongly connected subdigraph D, of D at v. By Perron-Frobenius we
get the equation A,7, = p,%,, which can easily be extended to A7%, = pl'Z, for any n € Z>.
Because we are interested in the walks from v to v, we study the row corresponding to vertex
v of this equation. Without loss of generality we may assume this to be the first row and
write usg, ..., u,, for the other vertices in V,,. This gives us the following expression:

Qn (V)21 + (v, u2) Ty + oo+ QL (U, U )T, = P Ty 1

Since x,; > 0 and Q, (v, u;) > 0 for all 4, it is immediate that Q,(v) < p for all n. The other
inequality needs a bit more consideration. By the pigeon hole principle, we get that for all n
we either have €, (v)z,; > %pﬁxm or there is some ¢ > 2 such that Q, (v, u;)x,,; > %pﬁxwl.
For the second case we look at some path P; from u; to v. This path must exist, since the
digraph is strongly connected. It should be clear that ,.p,)(v) > Q,(v,u;) which then
leads to

vl (P n i
Qs (v) = ( . l(P)) P,
MmTy;

The path P, does not depend on the value of n and therefore we can fix a choice for each
2 < i < m. Furthermore, let P, be the empty path. Taking the constant

C := min (_%,1 P;l(Pi))

1<i<m \ ma, ;
we indeed get that for infinitely many n,
Qn(v) > Cpy.

Observe that this does not necessarily hold for any n, since we might need to take a step of
length [(P;) to get there. O

Corollary 2.10.1. Let v be a tied vertex of some p-automaton, then its spectral radius is
bigger than 1.

Proof. Since v is tied, we know there is some N € N for which Qy(v) > 2. Theorem
now implies p, > V2 > 1. O

Corollary 2.10.2. For any tied vertex we have

<1ogp(9n("0))

n

sup
neN

) = log,,(pv).

Proof. From Theorem [2.10] we get

] n log (Q,, log (Cp"
“up ( ogp(pv)) > sup ( 0g,( (v))> > sup ( 0g,( pv)) '
neN n neN n neN n
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The left side becomes log,(p,) and the right side supneN(log’;L(C)) + log,(p,). Since n gets

arbitrarily large and log,(C') is a negative constant, the first term will go to zero when
taking the supremum. So both the lower and upper bound are log,(p,), which proves the
corollary. n

Lemma 2.11. Let D = (V, E) be a p-automaton, vy, . . .,vs vertices in'V and k some positive
integer. Define p := maxi<;<(py,;) and let Ky, C 73 consist of the solutions k = (ki,. .., ks)
toki+...+ks;=k. Then, for all k € N,

Wi =Y [[Qcri(v:) = O(k*"p").

fek, =1

Proof. We will prove this theorem by induction on the number of tied vertices s. To keep
the notation uncluttered we assume p,, > ... > p,. and therefore p = p,,. This can be done
without loss of generality.

For s =1 we get that Wy, = Q<i(v1) = Zf:o Q(v1). Theorem m provided p' as an upper
bound for each €2;(v;) so that

k+1
pr =1 p
Wi == < 730" = 00,

The last step uses p > 1. This proves the induction basis.

Now suppose we know the lemma holds for any s — 1 tied vertices and any k (induction
hypothesis). We will prove that it also holds for s tied vertices. First we take out the last
factor of the product in W, to get

ZQSJ(“S) > 1:[99@-(%),

Fek,_, =1

where Kj_; is now a subset of Z‘;Ol instead of Z%,. For each j of the summand we can
bound both factors, respectively by O(p?) and O(k*=2p*=7), using the induction basis and
induction hypothesis. This adds up to

k

Wk _ Z O(k’sfzpk) _ O(ksflpk).

=0
By the principle of induction, this proves the claim. ]

Corollary 2.11.1. There exists a constant C' > 0 so that, for infinitely many k and some
1<j<s,
Wi < C'E¥ 1, (v)).

Proof. Theorem shows that for any tied vertex v there are infinitely many k such that
Pk < £Q(v). The result now follows directly from Lemma [2.11} O
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2.4 An upper bound for non-sparse series

In this section we will prove two theorems. The first gives a supremum of all values « for
which #FE(c)y > N® holds. The second shows that this supremum can be expressed as the
logarithm of an algebraic integer. To state and prove these results we will use the theory
developed in Section [2.3]

Theorem 2.12. Let D = (V, E) be a p-automaton, V' C V the set of tied vertices and o(t)
its automatic series. Define

B = max(log, (p.))-

Then
sup{ae > 0 : #E(0)y > N for sufficiently large N} = B.

Proof. In the case that V' is empty we get an empty maximum as definition for B. However,
the supremum over the allowed « is empty as well, since o(t) will be sparse. So from now
on we may assume V' is non-empty.

We will first prove that B gives an upper bound for the values that a can take. Secondly we
will show that B is indeed the best we can do to give such an upper bound. To prove these
two things we heavily rely on the fact that by Corollary 2.10.2| B is equal to

sup (M> . 1)

zeN,veV’ x

Let o be any value less than B. By (2.1) we know that there must exist some v € V' and

xENsuchthataSM

zz(v)) # 0. We follow the same proof as for the first part of Theorem
, except now we have Q,(v) walks, Wi,..., Wq, (), to choose from for W; ..., W; and
therefore, there are at least

(R (v)* —1
Q(v) —1

distinct values in #E(o)y if N = p*=D#+v+2 Since Q,(v) does not equal 1, we can choose
k and therefore N large enough such that #FE(o)y > N°.

Now suppose that o > B, then it suffices to prove that there exist arbitrarily large N such
that N* > #FE(0)x. In other words, there must be infinitely many of such N. We will show
that any N = p*, where k meets the condition of Corollary and is sufficiently large,
has this property.

The proof will be by contradiction. So assume o = B + ¢ for some € > 0 and #FE(0)y > N

for all N sufficiently large. We know from that B > w holds for all z € N and
v € V. In particular it holds for = k. Now let N = p*¥ and k sufficiently large, then we
can rewrite this as

#E(o)ny > pFBNE > Qp(v)N©.

On the other hand we can also give an upper bound for # E(c)y. Recall that # E(0) N counts
the walks of length k that start at ‘Start’ and end in a non-zero vertex. Any such walk has
a certain structure and we will be able to estimate the number of walks with this structure.
Let s > 0 be an integer and vy, ...,vs € V' all distinct. We define the following sets:
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(i) the set Q(Start,v;)(V"’) consisting of walks from ‘Start’ to v; not passing through any
tied vertex.

(ii) for 1 <14 < s the set Q(v;) consisting of walks from v; to v;.

(iii) for 1 <i < s—1 the set Q(v;,v;11)(V") consisting of walks from v; to v;;; not passing
through any tied vertex.

(iv) the set Q(vs, End)(V’) consisting of walks from vs to any non-zero vertex and not
passing through any tied vertex.

Now let W be any walk from ‘Start’ to a non-zero vertex. There exists some integer s > 0
and vy, ..., v, distinct in V’ such that we can take a unique element of all above defined sets
and that W is a composition of these walks. Note that there is only one possibility for a
composition, since the begin and end vertex of each walk are known. However, the choice of
v1,..., Vs is not necessarily unique, but we will only need existence.

A p-automaton has a finite number of vertices and therefore of tied vertices. This implies
there are at most (|V’| + 1)! choices for s, v1,...,vs. Since we are only interested in walks
of length k, one of those combinations must give the largest number of walks of length k.
From now on we write s, vy, ..., v for this combination. We will continue by estimating the
number of walks that can be written as a composition of elements of the sets defined before.
Recall from the proof of Theorem [2.3|that the number of walks between two vertices is either
of order O(log(NN)") for some integer 7, or includes a tied vertex. This gives an estimate for
the cardinality of the sets of (i), (iii) and (iv) when we also require the length to be at most
k. This leaves k' < k steps for the walks in the sets of (ii). Note that the number of elements
of length at most k; for any such set equals Q<y,(v;). Define Ky := {(ki,...,ks) C Z3, |
ki+ ...+ ks =k}, then we get -

#E(o)n < (IV'| + DI0(log(N)") Y [ ] Qi (va).

keky =1

Now we can use Corollary [2.11.1] to see that
#E(0)y < CE 1 (v) log,(N)" = CQu(v) logp(N)’”rS*1

for some tied vertex v, constant C' > 0 and infinitely many k. Putting everything together
we have

Qk(U)NE < #E(O')N < CQk(U) Ing<N)T+S_1,

for infinitely many N = p*. However, since log,, (N )51 will grow slower than N¢, there
will exist some sufficiently large N such that Qg (v)N® > CQ(v) log,(N) ™71 > #E(0)n, a
contradiction. We conclude that there does not exist a sufficiently large N such that for all
n > N it holds that #FE(0), > n® if « is bigger than B. Hence B is indeed the supremum
of all a for which this condition does hold. O

Remark. Theorem tells us that any o < B works and that any a > B does not

work. However, it says nothing about a = B. As can be seen in Figures [2.3a] and [2.3D)]

either situation occurs. In both examples we have B = % = % and in the first we see

#E(c)y > N2 for all N > 1, whereas in the second #FE(c)y < N2 for infinitely many N.
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0, 1
(a)

Figure 2.3: Two 2-automata for which the corresponding power series o(t) has either (a)
#E(o)y > N2 = NB for all N or (b) #E(0)y < N2 = N for infinitely many N. In case
(a) this can be seen by noting #E(0)xy, = 281 = V4541 for all k € Zsg, and in case (b)
by noting #E (o). = 28! for all k € Z>y.

Proposition 2.13. Let B be defined as in Theorem[2.12. Then
(i) B can be written as log,(3) with B an algebraic integer.

(ii) B is either transcendental or rational.

Proof. The first claim follows quite directly from Theorem 2.12, We know that B = log,(p,)
for some tied vertex v of the automaton. Also, p, is in the spectrum of A, by Proposition
and therefore a zero of the characteristic polynomial p,(X) of A,. A characteristic
polynomial is always monic and p,(x) must have integer coefficients, because A, only has
integer entries by definition. So p, is integral and taking 5 = p, proves the first part.

For the second part we use the Gelfond-Schneider Theorem of which a proof can be found
in |22, Appendix 1, Corollary 2|. It states that for any two algebraic numbers a, b such that
a # 0,1 and b is irrational, a® is transcendental. Since p” = 3 is algebraic, we find that B
cannot be an irrational algebraic number and the second claim follows. O

Example. Klopsch’s series ok 3 has three tied vertices and all have a spectral radius of V2
(See Figure [L.1h). Hence, we find that B = log,(v/2) = 1.

Definition 2.14. Let p > 1 be an algebraic integer in R such that all other roots of its
minimal polynomial have smaller absolute value than |p|. Then p is called a Perron number.

Remark. It is actually possible to say slightly more about which values [ can take. By
[23, Theorem 3], it must be an integer root of a Perron number and each such value can be
attained for some p that is sufficiently large. The proof of this theorem relies on Ergodic
theory, which is why we left the result out of Proposition [2.13]

2.5 Non-sparse series of finite order

In this section we briefly discuss some specific values B and f can take when the automatic
series is of finite compositional order. First we look at Klopsch’s series and then at some
examples that behave less nicely.
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Proposition 2.15. Let p be a prime, d a positive integer coprime to p and suppose —1/d
has p-adic expansion (bg, b1, be,...) with period M. Define M;, for 0 < j < p—1, as the
number of b; with i < M that equal j. Then for any Klopsch’s series with depth d we have

-1

Z logpj—l— 1).

=1

Proof. Recall that Klopsch’s series are defined by
t

V1 — dat?

with a € F. Using the p-adic expansion of —1/d, this can be rewritten as

=t+at™™ .

t(1 — dat®) "M = tH — dat®" )

Since each b; < p — 1, we get that each factor (1 — dat®' )% has b; + 1 terms. Now consider
E(o)n where ¢ is Klopsch’s series for p, d and some ﬁxed a and N = pM. It is easy to see
that E(o)y has size (bg+1)- (by+1) -+ (bar—1 +1) = [[*Zs(j +1)™5. To conclude something
about B or  we need to also know how the size of E ( ) N ZrOws When N grows. For this
we use that (bg, by, ...) is purely periodic, since —1/d € [—1,0] N Q and d is coprime to p.
Namely, let N’ = p™™ with n an integer, then we get that the size of E(o)y/ equals

p—1

(bo+ 1) (b + 1)+ (b=t + 1) = [ [ (G + D™ = (#E(0)u)".

j=0

From this we see

p—1 p—1
M : i M; :
B= % /#E(a)pM = HO(J +1)M/M and B = z; MJ log,(j + 1).
Jj= Jj=

Note that § and B are independent of a. O
Examples.
——
e When d = p" — 1, we get =+ equals (1,0,...,0,1,0,...), an expansion with period n,

My =n—1, My =1 and M; = 0 for all other j. So § = 2% and B = L log,(2) and
thus B can become arbitrarily small, even for series of finite compositional order.

. . .. . . n_1
e Since p—1 is always a divisor of p"—1, we can also give a general expression for d = [;;Tl'

Then _71 = (p—1)(1,0,...,0), which has period n and My =n — 1, M, ; = 1 and
M; = 0 for all other j. This leads to 8 = p% and B = -

e Using the relation (p*" — 1) = (p" + 1)(p" — 1) we find that, if d = p™ + 1, then
(-1/d) =(p—-1,p—1,...,p—1,0,...,0,p—1,...) with M = 2n, M, 1 = n and
My = n. In this case we have = p% and B = =
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e Other divisors of p™ — 1 can be described using a similar reasoning. For example,
take p = 5 and divisor 3. Then 3 does not divide p — 1 = 4, but it does divide
p? —1 = 24. Taking d = 24/3 = 8 we get M = 2, My = 1 and M3 = 1, so 3 = 4!/
and B = $logs(4) = log;(2). However, for p =5 there does not exist any d such that
B =4 and B = logs(4): the only possible periodic expression for this would be (3),

1

which equals %3 and cannot be expressed as —-.

From the series in Table 2.1] we know what their automata and order are and thus we can
calculate B and 3. The series o 4 are Klopsch's series, the series o¢ 4 are greedy series as
defined in Section 3.1 and all other series can be found in the Appendix.

series order | B 16

OK2m—1 2 % %

OK,2m41 2 % \/§

OK23 2 = Vot

02 |2 1 2

ovi 2 ~ 0.79845 | real root of 2® —a* — 22 — 2 — 2
oV 2 ~ 0.79845 | real root of 2° — 2% — 2?2 —x — 2
ov3 2 ~ 0.79845 | real root of z° — z* — 22 —x — 2
oG 2 ~0.69424 | ¢ = 1£/5

oG 2 ~ 0.69424 | ¢ = 1£/5

0G5 2 ~ 0.55146 | real root of 2% — 22 — 1

Omin 4 1 2

ocs 4 1 2

() 4 1 2

o5 4 1 2

0(1,5) 4 ~ 0.85933 | real root of 28 — 22" + 2° — 23 — 22 + 22 — 2

Table 2.1: Some series of finite order and their B and £.

Remark. The fact that oy, 0y2 and oy 3 all have the same value for B is not trivial. They
all commute, but we also know examples of sparse series that commute with non-sparse
series, such as 0@, which commutes with ocg. It could be interesting to examine more
commuting series and their values for B and /.
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Chapter 3

The structure of the support

The goal of this chapter is to look if series of finite compositional order can be constructed
by analysing what the order implies about the structure of the support. In the first three
sections we examine the case p = 2 and give some proofs and results. In the fourth section
we try to generalise the ideas to p > 2. It turns out, however, that p = 2 is a lot more
straightforward than the rest. The main result is given at the end of Section 2, where we
describe new automatic sparse series of order 2 and depth 2# — 3.

3.1 Structural lemmas and a greedy algorithm

In this first section we look at what we can say about the support of a series of order 2 in
general. This leads to some lemmas and propositions on which we base a greedy algorithm
to generate series of order 2. We prove that all greedy series exist and are algebraic, but will
later see they are not sparse.

Lemma 3.1. Let o(t) € Fy[t] and k € N. Write k uniquely as Y .-, r;, with r; all powers
of 2 such thatry <re <...<rmy,. Then

U(t)k _ Z ferrit o temrm

e1,...em€E (o)

Proof. Since k =11 + 179 + ...+ 1, we can rewrite o(t)* as
U(t)r1+rz+...+rm — Ho-(t)ri — Ha(t”)'
i=1 i=1

The last equality follows because all r; are powers of two. Expanding o(¢") for each i as
D dicn(o) 17" now proves the result. O

Corollary 3.1.1. If o(t) has depth d, then the two smallest values in E(o(t)*) are k and
R(k,d) := k + 22,

Proposition 3.2. Suppose o(t) € A5 has compositional order 2 and depth d. Then there is
an integer m € E(o)\{1} such that vo(m) < va(d + 1).
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Proof. We will prove this by contradiction. Suppose for all & € E(o)\{1,d + 1} we have
vo(k) > va(d + 1), then also R(k,d) > R(d + 1,d). Recall that 0°(t) = D keE(o) o(t)* and
note that o(t) cancels all terms t* of each o(¢)* if k > 1. Hence the expansion of 0°2() is of
the form ¢ + t#(d+1d) 1 O(RFLDF) and ¢ is not of order 2. O

Proposition yields a new proof for a known result about possible depths of finite order
elements.

Corollary 3.2.1. If o(t) is of finite compositional order, its depth cannot be even.

Proof. From the Proposition it is clear that a series of compositional order 2 cannot have
an even depth. We know that any element in .45 of finite order has order 2" for some r € N.
Suppose that o has even depth d, by a similar reasoning as in previous proof we find that
the depth of ¢°% is R(d+ 1,d) — 1. Clearly R(d + 1,d) — 1 is still even and therefore o°?
also cannot have order 2. By an inductive argument on r this shows that ¢ cannot have any
order of the form 2" and we conclude o cannot have finite compositional order if its depth is
even. [

In the case that d + 1 is not divisible by 4 we can even explicitly give an odd element in the
support.

Proposition 3.3. Let o(t) in A5 have compositional order 2 and suppose its depth is d with
vo(d+ 1) = 1. Then 2d + 1 is the smallest odd number in E(c)\{1}.

Proof. From Proposition 3.2 we know E(c)\{1} contains an odd element and thus a smallest
odd element m. First suppose m < 2d+1, then R(m,d) < R(d+1,d). It is easy to see that for
all m' € E(o) with m’ # 1,m we have R(m’,d) > R(m, d) and therefore the term #7(") will
not be canceled in ¢°?, a contradiction. Now suppose m > 2d+1, then R(m,d) > R(d+1,d)
and, similarly as in the previous case, the term t#(¢+14 will not be canceled. We conclude
that m = 2d + 1 and indeed, R(2d + 1,d) = R(d + 1,d). O

Definition 3.4. Let p(t) € F,[t] be a polynomial of degree n € N and o(t) € F,[t]. We say
p(t) can be extended to o(t) if p(t) = o(t) mod t"*1.

Lemma 3.5. Let p(t) € t + t°Fyt] of depth d and degree n, and define dy as the depth of
p(p(t)). Assume dy < n—+d, then p(t) cannot be extended to an element in N3 of order two.

Proof. Suppose that dy < n + d, then clearly p(t) itself is not an element of order two.
Define the polynomial ¢(t) = p(t) + t™ with m > n. We will prove that ¢(q(t)) still has
depth dy < n+d < m + d. By induction this proves that, for any power series o(t) that
extends p(t), the depth of o(co(t)) has to be the same as for p(p(t)) and thus o(t) cannot be
an order 2 element.

Note that ¢(q(t)) = ZkeE(q)(q(t))k. Let k be an integer in the support of ¢ unequal to 1.
We know that £ > d + 1 and m > 1 and therefore, using the binomium of Newton,

Q(t)k = p(t)k + O(tm+k*1) — p(t)k + O(thrd)_
When k£ = 1 we obviously get p(t) + ™. Plugging this into the first equation we find

q(q(t)) = ™+ p(p(t)) + p(t)™ + O(t™*7).
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Since p(t) = t + t¥! + O(t%"?), we find in a similar way that p(t)™ = t™ + O(t™) and
because m +d >n+d > dy + 1, we get q(q(t)) = p(p(t)) + O(t™F9) =t + ¢t 4 O(¢%2+2).
Hence the depth of ¢(q(t)) is still dy independent of the choice for m. O

Suppose we have a certain polynomial p(t), which we suspect to be extendable to an order 2
element o(t) of A5. The goal is to find o(t) and the first step is to find the term of smallest
degree of 0 — p, in other words the next monomial t™. The proof of Lemma |3.5| shows that
m < dy —d + 1 needs to hold. Ideally we would also like o(t) to be sparse and thus have
relatively few terms. A straightforward strategy, based on greedy choice algorithms, would
now be to take m as big as possible for each following term. This motivates the following
definition.

Definition 3.6. Let o(t) € t + t*Fy[[t] and define dy as the depth of o(£)°2. We call 7(t) =
o(t) + t%274 or just dy — d + 1 the greedy choice for o(t).

The next theorem gives an idea of when we can, cannot or must use the greedy choice.

Theorem 3.7. Let p(t) € t + t*Fa[t] of depth d > 0 and degree n, so that p(p(t)) has depth
dy. Suppose there is an m € N for which p(t) + t™ can be extended to an order two power
series. Then one of the following holds:

(i) m is even and strictly smaller than dy — d + 1.

(1)) m is odd, equals dy —d + 1 and the depth of q(q(t)) is strictly larger than ds.

Proof. The depths of p(t) and p(t) + t™ are the same, so Corollary tells us that d
is odd and dy —d 4+ 1 = dy mod 2. We already concluded that m < dy — d + 1 from
Lemma [3.5] For the first statement it therefore suffices to show that if ds is even, choosing
m = dy — d + 1 gives a contradiction. This contradiction will also follow from Lemma |3.5]
because the new polynomial will have degree d, —d -+ 1, but its second composite keeps depth
dy and dy — d+ 1+ d > dy. The proof of the second statement uses a similar contradiction
forodd m<dy —d+ 1.

Assume ds is even and let ¢(t) = p(t) + t™ be the greedy choice, so m = dy —d + 1. By the
same argument as in the proof of Lemma 3.5, we find (p(t) + t™)* = p(t)* + O(t¥+4~9). We
consider three cases, k = 1,k =d+ 1 and k > d+ 1. When k = 1 it is immediate that we
get p(t) +t™. When k > d + 1 we find p(t)* + O(t%272), which is enough to show that the
depth of q(q(t)) stays ds. For k = d + 1 we look at the binomial expansion and find

(p(t) +™) = p(t)™ + <di 1) p(O)M™ + O™+ 1) = p(t)H! + Ot +2).

For the second equality we used that d+41 is even and m > 2, so 2m+d—1 = m+dy > dy+2.
We can now express ¢(q(t)) = > pep(q) q(t)* as:

q(q(t)) = t™ + p(p(t)) + p(t)™ + O(t=7?).

Recall that the smallest two elements of E(p(t)™) are m and R(m,d) = m + 2%2(™d >
m +d = dy + 1. Therefore p(t)™ = t™ + O(t%2*2) and we find

q(q(t)) = p(p(t)) + O(=+?),
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We see that indeed, the depth of ¢(¢(t)) stays ds and we have arrived at our contradiction.

To prove the second statement we will use the same tactics as we did for the first. We did not
use that m was even until the very last step. Therefore, if we take m odd and not necessarily
the greedy choice, we still find

q(q(t)) = t™ + p(p(t)) + p(t)™ + O(t=+?).

However, in this case the smallest elements of the support of p(t)" are m and R(m, d) = m+d.
If m is smaller than dy —d+1, we find R(m,d) < dy+1 and thus the depth of ¢(¢(t)) becomes
m +d — 1. Obviously m + d — 1 < m + d, which contradicts that ¢(¢) can be extended by
Lemma, . If m equals dy — d + 1, we find that R(m,d) = ds + 1, so the second term of
p(t)™ cancels the second term of p(p(t)) and therefore q(¢(t)) indeed has higher depth than
p(p(t)) had. Finally, we already saw that m cannot be bigger than dy — d + 1, which proves
the second part. O

Remarks.

e Theorem shows that, if m is an odd element of the support of some o of order 2
and if p(t) is a polynomial of degree at most m — 1 such that p(t) = ¢(¢) mod ™, then
m must be the greedy choice for p. In other words, any odd integer in the support
must have been the greedy choice at some point and the even elements of the support
uniquely determine the odd elements.

e Theorem also gives a condition to be able to apply the greedy choice. Namely,
whenever ds is even we cannot use it and will instead be obliged to take m even. If
the minimum of dy, R(m,d) — 1, R(d +1,m — 1) — 1 and R(s,m — 1) — 1, with s the
smallest odd element of the support, then occurs an odd number of times, it is equal
to the depth of q(q(t)). Except for ds, all these options are odd.

Corollary 3.7.1 (Greedy Algorithm). Let d € 2N — 1 and po(t) = t + t41 € Fy[t]. For all
n > 0 define ppi1(t) = pu(t) + t™, where m, is the greedy choice for p,. Suppose m,, is
always odd, then lim,, . p,(t) = o(t) € A3 has order two.

Definition 3.8. For each positive odd integer d we define o¢ 4 as the series of depth d that
results from the greedy algorithm as defined in Corollary [3.7.1, This series is called the
greedy series of depth d.

From Corollary we see that greedy series of odd depth d is well defined if and only
if m,, is odd for all n. This seems a bit of a strong requirement, since p, (t)°* will also
always contain terms of even degree. However, in Theorem [3.12| we will prove the existence
of 0¢q(t), which implies that m, must always be odd. The strategy will be to guess an
algebraic equation F(t, X)) = 0 and show that X = o¢ 4(t) must be a solution.

I used the greedy algorithm to write a computer program in C# and calculate o¢ 4 for all
odd d < 500 modulo #" with N = 2!6 4 1. These series do not seem to be sparse for any
depth and a proof of this will be given in Chapter 4. For each n-th power of two I checked
how many terms o contains that are of degree less than 2". So far this seems to always grow
like 8™ with 8 € (1,2). See Table for some of the computational results. Before we prove
the general case we will first look at the example o ;. In Table this series stands out,
because the computed terms of the sequence |FEan(0g1)| — 1 equal Fibonacci numbers. It
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N d 1 3 ) 7 9 11 |31 {33 ]99
1 1 0 0 0 0 01010710
2 2 1 0 0 0 01010710
3 3 1 1 0 0 0O 10]010
4 5 2 2 1 1 1 0(01]O0
5 8 3 3 1 2 1 110710
6 13 5 ) 2 3 2 111710
7 21 7 7 3 4 2 1121
8 34 12 | 10 5 6 3 1131
9 95 19 |17 | 9 9 4 115 ]2
10 8 |31 | 25 | 13 | 13| 7 | 2| 8|3
11 144 | 49 | 38 | 19 | 22 | 11 | 3 |11 | 5
12 233 | 80 | 58 | 32 | 33 | 18 | 5 | 17| 8
13 377 | 129 | 87 | 52 | 53 | 28 | 9 |26 | 11
14 610 {209 | 131 | 85 | 83 | 46 | 17 | 41 | 18
15 987 | 337|196 | 139 | 131 | 73 | 33 | 62 | 25
16 1597 | 546 | 293 | 222 | 205 | 118 | 49 | 96 | 38

Table 3.1: For several depths d the number of elements in E(og )2 \{1}.

therefore seems likely that 5 = ¢, the golden ratio. To prove that this is indeed the case we
will need the following lemma.

Lemma 3.9 ([§], Lemma 10.2.2). If a polynomial F(t,X) = 0 € Fy[t, X] is symmetric in
t and X, that is F(t,X) = F(X,t), and when regarded as an algebraic equation in X over
Fy((t)), has, for some d > 1, a unique solution o € N5 of depth d, then o is of order 2.

Proposition 3.10. Define F(t,X) = X? + (tX)> +¢3. Then og. exists, F(t,061(t)) =0
and f(o6.1) = 6.

Proof. Since we want to be able to calculate 3, it will be convenient to have the automaton
of 0¢1. Using the Magma program in [7], we start by calculating what the automaton of a
solution of depth 1 to F(t, X) = 0 is. This gives the unique automaton as shown in Figure
3.1} It now suffices to show that this automaton generates the series o¢;;.

First note that if we follow the edges labeled by (0,0), we end up in a vertex labeled by 0,
for which both outgoing edges are loops. Hence any integer divisible by 4 cannot be in the
support. We also end up in this vertex if we follow (0,1,0,...,0,1), showing that 2 is the
only integer in the support that is 2 modulo 4. Therefore, besides 2, the support consists
solely of odd integers. Additionally we know that the automaton must generate a series of
order 2, because of Lemma [3.9|and the uniqueness of the solution. Theorem [3.7]implies that
any odd integer in the support of a series of order 2 must have been the greedy choice at
some point. Thus a series of order 2 having the described support structure must be a greedy
series. We conclude that o ; exists and equals the series generated by the automaton. It is
immediate that F(t,0¢,) = 0 and easy to calculate 3 = ¢ using Theorem [2.12] O
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Remark. The same procedure can be followed for any depth d, as long as Magma can still
calculate the automaton. For d = 3 and d = 5 this has been done, using the polynomial
X2 4+ (¢ X)L + 42, This led to B = ¢ and 3 equal to the real root of 2% — 22 — 1,
respectively.

Figure 3.1: The automaton for the series o 1, which is a solution to X? + t*X? + ¢3.

For the general case we need a specific formulation of Hensel’s Lemma.

Theorem 3.11 (Hensel’s Lemma, [17] Theorem 7.3). Let R be a ring that is complete with
respect to the ideal m, and let F(x) € R[x] be a polynomial. If a is an approximate root of
F' in the sense that

F(a)=0 mod F'(a)*m

then there is a root b of F' near a in the sense that
Fb)=0and b=a mod F'(a)m.

If F'(a) is a non zero-divisor in R, then b is unique.

Corollary 3.11.1 (|5], Theorem 3.4). Let k be a perfect field with characteristic p > 0. Let
F(t,X) be a polynomial in k[t, X|, and denote its derivative with respect to X by F'. We
assume that we are given a nonnegative integer p and a polynomial f(t) such that F(t, f(t)) =
0 mod > and F'(t, f(t)) £ 0 mod t**!.

There ezists a unique series f(t) € k[t] congruent to f(t) modulo t°*' for which F(t, f(t)) =
0.

Proof. Take R to be the ring k[t], which is complete with respect to the maximal ideal ().
Let g be the smallest integer that is not congruent to —1 modulo p, such that the coefficient
ag1(t) of X9 in F(t, X) is non-zero. Such a g must exist, because otherwise F’(t,X)
is always zero. Then F'(t,X) = az41(t)X9 + O(XY) and we have two possibilities, either
f(0) =0 and vi(ag41) + g < p or f(0) # 0.

First, suppose f(0) = 0. Any element in k[t] of the form a + O(t) with a € k\{0} is a
unit. Hence F'(t, f(t))%(t) equals the ideal (¢)29%! O (¢)?*1. This shows that f(¢) is an
approximate root of F' and because F'(t, f(t)) is unequal to zero, Hensel’s Lemma provides
a unique series f(t) = f(t) mod 19! that is an actual root of F. Left to prove is that these
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series are also congruent modulo ¢**!. Define k to be the largest integer for which f(¢) = f(t)
mod t**!, we will prove k > p. Write

F@) = fit+ ...+ fopt? and f(t) = fit + ...+ fit® + het™ o Byt

Suppose p divides some integer i and look at the difference between f(t)? and f(t)’. Taking
such a power can be seen as summing over the terms f;, /! - - - f;, 7 for all possibilities to make
i choices in the set {1,...,2p}. Whenever the only chosen integers are smaller than k + 1,
this term will also exist for the other series and thus be canceled. Besides, if some integer in
{1,...,2p} is chosen exactly once, the number of permutations that lead to the same result
will be divisible by ¢. In other words the coefficient in front of this term will be divisible
by the characteristic and disappear. Hence, the term of smallest degree in f(¢)' — f(¢)* will
have at least degree 2k +¢>k+g+1>k+g.

Now, since both these series are a root of F' modulo t>**!, we know that F(¢, f(t))—F(t, f(t))
is also zero for this modulo. However, we also find that

F(t, f(t)) = F(t, f(t)) = agea(t)(g + 1) f{ (frar — hrsr)t*H9F mod #1972,

So k+ vi(ags1) + 9+ 1> 2p+ 1 and because vi(ay4+1) + g was at most p, we may conclude
that & > p.

Now assume f(0) = a # 0 and define h(t) := f(t) —a and H(t,X) := F(t,X +a). One
can easily check that H(t,h(t)) = 0 mod t**' and H'(t,h(t)) Z 0 mod t**'. The first
case shows that there exists a unique series h(t) = h(t) mod t*™! such that H(t, h(t)) = 0.

Clearly f(t) = h(t) + a is then the unique root of F'(t, X) that is congruent to f(t). O

Theorem 3.12. Let d be a positive even integer and define Fg q(t, X) := X2 + (¢ X)) +
t42. Then ogq exists and Fgq(t,06.4(t)) = 0.

Proof. Since no ambiguity can arise we will drop the subscript of Fg 4(t, X) and simply write
F(t, X).

The strategy will be to first prove F(t, X) has an order 2 solution of depth d. Then we
will show that this solution can have no even elements in the support, besides d + 1. By a
uniqueness argument this will imply the solution equals o¢ 4.

Lemma tells us that if we show that F(¢, X) has a unique root in .45 of depth d, this
series will have order 2. The existence and uniqueness both follow from Corollary [3.11.1}
For let 5(t) =t +t* and p = d + 1, then

F'(t,a(t)) = (t + ") =1 £ 0 mod 4?2, and

where we used Lemma to calculate the powers modulo #2#*3. The general solution will
be denoted by o(t).

We will prove the second part by contradiction. Suppose E(o)\{d + 1} contains an even
integer and let N be the smallest. Define the integers i; < ... < i4,, such that d + 1 =
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211 + ...+ 2 and note that i; > 0, because d + 1 is even. By Lemma the terms o ()42
and (to(t))?*! can now be rewritten as:

oty = Y getieten ang
€0,....en€E(0)
i i
(tO'(t))d+1 — § : td+1+2 leg+...4+2 "en‘
e1,...en€E(0)

Since o(t) is a zero of F'(t, X), any term of the form ¢* must occur an even number of times.
Thus, if © # d + 2, we want there to be an even number of solutions to the problem:

r=ey+2"% +...+2"e, witheg,...,e, € E(g), or
$:d+1+2i161+...+2i"€nWithel...,enEE(U).

Since d + 1 € FE(0), we can pair any solution (ey,...,e,) of the second equation with a
solution (d + 1,ey,...,e,) of the first equation and simplify the statement. Now we want
there to be an even number of solutions to:

r=ey+ 2% +...+2"e, with e, ...,e, € E(c), and ey # d + 1.

Consider the case x = N +d+ 1. This value is even and therefore, any solution (e, ..., e,) =
(Eo, ..., E,) requires Ey to be even. By definition of N this implies £y > N. This only
leaves room for the solution; (eg,...,e,) = (N,1,...,1), which indeed exists. Hence the

number of solutions is odd, which shows that N cannot exist and that E(o)\{d+ 1} consists
solely of odd integers.

We now have two bits of important information about o. It is a series of order 2 and depth
d and it has, besides d + 1, only odd elements in its support. In Theorem we saw that
any odd element of the support must have been the greedy choice at some point. Hence,
any series with these properties must be the greedy series o 4. This proves that the greedy
series exists for all odd d and F(t,0¢.4(t)) = 0. O

3.2 Sparse series of order 2

In this section we will generalise the greedy algorithm a bit to describe a new method for
finding series of order 2. This method yields new sparse series of depths 2# — 3. To have
some more examples we will first define the known sparse series of order 2 that were also
mentioned in Theorem [1.30L

Definition 3.13 ([§] Proposition 10.2.1.). Take p € N. For d = 2 — 1 > 1, define og4 as
the power series with support
- 1} |

d+1 d+1\"*
E(asd>=={1}LJ{gtjj'<d' (‘7;‘) “1>
@#JC{O,l,,M—l},kJ—)Z>O}

For d = 2" + 1, define 04 as the power series with support

Ew&ﬁ—{l—d+d§:ww—qﬁw

jeJ
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For d = 2, define 054 as the power series with support
E(osq) = {1}U{2" =2,2" = 1| n > 2}.

The ranks of sparseness equal 1, and 1, respectively.

The ideas for the greedy algorithm followed from Theorem [3.7] This theorem also shows that
there is a clear distinction between even and odd elements in the support of an order 2 series.
The following consequence marks the importance of this result and gives a generalisation of
the greedy algorithm.

Proposition 3.14. Let & be any subset of the positive even integers. Then there can be at
most one subset O of the positive odd integers so that, o € N3, E(c) = &U0 and 0°%(t) = t.
Moreover, N € O if and only if it is the greedy choice for ZieE(U) t.

N-1

Examples.

e Taking & equal to {d + 1} reduces this proposition to the greedy algorithm (Corollary
3.7.1) and thus leads to o¢ 4.

e Taking & = {2" — 2| n > 2} we will find the series og2. Here & can also be expressed
as the simple sparse set {1¥10 | k € Zx}.

e When d = 2# — 1, the set & = E(0g4)\{1} leads to og4. Here & equals the simple
sparse set {1071 (10#72)%0 | k € Z>o}.

e For d = 2" + 1 we may take & as the subset of E(og4) with either 0 ¢ J or k(0) # 0
to get 0gq. Here & consists of the union of multiple simple sparse sets.

An important question to ask is: which choices for & lead to sparse series? Obviously &
itself should be sparse and, since ¢ has finite order and therefore is automatic, it should
even be a union of simple sparse sets by Lemma 2.5, This is also what we saw in previous
examples. At the moment the best method we have is just making guesses. Taking & =
{2r — 2} U (2#71& + 2#71 — 2) for p € N, which equals {2,4,8,16,...,} when u =1, led to
the following result.

Theorem 3.15. Let p > 2, d = 2" — 3 and define

oK

j —1)i_ -3
oaralt) ==t + Zztw(z(ﬂ D Dgamto1+1

i>1 §>0

Then oy q is an order two power series of depth d that is 2-sparse.
Proof. Note that oy 4(t) is a zero of
F(t,X) =X+ X" 141X2+ 2X + 1%

By Corollary [3.11.1| for p = 2, we find that o4(¢) is the unique series of depth d for which
this is the case. Also, this polynomial is symmetric in X and ¢, so, by Lemma , ona(t)
has order 2.

That o 4(t) is 2-sparse can be seen directly from the formula. O
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The simple sparse sets when p > 3 are
{1(1#720)% | k € Zso} and {1(1#720)"1#73010%21 | k1, ks € Z>o}.

For p = 2 we get
{10k | ke Zzo} and {11k10k21 | k,’l,kfg c Zzo}.

In both cases the support satisfies the relation £ = {1} U& U (2E — 1), which in a moment
we will be able to call a support relation.

3.3 Support relations

For some d € 2N — 1 there have been found sparse series of depth d and order 2 in .45, but
not for all. It remains unknown whether such series even exist for all odd d. In this section
we analyse og4 for d = 2 =1 > 1, and show their supports have a structure where the
odds determine the evens. Since the odds are all greedy choices, this structure determines
the series completely. For other d we give possible ways to extend this structure and then
formulate a conjecture based on this.

Definition 3.16. Let £ C N and suppose there exists ¢ C N and aq,...,a,,51,...,0, € N
such that
E=0U(E+B)U...U(anE + Bn), (3.1)

with (o F + ;) for 1 < ¢ < n pairwise disjoint. We call (3.1)) a support relation. If E is the
support of some o(t) € A, we say o satisfies a support relation.

Proposition 3.17. The series 0gq with d = 2* + 1 is the unique series of order 2 that
satisfies the support relation E = 0 U (2E + 2*) with ¢ C 2N — 1.

Proof. We will first prove that og 4 satisfies the support relation and then show uniqueness.

Since d — 1 and 2 are both even, it suffices to show that any even m is in the support of
0g4 if and only if m = 2e + d — 1 for some e in the support. Every element m in E(og,) is
determined by a set J C {0,...,u — 1} and a function k := J — Z>o. One can check that
m is even if and only if 0 € J or k(0) # 0 and we will consider these two cases separately.
First assume 0 ¢ J, then we can rewrite m as

m =2 (1 —d+d22j—1(d— 1)’“0’)) +d—1.

jeJ

Define J" :=J —-1C{0,...,u— 1} and k' : J — Z>¢ by k'(j') = k(5' + 1). The element m’
of the support determined by .J" and £’ indeed meets the requirement 2m’ +d — 1 = m.
Now suppose 0 € J and k(0) # 0, we can rewrite m as

m=21-d+dd-1)"V+d Y 2 d-1)") | +d-1.
jEIN{0}

Substituting one factor (d — 1) of d(d — 1)*©®, shows that it is equal to d2#~1(d — 1)F)~1,
Define J" := ((J—=1)\{—=1HU{p—1} C{0,...,u—1} and k' : J' — Z>o by K'(j') = k(j'+1)
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if /4 pu—1and K'(p—1) = k(0) — 1. The element m' of the support determined by J" and
k' also satisfies 2m’ +d — 1 = m.

We have now shown that any even m is in the set 2E(og4) + d — 1. The other implication
says that any element in (2F(0)+d— 1) is in the support and can be proven in a similar way
by going from J to J + 1 and k(j) to &'(j + 1). This proves that og4 satisfies the support
relation.

To prove uniqueness we will argue that there can be at most one set & C 2N — 1 such that
a set E satisfying the support relation £ = 0 U (2E + d — 1) is the support of a series of
order 2. To see this we use Theorem [3.7, which said that any odd integer in the support of
an order-two series is uniquely determined by the smaller elements in the support. Since an
even element is in F if and only if it is in 2F + d — 1, the same can be said about the even
integers. Hence any element in the support is uniquely determined by the smaller elements
and thus E must be unique. O]

Proposition 3.18. The series 0gq with d = 2* — 1 is the unique series of order 2 that
satisfies the support relation E = 0 U (2#YE + 271 with ¢ C 2N — 1. Furthermore, in this
case, 0 = {1}.

Proof. The proof of uniqueness follows exactly the same argument as in Proposition [3.17]
Therefore, we will concentrate on proving og 4 satisfies this support relation. It again suffices
to show that any m € E(0g4) is even if and only if it is in 2/ ' F(0g4) + 2171,

To minimize notation, define m(k) := H(d - (Z2)*! — 1). From the definition of ogg4
it is clear that the support now consists of 1 and all m(k) with £ > 1. All m(k) are
even, so we will show that they are exactly the set (2“"'E(0gq) + 2*71). When k = 1 we
find m(k) = d + 1, which equals 2#71 - 1 + 2#=1. When k£ > 1 one can easily check that

m(k) = 2"'m(k — 1) + 27!, We may conclude F(og4) = {1} U (2" 'E(0s4) +2"71). O

We said before that we wanted to find order-two series o such that the odd values in E(o)
determine the even values. This is exactly what is stated in the previous two propositions,
the evens of og 4 are determined by a support relation £ = 6'U (aE +b) because & C 2N—1
and a, b are both even. To get a better idea of what happens exactly and how to implement
this we will take a look at the example og5. Here we will also see how the odd integers are
determined by the greedy choice.

Example. For 055 we are given the support relation £ = 6 U(2E+4). Since 1 is always an
element of the support, we immediately get {1, 6, 16,36, 76,...} C E(ogs). Define the power
series 1o(t) = t+t5+¢1°+. .. and set Oy = {1}, then 79(¢) satisfies E(19) = OyU(2E(1y) +4).
This series does not have order 2 and the depth of 75(7(¢)) equals 15. This gives a greedy
choice of 15 —4 = 11, which shows {11, 26, 56, 116, ...} is also a subset of the support of og 5.
Define €5 = {1,11} and let 71(t) be the series that satisfies the support relation E =
OyU(2E +4). Then 7(t) = t + 5+ ¢! + % +¢2° + .. and the depth of 71 (71 (¢)) is 45. The
greedy choice now becomes 41 and we may define 0, = 0} U {41}.

Generally speaking, for each n > 1, we calculate da(7,,_1) (the depth of 7°%,), define €, =
Opn—1U{dy(7,-1)—4} and 7, as the series that satisfies the support relation £ = &,,U(2E+4).
Then og5 will be the limit of 7,, as n goes to infinity.
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The previous algorithm will also work for all other og 4 with d = 2#£1 and, more interestingly,
for other support relations £ = & U (aFE + b) of which we do not yet know if there exists
an order-two series that satisfies the relation. If these series exist, they will be of depth
a + b — 1. We might, though, need to make one slight addition to the algorithm: if 7°2
has infinite depth, we define &, = 0,, or equivalently ¢ = 7,,. Also the same caution
is necessary as with the greedy algorithm: a series that satisfies the support relation only
exists if dy(7,) is always odd. We can therefore now state the following conjecture, which we

will later on prove for all cases where a is a power of 2 and b > %’LZ

Conjecture 3.19. Let a > 0 and b > —a be even integers. Then there exists a unique
element in N5 of order 2 that satisfies the support relation E = OU(aE+b) with ¢ C 2N—1.

In Propositions [3.17] and [3.18] we already proved the uniqueness in the specific cases a =
2,b=2* and a = b = 2*~!. This argument is relatively simple to generalise, which we will
do in the next proof. Besides, we will give a new criterion to determine the sparseness of a
series, depending only on the set & of the support relation.

Theorem 3.20. Leta > 0 and b > —a be even integers, then there exists at most one element
o in N5 of order 2 that satisfies the support relation E = 0 U (aE + b) with ¢ C 2N — 1.
Furthermore, o s sparse if and only if O is sparse.

Proof. Suppose such a series o and set € exist. Since all elements in ¢ are odd, Theorem
[3.7(1) tells us that an odd integer m is in @ if and only if it was the greedy choice for the
polynomial p(t) = o(t) mod t™ of degree at most m — 1. Hence, if for all integers smaller
than m we have decided whether they are in the support, then it is also uniquely determined
whether m should be in it. The same conclusion holds if m is even; it is determined by
a,b and the elements of &. Therefore we find that the support, and thus o, is uniquely
determined.

For the second claim we note that the left implication is immediate: & is a subset of the
support of ¢ and thus, sparse whenever ¢ is. For the other implication we may assume &
to be sparse of some rank r. In mathematical notation: |& N [N]| = O(log(N)"). Define a’
strictly between 1 and a and suppose N is equal to (a’)*. To bound the number of even
elements, we look at how many iterations each odd element m can have gone through, while
staying smaller than V. After j iterations we get an element of at least size a’m + ‘i:ll b.
Since b > —a + 2 this is always bigger than

al — 1

am—a’ +1+ 1 >al(m—1)+ a2

a—
When m > (a’)"+1, there can be at most k — i iterations. If k is large enough, we can assure
the same thing for m = (’)’, and in particular m = 1. We find that the number of odd
elements that went through at least j iterations is at most [4);| = O(j"). There can have
been at most k iterations so far and we find |E(o)y| = O((k+1)")+ O(k") + O((k — 1)) +
.+ 02"+ 0(1) = O(k™™) = O(log(N)™!), from which we conclude that o is sparse of
rank at most r + 1. O

To check if the existence claim of the conjecture might fail, I wrote a computer program
in C#. The program follows the steps as described in previous example about og5. For
alla+b—1=d < 100 and a < 32 it is possible to calculate these series modulo ¢V for
N =21 4+ 1. See Table for some of the results.
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(aa b) (27 0) (47 _2> (6’ _4) (67 _2) (87 _4) (47 2) (47 6) (47 8) (67 6) (87 6)
n d 1 1 1 3 3 5 9 11 11 13
1 1 1 1 1 1 1 1 1 1 1
2 2 2 2 1 1 1 1 1 1 1
3 4 3 3 1 1 1 1 1 1 1
4 8 4 6 2 2 2 1 1 1 1
) 16 6 9 2 3 3 2 1 1 2
6 32 9 15 2 5 ) 3 2 2 3
7 64 14 35 7 7 8 ) 3 3 4
8 128 21 72 16 11 13 8 4 7 6
9 256 32 134 33 17 21 13 6 10 9
10 512 48 266 75 24 34 21 8 21 13
11 1024 73 494 151 35 25 34 12 47 19

Table 3.2: For several series o that satisfy a support relation £ = ¢ U (aF + b) so that
0 C 2N — 1 and o might be of order 2, the depth d and the number of elements in & N [2"]

are given.

Examples.

e (a,b) = (2,0): In Section 3.3 we will see that taking a a power of two and b = 0 will
lead to a Klopsch’s series. In Section 2.6 we saw that in those cases = 3/2, which is
what we also see here.

e b = 6: Based on this data alone it seems likely that in the cases that b = 6 the value
of 5 should be 2. Whereas in all the other cases displayed (besides (2,0)) it looks like
£ < 2. Considering also the data not displayed, it seems likely that all supports where
a is not a power of two grow like O(2") and all series where a is a power of two grow
like O(8™) with g < 2.

e (a,b) =(4,2) and (4,6): Just like with o1 we recognise the Fibonacci-series and thus
would expect 8 = ¢. This is indeed the case as we will see at the end of this section.

For 044 it is already known that they are algebraic by the equations F/(t, X) = (tX)¥"" +
X+twhend=2"—-1>1and F(t,X) = (tX)* + X1 +¢* ! when d = 2* + 1. We
will generalise this, with a new proof, in the next two theorems for a any power of two and
> —at2

=73

Proposition 3.21. Let a be a power of two and b > a an even integer. Then Fl,p =
(tX)b + Xbatl 4 gb=atl has a unique solution in N5 of depth a +b— 1. This solution has
order 2 and satisfies the support relation E = 0 U (aE + b) with ¢ C 2N — 1.

Proof. Before we begin the reader should remind oneself of the notation ..~ .., introduced at
beginning of this thesis. Furthermore, the polynomial Fi, ;) is denoted by F' and this proof
will follow the same strategy as the proof of Theorem [3.12]

By Lemma3.9)and Hensel’s Lemma we find the existence and uniqueness of a series o(t) € 45
of depth a + b — 1, order 2 and so that F'(t,o(t)) = 0. Corollary [3.11.1] is here used with
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o(t) =t +t"** and p = b — a. Then
F'(t,5(t)) =a(t)’ ™™ =" #£0 mod t*~*™ and,

(This only shows that o(t) = 7(t) =t mod t*~*"! but it can easily be shown, by analysing
F(t, X), that the depth of ¢ must be a +b—1.)

We will prove by contradiction that this o satisfies the support relation £ = & U (aF + b).
It suffices to show that an element in F(c) is even if and only if it is in aE(0) + b. Let N
be the smallest even integer such that one of the following holds:

(i) N € E(o) but N € aE(0) +b.
(ii) N € E(o) but N € aE(o) + b.

In other words, N is the smallest contradiction to the previous statement. Furthermore,
define M := 8= In case (i) M ¢ E(o) and in case (ii) M € E(o0).

Now let i1 < iy < ... < 4, and [ all be integers, such that b = 2t 4+ ... + 2 and a = 2".
Define j to be the smallest index for which 7; > [ and m :=i; — [. We can now write b — a
as:

20 4 26, 420 4 (20T 4 2Um2 4 h),
Note that the term between brackets equals zero if i; = [. We will first only consider the
case where 7; > [ and thus m > 1.
Using this equation we can write (to(t))® and (o(t))*=%*! as follows:

(to(t))’ = Z ghr2rert2men g
e1,...en€E(0)
(g(t))b—a-H _ Z teo+2i1e1+..2@zj..+2inen+2i1‘len+1+...+2len+m.

€0--€j.sentmEE(0)

Because o(t) is a solution to F'(t, X)) = 0, any term of the form ¢* must occur an even number
of times. Thus, for all x # b — a + 1 there have to be an even number of solutions to:

r=>b+ 2 + ...+ 2"¢, with eq,...,e, € E(0), or

T =ey+ 2%e; + Q/Zﬂ\ej + e, + 247 e+ .+ 2le,,, with eg, €.y bnim € E(0).

Consider x = b—a+ N. Then in case (i) we find the solution ey = N, e; = ..€j.. = €y = 1
and in case (ii) the solution eg = a +b,e; = ..€j.. = €pym—1 = 1, €44 = M. We will now
prove that all other possible solutions come in pairs. Suppose therefore that there is another
solution and first consider the case that it solves the first equation. Then the solution is
of the form (eq,...,e,) = (Eo,...,E,). Because 2% > a, we must have E; < M. By
the definition of N this implies aE; +b € E(c). One can now check that ey = aE; + b,

€nyl = .. = €pym = B and ¢; = E; for all 1 < ¢ < n and ¢ # j, gives a different
solution. Secondly consider the case that the solution solves the second equation but is not
of the form e, .1 = ... = e, and ey = ae, 1 + b. Then the solution can be written as

(€0s--€5..y Entm) = (Eo, ..E;..,EMm). Since b —a + N is even, so is Ey, and a +b < Ey < N
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and E,,,, < M. Therefore, by definition of IV, there exists some E in the support such that
Ey = aEj+band aF,,, +b must be in E(0). Let 1 <k < m be the largest index for which
E, . # E, this index exists because we excluded the specific case where it does not. One
may check that e = aF, 1 +0b,e; = E;forall 1 <i¢<n+k—1andi # j, e . = Ep, e, = E}
foralli>n+k+1isa cli\ﬂ:erent solution. Note that if we had started with the Egnstructed
solution instead of (Ey, ..E;.., E, 1), this method would have constructed (Ey, ..E;.., Eyim),
so we have now paired all solutions.

Before we draw any conclusions we go back to the case m = 0. We then want an even
number of solutions to

r="b+ 2, +...4 2¢, with eq,...,e, € E(0), or

T =ey+ 2i161 + 213/;] + 2in€n with €1, ..é\j..,en S E(O')

Let z = b— a + N again, in case (i) the solution ey = N,e; = ..€j.. = €4, = 1 still holds,
but in case (ii) we now need to take e; = ..¢;.. = e, = 1 and e; = M. We can pair a solution
(Ey,...,E,) with E; < M to (aE; + b, Ey, .E;.., E,) with aE; + b < N. This describes all
possible solutions.

Thus, when z = b — a + N, we have an odd number of terms of the form t*, showing that
F(t,o(t)) # 0. This is a contradiction and we may conclude that N does not exist and
therefore o(t) must satisfy the support relation £ = &' U (aE + b) with ¢ C 2N — 1. O

Proposition 3.22. Let a be a power of two and a > b > an even integer. Then
Flop(t, X) = (tX) 1+ X707 4 ¢2=b=1 = 0 has a unique solution in A5 of depth a+b—1.
This solution has order 2 and satisfies the support relation E = O0U(aFE+b) with 0 C 2N—1.

—a+2
3

Proof. By Lemma and Corollary [3.11.1| we find the existence and uniqueness of a series
o(t) € A5 of depth a+b—1, order 2 and so that F(t,0(t)) = 0. To see this take 5(t) = t+t*+°
and p=a —b—1, then

F/<t,5(t)) — tafl(t 4 ta+b)a72 + (t + taer)afbe = tafb72 5_,5 0 mod tafbfl and,

Since p > a—b—2and 2p+ 1 < 3a+ b — 3, it works. (Actually, we only get o(t) = ¢
mod t*~°, but, with a simple calculation, one may show that o(t) =t + t** mod ¢! as
well.)

Define & = E(0) N 2N — 1 and assume o(t) does not satisfy the support relation £ =
O U (aE +b). Then there exists a smallest even integer N such that one of the following
holds:

(i) N € E(o) but N € E(0) + .
(i) N ¢ E(0) but N € aE(o) + b.
Define M as =2, then in case (i) M ¢ E(c) and in case (ii))M € E(o).

Note that because o (t) is a zero of F(t, X), it is also a zero of (tX)F(t, X) = (tX)*+tX* >+
t27°X. When X = o(t) we want each term #* to occur an even number of times. We will
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examine this for x = a — b+ N. The expansion of to(t)*~® can only consist of monomials
with odd degree, since a — b is even. For the other two terms we know:

(to(t))* = > ™, and
eck

o (t) = et

ecE

Hence, we want there to be an even number of solutions to the problem:

r=a+ae withee E, or
r=a—b+¢e withe € E.

When N € FE(o) we have ¢ = N as the only solution and when M € FE(o) we only
have e = M. Thus the number of solutions is odd instead of even, a contradiction. We
may conclude that N does not exist and therefore that ¢ must satisfy the support relation

E=0U(aE+0D). O

Definition 3.23. Denote the unique solution to F, (¢, X) = 0 of depth a-+b—1 by 044 (%).
Remarks.

e The polynomials in Theorems and only differ by a factor (+X)°=%*1, which is
necessary to make all powers positive.

e In Proposition the cases %“ > b > —a are excluded. This is because Hensel’s
Lemma is in general not able to provide the unique solution when we input (t) =
t + t**?. However, when a +b — 1 = 2% — 1 mod 2% for some z > 2, we can calculate
the next 2° — 1 monomials of 7(¢)*~*~! leading to a bigger upper bound for 2p+1. One
may prove that for those cases the bound for b can be improved to b > W
As an example take a = 16 and b = —8. We have %*2 > b > % and find
a—b—1=23=3 mod 4. Hence Fj5_g)(t, X) = (tX)" + X?* +** = 0 has a unique
solution in .45 of depth 7, order 2 and satisfying the support relation £ = 60U (16 E —8)

with & C 2N — 1.

e Using Proposition we may also improve the bound for b in the case that vy (b) = 1.
Defining (t) now as ¢ + 147 4 #2421 and noting a —b—1 =1 mod 4 one can show

that Flap)(t,7(t)) =0 mod **"3~> Thus any b > =22 works.

Examples. As we did with the greedy series, the algebraic equations for the series satisfying
support relations can be used to calculate their automata. With the help of an automaton it
can then be checked if a certain series is sparse and, if it is not, what its growth numbers B
and [ are. For the examples that were already discussed earlier in this section, this has been
done and the results and two of the (smaller) automata can be found in Table [3.3|and Figure
32l None of the series were sparse, unfortunately. Noteworthy is that (a,b) equal to (4,2)
and (4, 6) indeed have 5 = ¢. Also, for (a,b) = (8, 6) the minimal polynomial could have been
guessed, because in Table ﬂ we find the recursive relation A, = A,_; + A,,_3 when n > 5.
Furthermore, in Figure it is possible to spot the support relation F = 0 U (8E + 6),
because when we follow the edges labeled (0, 1,1) from ‘Start’, we end up where we began
and thus e € F if and only if 8e + 6 € F. The automaton in Figure [3.2b|is a bit harder
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(a,b) d | Minimal polynomial of g | 5 | B

2,0) |1 |z-2 21

4,-2) |1 |a*— 2P~ ra—1 ~ 0.59729
(8,—4) |3 |20 -5 -3 +22—1 ~ 0.44240
42 |5 |22—z—1 6 | ~0.69424
(4,6) 9 |22—z-1 ¢ | ~ 0.69424
(4,8) 11|28 -2t -3 —22+1 ~ 0.48673
(8,6) 13|23 —a2% -1 ~ 0.55146
(16,14) | 29 | 2% — 2 — 1 ~ 0.46496

Table 3.3: For several series that satisfy a support relation £ = & U (aFE + b) and are the
solution to Fl4p)(t, X) = 0 as given in either Theorem or Theorem [3.22| their depth d
and their B and (.

Figure 3.2: The automata for the series which are a solution to (a) (tX)" + X +¢ = 0 and
satisfies the support relation £ = & U (8F + 6), and (b) X° + (tX)? 4+ t° = 0 and satisfies
the support relation £ = 0 U (4F — 2).

to dissect this way, but also doable. Firstly, note that there are no elements divisible by 4
in the support. Therefore we can distinguish two cases for e € E: either e is odd or it is 2
modulo 4. In the first case compare following the edge (1) with following (0, 1,0) and in the
second case compare (0,1) with (0,1,1,0). In both cases these edge sequences lead to the
same vertex and therefore, e € F if and only if 4e — 2 € E.

Remark. In Table|3.3|the case (a,b) = (16, 14) has been included to illustrate a peculiarity.
Whenever a = 2" and b = a — 2, it seems the minimal polynomial for 3 equals 2" — 2"~ — 1.
Note that these series exactly have depths 2"*! — 3 and that the sparse series in Theorem
had even support of the form & = {d + 1} U (a& + b). If this is true for all n, it is
remarkable that these a and b have a lot of structure in both cases.

3.4 Generalisations to p > 2

In this section we look which ideas that we found for p = 2 can be generalized to other
primes p.
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Proposition 3.24. Let o(t) = ag + a1t + ast®> + ... € F,[t] and k € N. Write k uniquely
as k=" r; with ry < ry < ... <1y, all powers of p such that each power occurs at most

o(t) = Z ﬁ e, 170

p — 1 times. Then
e1,...emEER (o) 1=1

Proof. Since k =1r; + 19+ ...+ 7,, we can rewrite o(t)* as

O.(t>7’1+7'2+---+7’m _ Ha(t)m _ Ha(t”)'
i=1

i=1

3

now proves the result. O]

The last equality follows because all r; are powers of p. Expanding o(t") as Zn_ eB(o) Qe 17"

Corollary 3.24.1. If o(t) has depth d, then the two smallest values in E(o(t)*) are k and
R(k,d) := k + p»®d.

Proposition 3.25. Let o(t) in A4, have compositional order p™ and depth d with v,(d+1) =
0. Then,

(i) either 2d+1 € E(0), or2d+1 € E(c7!).
(ii) ife € E(c) and 1 < e <2d+1, thene € E(oc7!).

Proof. (i) Using that the inverse of o(t) is equal to o(¢)°?" ! it is easy to check that o~ (¢)
also has depth d and order p*. Now suppose 2d + 1 is not in the support of o or of ¢~1
and consider the following equation:

t=o(c'(t) = ) (0 '(t)"

1€E(0)

In the case that i = 1 € E(0) we do not get a term of the form at>**1, but in the case
i=d+1¢€ E(o) we do get such a term, because R(d + 1,d) =2d+ 1. Any i > d+ 1
also does not give such a term, because R(i,d) > 2d + 1 in those cases and i # 2d + 1.
Hence we find a contradiction and may conclude 2d 4 1 is in either the support of o

or of o1,

(i) Let e < 2d+ 1 be the smallest element in E(o)U E(o™!) that is not in E(c) N E(c™!).
Without loss of generality, assume e to be in E(c~!) and not in E(c) then, o(t) =
o~ (t) — at® + O(t*™'). Now consider

t=cc ()= > (o' (t) =0 '(t) + 07 (t) =t — at* + O(t*™).

1€E(0)

The last equation holds because e < 2d+ 1, so (071(¢))" = ' + O(tEED) = ¢ 4 O(t+1)
if 7 > d. Hence we get the equality ¢t = t + at® + O(t*!), which is obviously false.
Therefore e cannot exist and the proof is finished. O]

Remark. The previous proposition does not really tell us anything about p = 2, since we
know that the depth d can never be divisible by p.
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In the case of p = 2 we looked at series that satisfied a support relation of the form £ =
O U (aE + b). This splits up the support in odd and even elements. Similarly we might be
able to split up the support for other primes into sets €3 U 0, U ... U 0),, where 0, contains
all elements that are congruent to ¢ modulo p. Obviously 1 has to always be in ¢} and, to
be consistent, we might want to write the other 0; as aE + b again. The next Lemma tells
us that such a series cannot be sparse if there are multiple 7 # 1 such that &; # ().

Proposition 3.26. Let E = O U (anE + 1) U (eFE + 2) # 0 be a support relation with
ay, a9 > 1. Then E is not sparse.

Proof. Since E is nonempty there must be some element m in &. Let f(z) = aqz + i,
9(z) = apr+Ps and N = max{f°*(m), g°*(m)} for some k € N. Note that O(log(N)) = O(k)
and consider the set Ey. This set must contain all elements hy o hyo- -0 hi(m), where h; is
either f or g. Because (ay E+ 31) and (apE + () are disjoint, all these elements are distinct.
So Ex contains at least 2¥ elements and thus |Ex| # O(k") = O(log(N)"). In other words,
E is not sparse. O

From this proposition we may conclude that the only sparse series in .4, that satisfy a
support relation must satisfy £ = ¢ U (aF + b) for some a,b € N and with 1 € 0.

Another problem we run into while generalising the case p = 2, is that we do not have an
expression for the greedy choice anymore. There might though be a ‘logical choice’ that can
be expressed in d and d,, the depth of the pth composite of some series. In the following we
will first dissect the support relations for Klopsch’s series and then check whether or not &
could be defined as the set of ‘logical choices’.

Example: Klopsch’s series that satisfy a support relation

Expanding a Klopsch’s series as was done in the proof of Proposition [2.15 we may conclude
that its support does not depend on the coefficient azy1 € F;. Therefore, given some prime
p, we may speak about E(ok 4) without specifying which Klopsch’s series of depth d is taken.

Define 0 = E(ogq) N (pN — (p — 1)) and by € {1,...,p — 1} such that by = d~' mod p.
Then for all depths d # 0 mod p, it holds that E(oxq) = O U (O +d)U ... U (O + byd).
This follows because by is the first coefficient of the p-adic expression of _71 and thus the
congruence class of an element in the support is determined by which term we take from the
first factor (1 + )P0 =1 4 bot? + ... + %4,

In the next proposition we will answer the question: when can we write each set (& + kd)

as (aE +b)?

Proposition 3.27. Let ok 4 be a Klopsch series for some prime p and define by and O as
above. Suppose 0 < k < by is an integer. Then (O + kd) can be written as (aE(c) + b) if
and only if%l = by0...00.

Proof. We know that the smallest element of & + kd is 1 + kd and if ¢ > 0 is the smallest
index such that b; # 0, we get 1-+kd-+p’ as the second smallest element. So a+b = 1+kd and
a(1+d)+b = 1+kd+p'd. From these equations we easily solve a = p’ and b = 1+kd—p’. Now
let j be the smallest index such that b; # 0 and b;; # b;. Then we find 1+ p/(b;d) € E(0).
This implies that p"*(b;d) + 1+ kd € E(o) and we conclude that b;; > b;. In particular

44



this shows that b;;; is non-zero and thus p"*/(b;y;d) + 1 + kd is in the support. Now we can
reverse the iteration to get another element of the support:

1 ., . ) .
E(p’ﬂ(biﬂ-d) +14+kd—1—kd+p') =p'(biy;d) +1
This would however imply that b; is greater than b, ;, a contradiction. The only possibility
is that the period of _71 must be divisible by 7 and this implies, since ¢ was also the smallest

index such that b; # 0, that the p-adic expression must indeed be of the form b,0. .. 00.

Conversely, assume that =& = by0...00 of period i. Let a = p* and b = 1 + kd — p' and take
x € (O) + kd). In this case we can express Klopsch’s series (for agy; = —d™!) by

[T+ e = e1 ety T+ ey
L =1

Because © € (0 + kd), we can write v as 1+ kd + cidp' + codp® + ... + cpdp™, with
c; €{0,1,...,by} and therefore =2 = 1+c;d+codp’ +. . .+ ,dp™ Vi (ﬁ—i—cld) C E(ok.a)-
From this we may conclude that (ﬁ + kd) C (aF (aKd) +b).

For the other inclusion we take z an element in (aE(ok4) +b). We may write z = 1 +
kd — p' + p'(1 + cod + c1dp® + . .. + c,dp™), which is indeed an element of (& + kd). Hence
(O + kd) = (aE +b) as we wanted. O

Corollary 3.27.1. If d = % € N for some i >0 and by € {1,...,p — 1}, the series ok q
satisfies a support relation.
Examples.

e For p = 2 these depths are 2/ — 1 and they satisfy the support relation £ = 0 U (2°E).
Here & consists solely of greedy choices as explained in Section 3.3.

e For p = 3 these depths are 3 — 1 and % with by equal to 1 and 2 respectively.

e For p = 5 these depths are 5 51 and 523—_1 with by equal to 1,2,4 and 3

respectively.

Examples. The goal here is to find a ‘logical choice’ how to determine & for a series o that
satisfies a support relation. We use the following method. Let o 4 be the Klopsch’s series for
p = 3 with all coefficients either equal to 0 or 1 and suppose d is as in Corollary [3.27.1] Then
0k a satisfies the support relation OU(c E+B1)U(az B+ 32) for some ay, ag, 51, B2 € Z. Write
1 =29 < x; < ... for the elements in & and define 0, := {xo,...,x,} for all n > 0. Let
7,.(t) be the power series that satisfies the support relation F = &, U (a1 E+ 1)U (aoE + f32)
such that all its coefficients are either 0 or 1. Define d3(7,) as the depth of 72%. How do
Tnt1,d and ds(7,) relate?

e (d =1) We have the support relation £ = ¢ U (3E — 1) U (3E) and find:

0 ={1,4,7,10,13,16,19,22,25,28,31,.. .},
d3(1,) + 1 = (8,11, 14, 23,20, 23, 32, 29, 32,59, .. ),
d3(1y) + 1 — Zpyr = (4,4,4,10,4,4,10,4,4,28,...).
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What stands out is that those are all of the form 1+ 3* for some k and that ds(7,) +
1—1,ds(r,) +1—4,d3(r,) + 1 —10 € O for all n. However, a general structure is not
clear.

e (d =2) We have the support relation £ = ¢ U (3F) and find:
0 ={1,7,19,25,55,61,73,79, ...},

ds (7o) + 1 = (27,69,33,177,69,93,87,...),
ds(12) + 1 — 2p1 = (20,50, 8,122,8,20,8,...).

Here we may note that all are 2 mod 3 and that any integer of the form ds(7,,) +1—8
is in & but not necessarily equal to x,.

e (d = 4) We have the support relation £ = ¢ U (9E — 4) U (9F) and find 2,41 =
d3(7n) — 15 = d3(1,,) + 1 — 4d for all z,, < 3000 (or equivalently n < 11).

e (d = 8) We have the support relation £ = ¢ U (9F) and find:
0 = {1,73,649, 721, 5833, 5905, 6481, 6553, 52489, . . .},
ds(7) + 1 = (729, 5985, 801, 52641, 5985, 7137, 6633, 472545, . . ).
Here all integers that equal d3(7,,) + 1 — 80 are in & (but not necessary equal to ,41).

It seems hard to define any ‘logical’ and consistent choices based on these examples. However,
we did see that ds(7,) + 1 — 4d is always in the support and also ds(7,) + 1 — 10d might be
an interesting option.
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Chapter 4

The power of a (Galois group

In [1] Albayrak and Bell gave a field-theoretic way to characterise sparseness. In Section 1 we
state and prove one direction of the theorem. In the second section we see that by the Galois
theoretic part of the characterisation we can, for all greedy series and some series satisfying a
support relation (as defined in previous chapter) prove that they are not sparse. The proofs
heavily rely on Newton polygons to determine the degree of the minimal polynomial.

4.1 Field theoretic conditions for sparseness

To prove the field theoretic conditions we will need the following two lemmas.

Lemma 4.1. Let F' = F(y)/F be a finite separable extension of function fields, and let
f(X) € F[X] such that it is monic and f(y) = 0. Suppose P is a prime of F' and satisfies
f(X) € Op[X] and vp(f'(y)) =0

for all primes P" of F' above P. Then P is unramified in F'/F.

Proof. This is a slight generalisation of Corollary 3.5.11 in [27]. We will assume this corollary
and prove the lemma follows.

Write ¢(X) for the minimal polynomial of y over F'. Then we can write f(X) = ¢(X)g(X) for
some monic polynomial ¢(X) in F[X]. We will prove that ¢(X) € Op[X] and vp/(¢'(y)) =0
whenever f meets the criteria proposed in the lemma.

We can write

P(X)=X"+a, 1 X" '+, +apand g(X) = X" + by, 1 X+ + by,

and define a, = b,, = 1 and ay, by = 0 when k& > n or k£ > m respectively. Now let
i >0 and j > 0 be the largest integers for which vp(a;) and vp(b;) are minimal. Whenever
#(X),9(X) € Op we will have i = n and j = m and therefore 0 > vp(a;) + vp(b;). Now
consider the coefficient of X**7 in the expansion of f. This coefficient can be written as

az‘+jb0 + ...+ CLibj + ...+ CL()bH_j.

The P-adic valuation of this expression is greater or equal to the minimum of vp(agbit;j_)
for 0 < k < i+ j with equality if and only if the minimum is unique. By the definitions of
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i and j we see that the P-adic valuation must be 0 > vp(a;) + vp(b;) > 0. Thus we may
conclude that both ¢(X) and g(X) are in Op[X].

+ ¢'(X)g(X). Because

For the second claim consider the derivative f'(X) = ¢(X)g' (X)
= 0. Note that also vp/(y) > 0,

¢(y) = 0 we get f'(y) = ¢(y)g(y) and v (¢'(y)) +ve(9(y))

because otherwise

00 = vp/(0) = vp (d(y)) = nvp(y) <O0.
Using that ¢/(X) and g(X) are both elements of &p/ we now find that vp/(¢'(v)), ve(g(y)) >
0, from which we conclude that vp (¢'(y)) = 0. O

Lemma 4.2. Let K be a field of characteristic p > 0 that contains Fpyn and take k € K. The
splitting field of X?" — X 4+ k over K then is Galois and has degree some power of p.

Proof. Suppose « is a root of the polynomial and take j € Fp». Then, a+j is also a root of the
polynomial, which shows that the polynomial is separable. Furthermore, K(«) = K(a + j)
and thus K (o) is the splitting field of X?" — X + k. We immediately get that K («) is Galois,
since it is the splitting field of a separable polynomial.

Clearly the degrees of K(a + j) over K for j € F,n are all the same, which shows their
minimal polynomials must have the same degree. Hence, the degree of K(«) over K must
divide p™ and is thus a power of p. O

Proposition 4.3 (Albayrak-Bell |1]). Let 0 € .4, denote a power series that is algebraic
over F,(t). Consider the field
g = U Fp@l/g)u

pre>1
where T, is an algebraic closure of F,,. If o is sparse, then the following conditions hold:
(i) o is integral over F,[t,t™1;
(ii) the extension F,(t)(0)/F,(t) is unramified outside of 0, co;
(iii) the splitting field of o over Z has degree a power of p.

Proof. Whenever ¢ is sparse its support can be written as a finite disjoint union of simple
sparse sets as we saw in Lemma [2.5| Thus, we may then also view ¢ as the sum of multiple
series, that all have support equal to a simple sparse set. We will call these series simple
sparse series. With an inductive argument we will show that it suffices that properties (i)-
(iii) hold for simple sparse series, after which we prove that this is indeed the case. Notice
that these simple sparse sets do not necessarily contain 1 and therefore the proof needs to
work for all series in F,[¢] and not only for those in .4,

Write 0 = 01 + ...+ 0., where all o; are simple spares series and suppose properties (i)-(iii)
hold for all o;. Property (i) clearly also holds for o, since the sum of a finite number of
integral elements is also integral. For the second property we use Corollary 3.9.3 from [27].

We know that .
o) C HFp(t) (o
i=1

where [] is used to denote taking the compositum of fields, not the product. The corollary
implies that the right side is unramified outside of 0 and co, because this is the case for each
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individual field. The same then holds for any subfield.
Finally, for the third property, suppose we have proven that the splitting fields of o1 + ...+
0,1 and of o, over .# have as degree a power of p. Write F; and F5 for these splitting

fields respectively and define F' := F| N F,. The following degrees are now all powers of p:
[Fy: F|,[Fy: F] and [F : .Z]. By Proposition 14.4.19 in [16], we know F}F} is Galois and

[F\Fy: F|=[F,: Fl[Fy: F][F : Z#],

which is thus also a power of p. The field .# (o) is a subfield of F}Fy and because F} Fy is
Galois, so is the Galois closure of .#(¢). With an inductive argument this shows ¢ meets
property (iii) when all simple sparse series do.

Now we will prove that all three properties hold for some simple sparse series 0. We know
that E(o) = {v,w? - vywi'vy | ; € Z>o} for some fixed p-ary words v, ..., vp, w1, ..., Wy.
When r = 0, ¢ is a monomial and thus all properties hold. Now suppose it holds for all
ranks up to r — 1 > 0. Let ko = €(vg), k1 = €(wy1), mg = |vo| and my = |wy|. Define 7 to be
the simple sparse series with support equal to {v,w® ---w3?v,0% | x; € Zsq}. This series
has rank » — 1, so by the induction hypothesis the properties hold for 7. We will now prove
the following relation between ¢ and 7:

k1

t(pkl_l)mo_pkomla(t) _ U(t)p = tp’“lmo—pkomlT(t)-

Note that we may write the support of o as:
(pFo1g 4 (prr@=DFko oy phitko koY e | 3y € Zso,j € E(T)}.
Hence we can write the support of the first term on the left side of the equation as:
{phrorg + (P DR g phrtho R0y — pFomy + pFimg | 21 € Zso, 5 € B(7)}-
Similarly, the second term of the equation has support:
{pfe (eI e g Y my 4 pMim [ @ € Zs1,5 € B(7)}

Which are exactly the same, except for the fact that in the first set z; > 0 and in the second
x1 > 1. Furthermore, for each n in both supports the coefficient a,, # 0 in front of " will
be the same. So, if we subtract the second term from the first, only the cases with x1 = 0
will remain. This gives the support {j — p*m, + p*'mq | j € E(7)}, which is equal to the
support of the (only) term on the right. Here a similar remark about equal coefficients holds
and we conclude that the relation between o and 7 indeed holds.

Because this relation is integral, it now immediately follows that o is integral over F,(7)[t, ]
and since property (i) already holds for 7 it now also holds for o.

The relation can also be used to prove the second property. Use Lemma with the
function f(t,X) = XP" — @ =Dmo—ptomi x4 gpfrmo—pfomir () - For any prime P outside
of 0 and oo and P’ above P, we see that f(t, X) € Op[X] if and only if vp(7(t)) > 0 and
vp (f/(0)) = vp (t@ ~Dmo=pm1) — () Hence, P is unramified if P does not lie above 0 or
oo and vp(7(t)) > 0. The last condition always holds by the following inductive argument.
If the rank of 7 is zero (and therefore 7 is a monomial) it is clear and else the induction
hypothesis tells us that there exists some polynomial g(X) € Op[X] such that g(7) = 0. As
is shown in the proof of Lemma [4.1| this implies vp(7) > 0.
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. ko ko . .
Defining ¢ = —my + L= and d = =22 we can rewrite the relation between ¢ and 7 to:
0 pklfl pklfl

(to)"" — (t0) = o7,

Hence, t°o is the zero of a polynomial of the form X?" — X + k over .Z(7), as in Lemma
[4.2] Since .#(7,0) is equal to the splitting field of this polynomial (also see the proof of the
lemma), it is Galois and has degree a power of p over .% (7). Furthermore, we already assume
that .% (7) has a degree over .# that is power of p. This shows that the third property must
indeed hold for .Z (o). O

Going back to the series of order 2 that we found in Chapter 3, we will check if they meet
the criteria of Proposition [4.3] Recall that we defined two types of series: greedy series and
series that satisfied a support relation £ = &' U (aE +b). By the algebraic relations we found
for greedy series and if a is a power of two, it is immediately clear that they all meet the
first criterium. About the other two we will say something in the next section on the basis
of their Newton polygons.

4.2 Newton polygons

Definition 4.4. Let F' be a non-archimedean field that is complete with respect to some
valuation v and f(X) € F[X] equal to

a, X"+ ...+ a1 X + ag, with a, # 0.

We define the Newton Polygon of f, or NP(f), to be the lower convex hull in R? of the finite
set of points
{i,v(a;) | 0 <7< n,a; #0}.

For each line segment we can determine its slope and multiplicity, i.e. the length of its
projection to the horizontal axis.

Since each slope is unique, it makes sense to talk about the multiplicity of a certain slope.

Example. Take the field Fo[t], which is complete with respect to (), and consider the
polynomial Fise)(t, X) = (¢X)%+ X +¢t. The set of points becomes {(0, 1), (1,0), (6,6)} and
in Figure 4.1] we can now see its complex hull. It consists of two line segments, one of slope
—1 and multiplicity 1 and one of slope g and multiplicity 5.

Theorem 4.5 (|2| p. 8). Let f € Flz], and A C Q the set of slopes of NP(f). We may write

f=ay, H fr, with,  fi(z) := H (x —vy).
MeA f(y)=0,
v(y)==A

Then, fr(x) € Flz|, and its degree is equal to the multiplicity of \.

Theorem 4.6 (Dumas [15]). Let (a,b) and (a +c,b+d) be the start and end point of some
line segment of NP(f) with slope X\ = &. Suppose there exist gi(x), ha(z) € F[z] of degrees
dgy and dj, such that

(@) = ga(@)ha(z)

then, the point (a + dg, b+ Ad,) must lie in Z*.
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6,6)

{0, 1)

(1,0)

Figure 4.1: The Newton polygon of F(t, X) = X%+ X + ¢ at the prime (1).

Example. In the case that F(t,X) = (tX)® + X + ¢ we can now conclude that F(t, X)

has one zero with t-valuation 1 and 5 zeroes with t-valuation %. Also, we can write the

polynomial as F(t, X) = t°(FLy(t, X)Fs(¢, X)), where F_;(t, X) has degree 1 and Fs(t, X)
has degree 5 in X. Both these polynomials are irreducible, since the polygon does not cross
any additional points on the lattice Z2.

Proposition 4.7. All greedy series and support relations series with a equal to a power of
2 meet the second criterium of [{.3

Proof. Let P be some prime in Fp(t) besides 0 and oo, o the series in question and define F’
as Fgq or Fi,p divided by their lead coefficient. Then F(t, X) € Op[X] and F'(t,0) = o
for some n € Z. We will show that vp (o) = 0 for all P'|P and then it follows from Lemma
4.1 that P is unramified.

Note that the Newton polygon of F'(¢, X) at P consists solely of a straight line segment on
the z-axis. Thus, by Lemma any zero of F'(t, X) has P-adic valuation 0. The series o is
a zero of F(t, X) and since P’ lies above P this shows vp (o) = 0. O

Theorem 4.8. Suppose a is a power of two, b an even integer, d > 0 an odd integer and
(>0 a square free integer. Define G(t,X) = Fgq(t,X) and F(t,X) := Fap(t,X), then:

(i) G is irreducible over Fy(t'/?).

(ii) When b > a all irreducible factors of F over Fo(t=Y/*) have a degree that is a multiple
of gcd(Z(Z—l),b)'

(i) When a > b > 0 all irreducible factors of F over Fy(t™Y/%) have a degree that is a

multiple of W_—lub)‘

(iv) When 0 > b > —a all irreducible factors of F over Fy(tY/*) have a degree that is either

a multiple of W‘_l)b) or a multiple of —gcd(‘;__ll W

Proof. Note that all irreducible factors of G or F' must lie in Fy [t/ X] (case (i) and (iv))
or Fo[t~/¢, X] (case (ii) and (iii)) because G and F', when divided by their lead coefficients,
themselves do. (Also see the argument given in the proof of Lemma [4.1])

(i) We start by looking at the Newton Polygon of F at the prime ¢t~'/(4+2) see Figure .
The polygon has two line segments, one from (0, —(d +2)?) to (d + 1, —(d + 1)(d + 2))
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(0.-(d+2)*)

(d+2,0)

(b—a+1,0) (a—b-1,0)

(a—b—1,0)

)

(d+1,—(d+1)(d+2))

b, —b)

(a) (b) (c) (d)

Figure 4.2: The Newton Polygons at ¢t~/ of (a) F(t, X) = X2+ (¢t X)) 4192 for { = d+2,
(b)F(t,X) = (tX)? 4+ Xb-atl p tb=atl when b > a, (c) F(t,X) = (tX)* 1 + Xa-b-1 4 gab-1
when a > b > 0, and (d) F(t, X) = (tX)* ! + X771 4 497" wwhen 0 > b > —a.

(i)

(iii)

and the other from (d + 1, —(d + 1)(d + 2)) to (d + 2,0). Neither crosses any other
integer points and their multiplicities are d + 1 and 1. Therefore, the only way that F
could be reducible, is if it has a zero ¢(t) in Fo[t'/(42] of order v;-1/w+2(q) = —(d+1).
So the term of highest degree of ¢(t) should be a a1 td+1)/(@+2)  However, when looking

at the Newton Polygon of F' at the prime ¢, we find that all its zeroes have v,(q(t)) = 1
and thus, the term of lowest degree should be a;t. This shows that ¢ could not be a
polynomial in any fractional power of ¢ and thus F stays irreducible over Fy[t!/(4+2)],

Now write g for the largest divisor of ¢ that is coprime with d + 2. Then,

[E2(t1/£’tl/(d+2)) :Fz(tl/(dJrQ))] =g.

Since g and d + 2 are coprime and extending Fy(t'/(4+2)) with o has a degree of d+2,
we find that F stays irreducible over Fo(t'/¢, t1/(4+2)) and thus over all fields Fo(t'/*).

In Figure m the Newton Polygon of F at t~'/¢ is depicted. It has one line segment
of degree b and slope @ Any point (z,y) on the line is in Z? if z is divisible by

m. The statement now follows directly from Theorem

The Newton Polygon of F' at t~'/¢ now has a single line segment of degree a — 1 and
slope a_—_”;, see Figure M Therefore, (z,y) is an integer point on the segment if x is

lelSlble by m.

The Newton Polygon of F at ¢t~/ can be seen in Figure Note that since b > —a

the point (a—1,a—1) will always lie on the convex side of the dotted line. The polygon

has two line segments, one of degree a — 1 and slope a‘# and one of degree —b and

1
L(a—1)

slope =*5~. The statement now follows by the same ideas an in (ii) and (iii). O

Corollary 4.8.1. (i) All greedy series are not sparse.
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(i1) Suppose m (when b > a), ij) (when a > b > 0) or both (when 0 > b > —a)
are divistble by some odd prime squared. Then the series of order 2 that satisfies the

support relation E = 0 U (aE + b) is not sparse.

Proof. By Proposition [4.3| it suffices to show that the degree of the splitting field of o over
% is not a power of 2.

(i) The minimal polynomial of o¢ 4 over .% is just Fg 4. It follows that [F (0g4) : F] =
d 4 2 which is odd and larger than 1.

(ii) Let ¢ be the prime that divides the relevant constant twice. Then ¢ must divide
[F (0(ap)) : F] by a similar argument. O

Proposition 4.9. Suppose a — b —1 is equal to 3 and a > b > 0. Then o(4y) ts not sparse.

Proof. In these cases the Newton polygon at t'/* consists of two line segments. A segment
of slope —¢ and degree 3 and a segment of slope A(¢) := 4(5%41) and degree a — 4. Since
V(0@p)) = 1 we know that it is a zero Fy(t, X) and not of F_,y)(t,X). One can prove
that there is no ¢ such that F, has a zero in Fy[t='/¢]. Besides, all irreducible factors of
F_\@ in Fo[t'/*] must have a degree that is divisible by Wﬁ,a—@‘ Hence, the minimal
polynomial of o over .% is of degree 3+ x, where x is some multiple of WM for some
odd and square free integer ¢. Whenever ¢ is odd we find that 3 + x is also odd. Therefore,
the minimal polynomial of o, of # will be of odd degree greater or equal to 3 and o,y
cannot be sparse by Proposition [4.3](iii). O
Examples. Especially the cases where m is a power of two and b > a or 0 > b, seem

good candidates for sparse series. In fact, we have seen examples of both answers.

e When a = 2 and b = 2" or a = b = 2" ! we get the series ogous1, which is sparse.
Note that b > a here and W‘_lb) equals 2 or 1 respectively.

e When (a,b) € {(4,—2),(8,—4), (4,8)} we saw at the end of Section 3.3 that o is not

sparse. In all these cases aed(aTh) = b which is (up to a minus sign) a power of 2.

e When (a,b) = (4,6) we also saw at the end of Section 3.3 that o is not sparse. In this
casebZaandm:Z.

Remark. We have not discussed any of the cases where b = 0 here. However, in Section 3.4
we saw that those all generate Klopsch’s series, which we know to not be sparse.
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Chapter 5

Further research

(1)

In Chapter 2 a new growth constant 3 was defined for non-sparse series 0. We know
that g is bounded by p and always equals the nth root of a Perron number. A natural
question to ask oneself is: given a certain prime p, does this describe all possible values
£ can take? What about when we know the compositional order of o7 A known
problem in automaton theory is whether you can see what the order of an automatic
series is by only looking at its automaton. If the set of values J that one can take in
the finite order case is unequal to the set of values in the infinite order case, this gives
a partial answer to this problem.

In Chapter 3 a new method to search for order 2 power series was described, by guessing
the subset of even elements of the support. So far there has not been found a non-
empty even set for which such a series does not exist. It would therefore be interesting
to try and prove or disprove the following conjecture:

Conjecture 5.1. Let & C 2N non-empty, then there exists exvactly one o € Ny such
that E(c) N 2N = & and o is of compositional order 2.

The proof of this conjecture might also lead to more insight in how the odd part of the
support depends on the even part, which could help us with finding more sparse series
of order 2. Even if this does not (yet) work, the new method can be used to guess more
sparse even sets and see if these result in any sparse series. This is of special interest
for all depths outside of 2# + 1 and 2* — 3.

In Section 3.4 we saw that it is not completely straightforward how to generalise the
method to p = 3. However, the way & was constructed for the Klopsch’s series did
not seem entirely without structure. Similarly there might exist structures for series
of order p™ with n > 2, starting with 4.

In the beginning of Chapter 4 a field theoretic characterisation of sparse series by
Albayrak and Bell was mentioned. One way to find series o of finite order is by using
Witt vectors and choosing a good uniformizer, see |§]. This choice also influences field
theoretic properties of o. It would be nice to see if these two ideas could be combined
to see which uniformizers might or will definitely not lead to sparse series. We saw that
so far especially the third property of Proposition was of importance, so a good
place to start is by calculating the splitting field over .% for a known sparse series.
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Appendix

Here we will give the automata, algebraic equations and/or direct formulas of some non-
sparse series of finite compositional order. All the automata were calculated in [8] and
drawn using the Finite State Machine Designer [29]. When not stated otherwise, the series
were also defined by J. Byszewski, G. Cornelissen and D. Tijsma in [g].

The series o, is defined as the unique zero in 45 of
Ft,X)=0t+1P*X°+ 4+ )X+ (@ +t+1)X + 3+t

It has order 4 and depth 1 and its automaton can be found in Figure [5.2a

The series o(;5) satisfies the equation t*X® + (¢ + 1)3X + ¢3 +¢ = 0 and is of order 4 and
depth 1. Its automaton can be found in Figure [5.4b]

The series oy is a zero of t*X* + 3X3 + X? + (t + 1)X + t? + ¢ and oy is a zero of
(t* + 1) X* + tX? + t2X + t*. Then oy 3 is defined as oy o oy 2 and satisfies

X)Xt (Pt D)X (13X -t +1)2 =0.

All have order 2 and they have depths 1,5 and 1 respectively. They also commute with each
other, and hence exhibit an explicit embedding of the Klein group. Their automata can be

found in Figure [5.5] [5.6] and [5.1]

The series ocgs was discovered by T. Chinburg and P. Symonds [12] and has order 4. Its
compositional inverse, og was computed by Z. Scherr and M. Zieve [4, Remark 1.5], and is
in fact sparse.

2k 1
oos =ty > T
E>0 ¢=0
2k—1
k
0_825 — t _'_ Z Z t42 +2€
k>0 (=0
‘72'35 _ Z(t3v2k—2 + t4'2k_2).

k>0

Their depths are 1,3 and 1, respectively and the automata of ocg and 0@ can be found in
Figure
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Found by S. Jean [19] and a zero of F(t,X) = (t + 1)X? + (t* + 1) X +t we have the series
oy of order 4 and its compositional inverse:

k

t2
g7 = Z (t+ 1)32-1

k>0
26 -1
o3
0P =)
= (t+1)

They both have depth 1 and the automata can be found in Figures[5.2b|and [5.4a], respectively.
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Figure 5.1: The 2-automaton of oy 3
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(a) (b)
Figure 5.4: The 2-automata of (a) 05* and (b) o1 5.
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Figure 5.5: The 2-automaton of oy

Figure 5.6: The 2-automaton of oy
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