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Rezumat

Aceasta lucrare este rezultatul a doud programe de doctorat: unul axat pe geometrie algebrica si unul pe teoria
grupurilor. Desi temele nu au o legatura directa, ele sunt unite de ideea comuna a studiului unor subiecte complexe
prin intermediul unor concepte usor de explicat, precum dessins d’enfants si functiile aritmetice. Prima parte a
tezei foloseste instrumente din geometria algebrica si transforma cautarea operatorilor diferentiali algebrici intr-o
cautare de grafuri. A doua parte a tezei preia concepte din teoria numerelor si le transpune in studiul grupurilor
finite. Cele doua parti sunt tratate independent si reprezinta activitatea de cercetare in cadrul celor doua programe.
Rezultatele prezentate sunt cuprinse in 6 articole ([I1, [12], [13], [10], [€], [14]), scrise fie in colaborare, fie individual,
primele 5 dintre acestea fiind deja publicate.

Prima parte a tezei este structurata astfel: capitolul introductiv ofera initial un istoric al subiectului abordat.
Ulterior, este organizat in doua sectiuni. In prima, trecem in revistd conceptele teoretice legate de operatorii
diferentiali: definim diferitele tipuri de singularitati, apoi exploram rezultatele care caracterizeaza algebricitatea
operatorilor diferentiali. In a doua, trecem in revista cateva concepte utile legate de teorema lui Belyi si dessins
d’enfants. Ne concentram in mod special pe ”dictionarul” care prezinta corespondenta dintre datele de ramificatie
ale functiei Belyi si datele combinatorice ale dessin-ului corespunzator.

In capitolul al doilea, analizim operatorii Heun si prezentam propria analizd a operatorilor algebrici cu grup de
monodromie tetraedral si octaedral. Pornind de la teorema lui Klein, cautam operatori Heun ca pull-back-uri ale
operatorilor hipergeometrici din lista lui Schwarz, printr-o functie Belyi. Urmam algoritmul de mai jos:

e Determinam conditii aritmetice pentru diferentele exponentilor locali ai operatorului Heun.
e Stabilim gradul minim posibil pentru functia f.
e Folosind ”dictionarul” din capitolul precedent, verificim daca existd un dessin d’enfants cu datele date.

e Daci nu exista un astfel de dessin, rezultd ca operatorul Heun corespunzator nu este algebric. Marim unul
dintre exponentii locali si reludm cautarea unui dessin d’enfants corespunzator.

e Alternativ, daca putem construi graful, rezulta ca exista o functie de pull-back si, prin urmare, un operator
Heun algebric cu datele corespunzatoare. Pentru valori mici ale gradului functiei de pull-back, aceasta poate
fi determinata usor. Vom face acest lucru pentru deg f < 4.

e Plecand de la pasul anterior, lasam sa varieze cel putin una dintre diferentele exponentilor locali. Construim
graful asociat prin adaugarea de ”celule” — sub-grafuri ”lipite” de graful initial.

In acest fel, obtinem familii infinite de dessins d’enfants parametrizate de numere naturale. Corespunzator,
aceasta Inseamna ca exista familii infinite de operatori Heun algebrici.

Reusim sa completam studiul lui Vidanas si si recuperam unele rezultate din [5] si [§]. Rezultatele pentru
operatorii cu monodromie tetraedrald sunt publicate in [I0]. O analiza similard cu cea din sectiunile doi si trei
poate fi facuta si pentru operatorii Heun cu monodromie icosaedrala. Studiul complet arata ca exista un numar
numarabil de operatori Heun algebrici.

In dorinta de a continua studiul operatorilor diferentiali algebrici, ne-am propus sa deformam operatori Heun
“adaugand” o singularitate aparenta si sa studiem ce se intAmpla cu algebricitatea solutiilor. Astfel, ultima sectiune
contine citeva calcule nepublicate privind deformaéri ale operatorilor Lamé, pornind de la rezultate similare din [I5].
In prima subsectiune, prezentam calculele pas cu pas pentru non-logaritmicitatea operatorilor Lamé si recuperam
un rezultat referitor la numaérul finit de operatori Lamé algebrici. In a doua subsectiune, facem primii pasi pentru
a obtine o procedura de reducere similara cu [I5] Propozitia 2.2]. Ne propunem si continuim acest studiu ulterior.

Aceasta parte a tezei este structurata in trei capitole: aceasta Introducere, Rezultatele principale si Anexa.
Acestea sunt urmate de o Bibliografie dedicata acestei parti.

Capitolul de Introducere este impartit in trei sectiuni. Prima sectiune, Concepte din teoria numerelor, parcurge
conceptele din teoria numerelor care sunt de interes in studiul nostru.

Mai intai, trecem in revista functiile divizorilor. Ele permit definirea concisa a conceptelor folosite ulterior.
Dintre acestea, cea mai importanta este functia ¢,. Dat un numar complex z, functia o, este suma puterii z a
divizorilor unui intreg. Oferim o demonstratie a multiplicitatii ei. Cazurile particulare cele mai relevante sunt
pentru z € {—1,0,1}. Pentru z = 1, de obicei 0; se noteaza simplu o. In afara acestora, analizam si alte functii
definite pentru un numar natural nenul n: p(n) = o(n)/n, ¢(n) (functia lui Euler), w(n) (numéarul divizorilor primi
distincti).



In al doilea rand, folosind aceste functii, ddm definitiile pentru numere aproape/cvasi-/perfecte. Prezentam
forma cunoscuta a numerelor perfecte pare si, folosind-o, demonstram ca ecuatia

P, +1=p" P, numir perfect par, p numar prim *)

are solutii numai pentru k£ = 1. Enumeram, de asemenea, cele 4 solutii pe care le-am putut gasi computational
folosind [I7] si [16].

De asemenea, trecem in revista rezultatele de ultima ora referitoare la probabilitatea tot mai mica a existentei
numerelor perfecte impare. In mod similar, nu sunt cunoscute exemple de numere cvasi-perfecte si exista un singur
tip de numere aproape perfecte: puterile lui doi.

In al treilea rand, analizam numerele armonice, o generalizare a numerelor perfecte. La fel ca in cazul celor din
urma, nu se cunosc numere armonice impare.

Incheiem sectiunea de teorie a numerelor, analizidnd conceptul de factorizare nilpotentd [9] si prezentdm o
caracterizare a acestuia. Aceasta factorizare isi are radacinile in teoria grupurilor, asadar nu urmeaza tiparul
“traducerii” intr-un analog de teorie a grupurilor in sectiunea urmatoare.

A doua sectiune a introducerii se concentreaza pe “traducerea” promisa a functiilor din sectiunea anterioara.
Avand ca punct de plecare lucrdrile lui Leinster [4] si de Medts [7], observim proprietatile functiilor o, si p;
analizam lucrdrile lui Garonzi [3], respectiv Azad, Khosravi si Rashidi [I], pentru proprietati ale lui m (suma
inverselor ordinelor elementelor unui grup); si ale lui Baishya si Kumar [2], pentru analiza proprietatilor lui H.

In ultima sectiune a Introducerii, reamintim patru clase de grupuri care vor aparea in studiul nostru al grupurilor
aproape/cvasi- /Leinster: grupuri ZM, grupuri afine, grupuri diedrale si grupuri diciclice. Reamintim definitia lor si
analizam laticea subgrupurilor normale.

Capitolul al doilea prezinta rezultatele principale ale acestei parti a tezei. Este impartit in trei sectiuni, acoperind
cele trei subiecte abordate in cele patru articole scrise: Grupuri aproape/cvasi-Leinster ([I1]), Grupuri finite cu
media armonica a ordinelor elementelor intreaga ([13], [14]), Numere aproape P ([12]).

incepem prima sectiune prin a trece in revista un rezultat existent al lui Leinster care ne permite sa demonstram
cd singurele grupuri nilpotente aproape-/Leinster sunt cele ciclice de ordin aproape-/perfect. Demonstram apoi un
rezultat analog pentru grupurile cvasi-Leinster. Aceasta incheie clasificarea grupurilor nilpotente aproape/cvasi-
/Leinster. Ulterior, analizim cele patru clase de grupuri non-nilpotente studiate in introducere: grupuri ZM, afine,
diedrale si diciclice. Géasim exemple de grupuri aproape si cvasi-Leinster pentru primele doua folosind solutiile
ecuatiei @) Demonstram ci existenta grupurilor diedrale D, aproape-/cvasi-/Leinster este echivalentd cu faptul
cd n este impar, iar 2n este aproape-/cvasi-/perfect. In mod similar, pentru grupurile diciclice, demonstram ca
existenta unui grup Dicy,, aproape-/cvasi-/Leinster este echivalentd cu n impar si 2n aproape-/cvasi-/perfect.

In a doua sectiune, analizam

grupurile finite G care au media armonica a ordinelor elementelor h,,(G) € N*, (**)

utilizand rezultatele din [I3]. Demonstram citeva proprietiti de baza ale functiei nou introduse, precum inegalitati
si comportamentul fatd de subgrupuri. Ulterior, examindm contraimaginea h.} pentru diferite multimi si tipuri de
grupuri. Incepem prin a demonstra ci singurele p-grupuri care satisfac @ sunt cele ciclice de ordin p=i=1?", cu
s € N*, sau Dsg, grupul diedral de ordin 8. In plus, ardtdm ci Dg este singurul grup diedral din k! (N*). Contlnuam
si demonstram ca ht({2}) = {C4, Ds} si, mai departe, ca h,}([0,2]) = {C} | n € N*} U {Cs, S5,Cy, Dg}. Apoi
aratam ca nu exista grupuri de ordin impar si nici grupuri nllpotente in h,1({3}). Ultimul rezultat pe care il
demonstram este un criteriu de superrezolubilitate pentru grupuri folosind h,,. Intrebarea initiala de a determina
h,;,}(N*) rdmane deschisa.

Ultima sectiune priveste numerele aproape P, adicd intregi care pot caracteriza o proprietate de grup (P) cu
exceptia unuia [13]. incepem reamintind un rezultat existent care caracterizeaza numerele aproape ciclice. Apoi
caracterizam numerele aproape abeliene. Incheiem sectiunea demonstrand ca aceste numere sunt totodata si aproape
nilpotente.

Anexa contine trei sectiuni cu algoritmi GAP si rezultatele lor. Algoritmii corespund celor trei sectiuni ale
capitolului anterior. Primul cod gaseste solutii ale ecuatiei @ Al doilea calculeaza valoarea lui h,, pentru grupuri
de ordin mic, permitandu-ne si confirmdm unele rezultate si si gisim exemple de grupuri din h,,'(N*). Al treilea
si al patrulea algoritm genereaza primele n numere aproape abeliene si grupul non-abelian corespunzator fiecarui
ordin.
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Foreword

This work is the result of two PhD programs: one focused on algebraic ge-
ometry and one in group theory. The first part of the thesis uses tools from
algebraic geometry and transforms the search for algebraic differential oper-
ators into a search for graphs. The second part of the thesis takes concepts
from number theory and translates them to the study of finite groups. The
two parts are treated independently and represent the work of the author in
the two programs. The research encased is presented in 6 articles ([22], [23],
[24], [46], [42], [25]) written in collaboration or individually, the first 5 of them
being already published.
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Part 1

Combinatorial objects in
the study of differential
operators with finite
monodromy



Chapter 1

Algebraic geometry introduction

The problem of algebraicity of solutions of differential equations has been
studied since the end of the nineteenth century. The first part of the thesis
offers some contributions to this topic.

In this introduction, we mention some historical aspects relevant to the
topics involved in our thesis. This is also present in [42] and [46].

Riemann studied algebraic functions [49] and the hypergeometric equation
[48]. Following the work of Cauchy regarding the existence of solutions of
differential equations, Bouquet and Briot studied singular points of differential
equations [9] and [10].

Fuchs focused on looking at what are now called Fuchsian equations and
obtained results similar to those due to Cauchy for differential equations with
only regular points.

For the hypergeometric operators, Schwarz determined completely when
the corresponding equation has only algebraic solutions by studying the al-
gebraicity of the ratio of two independent solutions and gave a list of the
operators with algebraic solutions [51]. Klein introduced in [34] equivalences
between operators and reduced the original list of Schwarz to what is called
the "basic Schwarz list”. He also gave a theorem that simplified the problem
of determining the algebraicity of a second order differential operator: the al-
gebraic second operator is a pull-back of a hypergeometric algebraic operator.

Starting in 1979, Baldassari and Dwork restarted studying the problem
M, 2, [, B, 16, 17). Based on some work of Brioschi, Baldassari gave necessary
conditions for a Lamé operator to be algebraic [2, Page 46]. In the 2000’s,
Litcanu recovered these results in a new way. using Grothendieck’s theory of
Belyi functions and dessins d’enfants [3§], [39].

Belyi proved in 1978 the direct implication of what is known today as
Belyi’s Theorem [5, Theorem 4]. Starting from this result, Grothendieck
introduced dessins d’enfants and the correspondence between these and tran-
sitive groups of permutation with three generators. He also presented the
correspondence between dessins and what is known today as Belyi functions
23].

Using Belyi’s Theorem, Litcanu proved that the pull-back function for a
Lamé is a Belyi function [39, Proposition 1.4]. The algebraicity of the Lamé
operator determines restrictions on the ramification data of the pullback func-
tion. Since the pull-back function is a Belyi function, it has a corresponding
dessin d’enfant. The search for the pull-back function is thus translated into
the search for a dessin d’enfant with prescribed combinatorial data.



This method is described in greater detail in [42] and can be used for
general second order operators with four singular points: Heun operators.

In this thesis, we use Litcanu’s method to complete the study of Heun op-
erators by looking at those that are pull-backs of the hypergeometric operators
with tetrahedral and octahedral monodromy. Afterwards, we explore defor-
mations of second order operators by the addition of apparent singularities,
and study under what conditions the deformations are also algebraic.

This first part of this thesis is structured as follows: The rest of this in-
troductory chapter is structured into two sections. In the first, we go through
the theoretical concepts related to differential operators. We go through the
definitions of the different types of singularities, then we explore the results
that characterize the algebraicity of differential operators. In the second,
we go through some useful concepts related to Belyi’s theorem and dessins
d’enfantsand focus on the "dictionary” that presents the correspondence be-
tween the ramification data of the Belyi function and the combinatorial data
of the corresponding dessin.

In the second chapter, we look at Heun operators and present our search
for algebraic operators with tetrahedral and octahedral monodromy group.
Starting from Klein’s theorem, we search for the Heun operators as pull-back
of the hypergeometric operators from the Schwarz list via a Belyi function.
We follow the algorithm below:

¢ We determine arithmetic conditions for the differences of the local ex-
ponents of the Heun operator.

o We find out the minimal possible degree for the function f.

e Using the "dictionary” from the previous chapter, we check if there
exists a dessin d’enfant with the given data.

o If there is no such dessin, it follows that the corresponding Heun operator
is not algebraic. We increase one of the local exponents and repeat the
search of a corresponding dessin d’enfants.

o Alternatively, if we can construct the graph, it follows that there exists
a pull-back function and therefore an algebraic Heun operator with the
corresponding data. For values of the degree of the pull-back function,
the function can be easily determined. We will do this for deg f < 4.

e Starting from the previous step, we allow at least one of the differences
of the local exponents to vary. We construct the associated graph by
adding ”cells” - sub-graphs that are ”glued” to the initial graph.

In this way, we obtain infinite families of dessins d’enfants parametrized
by natural numbers. Correspondingly, this means that there are infinite
families of algebraic Heun operators.
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We manage to recover some results of [39] and [45]. The results for operators
with tetrahedral monodromy are published in [46].

The following chapter contains some unpublished computations for defor-
mations of Lamé operators, following similar work of [54]. We present the
non-logarithmicity conditions for Lamé operators and recover a result regard-
ing the finite number of algebraic Lamé operators. In the second section, we
start trying to find a similar reduction procedure to [54, Proposition 2.2].

1.1 Algebraic differential operators

Definition 1.1.1. [54, Page 5] By an ordinary linear differential oper-
ator of order n € N* we understand a differential operator of the form:

dn dn—l

L= — -
dzn + al(Z)dzn—l

o an(2), (1)

with the coefficients ay, ..., a, : PY(C) — PY(C) being rational functions.
The corresponding ordinary linear differential equation for the op-
erator L given in @) is given by:

L(y(2)) =0 (2)

Example 1.1.2. [56, Page 1] The Gauss hypergeometric equation is
given by:

2
e+ (L4 21) P+ o =0 ®

z z—1)dz z2(z—1
where a, B,7,0 € C such that a + 8+ 1=~ + 6.

Definition 1.1.3. /53, Definition 1.5.2] If the solution space of equation (E)
has a basis of algebraic solutions, we call the operator and the corresponding
differential equation algebraic.

Definition 1.1.4. /54, Definitions 1.1.1, 1.1.4] Consider equation (E) A
point a € C is called:

o regular if there exists lim a;(z) € C, for all i € {1,2,...,n};
Z—r

o regular singular if there exists lim (z2—a)%a;(z) € C, for all i € {1,2,...
zZ—a

The analogous conditions for the point z = oo are obtained by making the
substitution z = % and studying if * = 0 is a reqular or a regular singular
point of the new equation.
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Definition 1.1.5. (/53, Definition 1.2.1], |41, Page 76], |6, Definition 3.4])
An ordinary linear differential equation is called Fuchsian if any point in
PY(C) is a reqular or a regular singular point for the equation.

Definition 1.1.6. [55, Definition 1.1.7] Let a € PY(C) be a regular or a
reqular singular point of (3).

Let
lim (z — a)'a;(2), ifacC
=4 FTY . foralli=1{1,2,...,n}.
lim z'a;(z), if a =00,
zZ—00

The indictal equation at
e acCis:
X(X-1)...(X—n+1)4an X (X-1).. . (X—n+2)+ - 4,1 X+a, =0. (4)
¢ =00 18:
XX+1D)..(X=n+1) -+ ()" o, 1 X+ (=), =0 (5)

The solutions of this equation are called local exponents.

Example 1.1.7. [54, Page 10] In the context of the above result, the local
exponents at a reqular point are 0,1,...,n — 1.

Remark. [47, Section 21] The regular singularities and the corresponding lo-
cal exponents of a Fuchsian equation can be organized in its Riemann P-
symbol/Riemann scheme.

Example 1.1.8. [56, Equation 2.1] The Riemann scheme for the hypergeo-
metric equation given by (RY) is:

0 1 oo‘z
0 0 « (6)
11—y 1-6 B

Proposition 1.1.9. [55, Proposition 1.5.6] If an ordinary linear differential
equation has only algebraic solutions, then the equation is Fuchsian and the
local exponents are rational.

Theorem 1.1.10 (Fuchs’ relation). Consider a Fuchsian equation of order
n € N*. Let p1(P), ..., pn(P) the set of local exponents at any P € P'(C).
Then the following relation holds:

> (mereom-(5)) = -2(5) ()

PeP(C)
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Theorem 1.1.11 (Fuchs). /6, Theorem 2.6] Let a € PL(C) be a regular
singularity of (E) and t be a local parameter at . We distinguish two cases
regarding the local exponents:

1. Assume that p is a local exponent at o such that none of the numbers
p+1p+2,... is a local exponent. In this case, there exists g(t) =
> is0 git" power series in t with go # 0 such that t” - g(t) is a solution.

2. Let p1,...,pn be the set of local exponents ordered such that the lo-
cal exponents that differ by an integer occur in a decreasing order.
Then there exists a nilpotent matric N = (Njj)i1<ij<n € nil(Mpxn(C)),
91,92, - - -, gn analytic around t = 0 with g(0) # 0 (k € {0,1,...,n})
such that

(t7 g1, t72ga, ... 1P g )EN
is a basis of solutions. Moreover, if Ni; # 0 it follows thati # jAp;—p; €
N.

Remark. In the second case, a logarithmic term appears in the solution. In
this situation, we say the equation has a logarithmic solution.

Remark. It follows from the previous theorem that since we are searching
only for algebraic solutions, we will be interested only in operators with the
differences of local exponents non-integers.

Definition 1.1.12. /54, Pages 21 - 23] Let S C P1(C) be the set of singular-
ities of (lll). Let zg be a reqular point and y1,ya, ..., Yyn be a basis of solutions
around zy. If these are continued analytically along u € w(P(C) \ S,z20),
the functions y1,¥ys, . .., Yn are transformed into new functions: 41,42, .-, Yn,
which are independent solutions of the equation. It follows that there exists
My (u) € GL(n,C) s.t.

(7 (1

Y2 Y2

... = My(u) DRI

Yn Yn
The monodromy representation is obtained:

My : i (PY\ S, 29) — GL(n,C)
[u] = My (u).

We call My (71 (PY(C)\ S,20)) the monodromy group of the equation.
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Definition 1.1.13. [54, Pages 26 - 27] The n dimensional projective linear
group PGL(n,C) is the quotient group of GL(n,C) by the group of scalar
elements:

AT :={\I, | A e C*}.

The projection map is:
P :GL(n,C) — PGL(n,C)
v [y = AL
Let M be the monodromy group of an n-th order Fuchsian equation. Its

image through the projection map P : GL(n,C) — PGL(n,C) is called the
projective monodromy group of the equation.

Theorem 1.1.14. [54, Theorem 2.1.8] Consider a Fuchsian equation. The
following statements are equivalent:

e The equation is algebraic;
e The monodromy group of the equation is finite.

Definition 1.1.15. ([11, Page 2756/, [58, Definition 2.5.2]) Two differen-
tial operators L1 and Lo differential operators are said to be projectively
equivalent if there exists 0 a radical function (a product of powers of rational
functions) such that Ly =6 o Ly o671

Proposition 1.1.16. [55, Proposition 2.3.3, Corollary 2.3.6] Let L1 and Lo
be projectively equivalent differential operators. The following are true:

1. If Ly is Fuchsian, then Lo is Fuchsian.

2. Let p1,pa, ..., pn be the local exponents of Ly at o € PY(C). Then the set
{p2—p1,P3—P1,---,pn— p1} is the set of differences of local exponents
of both Ly and Ly at o € PY(C).

Proposition 1.1.17. 47, Page 82] Consider a Fuchsian differential equation
of order n.

1. If it has one reqular singular point, it is projectively equivalent to:
dn
@(y(z)) =0; (8)

2. If it has two regular singular points, it is projectively equivalent to Eu-
ler’s homogeneous equation:

n dn—l d
n n—1 —
(Z @Jrclz o1 +"‘+Cn—1ZdZ+Cn> y(z) =0, (9)

where ¢1,¢o,...,c, € C, n € N*,
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Definition 1.1.18. (/54, Definitions 2.6.1, 2.6.2], [5G, Page 868]) Let L :=
% Jral(z)dd:f_j1 +-- ~+an_1(z)dd—z +an(2) be a Fuchsian operator with finite
monodromy. If z is replaced by a non-constant rational function f(z) € C(x),
then L becomes:

d " d
Ly=—— ot A - 10
= (55 m) e e o)
an n-th order operator with derivation with respect to x, called the proper
rational pull-back of L by z = f(x).
If L’ is a differential operator with respect to x that is projectively equivalent
with Ly, L' is called a rational pull-back of L by z = f(x).

Proposition 1.1.19. /53, Proposition 2.6.3] Let Ly be a proper rational pull-
back of L by f. If L is Fuchsian, then Ly is Fuchsian.

Proposition 1.1.20. (56, Lemma 2.1], [55, Proposition 2.8]) Let L' be a
rational pull-back of the Fuchsian operator L by z = f(z) € C(x). Let p1(a)
and pa(a) be two local exponents of L in o = f(a) € P1(C). Let es be the
ramification index of f in &. Then there exist the local exponents pi (&) and
p2(@) of L' in & such that:

p1(@) = p2(@) = ealpi(e) — p2(a)). (11)

Proposition 1.1.21. (|1, Page 2756]) Let L = % +a1(2) 2 +as(2) be a
second order differential operator. Then it is projectively equivalent to one in
normalized form:

d2

T2t B(z), where B : P*(C) — P'(C).
z

Example 1.1.22. [39, Equation (1.2)] The normal form of the hypergeomet-
ric operator is given by:
a2 1-X  1-—p® N4

— A C. (12
a2 4z Jr4(z—1)2Jr dz(z—1) V€ (12)

H A v —
Let us note that all Fuchsian equation of order 2 are equivalent to the hyper-
geometric equation is the only Fuchsian equation of order 2.

Theorem 1.1.23. (/54, Theorem 1.6.3], [39, Page 97]) Consider a second
order differential operator with a basis of solutions f1, fa. The following are
equivalent:

1. f1, fa are algebraic (i.e. the operator is algebraic)
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2. The Wronskian W (f1, f2)(2) and the ratio of solutions (f1/f2)(z) are
algebraic.

3. The Wronskian W (f1, f2)(z) is algebraic and the projective monodromy
group is finite.

Schwarz and Klein created a list of the hypergeometric operators with alge-
braic solutions, what is called the "basic Schwarz list” [34], [B9, Page 97]:

A\, v) Projective monodromy group
(1/n,1,1/n) Cn, N eNF
(1/2,1/n,1/2) Dy, N € N* (13)
(1/2v 1/371/3) A4
(1/2,1/3,1/4) Sy
(1/2,1/3,1/5) Asg

Theorem 1.1.24 (Klein). /39, Theorem 1.2] Let L be a second order dif-
ferential operator in normal form on PY(C) with finite projective monodromy
group G. Then there exists a unique hypergeometric operator H belonging to
), having G as projective monodromy group, such that L is a pull-back of
H wvia a rational function f : P1(C) — PY(C). Moreover, the function f is
also unique, modulo Mobius transformations leaving the operator H invariant
and permuting its singular points.

Proposition 1.1.25. /2, Proposition 2.7] Let L be a Fuchsian operator as
in Theorem |1.1.24, and S its set of singularities. The following hold true:

e [ is only ramified above 0, 1 and oco.
° f(S) - {07 1,00},

o Let o €{0,1,00} with pi(a), p2(c) its local exponents, and zog ¢ S with
1

f(z0) = a. Then the ramification index of f at zy is e,, = ORI

Proposition 1.1.26. /2, Proposition 2.5] Consider L,L' two differential
operators such that L' is the pull-back of L by the function f. Let

« A = Z (lp1(a) — p2(a)| — 1), where pi(a), p2(a) are the local
«€PL(C)
exponents of L in «

e Ap = Z (lp1(’) = pa(a”)| = 1), where p1(a’), p2(’) are the local
o’ €PL(C)
exponents of L' in o'.

It follows that
AL/+2:degf~(AL+2) (14)
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These results constitute the starting point of our analysis in the next chapter.
Before proceeding to the next section, we give a few more facts.

Definition 1.1.27. [47, Page 69] Consider a differential equation, P a sin-
gular point for it. The point P is called an apparent singularity if there is
a basis of solutions around P of the differential equation that are holomorphic.

1.2 Dessins d’enfants, Belyi morphisms

Theorem 1.2.1 (Belyi’s Theorem for Riemann surfaces). [24, Theorem
3.1] Let X be a compact Riemann surface. The following are equivalent:

1. X is defined over Q

2. There is a morphism of Riemann surfaces f : X — PY(C) with at most
three critical values.

Definition 1.2.2. /24, Page 170] Given X a compact Riemann surface, a
Belyi function/morphism is a morphism of Riemann surfaces f : X —
PY(C) with at most three critical values. The pair (X, f) is called a Belyi
pair.

Up to Mdbius transformations, the critical values can be taken to be
{0,1, 00}.

Definition 1.2.3. [37, Definitions 1.3.6, 1.5.2] A map is a pair (X, D) where
D is a multi-graph embedded into a surface X such that

e the vertices are distinct points of the surface;
e the edges are curves on the surface that intersect only at the vertices;

o the set X\ D is a disjoint union of connected components, called faces,
each homeomorphic to an open disk.

The map (X, D) is called a hypermap/dessin d’enfant if D is a bicoloured
graph. We shall consider the two colours to be white and black. The dessin is
called clean if all white vertices have degree 2.

Theorem 1.2.4 (Grothendieck correspondence). [23, 24] There is a bi-
jective correspondence between the set of abstract dessins d’enfants and the
isomorphism classes of Belyi pairs.

Remark. [42, Page 48] In short, if one starts with a Belyi couple (X, f), then
F71([0,1]) is a graph embedded on X, the vertices being the elements of
the set f~1({0,1}) (the two colours). The other way around, if one has a
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dessin embedded in a surface X, it is easy to construct (topologically) a map
f: X — PL(C) (seen as the topological sphere) with three branching points.
Then the Riemann Existence Theorem guarantees the existence of a Riemann
surface structure on X such that f becomes a rational function with three
critical values. Moreover, Belyi’s Theorem says that this Riemann surface can
be defined over a number field.

This correspondence can be summarized in the following "dictionary”:

Dessin d’enfant Belyi function with critical values {0, 1,00}
White vertices f~1{o})

Black vertices SH{1)

Faces S ({o<})

Degree of white vertex v,, | Branching order of point P, € f~1({0})

Degree of black vertex v, | Branching order of point P,, € f~1({1})

Order of the face ¢ Branching order of point P, € f~({co})
Number of edges Degree of f
Edges of the graph Sheets of f=1([0,1])

Table 1.1: Grothendieck correspondence between dessins d’enfants and Belyi
functions

We will switch without mentioning between the first three lines of the
table.

We have the following finiteness results:

Theorem 1.2.5. J/(), Proposition 3.2] Let m be a fized positive real number.
The set of Belyi pairs (X, f) (up to automorphisms of X and of P1(C)) of
degree at most m is finite.

In particular, the set of Belyi functions f : P! — P! such that the critical
values are 0,1 and oo and f({0,1,00}) C {0,1,00}, of bounded degree, is
finite.

Proposition 1.2.6. [42, Proposition 3.2] If M is a fized constant and G is
one of the finite groups appearing in the Schwarz list, there are finitely many
isomorphism classes of couples (X, L) where L has the projective monodromy
group G, no apparent singularity and Ay < M.

Theorem 1.2.7. [/1, Theorem 1.4] The set of isomorphism classes of cou-
ples (X, L), where L has finite monodromy and no apparent singularity, is
countable.
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Chapter 2

Algebraic Heun operators

2.1 Generalities about Heun operators

Definition 2.1.1. /50, Page 7] The Heun equation is the canonical second-
order Fuchsian differential equation on the Riemann sphere PY(C) with 4
reqular singularities:

d? u(z) vy ] 5 du(z) aBz —q B
d 22 +<+z—l+z—t) dz z(z—l)(z—t)u(z)_o7 ()

where a, 3,7,6,e,t,q € C,t #0,1 such thata+ 8 +1=~v+d§+¢.
Proposition 2.1.2. [50, Page 7] The Riemann scheme of (ﬂ) is given by:

0 1 t oo‘x
0 0 0 o
1-v 1—-6 1—-¢ p

(2)

Proposition 2.1.3. [14] The normal form of the Heun equation is :

ddigZ) _(?JrzBlJrth‘LZ+(zE1)2+(th)2>y(Z):0' ¥

Remark. [b0, Page 7] Any equation with 4 regular singular points can be
reduced to the Heun equation.

Definition 2.1.4. Let us denote with H(a,b,c,d) the Heun operator given
by (E) with local exponent differences a,b,c,d > 0. We will name these the
parameters of the Heun operator for the reqular singularities 0, 1, t, co.

Remark. We denote the sum of the parameters with S:

S=a+b+c+d (4)

2.1.1 Description of the algorithm

Remark. We want to find conditions for Heun operators to be algebraic. We
use Klein’s theorem and we search for Heun operators as pull-back of a hy-
pergeometric operator with finite monodromy from the Schwarz list:

Ha,b,c,d = f*(H)\,u,V)- (5)

19



From Theorem it follows that we can look for the pull-back function
as a Belyi function. Using the Grothendieck correspondence, we can instead
focus on searching dessins d’enfants with the associated data.

From Proposition and , the possible values for the ramification
indices are given by:

z\x 0 1 t o0 Non-singular points over critical values
0 | $or0 % or0 | $or0 % or 0 points of order %
1 [2or0|2or0|<or0|2oro0 points of order +
u I m I w
oo | #or0 % or0 | <or0 % or 0 points of order %

Table 2.1: Possible values for the ramification indices

The columns corresponding to the values 0, 1, ¢, oo have only one non-zero
value corresponding to the image of the value through the pull-back function.
The lines correspond to the critical values: 0, 1, co and their ramification set.
The sum of the values on each line is equal to the degree of f. Using this,
we can compute the number of non-singular points in the last column of the
table.

Proposition 2.1.5. Any algebraic Heun operator has the sum of its param-
eters greater than 2.

Proof. The degree of f can be computed using equation @:
(S—4+2)=degfA+p+rv—3+2) < (6)

S—2
Ap+rv—1 (™)

Since for operators in Schwarz list A + p + v > 1, it follows from (H) that
S > 2.

S—2=degfA+p+v—1) < degf =

We describe the algorithm used in the analysis:

Algorithm 2.1.6. [4§, Page 217] We ignore permutations between the columns
and also permutations between the second and third line, since the correspond-
ing functions can be obtained from the pull-back functions corresponding to
the graphs below by composing with a Mébius transformation. Therefore we
will only study the essentially different possibilities. In each case:
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o We determine arithmetic conditions for the parameters.

o We find out the minimal possible degree for the function f (from equation
([1) this is equivalent to determining the minimal value of S).

o We check if there exists a dessin d’enfant with the given data.

o If there is mo possible graph, it follows that the Heun operator with the
predetermined parameters is not algebraic.

o If we can construct the graph, it follows that there exists a pull-back
function and therefore an algebraic Heun operator with the correspond-
ing data. For small values of the degree of the pull-back function, the
function can be determined by symbolic computations. We will do this
for deg f < 4. It is important to note that when determining f, we also
fix the value of the fourth singular point t.

o Starting from the minimal graph, we allow at least one of the parameters
to vary. We construct the associated graph by adding cells. In this way,
we obtain infinite families of dessins d’enfants parametrized by natural
numbers. Correspondingly, this means that there are infinite families of
algebraic Heun operators.

2.1.2 Results for Lamé operators

Remark. [46] In a series of papers ([B9, B8, 40, 41]), Litcanu uses these tech-
niques for studying the Lamé operators, a special case of Heun operators:

d? 1< 1 d n(n+1)z + B
R DI R e (e S
dx 2=z —¢ d 4(x—e1)(x—ez)(x—e3)

L, =

Their Riemann schemes are:

€1 €2 €3 o0
o o0 o -2
101 1 add
2 2 2 2

We can suppose that three of the singular points are 0,1 and co. Let A € C
be the fourth singular point.
Let E) be the elliptic curve described by the equation:
y? =x(r —1)(z — \).
Then the pull-back of L,, by the projection

By =P w(z,y) ==

21



is a second order operator
L, = D? —[n(n+ 1)+ B]
having one singular point, O, with the local exponents (—n,n + 1). Here
D= y%.
Theorem 2.1.7. [39, Theorem 3.4]
1. There is no Lamé operator with cyclic projective monodromy group.

2. There is no Lamé operator with tetrahedral projective monodromy group.

3. If the projective monodromy group of Ly, is octahedral, then

1 1 1 1
Z(z+= Z(z+=
ne(z+y)ug(z+3)

4. If the projective monodromy group of L, is icosahedral, then

1 1 1 1
(74 Z (74 Z
n€3(+2>U5(+2>

5. If the projective monodromy group of L,, is dihedral, then n € Z. If the
projective monodromy group of L, is finite and n € Z, then this group
is dihedral of order at least 6.

Theorem 2.1.8. [{1, Theorem 2.2] Let n ¢ Z + 3 and G be a finite group.
The set of isomorphism classes of elliptic curves on which there exists a Lamé
operator L, with projective monodromy G is finite, and on each such curve
there exist finitely many such operators.

Corollary 2.1.9. [/1, Corollary 2.3] If n ¢ Z + %, there are finitely many
Lamé operators L,, with a full set of algebraic solutions.

Theorem 2.1.10. /3§, Theorems 4.8, 4.9]

1. The number C(1,N) of non-homographic covers f : PL — P& which
transform by pull-back a hypergeometric operator H with dihedral pro-
jective monodromy group of order 2N into a Lamé operator Ly is

(N-HW-2) 2

C(1,N) = - .

where e =1 if 3| N and € = 0 if not.

2. If L(1,N) is the number of mon-homographic Lamé operators Ly with
dihedral projective monodromy group of order 2N, then

C(L,N)= > L(1,N)

N'|N,N’#2
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2.2 Graphs for tetrahedral case

In this section, we follow the work in [46] and we look for Heun operators as
pull-back of the hypergeometric operator with tetrahedral monodromy:

Ha,b,c,d = f*(H%%y%)
In this case, the degree of f follows from (H)
deg f = 6(5 — 2).

The possible ramification indices are given by:

2\x 0 1 t 00
0 2a0r0 | 2bor 0 | 2cor 0 | 2d or 0 | points of order 2
1 3aor0 | 3bor0 |3cor0 | 3dor0 | points of order 3
o |3aor0 |3bor0|3cor0 | 3dor0 | points of order 3

Table 2.2: Possible values for the ramification indices in the tetrahedral case

Considering lines 2 and 3 are identical, there are 9 essentially different cases.
In this summary, we present the analysis of the more interesting ones.

0| 1| ¢t | o0
00 | 2a | 2b | 2¢ | 2d | 2(S — 3) points of order 2
0 2(S —2) points of order 3
1 2(S —2) points of order 3

We want to determine the possible values for the local exponents. Without
loss of generality, we can assume

a>b>c>d (9)

Since a,b,c,d € Q\ N and the indices are positive integers, it follows that

1
a,b,c,d€N+§. (10)

In addition, S > 3.

We can see this as the data for a 3-regular graph, with 2(S — 2) vertices of
each colour. For such a graph, the order of a face cannot exceed the number
of vertices of one colour: 2a < 2(S — 2). It follows that b+ ¢+ d > 2. The
minimal solution is given by:

3

1
a:b:§,c=d:575’:4,degf:12. (11)
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The corresponding table is given by

0)]1]¢t]oo
oo |3 |3|1]| 1 | 2points of order 2
0 4 points of order 3
1 4 points of order 3

and its attached graph is

) 1]

Figure 2.1: Graph corresponding to a = b = %, c=d= %, deg f =12

It has 4 black and 4 white vertices of order 3. There are 2 faces of order
1, 2 faces of order 2 and 2 faces of order 3.

As a side note, let us observe that the Lamé operators (Heun operators
with parameters: b =c=d = %,a =n+ %, where n € N) would fall under
this case. Since we obtained that b+ ¢ + d > 2, it follows that there are no
Lamé operators which are pull-backs of the tetrahedral hypergeometric one,

recovering the result in [4] and [39)].

We want to vary some of the parameters. Allowing a = 5 +m,b= % + k,
(m, k € N), we get the following data:

1
a:%er,b:%Jrk,c:d:5,5:4+k+m,degf:12+6k+6m
0 1 t | oo
oo | 34+2m | 34+2k | 1| 1 | 24 2m + 2k points of order 2
0 4 4 2k + 2m points of order 3
1 4 4+ 2k + 2m points of order 3

We represent below a graph corresponding to the case m =k = 1:

) 1] a7

Figure 2.2: Graph corresponding to a = b = %, c=d= %, deg f =24

The graphs corresponding to the different values for m and k are obtained
by inserting m respectively k cells of type:
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Figure 2.3: First type of added cell

0|1 | ¢t | oo
9 0 | 2a|2b]| 2 2(S — 3) + d points of order 2
1 3d | 2(S —2) — d points of order 3
00 2(S —2) points of order 3

Since the values in the table are positive integers, it follows that 2(S—2) —
d,2(S —2) € N. Subtracting the two, it follows that d € Z, which contradicts
Remark p.

0] 1] ¢t ]oo
3 0 | 2a|2b 3(S —2) — (a + b) points of order 2
| oo 3¢ | 3d | 2(S —2) — (¢+ d) points of order 3
1 2(S — 2) points of order 3

All the values in the table have to be positive integers and since the local
exponent differences cannot be integers, it follows that =

1 N
a,b€N+§andc,d€§,25’eN,S>2 (12)

Since the local exponent differences are non-integers, it follows that a,b €
N+ % Therefore
a+beN=c+deN=S5eN (13)

Without loss of generality, we can assume a > b and ¢ > d. Using (@), it
follows that the minimal value for S is 3. For this minimal values, there are
four possible sub-cases:

(a) a+b=1=a=b=1,
c+d=2=

Let us analyze them:
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(a) i 0|11 2 points of order 2
| 41 2

0 points of order 3
1 2 points of order 3
The corresponding graph has 4 white vertices (2 of order 2, 2 of order 1),

2 black vertices of order 3 and 2 :

Figure 2.4: Graph corresponding to a = b = %, c %,d = %, S=3,degf =6

Again, we would like to allow at least one parameter to vary, namely c:
0

1 t o0
0 (1]1 3m + 2 points of order 2
00 443m | 2 n points of order 3
1 2m + 2 points of order 3

We were not able to proceed as in the first case, instead we found ourselves
distinguishing between the parity of m.

e Taking m = 2k, m € N, we get: S =2k + 3,deg f = 12k

6.
For k = 0, the corresponding graph is the one in Figure @ For k € N*|
k cells given in Figure will be added:

Figure 2.5: Second type of added cell

We give the graph for £k =1 in Figure @

Figure 2.6: a =b = %,(3: 10

o Taking m =2k+1,k € N, we get: S =2k+3,deg f = 12k +6. The graph
for k = 0 is given in Figure R.7:
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Figure 2.7: a:b:%,c: ,d:%

The graphs for different values of k are obtained again by adding & cells
given in Figure R.5.
For the following sub-cases in this case, we will proceed similarly to the pre-
vious analysis. More precisely, we will allow again ¢ to vary. We will present
just the minimal cases, i.e. the graphs for ¢ and ¢+ 1. _The infinite families
can be again obtained by adding cells given in Figure R.5.

ii. a:b:%,c:%,d:%:S:&degf:(i

11t o0

0111 2 points of order 2

00 5| 1 | 0 points of order 3

1 2 points of order 3
Figure 2.8: a = b =
1 5 1
»pc=35.d=3

Increasing ¢ by 1, we get:
111t | o0

0 [1]1 5 points of order 2

o0 8| 1 1 point of order 3 _

1 4 points of order 3 | Figure 2.9: a = b =
L .8 g=1
27 3 3

_ 33 _ 1 ,_2 7_1 _
(b) a=35,b=3,c=3,d=35=3degf =
ERNAE e

0311 1 point of order 2

0 2| 1 | 1 point of order 3 Figure 2.10: a = %,b =

1 2 points of order 3 %,c:%,d:%
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01|t ]| o

0311 4 points of order 2

00 51 1 | 2 points of order 3

1 4 points of order 3 Figure 2.11: a = %,b =
1 ._5 5_1
3 c=35d=3

0 1 t | oo
4 0 | 2a|2b 3(S —2) — (a+ b) points of order 2
eS 3c 2(S — 2) — ¢ points of order 3
1 3d 2(S —2) — d points of order 3

We can assume without loss of generality that @ > b and ¢ > d. All the
values in the table have to be positive integers. It follows that a,b € N+ % =

a+beN=35¢€N. Inaddition ¢,d € § and 2(5 —2) —¢,2(S—2) —d € N.
Subtracting the two, it follows that

c—deN (14)
To determine the minimal value of S, let us remark that
7
a+b21:>3(5—2)21:>3527:>6’:§.

()

For this minimal value, it follows that a = b = %,c +d= % == c=d= %
Let us draw the graph in this case:
o——oe—o0
0j1]¢t]o0 Figure 2.12: a =b = %,
011 0 points of order 2 c=d= %
1 2 0 points of order 3
00 2 | 0 points of order 3

Let us construct the function f.

Since deg f = 2 and f(0) = f(1) = 0 and the f(c0) = oo of order 2, it
follows that
f(z)=kz(z—1), ke C".

Since f(z) — 1 has solution the double point ¢, it follows that kz(z —1) — 1 is
a perfect square. Therefore the second order polynomial kz? — kz — 1 has its
discriminant equal to 0. It follows that k2 + 4k =0=k = —4 =

f(z) =42(1 — 2). (15)
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The fourth singular point becomes t = %

We allow the parameter d to vary, d = % + m,m € N. Since once more we
distinguish between the parity of m, we also need to show the corresponding
graph for d = % + 1. The graphs for other values of m will be obtained by
adding [%] cells given in Figure (R.5) to one of the two initial examples.

1 2 5 10
a 27C 3’ 3?S 37 egf 8
0 t | oo
0 [1]1 3 points of order 2
1 2 2 points of order 3
1 point of ord
S > point of order 3 Figure 2.13: a = b =

1

—_ 5 g_2
pe=35d=3

0] 1] ¢t ]oo
9 0 3(S —2) order 2
|1 | 3a|3b 2(S —2)— (a+b) order 3
00 3¢ | 3d | 2(S—2) — (c+d) order 3

Looking again at the last column of the table:

25—4—(a+b) >0
(a+8) = 3958 8> o
28 —4—(c+d) >0 3
For this minimal value2~%f42a+b:>
4
a+b< - (16)
3
Analogously
4
chng (17)

On the other hand, a,b,c,d € % \ N. It follows that

2 8
a=b=c=d=3,5=deg/

01|t o
0 2 order 2
11212 0 order 3

00 2| 2 | 0order 3
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Figure 2.14: Graph for a = b =c¢ =
d=2
3

We want to determine the function f. Using the ramification data, f(z) =
(z=k)(z=D)*

s(z—t)?

22 _ga 132
get: f(z) = *17( (Zi;?“) .

and f(z) — 1 has numerator 2%(z — 1)2. Solving the system, we

We would like again to allow one of the parameters to vary (in this
particular case it does not matter which one is allowed to vary). Assume
a= % +m,m e N.

0 1|t ] o0
0 2 + 3n order 2
oo | 243n | 2 n order 3
1 21 2 2n order 3

For this graph, let us take m = 1, and see the this as the data for a clean
dessin with 3 faces of orders 5,2 and 3 and 4 vertices: 2 of order 2 and 2 of
order 3. We try to construct the graph. Since there are no vertices of order 4
or higher, the face of order 2 looks like this:

) .

Figure 2.15: Step one for drawing the graph for a = %, b=c=d=

winN

Since the graph is connected, at least one of the vertices in the face of order

2 is connected to one of the others:
I °

Figure 2.16: Step one for drawing the graph for a = %, b=c=d= %

The vertex still left unconnected must have at least one edge connecting it to
the vertex that is not part of the face of order 2:

)]

Figure 2.17: Step three for drawing the graph for a = %, b=c=d= %

For the drawing already obtained there is no way to obtain a face of order 3
while preserving the required order of faces, therefore there is no graph with
the given ramification data.
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For m = 2, unfortunately we cannot proceed as in the previous cases and
“add” cells to the graph, therefore we have to make a similar study to case
8.e, and produce new ”"minimal” examples, for a = % and a = % For each of
these, we add [%} cells given in Figure @

a:;b:c:d: ;,S: 1—34,degf:16
0)]1]¢t]oo
0 8 points of order 2 W
oo | 8|2 2 points of order 3
1 2 | 2 | 4 points of order 3

Figure 2.18: a = %,b: c=d=

wln

a:%,b:c:d:;S:gﬂegf:%
0 11 points of order 2
oo | 11 | 2 3 points of order 3
1 2 | 2 | 6 points of order 3

Figure 2.19: a =
oy g2
35 b=c=d= 3
The full analysis proves the result:

Proposition 2.2.1. [46] There are pull-back functions of any degree greater
than 2 from the tetrahedral hypergeometric operator to an algebraic Heun
operator.

Remark. From the analysis above, it follows that there is a countable number
of algebraic Heun operators.

2.3 Graphs for the octahedral case

In this section, we look for Heun operators as pull-back of the hypergeometric
operator with octahedral monodromy:

Haped=["(Hy 1 1)

Formula (H) becomes:
deg f =12(5 —2).

Obviously S € % The possible ramification indices are given by:
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2\ 0 1 t 00
0 [ 2a0r0|2bor0 |2cor0 | 2dor 0 | points of order 2
1 3aor0 | 3bor0 |3cor0 | 3dor0 | points of order 3
o |4aor0 | 4bor0 | 4cor 0 | 4d or 0 | points of order 4

Table 2.3: Possible values for the ramification indices in the octahedral case

We ignore permutations between the columns since the corresponding
functions can be obtained from the pull-back functions corresponding to the
graphs below by composing with a Mobius transformation. Therefore we will
only study the 15 essentially different possibilities. In this summary we look
at the first 2, the rest of the analysis being similar:

0] 1] ¢t ]oo
00 | 2a | 2b | 2¢ | 2d | 5S — 12 points of order 2
0 4(S — 2) points of order 3
1 3(S —2) points of order 4

Since all the values in the cells are positive integers and the local exponent
differences are non-integers, it follows that a,b,c,d € N 4+ % = S € N. Since
55 > 12, it follows that the minimal value of S is 3. Assuming a > b > ¢ > d,
it follows that a = %, b=c=d= % The corresponding ramification data

and graph are given by:

0)]1]¢t]oo
oo |3 |1]1]| 1 | 3points of order 2
0 4 points of order 3

1 ints of order, 4
3 points of or %rigue2.20:a=%ab:0:d:

1
2

Similarly to the tetrahedral case, we want to allow one of the parameters to
vary. We will take a = % +m,m € N. Again, we find ourselves distinguishing
between the odd and the even case. We need to construct a graph, for m = 1:

01|t ]| o0
oo |5 |1]|1]| 1 | 3points of order 2
0 8 points of order 3
1 6 points of order 4

Figure 2.21: a = %,b: c=d=

N[

Starting from the two minimal cases, we need to add the following cell [%]
times:
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Figure 2.22: Fourth type of added cell

The graph for m = 2 is given by:

Figure 2.23: a = %,b:c:d:%

This case includes the Lamé operator. We proved that for any values of a =
%+m7 m € N| there is a Lamé algebraic operator with octahedral monodromy.
Identifying with the parameter n of the Lamé operator, it follows that for
n € N* there is a Lamé algebraic operator with octahedral monodromy,
which is covered by the result in [39].

0 1 t | 00
9 | 2a | 2b | 2¢ 5S + d — 12 points of order 2
1o 3d | 4(S —2) — d points of order 3
1 3(S — 2) points of order 4

Since all the values in the table are positive integers and the parameters
are non-integers, it follows that

1
a,b7c€N+§, (18)

and 45 —d, 3S € N. Subtracting the last two, it follows that S—d = a+b+c €
N which contradicts ([L§). It follows that there are no algebraic Heun operators
in this case.
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Chapter 3

Deformations of second order differen-
tial operators

In this chapter, we follow the computations from [p4], provide a small cor-
rection to the calculations and produce a small new result for modified Lamé
differential operators.

3.1 Non logarithmicity conditions for second
order differential operators

Proposition 3.1.1. Consider the second order differential operator:

2

L :zzﬁ—i—zp (z)a—&—q (2) (1)

with p* and ¢* analytic in a neighborhood of z = 0:
(oo}
p* (Z) = Z Pmz" (2)
m=0

) = > (3)
m=0

Consider the correspondent differential equation:
L(u(z)) =0 (4)

and its solution:

o0 o0
u(z) = 2" Z Cemz™ = Z Cn 2™t (5)
m=0 m=0

where r € R and ¢, € C for m € N. The condition for non-logarithmicity of
the solution at z =0 is given by:

no—1

Ry, = Z Ck[(’f’2 + k)pno—k + Qno_k} =0. (6)
k=0

Using this result, we can recover a result of Brioschi and Halphen:
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Proposition 3.1.2. Consider the Lamé differential operator:

d\> 1< 1 d nn+1)2+B
Lo=(~—) += S
(dz) +22z—eidz ATT, (2 —e)

with Riemann scheme:

€1 €9 €3 o

0 0 0 2| =2
101 1 ol

2 2 2 2

(8)

Supposen € Z+ % The operator Ly, has non-logarithmic solutions if and only
if the accessory parameter B and the finite singular points satisfy a polynomial

equation f(Baelve%e?)) - 0; f € Q[X7 Ya Z7 T]

3.2 Second order differential equations with ap-

parent singularities

Proposition 3.2.1. Consider the following differential operator:
P (0 T S SRS S N B
-~ \dz 2\z z—-1 =z—-2A\ z—t] dz

# ’+i+ A
z(z—1) LR W

with Riemann scheme

0 1 X ¢t 00

0 0 0 0 -—% z
11 1 9 nil

2 2 2 2

The condition for non-logarithmicity at t is given by:

A% — %(2t—1)+ t(tt_/\l)] A+ t(t—1) (W’thB/\) =0
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Chapter 4
Group Theory Introduction

There has been a recent trend to translate number theory concepts into group
theory. Starting from this, a plethora of research has appeared and this second
part of the thesis is inscribed in this effort. This part of the thesis gathers
the results of four articles ([22], [23], [24], [25] written in collaboration with
my advisor, prof. dr. Marius Tarnduceanu, 3 of them already published.

The cornerstone of our research is Tom Leinster’s study of what would
later be called Leinster groups [[L6], an analogue of perfect numbers (integers
that are equal to the sum of their proper divisors).

The study of Leinster groups proved to be intrinsically linked to the one
of perfect groups. The cyclic Leinster groups are the ones of perfect order.
In addition, while Leinster dihedral groups are in bijection with odd perfect
numbers, there exist Leinster groups of odd order [15].

If we deviate slightly from the definition of perfect numbers, we get the
concepts of almost and quasi-perfect numbers [[13].

We continue the analogy initiated by Leinster, by introducing the concepts
of almost and quasi-Leinster groups. We classify the nilpotent almost and
quasi-Leinster groups.

Afterwards, we look at harmonic numbers, which can be seen as a gener-
alisation of perfect numbers. We saw the value in looking at the harmonic
mean of the element orders of the group. This continues the current effort
of studying different means of element orders: arithmetic in [[14, 12] and geo-
metric in [12]. We search for groups that have the harmonic mean of element
orders a positive integer by a combination of a theoretical approach and the
output of codes.

The last group theoretical problem we focus on is to deduce properties of
the group from the number theoretical properties of the order of the group.
Specifically, we start from what are called P numbers, numbers that determine
a specific property of the group of which they are order of. While there are
classical results in this field: a group with the order a positive integer that is
coprime with its own Euler totient function is cyclical [9], we deviated from
the beaten path by looking at ”almost” P numbers.

This part of the thesis is structured into three chapters: this Introduction,
the Main results and the Appendix. These are followed by a Bibliography for
this part.

The Introduction chapter is divided into two sections. The first section,
Number Theory Concepts, predictably goes through the number theoretic
concepts.
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Firstly, we go through divisor functions. Secondly, using these functions,
we give the definitions for almost/quasi-/perfect numbers. We present the
known form of perfect even numbers and using this, we prove that the equation

P, +1 =" P, perfect even number, p prime number *)

has solutions only for £ = 1. We also enumerate the 4 solutions that we were
able to find computationally using [33] and [31].

We also go through the conjectures stating that there are no odd perfect
numbers, no quasi-perfect numbers, no odd harmonic numbers and only one
type of almost perfect numbers: powers of two.

Ending the section of number theory, we look at the concept of nilpotent
factorization [21] and explores a characterization of this concept.

The second section of the introduction focuses on the promised "transla-
tion” of the functions in the previous sections. We follow the work of Leinster
[16] and de Medts [L8] to observe the properties of o, and p, the work of
Garonzi [11], Azad, Khosravi, and Rashidi [2] to look at properties of m (the
sum of inverses of order of elements of a group), and Baishya, and Kumar [B]
to analyze the properties of H.

The second chapter presents the main results of this part of the thesis. It is
divided into three sections, covering the results of the three articles mentioned
in the beginning ([22], [23], [24]).

The first section is focused on almost/quasi-Leinster groups. We first
review an existing result of Leinster that allows us to prove that the only
almost /Leinster nilpotent groups are the cyclic ones of almost/perfect order.
We then prove an analogous result for quasi-Leinster groups. This concludes
the classification of almost/quasi-/Leinster nilpotent groups. Afterwards, we
look at the four classes of non-nilpotent groups studied in the introduction:
ZM-groups, affine groups, dihedral groups and dicyclic groups. We find exam-
ples of almost and quasi-Leinster groups for the first two using the solutions
to ([{). We prove that the existence of almost/quasi-/Leinster dihedral groups
D, groups is equivalent to n being odd, and 2n being almost/quasi-/perfect.
Similarly, for dicyclic groups, we prove that the existence of an almost/quasi-
/Leinster group Dicy,, is equivalent to n being odd and 2n being almost/quasi-
/perfect.

In the second section, we look at:

finite groups G that have an integer harmonic mean h,,(G) € N*,  (*¥)

following the results in [23]. We prove some basic properties of the newly
introduced function, like inequalities, behaviour for subgroups. Afterwards,
we look at the counterimage h..! for different sets and types of groups. We
start by proving that the only p-groups that check ([*) are cyclic of order
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pZi:lpl with s € N* or Dg, the dihedral group of order 8: Dg. In addition,
we prove that Dg is the only dihedral group in h,'(N*). We then proceed
to prove that h,1({2}) = {Cy, Dg} and further that h;'([0,2]) = {C% | n €
N*} U{Cs, Ss,Cy, Dg}. We proceed to prove that there are no groups of odd
order and no nilpotent groups in h,'({3}). The last result we prove is a
criterion for supersolvability for groups using h,,. The starting question of
determining h,,,'(N*) is still open.

m
The last section looks at almost P numbers, integers that can characterize

a group property (P) except one [24]. We begin by recalling an existing
result that characterizes almost cyclic numbers. Then, we characterize almost
abelian numbers. We finish the section by proving that these numbers are also
the almost nilpotent ones.

Notation 4.1. We denote the set of positive integers by:
N*={1,2,3,... }.
Definition 4.0.1. [1§, Page 17] Given a positive integer n, by proper divi-

sor we understand a positive divisor of n not equal to the number itself.

4.1 Number Theory Concepts

Definition 4.1.1. [1§, Page 71] For a positive integer n, the following func-
tions can be defined:

e the sum of its divisors:
o(n)=> d (1)
d|n
o the alliquot sum (the sum of the proper divisors):
s(n) = Z d=a(n) —n. (2)
d|n

d#n

Definition 4.1.2. /15, Page 71] Given a positive integer n, and a complex
number z € C, the divisor function of n is given by:

o.(n) = Z d? (3)
d|n

Besides the case z = 1, there are two other relevant cases for our work:
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o [3] the number of divisors of n :

7(n) = op(n) = Zdo = Z 1 (4)
d|n

d|n

e the abundancy index of n:

o) = 51(n) = Y = T (5)
d|n

Proposition 4.1.3. [1, Page 827], |14, Page 1] The divisor function is mul-
tiplicative: Given m,n € N* positive coprime integers, it follows that:

o.(mn) =o,(m)o,(n). (6)
Other two functions of interest are the following:

Definition 4.1.4. [1§, Page 138] For a positive integer n, Euler’s totient
function is given by:

o= Y 1 (7)
d<n
ged(d,n)=1

Notation 4.2. [13, Page xiv] For a positive integer n, w(n) denotes its number
of distinct prime factors.
4.1.1 Almost, quasi-, perfect numbers

Using the previously introduced functions, we describe some concepts that
will be used throughout the thesis.

Definition 4.1.5. [1§, Page 71] A positive integer n is called perfect if it is
equal to its alliquot sum:
n = s(n). (8)

Alternatively, n is perfect if its abundancy indez is equal to 2:
p(n) = 2. 9)

Definition 4.1.6. [1§, Page 18] A positive prime n of the form 2P — 1 is
called a Mersenne prime.

Proposition 4.1.7 (Euclid & Euler). [13, Page 71] There is a one-to-one
correspondence between even perfect numbers and Mersenne primes.
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While this gives the exact form of even perfect numbers, this does not say
anything about their number. Until now, 52 Mersenne primes have been
discovered [32]. The first 50 of them are confirmed in their position, while
there may be others between the 50" and the 520,

This raises the question:

Question 4.1. [13, Page 14] Are there infinitely many even perfect numbers?
(equivalently, infinitely many Mersenne primes)

When it comes to odd perfect numbers, it is conjectured that there are none:

Congjecture 4.1. [13, Page 71] There are no odd perfect numbers.

Proposition 4.1.8. /22, Corollary 2.2] Given p a prime, P, an even perfect
number and k € N*, the equation:

P, +1=7p" (10)
has solutions only for k = 1.
Proof. We need to solve the following
pr—1=2""1(2"-1), (11)

where 2" — 1 is a Mersenne prime r > 2.
Let us assume by contradiction that k is even, i.e. k = 2[,]l € N*. Equation
(IL1) becomes:
P -DE +1)=2""12" - 1).

Numbers 2! — 1 and 2! + 1 are even consecutive numbers. It follows that
r—1>2 < r>3.

Since 2" — 1 is prime, it follows that p! — 1 =2""2 and p' +1 =27+ — 2.
Subtracting these, it follows that 2"t1—4 = 2"~2 which yields a contradiction,
hence k is odd.

Let us now prove that k can actually be just 1.

Assume by contradiction, that k£ > 1. In this case, equation (@) becomes:

N2 =) = (p-D) T+ +p+1)

Since ¢ is odd, it follows that p is odd, therefore p*~! + ...+ p + 1 is odd,
and is thus equal to 2" — 1. In addition, 277! = p — 1. We get that: 2p — 3 =
p*~1 4+ ... 4+ p+ 1. Since p is odd, this has no solutions.

This concludes the proof.
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Example 4.1.9. [24, Ezample 2.3] We found 4 solutions for:
(P, + 1) is prime. (perfect+1=prime)
These are:
ne {6 =P,,28 = P5,33550336 = P5, 137438691328 = P;}.  (12)
They were obtained using a GAP script [26].

Definition 4.1.10. [15, Page 74] A positive integer n is called

o abundant if it is smaller than its alliquot sum (it is abundant in divi-
sors):
n < s(n). (13)

Alternatively, n is abundant if
p(n) > 2. (14)
o deficient if it is greater than its alliquot sum (it is deficient in divisors):
n > s(n). (15)

Alternatively, n is deficient if

p(n) < 2. (16)

Definition 4.1.11. [15, Page 74] An abundant number n is quasi-perfect
if it is equal to the sum of its non-trivial divisors. This can be written as:

o(n) =2n+1. (17)

A deficient number n is almost perfect if it is equal to the sum of its divisors
plus one:
o(n) =2n—1. (18)

Example 4.1.12. [15, Page 74] The only known almost perfect numbers are
powers of 2.
There are no known examples of quasi-perfect numbers.

Question 4.2. [13, Page 74] Are there any other almost perfect numbers be-
sides powers of two?

Question 4.3. [13, Page 74] Are there any quasi-perfect numbers?
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4.1.2 Harmonic divisor numbers

Definition 4.1.13. [15, Page 75] An harmonic divisor number (Ore
number) is a positive integer n € N* for which the harmonic mean of their
divisor is again a positive integer:

nog(n)

0’1(71)

H(n) = e N*. (19)

Proposition 4.1.14 (Ore). [19, Page 617] Every perfect number is a har-
monic number.

Congjecture 4.2 (Ore). [19, Page 619] There are no odd harmonic divisor num-
bers.

4.1.3 Nilpotent factorization

Definition 4.1.15. [21, Definition] Consider a positive integer n and its
prime factorization:

n :p"fl ...pzk.
The number n is said to have milpotent factorization if p. # 1 mod p; for
all positive integers i, and | with 1 <1 < n,.

Proposition 4.1.16. /21, Page 3] A positive integer is coprime with its Fuler
totient function if and only if it is square free and has nilpotent factorization.

4.2 Group Theory functions

Most of the concepts in the previous section can be ”translated” to analogues
from group theory.

Definition 4.2.1. [1§, Definition 2.1] We define the following functions for
finite groups:

e sum of orders of normal subgroups

G o(G) =Y |N| (20)

N«G

e average of orders of normal subgroups

G~ p(G) = U(GG;)' (21)

Proposition 4.2.2. [18, Observation 3.1] The following statements hold:
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1. p(G) > 1, for all G # {1};
2. p(G/N) < p(G), for all N < G;

Definition 4.2.3. Given a finite group and a complex number z € C, we
define the following function for finite groups:

G o.(G)= Y |NJ. (22)

NG

Definition 4.2.4. /1§, Page 5] A pair of groups are called coprime if they
have no composition factor in common. In particular, if two groups have
coprime orders then they are coprime.

Proposition 4.2.5. The function o, is multiplicative, i.e.
G1,G2 coprime = 0,(G1 X G2) = 0,(G1)0,(G2). (23)

Corollary 4.2.6. Let G1,G2 be two groups with coprime orders. It follows
that
O'Z(G1 X GQ) = UZ(G1)O'Z(G2).

Proposition 4.2.7. [16, Example 2.1] For a cyclic finite group C,, the fol-
lowing hold:
o(Cn) =0(n) (24)

and

0(Cp) = d(n). (25)
In addition, o(G) > o(n), for any nilpotent group G of order n.

Definition 4.2.8. [, Page 1] A finite group is called Leinster if
p(G) = 2. (26)
Definition 4.2.9. [1§, Definition 2.1]
o A finite group G is called abundant if p(G) > 2.
o A finite group G is called deficient if p(G) < 2.

Definition 4.2.10. /24, Definition 2.4/

e An abundant group G is called quasi-Leinster if

o(G) = 2|G| + 1. (27)
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e A deficient group G is called almost Leinster if
o(G) =2|G| - 1. (28)

Example 4.2.11. /22, Example 2.5] The non-abelian groups G, , of order
pq, p < q primes are not almost/quasi/Leinster.

Definition 4.2.12. [3, Section 2] We define the following function for finite
groups:

7(G)
o(G)
Definition 4.2.13. [3, Definition 2] A finite group G is called harmonic if
H(G) € N*.

G H(G) =G| (29)

Proposition 4.2.14. /3, Proposition 2.2] Let G be a Leinster group. Then
G is harmonic iff 7(G) is even.

Definition 4.2.15. [11, Page 678] Let r,s € R. We consider the following
sum for finite groups:
o(x)*
G Y — (30)
22 o))

Definition 4.2.16. |2, Page 1] We define the following function for finite

groups:
1

o

Lemma 4.2.17. [4, Lemma 1.3] If G is a finite non-cyclic group of order
n € N*, then the following inequality holds:

m(G) > m(C,,). (32)

Grm(G)=) (31)

zeG

Lemma 4.2.18. /4, Lemma 2.2] If G is a finite group and H a subgroup of
G, H < G, then m(H) < m(G) with equality iff H = G.

Lemma 4.2.19. /4, Lemma 2.2, Lemma 2.3] If G is a finite group and N a
normal subgroup of G, N <G, then m(G/N) < m(G) with equality iff N = 1.

Lemma 4.2.20. /4, Lemma 2.4] If G is a finite group, p a prime, and P €
Syl,(G) a normal and cyclic subgroup of G. Then m(Px) > m(P)/o(Pz),
where Px € G/ P, and the equality holds iff x centralizes P.

Lemma 4.2.21. /4, Lemma 2.6] If Gy and G5 are finite groups, then m(Gq x
Ga) > m(G1)m(Gs). Also

m(G1 X Gg) = m(Gl)m(Gg) Zﬁ ng(IGl‘, ‘GQD =1.
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Definition 4.2.22. [2/, Equation (1)] We define the harmonic mean of
element orders of a finite group, i.e.

G|

G finite group +— h;,(G) == m(G)

(33)

Proposition 4.2.23. [24, Proposition 2.1] The following properties hold:

1.
2.
3.

If |G| = n € N*, then hy,(G) < hyy(Cr). Equality holds iff G =2 C,,.
For H < G, hpn(G) < [G : Hlhm(H). Equality holds iff H = G.

For N <G, it follows that hy,(G) < |N|hm(G/N). Equality holds iff N
is the trivial subgroup.

If P is a normal cyclic Sylow p-subgroup of G: P € Syl (G), then
hin(G) < hyn(P)h (G/P). Equality holds iff P is central in G.

hp is multiplicative: for all finite groups G1, G2 of coprime orders, we
have hy, (G1 X G3) = hp(G1)hm (G2). This shows that the study of the
function h,, for finite nilpotent groups can be reduced to p-groups.
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Chapter 5

Main results

5.1 Almost and quasi Leinster Groups

Proposition 5.1.1. [18, Proposition 3.2] If G is a nilpotent group, the fol-
lowing are equivalent:

1. 6(G) <2
2. The group G is cyclic and |G| is perfect or deficient.

Corollary 5.1.2. /22, Corollary 3.2] Let G be a nilpotent group. The follow-
ing are equivalent:

1. The group G is almost/Leinster.
2. The group G is cyclic and |G| is almost/perfect.
Now, we can prove a similar result for quasi-Leinster groups.

Proposition 5.1.3. /22, Proposition 3.3] Let G be a nilpotent group. Then
G is quasi-Leinster iff G is cyclic and |G| is quasi-perfect.

Proof. The converse statement follows from Proposition .
Let us prove the direct. Consider the prime factorization of the order of
the group:

k
|G| = Hp;“, p; primes. (1)
i=1
Assume that G is quasi-Leinster, i.e.
o(G) =2|G| + 1. (2)

The group G is nilpotent, therefore it can be written as the direct product of
its Sylow p-subgroups:

k
G:HGi (3)

where |G;| = p;',for all ¢ = 1,2,..., k. Obviously, the subgroups are coprime,
so by the multiplicativity of o (Corollary ), we obtain:
k
o(G) = [[o(G). (4)
i=1



Putting together (m), (E), (E), (H), we get:

k

k
Ho(Gi):2H|Gi|+1.

i=1

Let us assume by contradiction that G is not cyclic, i.e. one of the
Sylow p-subgroups is not cyclic.

Without loss of generality, let (G; be not cyclic. It follows that n; > 2.
From Sylow’s theorems, it follows that the number of subgroups of order p?ﬁl
of GG1 is greater or equal than 1 + p;. In addition, since Gy is a p-group, it

follows that these subgroups are normal, thus the following inequality holds:

1+ p™ 4+ (p1 + Dp 1 1
p(Gl) > n (]ZLll )pl =2+ *‘1’71
D1 P1 V41
Since G is quasi-Leinster, it follows that
o(G)  2|G|+1 () 1
G) = = =2+ 5
p(G) Il el TR ()

On the other hand,
is multiplicative
>(2+1+1)<1+1> (1+1>
= o oppt py*) " ©)

1
J A

> 2+

all G;, 1 = 2,...,k are cyclic, and therefore G is cyclic. Proposition §.2.
gives that |G| is quasi-Leinster and concludes the proof.

Clearly, (B) and (B) yield a contradiction. Thus G is cyclic. Analogouslil

Proposition 5.1.4. [22, Propostion 4.3] There exist quasi-Leinster ZM-groups.

Proof. We look for particular cases where the computations for o
are easier.
Let us assume that m prime and let

n=d = ord,(r). (7)

We compute o(ZM (m,n,r)):

o(ZM(m,n,r)) = mo(n) + o (g) & o(ZM(m,n,r)) =mo(n)+1. (8)
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Since we search for quasi-Leinster groups, it follows that o(ZM(m,n,r)) =
2mn + 1 which implies o(n) = 2n, i.e. n is perfect.

In addition, it follows from Fermat’s little theorem [20], that any r €
{2,...,m} verifies m — 1 = ord,,(r). Therefore, m — 1 = n which is perfect.

Using Remark , we get 4 known values for n, and the corresponding
values for m. For each of these, we have n — 2 solutions. We write just one
of them, for r = 3: (m,n,r) = (7,6,3) and (m,n,r) = (29,28,3), (m,n,r) =
(33550337, 33550336, 3), (m, n,r) = (137438691329.137438691328, 3).

Proposition 5.1.5. /24, Proposition 5.2/
1. There are no Leinster affine groups.
2. The cyclic group of order 2 is the only almost Leinster affine group.

3. If q is odd, an affine group Aff(Fy) is quasi-Leinster iff g is prime and
q — 1 is perfect.

Proof. We have:
N(Aff(Fy)) = {1} U{Nu|H < Fg}.
Then
F; cyclic
o(Aff(F)) =14 > |Ny|=1+4¢ Y [H=—=——=1+qo(q—1).

H<F; H<F;
We obtain that:
o Aff(F,) is Leinster iff 1 + qo(q — 1) = 2¢(¢ — 1) = ¢|1, which is absurd.

o Aff(F,) is quasi-Leinster iff 1 +qo(¢—1) =2¢(¢—1)—1=¢|2 = ¢ =2,
ie. Aff(F,) = Co.

o Aff(F,) is almost Leinster iff 1 +qo(¢—1) =2¢(¢—1)+1=0(¢—1) =
2(q — 1), i.e. ¢ — 1 is perfect.
Since no odd perfect numbers are known, we analyse the case when ¢

is odd. Using Proposition , we get that ¢ is prime. From Remark
E.I.QI, we obtain 4 solutions: ¢ € {7, 29, 33550337, 137438691329}.

We recover the result regarding Leinster dihedral groups in [[16, Example 2.4].

Proposition 5.1.6. [22, Proposition 6.2] The existence of quasi-/almost-
/Leinster generalised dihedral groups is equivalent to the existence of odd
quasi- /almost- /perfect numbers.
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Proof. We describe the dihedral group:

Do ={1,7,...,7" Y s,rs, ..., r" s}, (9)

where r is the rotation of angle %’T and s is the reflection about the line

determined by a vertex and the center of the polygon.
If we assume Ds,, is almost/quasi-/Leinster, we get:

0(D2p) =2-2n+a,a € {0,1}. (10)
We distinguish the following two cases:

e n odd: It follows that N(Ds,) = {Ds,} U {(r%) | d|n} and therefore
o0(Day) = o(n) + 2n. Then equation (@1) becomes

on)+2n=2-2n+ta,a €{0,1},

which is equivalent to n being almost-/quasi-/perfect.

o n even: We have:
N(D2n) = {D2n} U{(r?) | dn} U{(r?,s), (r%,rs)}

and therefore o(Ds,,) = o(n) + 4n. It follows that
o(n)+4n=2-2n+a,a € {0,1},

which has no solution.

Proposition 5.1.7. (24, Proposition 7.2]

e There is one Leinster dicyclic group: Dicys.

e The existence of quasi-Leinster dicyclic groups is equivalent to the exis-
tence of quasi-perfect numbers of type 4k + 2,k € N.

e The existence of almost Leinster dicyclic groups is equivalent to the
existence of odd almost perfect numbers.

Proof. If Dicy, is almost/quasi-/Leinster, we get
D(Dicyp) =8n+a,a € {—1,0,1}. (11)
We compute o(Dicyy,), taking into account the parity of n.

n even In this case D(Dicy,) = D(2n) + 8n. Together with (El), we get
o(2n) + 8n =8n+a,a € {—1,0,1}, which has no solution.
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n odd In this case, o(Dicysy,) = 0(2n) + 4n. It follows that o(2n) 4+ 4n =
8n +a,a € {—1,0,1}, i.e.:

o(2n) =4n+a,a € {-1,0,1}. (12)

1. If 6(2n) = 4n — 1, then 2n is almost perfect.
2. If 0(2n) = 4n, then 2n is perfect.
3. If 0(2n) = 4n + 1, then 2n is quasi-perfect.

Remark. In the context of the previous proof, when n is odd, Equation (@)
has no known solutions for a € {—1,1}.

For a = 0, or equivalently, 2n perfect, there is just one solution, n = 3,
which yields the unique Leinster group Dicys.

Remark. Sometimes, the dicyclic groups are called generalized quaternion
groups, see [27, Page 252]. Our results above recover the result for Leinster
generalized quaternion groups from [4, Proposition 2.1.].

5.2 Finite groups with integer harmonic mean
of element orders

Lemma 5.2.1. /24, Lemma 1.2] Let G be a finite group, C(G) = {H <
G | H cyclic} and p the greatest prime divisor of |G|. Then the following
inequality holds:

p|Gl

"G 2 oD@+ 1

(13)
Equality holds iff G is a p-group.

Proof. Let dy = 1,dy = p,...,d, be the orders of the elements in G.
For all i € 1,7, we introduce the following notations:

n; = |{a € G |o(a) =d;}| and n}, = |{H € C(GQ) | |H| = d;}|.

Then the following relations hold:

T

i . d; " d;
m(@) =3 5 = ) =1 Y2
1=2

d.
i=1 " i=1

:1+§r:n; 11 (1—1>

=2 q|di,q prime q
-1 - DIC(G)|+1
P 1y - @O,

<1+
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which give (B)
The equality case happens iff p is the only prime divisor of |G|, which
holds iff G is a p-group.

Remark ([25]). An initial incorrect version of this lemma was published in
[24]. The proofs for Theorem ‘5.2.6 and Theorem ‘5.2.3 were based on the
initial incorrect version on the lemma. New proofs have been provided.

Remark. 24, Remark, Page 4] Since |C(G)| < |G|, (@) gives the anticipated
lower boundary for h,, in terms of the greatest prime divisor p of |G/:

PGl
= G e T

Theorem 5.2.2. /24, Theorem 2 4] Let G be a finite p-group. Then hy,(G) €
N iff G is cyclic of order pzf 12 with s € N*, or G ~ Ds.

Proof. Let |G| = p™, exp(G) = p™ and
=|{a € G| o(a) =p'}| and n} = |[{H € C(G) | |H| = p'}|, for all i € 0, m.
Lemma implies that

pn+1

(p—-DIC@)]+17

b, (G) =

which leads to the following equivalences:

hi(G) € Nff (p— 1)|C(G)|+1=p" witht <n+1

14
iff |C(G)| =p"™ " +p" 2+ - +p+1, witht <n. (14)

For p = 2, this formula becomes
|IC(Q)] = 2" — 1. (15)

We distinguish the following two cases:

Case 1: p odd. There are two possibilities: G can be cyclic or not.

1. Suppose G is not cyclic.
=p+1 (mod p?)

7?,/2,..., L =0 (mOdp)
and so, recalling that the trivial subgroup is an element of C(G),
we obtain |C(G)| =2 (mod p). Thus there are no solutions.

Using Theorem 1.10 from [§], it follows that {
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2. Suppose G is cyclic.
From (@), it follows that n+1 = p 14 pt =24 . +p+1, with t <

s=t—1 i
n—m n = Zlepz.

Case 2: p=2

1. Suppose G is not cyclic and G is not of maximal class.

nj =3 (mod 4)
nh,...,nl =0 (mod 2)
and so |C(G)| =0 (mod 2). Thus there are no solutions.

Using Theorem 1.17 from [§], it follows that {

2. Suppose G is cyclic.
Therefore we have |C(G)] = n + 1. Using (@), it follows that
n=2—2=EL 5 9iwith1<s<n+l

3. Suppose G is of maximal class

It follows that G € {Dan,Qan,SDan}. Using [29], the following
analysis is obtained:

(a) G 2 Don = |C(Q)] = 271 +n = 2071 4 n+ 127FL Tt
follows that the left hand side has to be a power of 2: 27~ ! +
n 4 1 = 2. This happens when 2"~! = n + 1. Since 2"~ ! >
n+ 1, for all n > 3 (it can be shown inductively), it can be
proven by direct computation that the only solution is n = 3
and therefore G = Ds.

(b) G = Q= |C(G)| =2""24n = 2""24n+1|2"T!. Reasoning
similarly as above, it follows that there are no solutions.

() G2 SDyn = |C(G)| =3-2"3+n=3-2""3 +n+ 1|27+
The left hand side must be a power of 2: 3-2" 3 + n4+1 =
2, therefore n + 1 is divisible by 2773, Using 2”73 > n +
1,for all n > 5 (it can be again shown inductively), it can be
proved that there are no solutions.

The proof of Theorem 2.3 is now complete.

Corollary 5.2.3. [24, Corollary 2.5] Dg is the only non-cyclic p-group with
integer harmonic mean of element orders.

Proposition 5.2.4. [24, Proposition 2.6] Dg is the only dihedral group with
integer harmonic mean of element orders.

Proof.

Let Ds, be a dihedral group of order 2n such that h,,(D2,) € N*.  (16)
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Let n = pi* - py?---p.* be the decomposition of n as a product of prime
factors, where p; < ps < --+ < pg.

Let us use the description from (E) for the dihedral group: Do, = {1,7,..., 7" 1, s, sr
where 7 is the rotation of order 27” and s is the reflection about the line de-
termined by a vertex and the center of the polygon. Obviously, (r) & C,, and
o(sr') =2 for all i € 0,n — 1.

If we compute h,, (Day,), we get

|G| 2n
hm Dsy,) = = .
( ) Zz =0 o(r +ZZ 0 osr m(cn)—’_%

Let us denote

a::WGN

Jr
because of assumption (E) Since m(C,
therefore three cases can occur:

1. a=1
Then m(C,) = 22, contradicting m(C,) = Y acc, ﬁ < Dee, 1 =
n.
2. a=2
It follows that n
Clearly C,, = Hle C,ri. According to Proposition e), it follows
that /
k
m(C,) = Hm(C’pZn). (18)
i=1

Each factor in the right-hand side can be computed. Fix ¢ € 1,k. For
each j € 1,n;, there are p(p]) elements of order p!. Therefore

_1+Z@p1 = Zp’(l, 1+f:<1—>

j=1 Pi Jj=1 pl
—14+1 ny
— B M
Pi i
i+ DEi-1)+1
Di '

Using (@) and (@), it follows that

k
1
[T =D+ 1)+ 1) = oot
=1
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Since the left-hand side is an integer, it follows that p; = 2, so

k
(m+2) [J((pi = (i + 1) + 1) = 2mppatt L ppet!
=2

Bernoulli’s inequality gives:
P = (14 (s — 1)) > (pi— 1)(ng + 1) + 1, for all i = 2, k,

therefore ny +2 > 2" ie. n; = 1.
If £ > 1 it follows that

k

3T (i — 1)(ns + 1) + 1) = 2t et
1=2

therefore p, = 3 and
k
3(2n2 +3) [ [ (i — (s +1) +1) =2 3mF1ppott . prtt,
=3

Then 2ny + 3 > 2 - 32, which does not yield solutions. Thus the as-
sumption that £ > 1 does not hold, and consequently the only solution
is k = 1 and n; = 2, which gives n = 4.

3. a=3

The analysis is analogous to the previous case.

Remark. [24, Remark, Page 7] Let us note that we can build nilpotent groups
G with h,,(G) € N as direct products of p-groups of the type of the ones in
Theorem p.2.2.

In addition, we can construct non-nilpotent groups G with this property,
for example G = SL(2,3) x Cqr:

h(G) = hon (SL(2,3)) - hon (Car) = 274 79475

In what follows, we will study the integer values of the function h,,.

Obviously, we have h,,(G) = 1 iff G is the trivial group.

In addition, Proposition and its proof give that h,,,(Cy) = hyn(Dg) =
2. We can show that these are the only groups G with h,,(G) = 2.

Theorem 5.2.5. (4, Theorems 2, 3] [28, Theorems 1, 2]) Let G be a finite
group such that |C(G)| = |G| — A with A € {0,1,2,3}.

1. If A =0, then G is an elementary abelian 2-group.
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2. If A =1, then G is one of the following groups: Cs, Cy, S, Ds.

3. If A =2, then G is one of the following groups: Cg, Co X Cy, D13,
CQ X Dg.

4. If A =3, then G is one of the following groups: Cs, Qs, Dig.

Theorem 5.2.6. [24, Theorem 2.7] Let G be a finite group. Then h,,(G) = 2
iff G=Cy or G = Dg.

Theorem 5.2.7. (24, Theorem 2.8] The finite non-trivial groups G with
hin(G) <2 are Cy,n € N,Cs,S53,Cy and Dg.

Proof of Theorems 2.7 and 2.8.. Let G be a finite group with h,,(G) < 2
and denote by n4(G) the number of elements of order d in G, Vd € N. Then

1G]
2

Sm(G)=1+#+%+...
na(G) | |G =1 - ns(G)
2 * 3

<1+

=1+

and so

Since |C(GQ)| > 1 4 na(G), we get

C(G)] = G| =3,

i.e. G is one of the groups in Theorem . It is now easy to check that
hin(G) < 2 iff G is an elementary abelian 2-group, Cs, Cy4, S3 or Dg. Also,
him(G) =2 iff G is Cy or Ds.

Next we will focus on finite groups G with h,,(G) = 3. Note that the smallest
example of such a group is SmallGroup(12,1). We are not able to determine
all these groups, but we can prove that they have even order and are not
nilpotent.

Proposition 5.2.8. [24, Proposition 2.9] There are no finite groups G of odd
order with h,(G) = 3.

Proof. Let G be a finite group of odd order such that h,,(G) = 3. Then 3||G].
Let H < G with |H| = 3. We identify the following cases:
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Case 1: exp(G) =3

Then
(€] 3G

hn (G) = = 3,
© 14 1621 \G|+27é

which is a contradiction.

Case 2: exp(G) #3
We will prove that

G has at least 6 elements of order > 5 (19)

We identify the cases:
1. 3%|exp(G)

Then G has at least a cyclic subgroup of order 32 and so at least 6 =
©(3?) elements of order 9.

2. 32 fexp(G).

Let p the smallest prime # 3 such that p|exp(G). If p > 7, then G has at
least a cyclic subgroup of order p and consequently at least p(p) = p—1
elements of order p. If p = 5, there are two sub-cases:

(a) G has only one subgroup K with |K| = 5. It follows that K < G,
therefore KH < G and |KH| = 15. Then KH is cyclic and it
possesses p(15) = 8 elements of order 15.

(b) G has at least 3 subgroups of order 5. Then G has at least 3p(5) =
12 elements of order 5.

This concludes the proof of (@) We get

G 15/
hm > = 5
= e e g -2

a contradiction which completes the proof.

Proposition 5.2.9. /24, Proposition 2.10] There are no finite nilpotent groups
G with hy,(G) = 3.

Proof. Assume that G is a finite nilpotent group such that h,,(G) =3. If G
is a p-group, then p = 3 and the conclusion follows from Proposition . If
G is not a p-group, then it can be written as a direct product of at least two
p-groups, say G = G X --- X Gy, with k > 2. Since

hm(G) = hm(Gl) e hm(Gk)a
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we get hp(G;) < 2, for all ¢ = 1,...,k. Now Theorem implies that
G; = CF for some n € N or G; = C3, and therefore h,,(G;) = 22:—:11 for some
n € Nor h,(G;) = %. We remark that any product of these numbers is not

3, contradicting our assumption.

We can also prove a criterion for supersolvability using h,,. For this, we
need another existing result. Before this, we introduce some notations:

Notation 5.1. Let dy = 1,...,d, be the orders of the elements in G, increas-
ingly ordered.
For all i € 1,7, we introduce the following notations:

ni ={a € Glo(a) = di}| and n; = {H € C(G) | [H| = d;}|.

Theorem 5.2.10. (/30], J17]]) Let G be a non-abelian finite group. Ifna(G) >
3|G| =1, then one of the following holds:

1. G= D(A) is a generalized dihedral group, where A is abelian;
G = Dg x Dg x E, where E is an elementary abelian 2-group;

2.
3. G = H(r) x E, where H(r) is a central product of r copies of Dg and
E is an elementary abelian 2-group;

4. G = S(r) x E, where S(r) = (x1,Y1, -, Tr Yy 2 | 27 = y? = 22 =
1, all pairs of generators commute except [z, ;] = x;y;) and E is an
elementary abelian 2-group.

In particular, a finite group G with ne(G) > % |G| — 1 is supersolvable.
Now we can proceed to our criterion:

Theorem 5.2.11. [24, Theorem 2.1] Let G be a finite group. If h.,(G) < %,
then G is supersolvable. Moreover, if hy,(G) = 12, then either G = Ay or G

317
is a generalized dihedral group.

Proof. Assume that h,,(G) < 22. Then, similarly with the proof of Theorems
and , we have

9 + 3 +..
2 3
1+n2(2G)+ |G|_13—”2(G)
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implying that -
na(G) > 13 |G| — 4.

If |G| > 36, then % |G| — 4> 1 |G| —1 and so n2(G) > 3 |G| — 1. Then G
is supersolvable by Theorem .

Assume that |G| < 35 and G is not supersolvable. Then |G| € {12,24}.
Since A4 is the unique non-supersolvable group of order 12, if |G| = 12, we
get G = Ay. Thus h,,(G) = £, a contradiction. Similarly, if |G| = 24 we get
G =S8y, G= Ay xCyor G=8SL(2,3) and so h,(G) = ;—3 > %, hm(G) =
B> 2 or hy(G) =% > 2 a contradiction. Thus G is supersolvable in all
cases.

Assume now that h,,(G) = £2. Then both 2 and 3 divide |G|. By repeating
the above reasoning, we obtain

7
> |G| —
no(G) > 13 |G| —4

and therefore ny(G) > 5 |G| — 1 for |G| > 37. In this case G is a generalized
dihedral group by Theorem B. If |G| < 36, then |G| € {6, 12,18, 24,30, 36}.
By computing the harmonic mean of element orders for all groups of these
orders using [31], we conclude that the unique possibility is G = A4. This
completes the proof.

Finally, we note that the results so far leave the following open question:

Question 5.1. [24, Question 2] What is Im(h,,) N Z?

5.3 Almost P-numbers

Definition 5.3.1. [1(, Page 3JA positive integer n is called a P-number if
all groups of order n are in class P.

Some of the most obvious particular cases for this definition (cyclic, abelian,
nilpotent) use the concept of nilpotent factorization given in Definition §.1.15.
This allows to state the characterizations as follows:

Proposition 5.3.2. /21, Theorem 1, Pages 3, 4] A positive integer n is
e a nilpotent number iff it has nilpotent factorization.

e an abelian number iff it is a cube—free number with nilpotent factoriza-
tion.

e a cyclic number iff it is a square—free number with nilpotent factorization
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The statement for cyclic numbers can also be given as follows:
Proposition 5.3.3. [21, Page /] A positive integer n is cyclic iff the number
and its FEuler totient function ¢(n) are coprime, that is
ged(n, ¢(n)) = 1.
Example 5.3.4. [9, Page 1] All prime numbers are cyclic numbers.

If we loosen the hypothesis in Definition , we reach the following defini-
tion.

Definition 5.3.5. [25, Definition 1.6] A positive integer n is called an al-
most P-number if all but one group of order n (up to isomorphism) are in
class P.

This definition has started from the following result:

Theorem 5.3.6. [, Theorem 6.7] Let G be a group of order n = pi™* ...pp*,
where p1 < pa < -+ < pg. Then there are exactly two groups (up to isomor-
phism) of order n iff k > 2 and one of the following scenarios occurs:

forallle{l,....k} :n; =1, and

20
there exists a unique pair (i,7) € {1,...,k}* such that p;|p; — 1 (20)
or
there exists a unique j € {1,...,k} such that n; =2, and
oralll e{1,...,k it:n; =1, and
f { PN} e 1)

there exists a unique i € {1,...,k}\{j}:pi|p; — 1, pifp; +1, and
for all (o, 8) € {1,..., k}*\{(4,7)} : pa t ps — 1
We can rephrase the result above using Definition :

Corollary 5.3.7. [23, Corollary 1.8] A positive integer n = py*...ph* is
almost cyclic iff k > 2 and either (@) or (@) hold.

Lemma 5.3.8. Given p < q primes and n € N* such that p|(¢"™ — 1). Then
there exists a non-abelian group of order pg"~1: Cyn x C).

Lemma 5.3.9. Given p a prime and n € N;n > 3, there are at least 2-non-
abelian groups of order p™.

Theorem 5.3.10. /23, Theorem 2.1] A positive integer n = pi*...pl* is
almost abelian iff either (R{) or

there exists a unique j € {1,...,k} such that n; =2, and
foralll e{l,....k}\{j} :ni =1, and
there exists a unique i € {1,...,k}\{j}:pi | p; +1, and

Jor all (avﬂ) € {ka}Z\{(%])} :pajfpﬁ -1
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Proof. ?=" Let us suppose that n is almost abelian. Since there is just one
non-abelian group of order n, it follows that:

For any divisor d of n : d|n, there is at most one non-abelian group of order d.
(23)
We begin with observing that Lemma gives us that n is cube-free.
Knowing this, since n is not abelian, it follows that

there exist i,7 € {1,...,k} such that pi|p?j -1 (24)

and
n. < 2,for all r € {1,.., k} (25)

Now, let us note that there is just one pair checking (@) Indeed, if there
are two distinct pairs (4,) and (a, 8) such that pi\(p?j — 1) and pa|(pgﬁ -
1), then it follows that there are two distinct non-abelian groups of order

((Cpy)"™ % C,) % C’pip:j and Cpap;[a x ((Cp, )™ % Cp,)

which proves that there is at most one pair.

In this step, let us analyse which of the exponents can be 2. From (@), it
follows from Lemma , that there exists a nontrivial semi-direct product
(Cp; )™ % Gy,

o If n, =2, for r € {1,2,...,k}\ {i,7}, it follows that there are two
non-abelian groups of order p;p;’ p?:

((ij)nj x Cp,) X (Cpr)2 and ((ij)nj x Cp,) X Cp%
which gives us a contradiction with (@)

e If n; = 2 then we will have two non-abelian groups of order p%p?j:

(ij)nj A (sz',)Q and ((ij)nj X sz) X Cpi’
which again gives a contradiction with (@)
o If n; =2, let us assume that
pil(pj = 1). (26)
It follows that there are two distinct non-abelian groups of order pipis

(Cp,)? x Cp, and Cp,2 X Cy,

il (p2—1
which contradicts our hypothesis. It follows that p; { (p; — 1) %

pil(p; + 1) which gives (@)
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Now, if all the exponents are 1 (in particular n; = 1), (@) is satisfied,
which concludes the direct proof.
7«<" For the converse, we will prove by induction over n that:

If n has at least two non-prime factors and satisfies either (@) or (@),

it follows that there is a unique non-abelian group of order n. (27)

The base case is n = 6. There is just one non-abelian group of order 6: the
symmetric group Ss.

Let us proceed to the inductive step. Assume that (@) holds for any
positive integer with at least two factors n’ < n. Let G be a non-abelian
group of order n. We order the prime factors: p; < ps < ...pg.

It follows that j7 > 2. Indeed, if j = 1, we have two possibilities:

e p;|p1 — 1 which implies p; < p1, a contradiction.

i >
e pilp1+1 S pi=pr+1=p =2andp; =p> =3 = pjlp; — 1
which is a contradiction.
Thus j > 2 and therefore ny = 1, hence the p;-Sylow subgroups of G are
cyclic of order p;. Thus, by the Burnside normal p-complement theorem, G

has a pj-normal complement, i.e. there exists H < G with |H| = n/p; such
that G = H »x Cp,. We identify two cases:

o n satisfies (@)

— If i =1, it follows that H is cyclic and we get:
G = szmpk X Cp1 = (ij X CP1) X szé-:pk-

J
— If ¢ > 2, there are again two possibilities:

* H abelian = H cyclic which is analogous with above.
* H non-abelian = H = (C; x Cp,) X Cra-oy =
G= ((ij X Cpq) X szw-Pk) X C;m
DiD;

= ((Cp, % Cp,) ¥ Cp,) X Crzmi

Since | Aut(Cp;, x Cp,)| = pj(p; — 1) and p1 { p;j(p; — 1) the
semidirect product (Cp, x Cp,) x Cp, is trivial therefore

G= ((ij X sz) X Crzpp

PiPj

= (ij Dal Opl) X Cpi-.pn .

PiPj

It follows that in this case there is a single non-abelian group
of order n which is: (Cp, x Cp,) x Cﬁ
iPj
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o n verifies (@)

— If ¢ =1, then H is abelian and we get

H = Cp? xC n_ orG= ((C’pj)2 X Cpy) X C_n,.

We get two possibilities:
* G=((Cpy)* % Cp) x C o

PIPJ
Since p1 1 | Aut((Cy,)?)| = pj(p; — 1), it follows that (Cp,)* %
Cp,, therefore G = C,, which is a contradiction.
* G = ((Cp,)* x Cp,) which is non-abelian.
— If i > 2, then we again have two cases:

* H = ((Cp )2 X Cpi) x C_n__, then:

J

2
P1PiP]

G

12

(((ij)2 % Cp,) % Cp ) X Cn_.

P1mp?

From [8], it follows that | Aut((Cp,)? x Cp,| = Q(p? - 1)p§ 71,
therefore:

1

G (((ij)2 A CZH) X Cp1) XC_n_

2
I’lpipj

12

((Cp;)* % Cp) X Con .

+x H abelian. We identify two possibilities:
© H=Cp, X x G X oo X G 2 Cn = G cyclic which

is false.
T HZ=Cp, x ... Cp X - x Oy = (Cp,)? XCmT;?
Let us observe that
n
Pt Aut((Cp,)? x Cn )| = (pF = 1)(0] —pj) - <2> :
P1Pjy p1p;

G = ((Cp,)* x Cny) xCpy = ((Cp))* x Cny) x Cp, =
(Opj)z X O%

P1 PJ J
. 7 . . . .
This means G is abelian which is false.

Therefore, also in this case there is only one non-abelian group of
order n.
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Corollary 5.3.11. Letn=p}*----- pp* where 2 =p; < --- < pi. It follows
that n is almost abelian iff k = 2 and ny = ny = 1.

Corollary 5.3.12. Let n = py - -+ - px, where p; < -+ < pi. Then n is
almost abelian iff there is a unique pair (i,j) € {1,...,k}? such that p;|p; — 1.

Remark. If n is almost cyclic, n is either abelian or almost abelian.

Theorem 5.3.13. A number n = pi"* - - - pp* _is almost nilpotent iff n is
almost abelian, i.e. k > 2 and n checks (@) or (@)

Proof. 7«<=” The converse follows from Theorem since all the groups
constructed in the proof are non-nilpotent.

"="Let us assume n is almost nilpotent. It follows that for all d|n, there exists
at most one non-nilpotent group of order d. Since n is non-nilpotent, it follows
that there is (i,7) € {1,...,k}?>and 1 < d; < n; such that pi|p;ij —1. It follows
that a; = n;. Otherwise there would be two non-nilpotent non-isomorphic
groups of order p}” i

((ij)aj X CPL) X Cpr_"j*dj and (ij)nj X Cpi'

Furthermore, the pair (i,7) is unique. Otherwise, if there were two pairs
(#,7") # (i,7) such that p; |p§b/ — 1, again there would be two non-nilpotent
non-isomorphic groups of order n:

((Cp,)" % Cp,) x €= and ((Cp, )" X Cpy) X (C—ny

57
pip; PyrP;r)

Let us observe that n, = 1,for all » # 4,j. Indeed, otherwise there would
exist at least two distinct groups P, and @, of order p;'~, which would give
two non-nilpotent, non-isomorphic groups of order p;” DiDRT

((Cp;)™ % Cp,) x Prand ((Cp,)™ % Cp,) X Q.
Analogously, we can show that n; = 1.
Ifn; =1, (@) holds.
If n; > 2, then n; = 2, since otherwise we would two non-nilpotent, non-
isomorphic groups of order p;” p;. Thus

pilp; — 1. (29)

In addition, if p1|p; — 1, there are two non-nilpotent, non-isomorphic groups
of order p?pi:
2
(Cp,)” x Cp, and Cpz % Cp,.

It follows that p; { p; —1 @ pilp;+1, therefore we get (@), which concludes

the proof.
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