Centre Val de Lore - UNIVERSITE D’ORLEANS
UNI\/ERSITE

grr it of the Lojre Val L UNIVERSITE D'ORLEANS

ECOLE DOCTORALE
ENERGIE MATERIAUX, SCIENCES DE LA TERRE ET DE L’UNIVERS

Laboratoire de Physique et Chimie de 'Environnement et de I'Espace

THESE présentée par :
Luca BONETTI

soutenue le : 21 Décembre 2016

pour obtenir le grade de : Docteur de I'université d’Orléans
Discipline/ Spécialité : Physique

Non-Maxwellian electromagnetism in
astrophysics and in space applications at
low radio frequencies

THESE dirigée par :
Alessandro SPALLICCI PR, OSUC-LPC2E, Université d'Orléans

RAPPORTEURS :
Alain BLANCHARD PR, LATT, Université Paul Sabatier, Toulouse IlI
Volker PERLICK PR, ZARM, Bremen
JURY :
Philippe BOUYER DR, LP2N, Institut d'Optique, Bordeaux
Gerald KNELLER PR, CBM, ,Université d'Orléans
Mark-Thierry JAEKEL DR, LPT, Ecole Normale Supérieure, Paris
Carlo RIZZO PR, LNCMI, Université Paul Sabatier, Toulouse llI

Christophe SALOMON DR, LKB, Ecole Normale Supérieure, Paris






Contents

Acknowledgments

1

NON-MAXWELLIAN THEORIES

Résumé .

1.1 Maxwell theory . . . . . . . .. . . . o
1.2 Alternatives to Maxwell’s theory . . . . ... ... ... .....

1.2.1

1.2.2

1.2.3

Massive theories . . . . . .. . ... ... ... ...,
1.2.1.1 Power deviation from Coulomb’slaw . . . . . . .
1.2.1.2 de Broglie-Proca . . . . . ... ... ... ....
1.2.1.3 Stueckelberg . . . . ... ... ...
1.2.1.4 Chern-Simons . . . . . . . . . . .. . ...
Non-linear theories: classical non-linearities . . . . . . ..
1.2.2.1 Born-Infeld . . . .. ... ... ... .......
1.2.2.2 Podolsky . ... ... ... ... L.
Non-linear theories: quantum non-linearities . . . . . . . .
1.2.3.1 Heisenberg-Euler . . . .. ... ... .. ....

APPLICATIONS OF NON-LINEAR THEORIES

Résumé .

2.1 Field of an accelerated particle in the Born-Infeld theory . . . . .

2.1.1
2.1.2
2.1.3
214

The regular field . . .. .. .. ... ... ...
The Rindler spacetime . . . . . . ... ... ... .....
The Maxwellian case . . . . . . . .. ... .. ... ....
Field of an uniformly accelerating particle in the Born-

Infeld electrodynamics . . . . .. ... ... ... ...

2.2 Electromagnetic shifts in the field of an Heisenberg-Euler dipole .

2.2.1
2.2.2
223
224

Context . . . . . . . . . . .
The effective metric formalism . . . . ... ... ... ..
Computation of the shift . . . . ... ... ... .....
EMS for the HE dipole . . . . . ... ... . ... ....

2.3 Conclusions . . . . . . . . . ...



ii CONTENTS
3 EFFECTIVE PHOTON MASS 69
Résumé . . . . . . ... 69
3.1 Context . . . . . . e e 74
3.1.1 Chapteroutline . . . . . . .. .. ... ... ... ..., . 77

3.2 Models for SUSY and Lorentz symmetry breaking . .. ... .. 79
3.2.1 Classes 1 and 2: Carroll-Field-Jackiw Model . . . . . . .. 79

3.2.2 Classes 3 and 4: kp-term model . . . .. ... ... ... 83

3.3 Dispersion Relations . . . .. ... .. ... ... ......... 85
331 Classland2 ... ... ... .. ... .. ... ...... 85

3311 Timedelay . . .. ... ... ... ... ..... 85

3.3.1.2 Dispersion relations for the field strengths . . . . 91

332 Class3 . . . . . e 99

333 Class 4 . . . . . e e 103

3.4 A de Broglie-Proca-like approach . . . ... ... ... ... .. 105
3.5 Conclusions . . . . . . . . .. . . e 107

4 OBSERVATIONAL LIMITS ON THE PHOTON MASS 111
Résumé . . . . . . ... . 111
4.1 Fast RadioBursts . .. .. ... ... ... ... ... ...... 117
4.1.1 Near source dispersion . . . . . . ... .. ... ...... 118

4.2 Time delay for FRB 150418 . . . . . . . ... ... .. .. .... 119
421 DMforthe IGM . . ... .. ... .. ... ........ 121

4.2.2 Time lag for a massive photon . . . . ... ... ... .. 122

43 Results. . . . . . . . . 122
4.4 Future improvements . . . . . . . . .. ... Lo 123
4.5 Other ways to set a photon mass limits . . . . .. ... ... .. 127
4.5.1 Gamma Ray Bursts . . . ... ... ... .. ....... 127

4.5.1.1 Two limits using GRBs . . . .. ... ... ... 129

4.6 OLFAR: space based low frequencies investigation . . . . .. .. 132
4.6.1 A swarm of nanosatellites . . . . ... ... ... ..... 134

4.6.1.1 Organization of the swarm . . .. ... ... .. 134

4.6.1.2 Orbitand launch . . . . .. ... ... ...... 135

46.1.3 Power . . . . ... ... oo 136

4.6.1.4 Objective . . . . . .. .. ... .. 137

4.6.1.5 OLFAR: limitations and scientific contributions 137

4.6.2 Scientific contribution . . . ... ... ... ... ... 138

4.7 Conclusions . . . . . . . . . e 141

A Units and dimensions 147
B QED and Feynman diagrams 153
C ACDM model 155
Publication List and Curriculum Vitae et Studiorum 159

List of Figures 163



CONTENTS iii

List of Tables 165

Bibliography 166



iv

CONTENTS



Acknowledgments

This thesis has been realized at LPC2E under the supervision of prof. Alessan-
dro D. A. M. Spallicci, whom I thank sincerely for his competence, patience,
help and perseverance. I would like to thank the entire laboratory and its Di-
rector for having provided a very comfortable environment in which to carry
out this research. Throughout my doctorate, I have enjoyed an international
collaboration with Universidade do Estado de Rio de Janeiro (prof. Santiago
E. Perez Bergliaffa) for Chapter 2 on the applications of non-linear theories;
with the Centro Brasileiro de Pesquisas Fisicas, also in Rio de Janeiro (prof.
José A. Helayél-Neto and Luis R. dos Santos Filho) for Chapter 3 on an effec-
tive photon mass emerging from a super- and Lorentz symmetry breaking; with
King’s College in London and CERN (John R. Ellis, Nickolaos E. Mavromatos,
Alexander S. Sakharov and Edward K. Sarkisyan-Grinbaum) and the Univer-
siteit von Twente (Mark J. Bentum) for Chapter 4 on the observational limits
for the photon mass.

I would like to acknowledge prof. Francesco Piazza for very insightful discus-
sions. A special mention goes to Marius Oltean for a very fruitful collaboration
and the far-reaching conversations.

I would like like to thank my coworkers Patxi Ritter, Fabrice Duruisseau,
Charlotte Segonne, Chen Xu, Guilleme Belot and Vanessa Brocchi that have
shared the working place with me and endured my less than common habits.
In particular, a special thanks goes to Vanessa Brocchi for her help with the
French parts of this text. I would like to mention my chess mentor Jean-Yves
Brochot as well, who has made my stay much more pleasant and even more
instructive. Thanks also to Franck Octau who has helped dragging me on the
tennis court to avert my mind from the thesis and making sure I stayed fit.

Last but not least, I would like to thank from the bottom of the heart my
family, without which nothing of this would have been possible. In particular,
many thanks go to my parents, for their constant support and dedication. To my
wonderful mother goes my immense gratitude to have always been by my side,
through the good and the bad. This entire work is dedicated to the memory
of my father, who has sadly passed away before he had the chance to see it
completed and to whom I owe everything. Special mentions go to my cousin
Moreno Turri and to my friends Romina Zanon and Sofia Bertoli to have helped
me keeping my sanity with their presence. An honorary mention to Rachel Miles
too, for her help in revision



vi

CONTENTS



Chapter 1

NON-MAXWELLIAN
THEORIES

Résumé

Ce Chapitre introductif a pour but de revoir a la fois 1’électromagnétisme
maxwellien ainsi que les diverses théories alternatives. Dans notre introduc-
tion, nous avons essayé d’étre aussi pédagogique que possible de fagon & ce que
le lecteur puisse avoir des bases solides pour bien comprendre la suite de ce tra-
vail. Ceci est particuliérement important puisque, par la suite, nous traiterons
de divers sujets, séparés dans différentes branches de la physique. Le lecteur
n’est peut-étre pas familier avec toutes. De ce fait, il est de la plus haute im-
portance de fixer les concepts clés qui seront questionnés, testés et étudiés tout
au long de ce manuscrit.

Nous débutons avec un court résumé des étapes cruciales qui ont mené a
la compréhension des phénomeénes électromagnétiques depuis les temps anciens
jusqu’au milieu du 19éme siécle. Notre but n’est pas de donner un récit his-
torique détaillé, par conséquent le lecteur ne devra pas s’attendre a trouver une
discussion trés approfondie. Nous avons simplement pour objectif d’exposer
dans les grandes lignes le processus qui a mené aux équations de Maxwell, qui
sont le fondement de la théorie électromagnétique largement acceptée de nos
jours et le point de départ de notre discussion.

Nous obtenons les équations de Maxwell dans le contexte de la relativité
spéciale. Cela nous permet d’introduire le formalisme covariant et des concepts
tels que les invariances de Gauge et Lorentz-Poincaré. Nous adoptons une ap-
proche heuristique. En fait, nous ne donnons pas de justification a priori pour
les équations. Ceci est cohérent avec ce qui s’est historiquement passé : les
équations que Maxwell réunifia étaient en fait des lois empiriques, découvertes
au fil des années. Cependant, nous discutons aussi d’une approche plus auto-
consistante : ’approche lagrangienne. Nous consacrons suffisamment de temps
a cette approche puisque les lagrangiens seront le point de départ pour chaque
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théorie alternative dont nous discutons dans ce travail. Par conséquent, nous
détaillons comment le Principe de Variation (aussi connu comme le Principe
de Moindre Action) fonctionne, comment un lagrangien consistant et covariant
s’écrit et comment les équations de Maxwell sont obtenues.

Aprés ce prélude, nous allons présenter les déviations possibles a partir de
la théorie maxwellienne. Malgré des tentatives [1,2], il n’existe pas, dans la lit-
térature, de review compléte des théories alternatives électromagnétiques. Par
conséquent, il est important de trouver les concepts fondamentaux soigneuse-
ment résumés.

Dans cette partie, nous répondons & une question trés importante. La théorie
maxwellienne fonctionne trés bien, comme cela a été prouvé par ses nombreux
succés. Donc, pourquoi avons-nous besoin d’aller au-dela ? Les raisons sont
diverses. Il est effectivement exact que les équations de Maxwell donnent une
description trés cohérente et précise de la maniére dont les phénoménes élec-
tromagnétiques fonctionnent ; malgré cela, elles présentent aussi quelques prob-
lémes. Premiérement, comme toutes les théories, celle de Maxwell n’a été testée
qu’avec une précision finie. Plus spécifiquement, la loi de I'inverse au carré dans
la loi de Coulomb a été sujette & de minutieuses recherches. Pendant ces tests,
la force de Coulomb a été écrite comme

F= TZ% (1.1)
ou ¢ et Q sont les deux charges et r la distance entre elles. Les expériences
ont montré que le paramétre « is smaller than 106 [3-7], mais la possibilité
existe qu’une infime déviation de la parfaite loi de l'inverse au carré ait lieu et
la théorie communément acceptée doit changer.

Plus important, il y a des complications avec la théorie de Maxwell, partic-
uliéerement quand on veut ’adapter au régime quantique. Le probléme le plus
significatif rencontré dans la théorie de Maxwell est que, méme dans le con-
texte classique, des infinis non physiques surviennent. Par exemple, 1’énergie
propre d’une charge ponctuelle comme ’électron est illimitée ; 1’énergie propre
d’une charge est définie comme 1’énergie contenue dans son champ. Eq. 1.1

1
nous donne un potentiel de la forme ~ —, qui présente de toute évidence une
T

singularité en r = 0. Par conséquent, ’énergie propre devient infinie. Cette
particularité empire en passant au régime quantique. Il arrive qu’un photon,
le porteur quantique de l'interaction électromagnétique, qui ne posséde pas de
masse, ait une énergie propre infinie. Cela vient du fait qu’en écrivant la ver-
sion quantique de la théorie de Maxwell, il y a des contributions de processus
selon lesquels les photons se séparent en une paire particule-antiparticule. Cette
paire, par la suite, s’annihile redonnant un photon. Cependant, I’énergie de ce
processus est infinie. Les deux problémes ont été résolus, a travers la procé-
dure connue sous le nom de renormalisation. Toutefois, cette procédure est trés
artificielle ; peut-étre que des théories alternatives pourraient servir le méme
objectif, tout en étant plus intuitives.

Enfin, nous maintenons notre choix d’étudier les théories non-maxwelliennes



d’un point de vue plus épistémologique. Durant le dernier siécle, il y eut de
grandes avancées concernant notre compréhension de toutes les forces fonda-
mentales & 'exception de la force électromagnétique. Bien str, ce seul fait n’est
pas suffisant pour critiquer la théorie de Maxwell. Cependant, si combiné avec
les limites que nous venons de mentionner, cela nous force & nous demander s’il
s’agit du mieux que 'on puisse faire. C’est une question que la physique fon-
damentale ne peut pas éviter de soulever, puisque la plupart de nos conclusions
sur 'univers proviennent de 1’étude des signaux électromagnétiques et de leur
propagation.

Dans ce Chapitre, nous classifions les théories non-maxwelliennes en deux
groupes :

1. Les théories massives : ol la particule qui porte l'interaction électromag-
nétique est massive

2. Les théories non-linéaires : ou les champs apparaissent non-linéaires dans
le lagrangien

De plus, les théories non-linéaires peuvent étre sous-divisées entre les théories ot
la non-linéarité apparait déja au niveau classique et les théories ou la linéarité
apparait seulement dans le régime quantique.

Parmi les théories massives, nous discutons de celles de Broglie-Proca, Stueck-
elberg et Chern-Simons. Ces électromagnétismes sont décrits par les lagrangiens
suivants [8-11]:

2

1 LV m .
LProca = _1677TF% FHV — TAH’AM — AHJM (1.2)

1 8,D\>
LStueckelberg = _iF'uVFMu + m2 <AN - ;;L) — (8#14” + mD)2 (13)

1 K
Lchern—simons = _ZFW/FHV + §€MVPAM8VA;) (14)

ou F* est le tenseur de Maxwell, A" est le 4-potentiel électromagnétique, j*
est le courant, m est la masse du photon, D est un champ scalaire auxiliaire, x
est une constante de couplage et e#”? est le tenseur de Levi-Civita.

Les deux premiéres théories sont strictement reliées. Elles donnent toutes
les deux lieu & un photon massif. En fait, la théorie de Stueckelberg peut étre
considérée comme une extension de celle de de Broglie-Proca. Cette derniére a
la déplaisante caractéristique de ne pas étre un invariant de gauge, ce qui signifie
qu’un changement dans le potentiel de la forme (¢ indique le potentiel scalaire
électrique et Ale potentiel vecteur magnétique)

AA
U —

¢— ¢ = 5 (1.5)

A A =A+VA (1.6)

introduit un terme dépendant de A dans les équations du mouvement. Le for-
malisme de Stueckelberg est capable de résoudre ce désagrément sans toutefois
modifier la forme des équations du mouvement.
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La théorie de Chern-Simons est un peu étrange. Elle attribue une masse
topologique au photon. Une masse topologique est purement inertielle, & la
différence des masses communes. En d’autres termes, la masse usuelle se couple
a la métrique et apporte une contribution autonome au tenseur énergie-moment.
Au lieu de cela, une masse topologique ne se couple pas a la métrique et apporte
donc une contribution au tenseur énergie-moment seulement via E? = p? +
m?2. La théorie Chern-Simons est aussi un invariant de gauge. D’autre part,
cette théorie peut seulement s’appliquer dans des espaces-temps avec un nombre
impair de dimensions.

Des caractéristiques communes & toutes ces théories massives sont :

o la vitesse de la lumiére est diffusée selon la relation

2 7| 2
@)—@]:m (1.7)
ol w est la fréquence angulaire et k le moment

e un photon massif présente trois polarisations contrairement au cas sans
masse

e le potentiel électrique a une décroissance exponentielle

—mnr

e

¢m760 = (18)
Parmi les théories non-linéaires, nous traitons de deux qui présentent des non-
linéarités classiques et une ou la déviation reproduit les effets quantiques. Les
deux théories classiques sont la théorie de Born-Infeld et la théorie de Podolsky.
Leurs lagrangiens sont [12-14]:

LBI:>¢:§(M14—F4—G271> (1.9

1 4
L= =2 F"F+ = (9 F") \Fp, (1.10)

on F=FWE,, G= iF}wFW*(F,f,, étant eaﬁwFo‘B), g est le déterminant de
la métrique du espace-temps et a une constante.

La théorie de Born-Infeld est trés importante puisqu’elle résout le probléme des
infinis non physiques pour des particules ponctuelles. La paire dynamique des
équations de Maxwell dans le vide indique, dans ce cas,

V-D=0 (1.11)
- oD
H=-=" 1.12
V x o (1.12)
ou
- E—-GB
D = ———— 1.13
VI+F-G? (1.13)
H = _B-GE (1.14)

V1+F —G?



Elles ressemblent étroitement aux équations usuelles de Maxwell dans un milieu.
Dans ce cas, c’est le vide qui agit comme milieu du fait des interactions non-
linéaires avec le champ électromagnétique. Le probléme des divergences est
résolu parce que les champs Det H augmentent indéfiniment proche des sources,
mais pas E et B.

La théorie de Podolsky est trés particuliére parce qu’elle implique des termes
avec des dérivées d’ordre supérieur. Cette théorie est classique, mais a été
développée en prétant attention & ce que ses conséquences quantiques pourraient
étre. En fait, ces nouveaux termes contenant des dérivées d’ordre supérieur
du 4-potentiel aident le processus de renormalisation. L’électrodynamique de
Podolsky produit deux modes photoniques, un maxwellien (A;L) et un dont le
potentiel est exponentiellement décroissant (A};):

’

04, = d4mj, (1.15)
OA, + a4, = 4mj, (1.16)
T
e I
QSA” = —_— <1 — e CL) (117)
" drr

La seule théorie non-linéaire dont le but est de reproduire les effets quantiques
que nous analysons est la théorie de Heisenberg-Euler. Le Langragien est [15]
e~

FMVFHD 2 * ~772 v ok

. —Fu Frv y Ty [x
cos {@k\/ 5 +iFE;, |+ cc.

2 1
+|€k| +6'FMVFMU}
cos {gk \/% + Z'F“VF;”} —c.c.

ou € (: m;cz) ~ 1018% ~ 4.4-10'3G est le champ critique de la théorie et c.c.

représente le complexe conjugué de l'expression précédente. C’est un lagrangien
effectif qui reproduit avec précision les contributions du tree level de la théorie
quantique pour tous les ordres, expliquant des phénomeénes tels que la diffusion
lumiére-lumiére et la polarisation du vide.
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1.1 Maxwell theory

Electric and magnetic phenomena are known to mankind since ancient times.
Even cavemen witnessed lightnings and were shocked in the water by catfishes.
Of course, at the beginning, all these phenomena were interpreted in the light of
superstition and associated with deities. But, as civilization developed, natural
philosophers started to deal with electromagnetism in a more rational fashion.
For instance, it is proved that Thales of Miletus, already in 600 BC, was aware
of the fact that rubbing fur against some kind of materials these latter ended
up attracting small specks of dust [16].

Not only electric phenomena were known. Also magnetism was discovered in
the early days. In Central America was found an artifact dating back to the age
when Olmecs lived in the region, around 1000 BC, that seems to testify that that
civilization was aware of the magnetic properties of lodestone. As suggested by
the American astronomer John Carlson [17], such evidence might lead to think
that Olmec profited of such a knowledge to create geomagnetic compasses well
before the Chineses, who has been always awarded the discovery more or less six
centuries later, hence around the 4th century BC. Also the Greeks were aware
that some materials naturally attracted iron powder. Aristotle credited Thales
of Miletus with the first "scientific" study on the subject [18], for having in fact
discussed how lodestone affected the distribution of iron powder. It is has been
reported that, later, Archimedes (in the 3rd century BC) tried to magnetize
Syracusan army weapons in order to disarm the enemy more easily.

It was, in its embryonic form, the birth of the research on electromagnetism
that lead to James Clerk Maxwell’s theory, many centuries later.

We are all familiar with such a theory, but for future purposes it is useful
to revise it. Our main goal is not to stress the implications of this theory.
Instead, what we aim for is to trace back the roots of this theory. In doing
so, we will be able to stress what the fundamentals of Maxwell’s equations are.
Such fundamentals, even if well sounded, like everything in physics, are not
written in stone. Purpose of this thesis will be to investigate theoretically and
experimentally what happens if we reject one or more of those assumptions.

Of course, during Middle Age the before mentioned knowledge on electro-
magnetism was enlarged. Electric and magnetic phenomena were thought not
to be intertwined. Despite the remarkable work of Peter Peregrinus of Man-
icourt - who in the 13th century studied magnetism extensively, investigating
the different magnetic properties of several substances and pivoting compass
needles [19] , Flavio Goja - who invented the dry compass [20], or Gerolamo
Cardano - who, presumably for the first time, identified with precision the elec-
tric and magnetic phenomena, trying an interpretation in terms of forces [21],
it is only in the 16th century that we have a significant advancement on the
subject. This is due to the man who is, not by chance, called the "founder
of electric science" [22] - William Gilbert. Gilbert in his comprehensive trea-
tise De Magnete enlarged Cardano’s work, invented the word electricus - from
the Greek word for amber - and tested a long list of substances, showing that
many could be electrified but many others could not, thereby preparing the
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ground for the understanding of the difference between conductors and insula-
tors [23]. Gilbert’s work was then continued, in the 18th century, by Robert
Boyle, who, apart from enlarging Gilbert’s list of conductor materials, proved
that the electric force acts across vacuum, therefore being independent of the
air medium [22,24]. Other milestones on the road to Maxwell’s theory were
posed by Stephen Gray, William Watson, Ewald von Kleist, Benjamin Franklin,
Luigi Galvani and Alessandro Volta. Gray further convinced of the difference
between conductors and insulators showing that a metallic wire conducts elec-
tricity whereas a silk one doesn’t. Watson understood that the discharge of
static electricity is equivalent to a current. Von Kleist received a sever shock
from a bottle with a needle on its neck near a generator as he casually touched
it and formulated the concept of capacitance [25]. Franklin contributions were
twofold; he renewed the interest in the subject and enlarged the scope of the
research by proving that lightnings and electricity induced by rubbing materials
shared the same nature and also introduced (vaguely) the concept of potential.
In fact Franklin performed a famous experiment tying a key to a kite and letting
it soar during a thunderstorm. A lightning hit the kite and through the key,
that was connected to what we now call a capacitance, charged it [26]. Galvani
experimented on frogs noticing that when put in touch with a charged metal the
frog muscles contracted; hence he supposed that some kind of electricity were
present inside the animal: this link between biological chemistry and electricity
was fundamental for the development of the chemical battery [22]. Volta dis-
covered that particular chemical reactors could be used to create a difference
in potential between the two extremes of the apparatus so that if a conductor
were inserted between them a current could be observed; he then was able to
create the first electric battery and to better explain the role of potential in the
electric theory [22].

What we are really interested in, anyway, is the contribution due to Charles-
Augustin Coulomb. Thanks to a specific torsion balance he discovered that the
electric force between two charges is directly proportional to the intensity of
the two charges involved and inversely proportional to the squared distance
separating them:

F 7(]1(2]2 7

(1.19)
where 77 is the unitary vector indicate the direction between the two charges
(taken with sign), ¢; and ¢ are the charges and r is the absolute value of the
distance. This equation is known as Coulomb’s Law.
To be historically correct, Coulomb was not the first to devise such a in-
verse square law for the electric force. Others, before him, reached the same

1
conclusion. In particular John Robinson and Henry Cavendish measured the —

r
behavior of the electric force. The first one devised an apparatus that measured
the deviation from the vertical of a metal sphere when electrified in vicinity of
another identical one. With such an equipment he was able to estimate that

1
the electric force should decrease as 06 at maximum. Cavendish created an
r2.
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instrument where two metallic spheres were placed one inside the other, put
in contact with a wire and then disconnected. The scientist was interested in
knowing if the inner sphere would have absorbed all the charge. Of course we
know that it doesn’t. Cavendish saw this too and was also able to exploit this
phenomenon to determine, at the best of his experimental accuracy, what we
call now the Coulomb’s law: his precision was such that it could narrow down
the maximum deviation from the perfect square behavior to only 0,02 [27, 28].
Unfortunately for them, they did not choose to publish their discoveries, and
as a result the credit went to Coulomb, whose accuracy was actually much
lower (only 5-6 per cent) in comparison to Cavendish. Coulomb used a torque
pendulum for his experiments, therefore his results were direct and easy to un-
derstand [29].

The theory of electromagnetism was rapidly developed after Coulomb’s work,
also thanks to mathematical tools like Gauss’s law! and the divergence theo-
rem?, both used to derive the well-celebrated Maxwell’s equations.

After Coulomb, scientists lively studied electric and magnetic phenomena,
understanding in a more quantitative fashion how linked the two were. Armed
with Eq. 1.19 they abandoned static charges to devote their attention to moving
ones. It is so that Kirchhoff found his laws regarding circuits, that Kelvin
calculated the oscillatory nature of the discharge of a condenser circuit. But,
more importantly, in 1819 Hans Christian @rsted discovered that in placing a
compass near a wire in which an electric current flowed the compass needle
moved. This was the first quantitative evidence of the link between electric and
magnetic effects. Not to mention the beginning of a new step toward what might
as well be regarded, from a practical point of view, as one of the most important
scientific revolutions in human history. Orsted’s finding helped André-Marie
Ampére to develop his celebrated theory of electrodynamics, which is the germ of
Maxwell’s theory. Based on his observation, he understood that three principles
ruled the attraction or repulsion of wires passed through by a current:

1. Two parallel portions of a circuit attract one another if the currents in
them are flowing in the same direction, and repel one another if the cur-
rents flow in the opposite direction

2. Two portions of circuits crossing one another obliquely attract one another
if both the currents flow either towards or from the point of crossing, and
repel one another if one flows to and the other from that point

3. When an element of a circuit exerts a force on another element of a circuit,
that force always tends to urge the second one in a direction at right angles
to its own direction

LGauss’s law states that the integral over a closed, oriented surface of the electric field is
equal to 47 the charge enclosed inside the surface

2The divergence theorem states that for a continuous field A (&) defined in a volume V
enclosed by the closed surface S holds §q A-fida = Jv V- AdV where da is the element surface,
dV the element volume and # the unitary vector point by point normal to the surface and
outwardly directed.
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Proceeding on this path, Michael Faraday discovered the last piece of the puzzle.
In fact it was Faraday himself to observe for the first time the electric induc-
tion. He put two solenoids in "contact" coiling their wires around a torus. One
solenoid was inserted in a circuit in which a current flowed; the other was linked
to a galvanometer. Doing so he noticed a current measured by the galvanome-
ter. He attributed such a current to an inductive effect generated by the other
solenoid [22].

Unfortunately for him, Faraday was not particularly well versed in mathe-
matics so he was not able to go beyond the experimental relation he found. It
was Maxwell that, in his impressive work - first published in 1864 in the pa-
per A Dynamical Theory of the Electromagnetic Field [30] - summarized all the
knowledge acquired at the time on the subject in his famous set of equations,
that are still today the starting point for basically everything involving electric
and magnetic forces:

V- E="L (1.20)

€0

- - 10E 1.

B9 _ 7 1.21
V x 20t g’ (1.21)

. . OB
Fv 9P _ 1.22
V x E+ 5 0 (1.22)
V-B=0 (1.23)

where E is the electric field, B the magnetic field, p the charge density, jthe
electric current, ¢y the vacuum electric permittivity, py the vacuum magnetic
permeability and ¢ the speed of light. Taking the divergence of Eq. 1.21 and
using Eq. 1.20, the continuity equation ensues

dp = -

L iv.7=0 1.24
5 j (1.24)
Eq. 1.24 describes the charge conservation in a closed volume.

We have used the SI units for the Maxwell equations. In the following we

will use, instead, the Planck units®. In the latter units, Maxwel’s equations take
the form:

V-E=4mp (1.25)
= = - OE
B=dnj+ — 1.2
V x Tj + 5 (1.26)
. - OB
= 1.2
VxE 5 (1.27)
V-B=0 (1.28)

The successes of Maxwell’s theory are uncountable. It is the base for the
study of every electric circuit that makes our electronic devices work. In addi-
tion, in a more speculative context Maxwell’s theory has proven its solidity. Eqgs.

3See the Appendix on units and dimensions
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1.25-1.28 are in perfect agreement with Einstein’s theory of relativity. Not only
they are naturally derived within that mathematical context, but also predict
the correct propagation for waves and respect the causal structure. If all this
were not sufficient, the expected numerical value of the speed of light is correct*

1
v/ Ho€o

We now set Maxwell’s electromagnetism in a relativistic covariant form. In a
four dimensional Minkowski space with signature (1, 3) the infinitesimal interval
is

(1.29)

CcC =

ds® = (d2°) — (da')? — (da?)” — (da®)” (1.30)
and, hence, the metric is
1 0 0 0
Guv = 8 _01 _01 8 (1.31)
0 0 0 -1
The inverse metric is defined by the relation
Guag®™ =9, (1.32)

where 4 is the Kronecker’s delta: ¢, = 0 for 4 # v and 0, = 1 for p = v. Eq.
1.30 is invariant under the Lorentz-Poincaré group. In fact the metric Eq. 1.31
defines a scalar product given by

(a-b) = a’gb= g,a"b” (1.33)

where a and b are 4-vectors, g the metric matrix® and the operator 7 indicates
the algebraic operation of transposition. The matrices that conserve such a
kind of scalar product belong to the 4x4 representation of the Lorentz-Poincaré
group. In other words, to prove our statement it is sufficient to show that 4x4
matrices satisfying Eq. 1.33 generate the Lorentz-Poincaré group. Let’s then
suppose to have one of such matrices, called A. The effect of A on the position
vector is given by

2 = Ax (1.36)

40n this relation see [31] and [32].
5Unlike what happens in the Euclidean case, here we must distinguish between contravari-
ant 4-vectors that transform according to
ox'H

AF = A (1.34)
ox?

and covariant /-vectors that transform as

B ozH

v = g B (1.35)

One can pass from covariant to controvariant vectors using the metric tensor Eq. 1.31 and
from controvariant to covariant using the inverse metric.
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If A conserves the scalar product 1.33 it holds that

()" g2’ = 2T gx (1.37)
Using Eq. 1.36 one has
(Az)" g (Az) = (2)" ATgAz = 27 gz (1.38)
for every x. Therefore
ATgh =g (1.39)

Eq 1.39 and 1.45 define unambiguously the Lorentz group®. Eq. 1.39 is the
fundamental relation from which one can infer other important properties. For
instance, taking the determinant of Eq. 1.39, one sees that

det (ATgA) = det g - (det A)® =detg = det A = +1 (1.45)

because det g = —1. To be precise this latter admits four subgroups. If det A is
+1 then we are in the proper subgroup, otherwise in the improper. Also the sign
of the 00-component of A is a discriminant that gives two distinct subgroups:
if A > 0 we are in the ortochronus, if Ay < 0 the subgroup is called non-
ortochronus. Physical applications require to work in the proper ortochronus

6Lorentz’s transformations are the only non-singular coordinate transformation that leave
Eq. 1.30 invariant. In fact, for any other variable changes the interval in the primed coordi-

nates is
oz'H dz'v

2
(ds)” = inawiaa?dm”dmﬁ = gapda®dz’ = ds® (1.40)
for all dz®. Thus, we get
ox'* oz’
I o gah — 0P (141
and deriving with respect to z¢
82CEW ox'v Ox'H an/l/
0= _— —_— 1.42
I 5o dze 9P + 9w Oz dxPoxe (1.42)
The latter can be rewritten as
821,/;;. ox'v Ox'H 821,/1/ anlu ox'v Ox'H a2m/u
0 = 9w |5a7= + + +
Ox*dzc dxf x> OxPOxc = Ox0x™ OxP = Oxc 9xPOz™
2 ./ 1 v i 2,./v
_ ozt Ox _ oz’ O%x (1.43)
Ox*9zP Oxc Oz OzcOxP
After simplification we finally obtain
82$/” ox'v
0=2 _— 1.44
I o de 9P ( )

v

. . ox
But we have assumed the transformation to be non-singular so 528 # 0 and, of course, also
:v

= 0 which means that the transformation must be linear, or,

82x'“

Or*0xe

in other terms, a Lorentz transformation.

guv is non-singular. So
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subgroup. For a boost transformation such a matrix reads

Y _761 5 _762 —’}/ﬁ?)
g 140 —Bl) i (v —;;)26152 (v —;25153
A=1 _ 5 Oz 125152 1 0= i) B —/‘26263 (1.46)
— — _ 2
B (v ;)25153 (v ;)25253 14 (v ﬁi) B3

where 5 = ¥ (it would be g, but the reader must recall we set ¢ = 1; the

consequence is that the value of ¥ ranges from 0 to 1 because the base unit

l
for the velocity is ¢ which is exactly t—p as one can see from Tab. A.3) with i
P

component B;, 8 = ‘ﬁ’ and v = (1 — 62)_%.

In order for the principle of relativity to be satisfied, nature laws must be
written in terms of entities whose transformation properties respect the Lorentz
group.

We write 1.25-1.28 in a covariant form, i.e. in such a way that they are
formally invariant under Lorentz transformations. e introduce a second rank,
completely antisymmetric tensor, called Maxwell’s tensor

0O —-E, —-E, —E.
E. 0 -B. B,

uy _
= E, B. 0 -B, (1.47)
E. -B, B, 0
Thus, Eqgs. 1.25-1.26 can be written as
0, F"" = 4 j# (1.48)

where we have defined the 4-vector j# = (p, 5), called the 4-current. It is really
a 4-vector since the 4-divergence is formally given by
_oY" —

OY" = o + V.Y (1.49)

that applied to j# is just the the charge conservation law Eq. 1.24 derived by
Maxwell’s equation, which holds true. We will see that there is a more refined
way to see that the 4-current is a conserved 4-vector.

Instead Eqgs. 1.27-1.28 change into

Duf =0 (1.50)

where
[ =P Fop (1.51)
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is the the dual Maxwell tensor and €"*# is the Levi-Civita symbol that takes the
value +1 if praf is an even permutation of 0123, —1 if it is an odd permutation
and 0 otherwise. Eq. 1.50 is equivalent to the system of four equations given by

OFPY 4 9P Y™ 4 7 FP =0 (1.52)

that is the Ricci Curbastro-Bianchi identity for a rank-2 tensor.

Proposed in this fashion, all this seems very casual and depending on the
particular choice we made in Eq. 1.47. But Maxwell’s tensor was not chosen
arbitrarily. There is a deeper reason for the form it takes. The 4-potential is
given by

AP = <¢,,¢T) (1.53)

where ¢ is the usual electric scalar potential and A is the magnetic vector
potential, well defined in virtue of Eq. 1.28.

Thanks to Maxwell’s equations, the fields are related to such potentials via
the following relations:

L oA -

E = - = - 1.54
5 VO (1.54)

B = Vx4 (1.55)

Given a 4-vector such as Eq. 1.53, the most general way to construct a second
rank, completely antisymmetric tensor is

Frv = Qi AY — §¥ AW (1.56)

Using Eqgs. 1.54-1.55, the tensor 1.47 is obtained. For instance, for the x
direction, the electric field component is
04, 09 041 _ A1 40
el (0°A' — ' A%) (1.57)
Even if we justify the form we chose for Maxwell’s tensor, we cannot be
completely satisfied with how the theory was derived. We would like it to follow
from general principles. One of the most fascinating aspects of Maxwell’s theory
is that such a derivation is possible and in agreement with Einstein’s relativity.
To achieve such a goal, we construct an action that, after having applied
the Variation Principle, gives us as Euler-Lagrange equation exactly Eq. 1.25-
1.26. So we must build the Lagrangian for electromagnetic fields interacting
with sources. In fact, by definition,

S = /Edt: / (/Ld%) dt (1.58)

where S indicates the action, £ is the Lagrangian and L represent the La-
grangian density. Taken Maxwell’s tensor as in Eq.1.56, we could write the
Lagrangian density

E, =

1

Ljree (A%, 0°A%) = —1=
us

F o F* (1.59)
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for the electromagnetic fields. In fact, in order to have a Lorentz invariant action,
it is clear, from Eq. 1.58, that the Lagrangian density must be a Lorentz scalar.
Further, we expect the Lagrangian density to be quadratic in 0" A", just like in
the dynamical case the Lagrangian is quadratic in the velocities. Given these
premises, F** must be used to build up L7. The only Lorentz scalars one can
construct out of it are F),, F'*¥ and F},, f*V. However, the latter is a scalar only
under proper Lorentz transformation, but behaves like a pseudoscalar if time
inversion is present. So the only reasonable, physical choice is the one given in
Eq. 1.59, where the numerical proportionality constant has been chosen such
that at the end of the calculation one obtains the correct factors in Maxwell’s
equations.

Of course this Lagrangian density describes only electromagnetic fields. To
obtain the whole theory we must consider how fields couple with sources. These
latter are represented by the 4-current. And the easiest Lorentz scalar that one
can think of is

Lins (A¥) = —A " (1.60)
Finally, the full Lagrangian density is
1
L(A* 0rAY) = —m—WFWF“” — At (1.61)

which is the full Lagrangian density for the theory.

According to the Variation Principle, the equations of motion are given by
setting the first order variation of the action to zero. Considering that we have
a Lagrangian density depending on A* and 0* A" only, we obtain

55:/5Ld4:r,
oL oL
= [ (55704 + 577—=0(0,4,) ) d*
/(aAﬂé “+a(aﬂA,,)5(a“ ”))dx

oL oL
[ (Plsa o | O s )i
/(aAf n = On {awu)]‘s “)“
oL
77 SA |t
T @, ay) Al

But the variation vanishes on the boundaries, so
oL oL
-0 | =0 1.62
ek @AV)] (162
With the Lagrangian density Eq. 1.61 one has

oL 1
B L& 1.
94, = o (1.63)

"Egs. 1.27-1.28 are directly derived from Eq. 1.52. The field tensor is defined via the
commutator of the two convariant derivatives acting on the 4-potential. Thus, the field tensor
satisfies the Ricci Curbastro-Bianchi identity by construction.
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oL 1
_— = — " 1.64
90, 4,] ~ in (1.64)

and hence 4
0, FH = %j” (1.65)

which is exactly Eq. 1.48.

Also Eq. 1.50 can be easily obtained. In fact, the potentials have been
chosen according to Egs. 1.54-1.55 which are a direct consequences of 1.27-1.28.
We write the left hand-side term of Eq. 1.50 explicitly

v 1 Vo
Ouf™ = 50uPFop

= 9,e"Po,Ap
= P90, A5 (1.66)

The operator 0,0, is symmetric in its indexes, whereas e"B i antisymmet-
ric. Thereby, contraction on these indexes makes the right hand side vanish,
implying that Eq. 1.50 is satisfied, like we wanted to prove.

Similarly, also the continuity equation can be obtained in a covariant for-
malism. If one takes Eq. 1.48 and performs the 4-derivative one has

%@L&F’“’ = 9,.5" (1.67)

Again, the operator 0,0, is symmetric whereas F'*” is antisymmetric. The
contraction between them is vanishing and one arrives to the expression

B, =0 (1.68)

which is exactly Eq. 1.24 thanks to Eq. 1.49.

1.2 Alternatives to Maxwell’s theory

If we have such a successful theory that can also be derived from general princi-
ples, one could wonder why we are interested in finding alternatives. The answer
to this question is crucial and can basically be summarized as follow.

On the one hand, we have to remind ourselves the large, but yet limited range
in which Coulomb’s law has been tested. In the previous section we quoted the
remarkable achievements reached by the early experimenters in this field. For
many purposes, that kind of precision is vastly sufficient - to prove once more
the caliber of those scientists. As technology has progressed, more and more
stringent tests have been performed, in order to know up to what precision
we can count on Coulomb’s law. It is possible that outside the regime in which
classical electrodynamics has been tested, deviations could emerge from it. Part
of the following work will deal with calculating observable quantities precisely
for phenomena supposedly in critical regions.
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Figure 1.1: Fenyman diagram showing the one loop QED contribution to the
electron self-energy. Going from left to right, the diagram shows the electron
evolving freely, producing a virtual photon at the first node. The photon is re-
absorbed at the second node and, finally, the electron continues its propagation.

On the other hand, we have a more impellent reason to try and modify
Maxwell’s electromagnetism. The 20th century was marked by the discovery
of quantum mechanics, the comprehension tool for molecular, atomic and sub-
atomic physics. In its relativistic form - the so called quantum field theory -
quantum mechanics has the pretense of dealing with continuous fields too, not
only with particles. Unfortunately a lot of difficulties arise, namely unphysi-
cal infinities. Maybe the most remarkable example is the electron self-energy,
known even before quantum electrodynamics (QED hereafter). In fact, the self-
energy of a charge must equal that contained in its electrostatic field. Since
the electron is supposed point-like we incur in the pole at » = 0 in Coulomb’s
potential. Being the energy is proportional to the integral of the field squared,
one obtains an infinite value. This problem is not solved in the quantum the-
ory. Feynman’s diagrams beyond tree level show that the first order correction,
where the creation and subsequent annihilation of a virtual photon along the
propagation of the electron occurs, gives a divergent additive contribution to
the scattering amplitude (Fig. 1.1)8.

Even worse, in QED also photons have infinity self energy, something that
has no classical counterpart. In fact, diagrams like the ones in Fig. 1.2 appear,
where we see a process of creation and annihilation of a virtual pair of particles.
As in the electron case, the divergent contribution to the scattering amplitude is
additive. Such a divergence is corrected by replacing the massless photon with
a massive boson. During the renormalization process, the mass of this boson
is then required to vanish. In such a way the photon itself is recovered and
the gauge invariance of the resulting scattering amplitude is assured. Even if
these problems are not enough to question the basis of the Maxwellian theory

8See Appendix for an heuristic introduction to the Feynman diagrams
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Figure 1.2: Fenyman diagram showing the one loop QED contribution to the
photon self energy. Reading from left to right, the diagram shows the photon
propagating and split into a particle-antiparticle pair at the first node. The
pair annihilates at the second node reforming the photon that continues its
propagation.

and its results, it is legitimate to ask ourselves if we can do better than this.
Usually, the counterargument used in order to stick with Maxwell’s theory is
the following. Experiments show that the classical theory of electromagnetism
fails in the realm of atomic or subatomic physics. For instance, Maxwell’s
theory doesn’t predict any non-zero ground state for the kinetic energy of an
electron orbiting a nucleus, nor quantized transitions among the energy levels in
atoms. However, the QED gives extremely precise predictions that match with
experimental data up to an incredible accuracy.

This is true, of course, but not conclusive. In fact, a very orthodox theoret-
ical physicist might argue that the success of Dirac equation spurs from that of
Schrodinger’s. This latter origin as the author itself admits, is more fortuitous
than profound. We should never forget that QED is a phenomenological theory,
i.e. it aims at explaining the observed results for scattering experiments. It is
far from actually explaining everything one is keen to know concerning charged
particles and their dynamics. It is here appropriate to remind that Feynman
himself said that we know very little about what actually happens during a
transition between two states in a quantum theory. We can only create a theo-
retical apparatus that is able to accurately reproduce the output given the input
parameters.

On a more philosophical tone, we can observe that during the 20th cen-
tury our understanding in all fundamental interactions but electromagnetism
has evolved drastically. Instead, we stick with a theory that is more than a
hundred years old when it comes to EM phenomena. This, of course, is not a
detriment in itself. If that theory were proven true, it would be, on the contrary,
a great praise. Fundamental physics, though, is called to asked this question:
is Maxwell’s theory the best we can do? Sadly, despite the many alternatives
present in literature and that we will cite in this work, a comprehensive answer
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has not been given yet. The main reason behind this lack in our knowledge is
that - most probably given by the trust most of the scientific community poses
in the experimental accuracy of the QED - the problem has never been tackled
systematically. Even if major physicists have come up with alternatives, these
were only considered when there was an ad hoc need for them. Proof of our
statements is the fact that, to this day, there is still no comprehensive review
of all non-Maxwellian theories that have been put out in the last centuries,
underlining the similarities, differences and the constraints of validity.

The formulation of a parametrized post-Maxwellian scheme is a research
target of its own. Conversely to the theories of gravitation for which the
parametrized post-Newtonian (PNN) formalism acts as reference to describe
specific deviations from general relativity, it does not exist anything of the sort
for electromagnetism. Our aim will be thus limited: we want to briefly present
and organize the most important of these theories. With these, we aim at inves-
tigating the subject of light propagation, mostly in the astrophysical context,
to see if it is possible to obtain significant differences with Maxwell’s theory. If
such is the case, that would bring new contributions to fields such Dark En-
ergy, Dark Matter and, with some more work, Cosmology. More generally, it
would change our way of understanding the way light propagates. This would
be crucial because, even if gravitational waves have been recently revealed by
the VIRGO/LIGO collaboration, it will take some time for the gravitational
window to be exploited to explore the universe. Until then the greatest part
of information we get will be in the form of the electromagnetic signals we re-
ceive from stars and galaxies. A deeper or modified understanding of how light
propagates might put in question some of the aspects we consider certain.

We can classify the alternatives to Maxwell’s theory in two large groups:

1. MASSIVE THEORIES: where the particle that carries the electromag-
netic (EM hereafter) interaction is not taken to be massless

2. NON-LINEAR THEORIES: where the fields appear non-linearly in the
Lagrangian.

From a physical point of view, a difference between these two classes is that the
first implies a long range modification of the EM interaction, which is, however,
held valid for shorter ranges. Instead, the second case implies a modification of
the physics for all possible ranges.

In addition, non-linear theories can be further divided into theories where the
non-linearity appears already at classical level and theories where the linearity
occurs only in the quantum regime. In the former case, we have a purely classi-
cal theory, whereas, in the second one, we obtain an effective theory. This latter
aims at reproducing the QED results without passing through the quantum for-
malism and, therefore, avoiding the non-rigorous apparatus of renormalization.
It must be noted that the first class, by its nature, is intrinsically quantum.
Indeed, only in such a context we can meaningfully talk about an interaction
carrier. However, that does not prevent from taking the classical limit, as we
shall see.
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1.2.1 Massive theories

We first analyze some general features that are common to all EM massive
theories.
A non-zero photon mass implies a free propagating wave described by the

following expressions®:

E = Egexp {—i (wt —k- f)} (1.74)
B = Byexp [—i (wt —k- f)} (1.75)
(w)? — ‘Ef — m? (1.76)

where £ is the wave vector, w the angular frequency and m represents the photon
mass in terms of units of wavenumbers or, equivalently, of inverse length. The
last expression, is, of course, what makes massive theories differ with respect
to the classical EM theory. In the latter light propagation speed is a constant.
Instead Eq. 1.76 tells us that we have a true dispersion relation. For the group
velocity of a wave packet, we have

d ]_C' E 2 _ 2
vy = —ror = L1 = YL -7 (1.77)
ali| @ -2 w
k| +m?

A second remarkable feature is that a massive photon corresponds to a state
with three independent polarizations. This is somewhat expected, since the
photon must behave like every other massive particle. In fact, only massless
particles have only transverse polarizations since a longitudinal one would mean

9To obtain these solution, we take Eq. 1.27 and perform its curl:
oV x B
ot

where we have assumed the continuity of the fields to commute the derivation with respect to
t and the curl operation. The left-hand side is know, from the algebra, to be

?x(ﬁxﬁ):

(1.69)

—V2~E+§(§~E) (1.70)
In the right-hand side we use Eq. 1.26 obtaining
O?E
- = 1.71
o2 (1.71)
In absence of free charges V-E= 0, Thus,
L O%E
v2.p-_ 9 1.72
o2 (1.72)
= O’E
=>V2.E—-— =0 1.73
o2 (1.73)

The solution to Eq. 1.73 is Eq. 1.74. For the magnetic field, it is possible to proceed very
similarly.
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that they can change their speed along the direction of propagation, which is
impossible because they must travel at the speed of light. Why has that mode
not been detected yet, then? If we place ourselves in the reference frame where
the massive photon is at rest, such a particle has

k

0 (1.78)

Of course, the plane transverse to ’E ’ is undefined. However, in the rest frame

we know that the photon electric energy E2 is proportional to the photon in-
tensity. Lorentz transformations provide the parallel (||) and perpendicular (1)
components of the field in a different frame. In that case, one gets:

w

Eyr = —FEolrest (1.79)
m

EOH = E0||rest (180)

where we have exploited that
w
K =wv=ym=y=— (1.81)
m

K| being the energy of the photon. Measuring the transverse mode from a non-

comoving reference frame, the mode is suppressed by a factor 7. If we wanted

to measure the perpendicular polarization with an experiment, the field would

be received by an antenna. The power absorbed by the antenna is proportional

to the square of the field; thus, the longitudinal photons are suppressed by the

square of such a factor. We use the verb to suppress because the photon mass,
m

if it has one, is very small, and thus, ” is very small as well.
Last but not least, if the field is static, we have that

+m2=0 (1.82)

= |k

=1im (1.83)
This means that the potential of a static charge is the of the Yukawa type, with
an exponential decay over the range m ™!

—mnr

€

Vinzo = (1.84)

In the following subsection, we examine some remarkable massive theories
which still have a bearing in contemporary research.

1.2.1.1 Power deviation from Coulomb’s law

In the beginning of this Chapter, we have already mentioned that Coulomb
(and others) hypothesized and proved experimentally that the electric interac-
tions between two charges has the same behavior of Newton’s mechanics. They
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experimentally determined the largest data compatible deviation from the in-
verse square law. This deviation is expressed as an algebraically added index
a to the second inverse power (we remind here that proportionality constant

k= 47:150 has been set to 1 because of the Planck units we have chosen)
9Q
F= e (1.85)

Of course, such an approach is only roughly correct; however, the precision
on such experimental tests can be used to determine initial limits on the pho-
ton mass. It is therefore worth mentioning other experiments that have gone
in these directions after those mentioned in [27,28]. In 1936 Plimpton and
Lawton [3] improved the Cavendish experiment. They used two concentric con-
ducting spheres, grounded them and then charged the outer one at 3000V. A
galvanometer was connected to the two spheres, visible through a conducting
window and measured the difference in the potential. The ensuing value for «
was smaller than 1076 .

Others attempted to improve, always in laboratory settings, on this number.
Among those, we can recall Cochran and Franken [7], Williams, Faller and
Hill [?,4], Bartlett, Goldhagen and Phillips [6]. These experiments improved on
the accuracy by up to three order of magnitude, without substantially changing
the setup, but reducing the noise due to the mechanical components.

1.2.1.2 de Broglie-Proca

In 1936, Alexandru Proca, in collaboration with his Doctorate Thesis supervisor
Luis de Broglie, put unwillingly forward what is, to date, the most relevant
advancement in massive, non-Maxwellian theories [9,11,33-37]. It is a consistent
modification of the classical theory that gives rise to a non-zero photon mass,
preserving, at the same time, the explicit Lorentz invariance of electrodynamics.
The idea is very simple: the EM Lagrangian is modified by adding a term given
by the contraction of the field associated to the photon with itself and multiplied
by a factor that is proportional to the mass of the particle. Of course, this is
the modern way of writing such Lagrangian, which is heavily influenced by our
know-how in QFT'?. Originally, Proca didn’t use contravariant vectors, nor
described the photon as a vector potential. We have:

1

Lr =161

2
FM"E,, — %AMA“ — AMj, (1.86)

where p is the photon mass.
From the Lagrangian, we write the modified version of Maxwell’s equations

0QFT is the acronym for Quantum Field Theory. Tt is the theory that helps us treat the
quantum physics in a relativistic way. The aforementioned QED is the branch of QFT dealing
with the electric phenomena.
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for the de Broglie-Proca (dBP hereafter) theory. They read

V-E = 4mp—p?o (1.87)
VxB = 4w]+%€— 24 (1.88)
V-B = 0 (1.89)
= = OB

E = -2 1.
V X ey (1.90)

where ¢ is the scalar electric potential, A the magnetic potential. We recall
that a mass has dimension of the inverse of a length. In fact, restoring SI

units p = % (c being the Maxwellian speed of light and % the reduced Plank

constant) and it represents the inverse of the reduced Compton wave length
for the photon rest mass. It is important to notice that only the Gauss and
Ampeére laws are affected by the modification. This is understandable because,
as we have underlined previously, the remaining couple of Maxwell’s equation
come from the Ricci Curbastro-Bianchi identities, i.e. from the geometrical
properties of the manifold we are working on. Instead, the dynamic ones are
changed. However, the fact that the second couple of Maxwell’s equations are
left unchanged is important because it tells us that the definitions of the fields
in terms of the potential are left unchanged too.
The three most important consequences of the dBP theory are:

1. the potential of a static point charge decreases exponentially

2. the field equations imply a dispersion of the group velocity with the fre-
quency

3. dBP theory breaks a fundamental symmetry of classical EM: the gauge
symmetry.

Let’s start by discussing the first aspect. From Eq. 1.87 we obtain the potential

(1.91)

where ¢ is the point charge positioned at the origin of the reference frame. We
see that the scaling factor in the exponential is the reduced Compton wave
length p~!. To be historically correct, we must say that Proca and de Broglie
never drew this conclusion. They were more interested in the dispersion effect.
It was due to the effort of Yukawa [38], Schrodinger [39] and Bass [40] that such
a suppression of the potential was found.

We can see the light dispersion as follows. Eqs. 1.87-1.88 we have that the
potentials are

A, ~exp {— <E~f—wt)] (1.92)

The wave equation is given by

(O—u?) A= —jy (1.93)
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where O is the D’Alambertian operator and j,, is the 4-current (p,f). For a
vanishing current, then
E? = w? — u? (1.94)

Thereforem the phase and group velocities become

2\ ~ 3% 2
w 1 [
1
Ow N2 2 ’u2
= o) o B 1.
Yo ok ( w2> 2w? (1.96)

We clearly see then, that because of the photon mass, there is a dependance
on the frequency, which, in first approximation, can be taken as going with the
inverse square. Furthermore, the phase and group velocity differ. This relevant
feature is used to test the photon mass, namely measuring the time delay in the
arrival of EM signals, coming, e.g., from pulsars and Fast Radio Bursts (FRBs).
From Eq. 1.96 we evince the time delay. Considering two wave packets with
frequencies

w1 > we > [ (1.97)

The difference in velocities is

11 2\?
B0y = =i (G- ) +0 (J}
2
W
= S0 +0 )] (1.98)

If both waves travel a distance L, then the time delay is

L L L
At=—"—"— = ~ = (A2 -2 2 1.99
Vg1 Vg2 Q2 ( 2 1) M ( )

once we neglect the higher order terms.

Coming to the gauge symmetry breaking, we are aware of the importance
that symmetries play. The fundamental ones (time and space translation, rota-
tion etc...) are a profound, mathematical way of expressing the conservation of
quantities that we observe through experiments. Gauge symmetry, however, is
very peculiar. The gauge symmetry tells us that we have a freedom in the way
we choose the potentials. The peculiarity of such a symmetry is that the poten-
tials are not measurable quantities. Hence gauge symmetry is not associated to
a physical conserved quantity. However, it is associated to a conservation law.
In Maxwell, we know that a transformation of the form

oA
¢ = d=0- 5 (1.100)

A - A =A+VA (1.101)
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where A is a function of the event x* leaves the theory invariant. The electric and
magnetic fields of dBP and Maxwell theories are not influenced by the changes
of Eqgs.1.100,1.101. However, the explicit mass term in Eqs. 1.87-1.88 couple
directly to the potentials, introducing a term that depends on A in the equation
of motions. The problem is usually circumvented recurring to the local charge
conservation principle. In fact, we know that the four current must satisfy the
continuity equation

- - Jdp
V-i4+-2E=0 1.102
It (1.102)
This one is satisfied, for the dBP theory, only if the a specific condition is met
- - 0V
A+ —=0 1.1
V-A+ 5 (1.103)

It is, of course, the famous Lorentz condition 0, A* that we have already en-
countered. In this context however, it has a completely different meaning. In
Maxwell’s theory it is a choice we make to decouple the wave equations. In-
stead, in this context it is a necessary subsidiary condition that breaks the
explicit gauge invariance of the theory! This claim is justified because only
functions that satisfy the equation

v? 15— 0 1.104
v - |- (1.101
It would therefore seem that requiring the gauge invariance of an EM theory
corresponds to asking for the photon mass to be zero. As will see later in the
text, this is not so straightforward. There are some experimental limits to the
photon mass which have been put forward over the years, as we will now discuss.

In the early 20’s, de Broglie assessed - without explanations - the mass
upper limit to be 107°3kg [9, 10]. Later, he used dispersion to set an upper
limit of 107%?kg (emended of a computation error [11,41]). Nowadays the best
dispersion limit is in 3 x 10~%%kg [42]. Exploiting the magnetic field of Jupiter
and Earth, resulted into a limit of 107°'kg [43,44]. Ryutov used the solar wind
to lower the limit at 107°2kg at a distance of 1AU [45,46] and at 10~°*kg at 40
AU [46]. The latter is the one currently accepted by the Particle Data Group
[47]. Conversely to the model-derived bounds set in [43,44], the Ampére law has
been tested experimentally using the data from the ESA mission Cluster. The
authors derived an upper limit ranging between 1.4 x 10~*7kg and 3.4 x 10~° kg
at 1AU, depending on the assessed value of the potentials [48], yielding a mass
smaller than 10~*°kg. Through the modeling of the galactic magnetic field
limits as constraining as 10~%%kg have been set [49-51], however, because of

how heavily these result depend on the model their validity has been put in
doubt by [48].

1.2.1.3 Stueckelberg

As we have mentioned in the above paragraph, in 1957 Stueckelberg [8] found
a way to let a massive photon and gauge symmetry coexist. At first, it was
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thought that it was merely a mathematical trick to hide the problem. Only
after, it was understood that such a theory had a deeper significance. This was
achieved mainly through the impact that it had in other fields and, in particular,
in QFT. The Stueckelberg mechanism casts a new light also in the understanding
that we have of the link between gauge invariance and masslessness.

Stueckelberg’s idea was to introduce a new scalar field D in the Lagrangian.
This field had a fixed magnitude and carried an electric charge ¢. In vacuum,
the Lagrangian looks as:

1 1 2 = L2
Ls =~ F"Fu +3 U—atD + iqAb‘ - ‘VD - iqAb‘ } (1.105)
Y5

We fix the coupling on the field b so that the additional term in Eq. 1.105

becomes )

2;EANA# (1.106)
where the “photon mass” is given by
w=qD (1.107)
qD

In ST units, the last expression would read p =

. In the Stueckelberg
Veohe

case, we have obtained a massive term without any restriction on the kind of
gauge we must choose. We only chose how to couple the field D, by setting its
phase variation to zero.

The lesson to be learnt is that it is not gauge invariance that requires a
vanishing photon mass. It is instead the minimal dynamics obeying gauge in-
variance (that is Maxwell’s action) that requires the masslessness of the carrier.
However, if there is a coupling of said carrier with another field (D in our case)
it is possible to respect gauge invariance and accommodate a massive photon.

We can see some steps in the development of Stueckelberg’s theory. A first
modification to dBP theory leads to the Lagrangian

L=-0,A,0"A" + m*A, A" (1.108)

In this case Lorenz gauge fixing arises naturally from equation of motion, whereas
it had to be imposed ad hoc in the dBP theory. But choosing the form in Eq.
1.108 affects the Hamiltonian (given in [52]) positive definiteness

3
H ==Y (0:4,) (*A") —m> A, A" (1.109)
A=0
Because of the metric signature, Ay has a negative value and hence H is not

positive definite.
In QED this problem is solved imposing the Gupta-Bleuler condition!! [53]

oM A | phys) =0 (1.111)

HTn QED, a photon is described by a wavefunction defined by the eigenvalues corresponding
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where | phys) is the ket for any physical state and A,(f) is the part of the field
A,, containing only annihilation operators'?. Unfortunately, this trick cannot

to the 4-momentum and 4-polarization. Using the common bra-ket notation, the state of the
photon is labeled |k, €,), where €, is indeed the 4-polarization vector. Since the 4-momentum
of the photon is null-vector (k*k, = 0) and its time component must be positive because it
represents the energy, k,is uniquely determined by its spatial components. The expectation
value for a transition between two quantum states with different momenta and polarizations
is L

(F1,en | Fayen) = —nuyma (121 —122) (1.110)

1

The problem with this expression is that it gives positive norms for spatial polarizations
and negative ones for time-like polarizations. Since the previous expression is linked to the
probability of finding a photon in certain state, this is unacceptable. Furthermore, we have
already shown that the photon - if massless - should have two polarizations, not four as it
is here the case. One more polarization is hidden in the gauge covariance. It can be set
by kpe* = 0 but it gives an unphysical state because it is a mode that is parallel to the
4-momentum. Even so, one should impose a condition that eliminates the two unphysical
polarization. Unfortunately, as shown in [53], this cannot be done in a Lorentz covariant way.

The solution to this apparent dilemma is in a redefinition of the space of the physical states
in which we work. The new space will be the quotient of the full space by its unphysical
components. The result of this operation is that the gauge choice will not be the Lorentz one
anymore (9, A" = 0), but 8" A, | phys) where we have labeled |phys) the element of the new
space.

12Creation and annihilation operators are mathematical operators that, acting on a physical
state of a system, create or annihilate a particle. We will sketch here how the mechanism works
for the case at hand. We warn the reader that, however, our purpose is not to give a full and
formal explanation of how the second quantization works.

We have repeatedly said that Maxwell’s theory is gauge invariant. Therefore we can choose
a gauge to quantize it. Let’s pick the Coulomb gauge (6 A= 0). The Fourier expansion of
the vector potential confined in a cubic box of volume V reads

Z Z ( () g(t)ei];';*f{l(’g) ay (t)ef”g‘rj (1.112)

where €% is the vector of the two possible polarizations and the sign ~indicates the complex
conjugate.
The idea of the quantization is to treat the functions af (t) and af (t) as operators. So

ag (t) =

o (E) (1.113)

al (t) — lv ate (12) (1.114)

Technically speaking, the operators are elements of an algebra which is characterized by the
following commutation relations

[ ( ) (Eﬂ [ (E) sat? (E')] =0 (1.115)
[ ( ) ( )] =05 50,8 (1.116)

where the symbol [A, B] = AB — BA. So the quantized expression for the vector potential is

A=y ﬁz = (@ @ @ae {e™) o

We do realize that this is not a complete and precise explanation of why this is correct, but,
once again, the purpose of this text is not to summarize our knowledge on QED.
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be applied in the case of the Stueckelberg formalism because it conflicts with
commutation relations. The commutation relation gives

(0" Ay (2),0" Ay (y)] = i0° A (z — y) (1.118)

where A is the propagator and the subscript m has been added to remind that
we are in the massive theory!?. Actually, in the QED case 8°A¢ = 0 and Gupta-
Bleuler mechanism works. Instead for the massive vector field, 02A,,, = —m?A,,
and hence the inconsistency.

Stueckelberg solved the problem by introducing and auxiliary field D, the
so called Stueckelberg field. The D field obeys the same equations of motion as
A

e

(24+m*)D = 0 (1.120)
[D(2),D(y)] = iAn(z—y) (1.121)

The Gupta-Bleuler condition is replaced by
(0" A, +mD) ) | phys) =0 (1.122)

and in this is consistent with Eq. 1.121.
The Stueckelberg Lagrangian turns into:

L=—0,A,0"A" + m*A" A, + 0,D0" D — m> D> (1.123)

This expression is gauge invariant. On top of that benefits of the absence of
higher order derivatives in the commutation relation, which would render the
theory more divergent at higher energies. The gauge fixing condition arises
naturally from the equation of motion

90" AY +m2A” =0 (1.124)
9,0"D +m’D =0 (1.125)

and reads
(> +m*)A(x) =0 (1.126)

Eq. 1.123 can be also put in a nicer form at the cost of losing the manifest
gauge invariance

2
a"D) — (0"A, +mD)* (1.127)
m

1
L == F" Fu+ m? (A,L —

13The propagator is defined as
iA(z—y)={0][¢(z),d(y)]]0) (1.119)

where ¢ (z) is a field and | 0) indicates the ground state of the system.
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1.2.1.4 Chern-Simons

Chern-Simons theory is a peculiar but very important theory that assigns a
topological mass to the photon. A topological mass is purely inertial, unlike the
common kind of mass. In other words, the usual mass couples to the metric and
brings an autonomous contribution the energy-momentum tensor. Instead, a
topological mass does not couple to the metric and therefore brings a contribu-
tion to the energy-momentum tensor only via E? = p?+m?. The Chern-Simons
theory is also gauge invariant. However, it has the peculiarity of being written
only for a 241 spacetime, that is with only two spatial dimension. Why do we
need such a reduced space?

The reason is rather simple. In a 341 spacetime, Maxwell’s Lagrangian is the
most simple, Lorentz invariant and holds also in a 241 space, with some minimal
differences. The magnetic field is not a vector anymore, but a pseudo-scalar.
In fact, for a 2D vector potential, the magnetic field is defined by B = ¢, A;,
without a free index that gives it its vectorial nature. The electric field, remains
a vector, but only with two components. Hence, the completely antisymmetric
Maxwell tensor has only three free components.

However, the interest of reducing by one the dimension of our spacetime lies
in the generation of a new Lorentz and gauge invariant term, which is also local.
Such a term reads

Los = ge””pA#&,Ap (1.128)

where €#”? is the Levi-Civita symbol.

The attentive reader might argue that such a Lagrangian, explicitly depend-
ing on A, is not necessarily gauge invariant. That’s true, but, if we perform
a local gauge transformation, the modification to Eq. 1.128 is only a total
derivative term

K v
50u (A0, 4,) (1.129)

Such a term can be easily excluded because it doesn’t contribute to the action,
being just a boundary term. Also the equations of motion reflect this fact and
are gauge invariant

ge‘“’pFup = jk (1.130)

We see that the Chern-Simons theory is of the first order. Therefore, its
canonical structure is essentially different from Maxwell’s one. Also, a Chern-
Simons term cannot be written in a 341 spacetime because there is always an
odd number of indexes in the structure A9A, whereas there indexes in the Levi-
Civita symbol would be even. Actually, Chern-Simons terms can be obtained
in every odd-dimensioned spacetime.

Unlike Maxwell’s theory, Chern-Simon’s doesn’t predict interesting an so-
lution in absence of a source. Under such assumption, the equation of motion
reduces to F),, = 0. However, its interesting features arise when this new term
is coupled with the usual Maxwell’s Lagrangian. We obtain then the so called
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Maxwell-Chern-Simons Lagrangian [14]

1
Lyes = —ZF””F,W + ge””pAuayAp (1.131)

Via least action principle, we obtain the Euler-Lagrangian equations
0, F" + ge”aﬁFag =0 (1.132)
If we write Eq. 1.132 for the dual of the Maxwell tensor, we obtain
[0,0" + K] FV =0 (1.133)

where F¥ = %e”o‘ﬁFaﬁ. From this equation we can easily see that these equa-
tions of motion describe a single degree of freedom with mass . Furthermore,
gauge invariance is manifest because the operator is trivially invariant and so is
F", which satisfies the Bianchi identity too.

1.2.2 Non-linear theories: classical non-linearities

We have already pointed out the distinction between theories that break linear-
ity already at classical level those aiming to reproduce quantum phenomena in
an effective fashion. We will therefore follow this point of view in our presenta-
tion.

1.2.2.1 Born-Infeld

For the appearance of the electron and photon self-energies, Born and Infeld
[12] looked for an extension of Maxwell’s theory. In their renowned paper,
they proposed what is maybe the most popular and well explored non-linear
theory. The success of this try is somewhat recent and finds its roots in the
similarity to the Lagrangian emerging from string theory for the gravitational
case. The string theory is an attempt to create a quantum theory of gravity.
Its fundamental idea is that matter, radiation and, under certain hypothesis,
also space and time are just the manifestation of fundamental, multidimensional
entities called strings. In this context, it is possible to derive an action for the
gravitational field that is very similar in form to the one we will present here
below [54]

We will devote the following Chapter to a work of ours, which aims to
study the radiation in the Born-Infeld (BI hereafter) theory. Therefore we will
limit ourselves to outlining the most important features of such an appealing
approach.

As we were recalling, the driving force behind BI attempt is a “principle of
finiteness”, according to which a satisfying theory cannot allow physical quan-
tities to diverge.

In order to better understand the ideas behind such a theory it is appropriate
to stress a more “philosophical” reason that drove its formulation. In fact, as
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the authors themselves underline, there are two mutually exclusive ways to deal
with the relation between matter and EM field.

The first one, called unitarian, assumes that there exists only one physical
entity, the EM field. Particles are considered singularities of the field and their
mass is a derived concept (electromagnetic mass).

The second, currently accepted, is the dualistic standpoint. Field and par-
ticles are distinct entities. Particles are the sources of the field and influenced
by it, but their distinguishing feature is inertia measured by their mass.

Born and Infeld were perfectly aware that there are well sound reasons for
such a preference among physicists:

1. the absence of a fully developed unitarian theory
2. relativistic mass dependance on velocity is not characteristic of EM mass;

3. the Copenhagen School interpretation'? of Quantum Mechanics (QM)
achieved great successes.

Nevertheless, Born and Infeld were convinced of the philosophical superiority of
their approach.

They adapted Einstein’s approach to relativity. Therein, Einstein replaces
the Newtonian kinetic energy %va with the relativistic expression mc? (1 — — Z—i
(we restore for this equation only the constant ¢ in order to make the compari-
son more clear). Born and Infeld transfer this to the context of EM. The usual
Lagrangian is, in components,

L=< (B*-E? (1.134)

N | =

is arbitrarily recast into

(B - 1)

_ 12
L= |y/1+ =0

~1 (1.135)

We can remark here that the parameter b plays the role of the upper limit for
the electric field. If the magnetic field vanishes and F exceeds b in modulus the
square root becomes imaginary and the theory is not applicable.

M The Copenhagen interpretation of QM is the most widely spread and accepted conceptual
understanding of QM. It was devised between 1925 and 1957 by many famous physicists like
Niels Bohr and Werner Heisenberg. The fundamental assertion of this interpretation is that
a physical system defines its properties only through the act of measurement. QM is only
able to predict the probability that a specific measure on said system yields a certain result.
It is the act of measuring in itself that reduces this set of probabilities to the one value the
instruments can register. This property is known as wavefunction collapse.

Opposed to this point of view there is the de Broglie-Bohm interpretation. According to
de Broglie and Bohm, a QM system is described not only by the wavefunction but also by
a “configuration”. The first evolves in time normally, according the Schrédinger’s equation.
The second is ruled by a different equation called guiding equation. The de Broglie-Bohm
interpretation postulates that an actual configuration of the system exists even when no
measurement is performed. As opposed to the Copenhagen School, this theory is deterministic.



1.2. ALTERNATIVES TO MAXWELL’S THEORY 31

Einstein’s action is invariant under a broader group of transformations with
respect to Newton’s action. That is why relativity explains a wider range of phe-
nomena. Likewise, Eq. 1.135 substitutes Eq. 1.134 because it is invariant under
the group of general transformations, not only the group of special relativity.

In a manifestly Lorentz invariant form, BI Lagrangian reads

L31:¢Tg(\/1+F+G2—1) (1.136)

where
1 Uk
G = FuF" (1.137)
Fr, = ehp B’ (1.138)

g being the spacetime metric determinant and €5, ﬁ times the normal

Levi-Civita tensor.
Via the least action principle, we can obtain the modified Maxwell’s equa-
tions. They read in vacuum

V-D = 0 (1.139)
> o oD
H = —— 1.14
V x B ( 0)
.o OB
F = —— 1.141
V x 5t ( )
V-B = 0 (1.142)
where
. E-GB
D = —— 1.143
V1+F—G2 ( )
7 _B-GE (1.144)

Vit F_G?

We can immediately see that the the pair of Maxwell’s equations coming from
the Ricci Curbastro-Bianchi identities are left unchanged. Thus

B = Vx4 (1.145)

- Y

E = -= 1.14
- (1.146)

The other pair however, has a very common form. We can recognize that,
formally, they don’t differ from the usual Maxwell’s equations, but written in
a medium. This means that the electromagnetic wave behaves as if it traveled
in a medium. Because of the non-linearities the vacuum behaves like a medium
whose permeability and permittivity are functions of the fields themselves.

We presented here the most general form of BI Lagrangian. In any case,
even if the the full BI Lagrangian contains the G2 term, in practical applications
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(including BI original one) this term is neglected because it is of the fourth order
in b and hence relevant only in a neighborhood of the particle.

Such a theory is indeed able to solve the problem of the electron self energy.
We refer to Chapter 2 for details. The key message is that the physical fields (E
and E) are finite everywhere. Only the unphysical D and H do actually diverge
at the point where the particle is located. These fields are considered unphysical
because they are only mathematical tools we introduce to simply the form of
the equations. They do not represent fields that can actually be measured. In
an experiment we always measure the fields E and B only.

1.2.2.2 Podolsky

It is known that Higher Derivatives Theories (HDT) have the property of im-
proving renormalizability [55], smearing ultraviolet divergences!®, and of making
the self-energies of point particles finite thanks to an electric field regular at the
origin.

Among HDTs the most relevant one was formulated by Podolsky, which is
the only linear, Lorentz and gauge invariant generalization of Maxwell’s theory.
Its Lagrangian reads [13]

1 4
L= = F"Fy+ = (M) O3y + " A, (1.147)
By variational principle one obtains the following equations of motion
a9,05 [PFM] + 8, F" + ¥ =0 (1.148)

which can be written in vector form as

a9, 0" (ﬁE) YV -E-p=0 (1.149)
E = — E - — -
a*9,0" %—VxB +88—t—V><B+j:O (1.150)

If we take into account the Lorenz gauge fixing 9, A* = 0 we have
(1-a’0) 04, = 4rj, (1.151)
It has been shown that this equation admits solutions of the form

A=A, — A, (1.152)

15We are in presence of a ultraviolet divergence if an integral or a phenomenon diverges for
very high energies or for very short distances. Generally, this divergences arise in developing
a given theory perturbatively and can be erased via a suitable renormalization procedure. If
the procedure is not successful, it means that the perturbative expansion is not well defined.
The name follows from the first known example of ultraviolet divergence: the black body
radiation. According to the 19th century thermodynamics, scientists expected a black body
to produce much more ultraviolet radiation. Experiments showed the opposite, leading to
surpassing classical mechanics in favor of the new developing quantum mechanics.
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where

04, = 4rj, (1.153)
OA, +b*A, = A4rj, (1.154)

A;L can be interpreted as the usual massless mode associated with the common

photon, whereas A;; is to be considered a massive mode that automatically
makes a cutoff a arise. Over the years Podolski’s models has been accepted as
an effective field theory and a sets the limit where it ceases to be valid and the
classical regime is restored, as we will see in a just few lines.

Solving Eq. 1.151 for the static case the electric potential ¢

,
¢:ﬁ <1_ea> (1.155)

so we see that a can also be considered a cutoff. It is obvious that for » > a

Eq.1.155 becomes the Coulomb potential again, whereas if r — 0 then ¢ — y—
ma
which is a finite quantity.

Here we can better understand in what sense a sets the validity limit of
Podolski’s model seen as an EFT: deviation from Maxwell’s laws can be thought
as quantum effects that cease for distances r > a. As anticipated at r = a the
classical regime is restored.

1.2.3 Non-linear theories: quantum non-linearities
1.2.3.1 Heisenberg-Euler

Also the Heisenberg-Euler theory [15] will be fully disclosed in Chapter 2. Here
we will only outline the foundations of this theory.

Heisenberg-Euler Theory (HE) finds its root in 1928 Dirac’s theory of the
electron [56]. In 1931 Dirac associated the “holes” in its sea with positive charged
electrons [57]. His idea found experimental support in the discovery of positron,
as he discussed in 1933 [58].

As soon as the theory found sound basis, scientists started investigating
it. Halpern and Debye pointed out independently that the new theory implied
light-light scattering [15,59-65]. Heisenberg decided that his student Euler could
study this topic in his doctorate thesis [15,64].

During his studies Euler published a paper with another of Heisenberg’s
students, Kockel. In that paper, they pointed out that quantum vacuum could
be seen as a medium [66]; an idea that roots back to the BI theory. Heisenberg’s
idea was for his student to explain vacuum polarization with modifications to
Maxwell’s laws. Euler and Kockel computed the leading order modification to
Maxwell’s Lagrangian and interpreted it as vacuum polarization in the sense of
defining a polarization vector and magnetic permeability compatible with the
correction they had found. This has a strong resemblance, as they pointed out
themselves, to BI theory, but in the QM framework.
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In modern terms what they did was studying QED vacuum polarization in
constant background and obtaining non-linear corrections in power of the field
strength.

The real improvement, though, was made in 1936 when Heisenberg and Euler
published an extended result [15]. In this paper a closed form for the Lagrangian
was presented, a form incorporating all perturbative orders. It reads [67,68]

F#VF'LW 2 > e -772 2 nk
L= -3+ /0 d”nz'{ZzF’“‘ Fp,: (1.156)

/N St T i o NIV nks
cOoS {@k\/ 5 + M Ey, |+ e

3
e + % : FWF’“(}.IE)?)
cos {gk \/7_&;}7”” + iF“”F;’jy} —c.c.

where the symbol c.c. stands for the complex conjugate of the previous expres-
sion. Again a critical field appears

2.3
¢ ( me ) ~100Y C44.10%¢ (1.158)
eh m

where, in brackets, we have put the SI units expression. This field had already
been associated to the field strength at which real electron-positron pairs would
be produced from vacuum. Or, with the words they would have used, the
strength at which Dirac sea electron would tunnel into continuum. Unlike the
BI critical field, this one does not set an upper limit to the values the fields can
take. On the contrary, the phenomena that the HE theory describes are greatly
suppressed under this threshold.

Heisenberg and Euler understood that quantum vacuum instability under
the action of a classical electric field would give physical effects. Not only: they
pointed out that magnetic and electric fields had different consequences. The
former alone responded to particle and antiparticle wave function differently,
the latter caused, if strong enough, physically measurable pair production.

They were able to compute the rate of such phenomenon, seeing it as tun-
neling effect. The result is

€y
exp { EJ (1.159)
Heisenberg and Euler identified what the terms in Eq. 1.157 referred to. In
particular the ones with minus signs inside the bracket. The first one is the
subtraction of the infinite free field effective action. The second is related to
Maxwell’s usual charge renormalization.
Expanding Eq. 1.157 for strong fields we get

327wad
315m?8

446 F* + 201 F?G? + 38G*) (1.160)

L F+L“2(4f2+7G2)+
45m*

n 12872t (
945m12

(8F* + 13FG?)
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As we will see, this form is particularly helpful for what we pursue in the next
Chapter.
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Chapter 2

APPLICATIONS OF
NON-LINEAR THEORIES

This Chapter will be devoted to the study of some innovative applications of
non-linear theories that we have devised over the course of this doctorate thesis.
We will propose here two examples, one dealing with the field originated by an
accelerating charge in the Born-Infeld (BI) theory and the other concerning the
frequency shift an Heisenberg-Euler (HE) photon experiences going through an
overcritical magnetic field.

Résumé

Dans ce Chapitre, nous focalisons notre attention sur deux théories, celles
de Born-Infeld (BI) et de Heisenberg-Euler. Pour les deux, nous présentons
quelques caractéristiques supplémentaires et les appliquons dans un cas spé-
cifique. Malheureusement, pour l'application de BI nous avons rencontré des
difficultés informatiques qui étaient insurmontables, étant donné les contraintes
de temps.

Comme mentionné dans la description de la théorie BI, une de ses caractéris-
tiques intéressantes est qu’elle aide & lisser les champs a l'origine, empéchant
I’apparition de divergences dont il est difficile de s’occuper. Bien sir, une telle
caractéristique serait d’une grande aide pour résoudre le probléme de la force
propre pour une charge accélérée. Dans les électrodynamiques, on divise sou-
vent le probléme en deux classes. Dans l'une, on considére que la configuration
de la charge est connue et ’on trouve le champ. Dans l'autre, les champs
sont connus et ’on étudie le mouvement des charges. Bien qu’elle soit adaptée
puisque 1’énergie de la radiation est fréquemment négligeable, ’approche reste
une approximation et la solution du vrai probléme nécessiterait un traitement
des deux aspects en méme temps. Unr formulation formelle et consistante pour
un tel cas n’existe pas pour le moment. Dans la physique classique, I’approche
d’Abraham-Lorentz est souvent adoptée. Malheureusement, & cause de la singu-
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larité & Dorigine, cela produirait une énergie propre infinie. Un « rayon classique
» doit donc étre associé aux charges ponctuelles comme 1’électron, dans le but
d’éviter ce probléme. Une fois ces prémices établis, il devient évident qu’une
théorie réguliére serait utile. Jusqu’a ce jour il n’existe aucune solution pour
une charge rayonnante dans la théorie de Born-Infeld. Donc, nous avons essayé
de faire des avancées dans cette direction en calculant le champ d’une charge en
mouvement avec une accélération constante.

Notre tentative nécessite 'introduction de ’espace-temps de Rindler. Cet
espace-temps est celui vu par un observateur solidaire avec une particule rel-
ativiste en constante accélération [69]. En fait, il est possible de trouver un
changement de coordonnées non-linéaires qui conserve 1’élément de ligne de
Minkowski et décrit le mouvement non-inertiel. Ecrit dans le référentiel qui
bouge avec la charge mais dans les coordonnées de Minkowski, 1’équation dy-
namique pour une particule se déplacant avec une accélération constante « est

1
-t = (2.1)
«
Sans perte de généralité, nous nous sommes restreints a seulement une dimension

spatiale. Les coordonnées de Rindler sont ensuite définies comme

t= iagsinh (ar) x = iaccosh (a1) for ¢ >0 22)
t= iOéCsinh (a1) x = iOéccosh (ar) for ¢ <0 '

e e
Avec la redéfinition supplémentaire des coordonnées
¢=2x2 (2.3)
2
L’intervalle devient (en incluant les deux dimensions spatiales que nous avons
négligées)
ds? = (aX)*dr? —dX? — dY? — dZ? (2.4)

where Y =y and Z = z.

L’avantage de passer aux coordonnées de Rindler est qu’il est possible de
résoudre le probléme électromagnétique dans un référentiel instantanément in-
ertiel. On peut utiliser toute ’expérience que I'on a en résolvant les équations
différentielles en coordonnées non-linéaires et qui vient de la Relativité Générale.
Une fois que ’on a la solution, c’est suffisant pour réaliser la transformation in-
verse pour obtenir les champs dans le référentiel non-comobile. On écrit les
équations de Maxwell dans les coordonnées de 1’élément de ligne Eq. 2.4

ﬁx[(l—i—g:}:)EﬂzO (2.5)
V-E=A4np (2.6

V-B= (2.7)

%—f—?x [(1+gw)B} =—4n (1+gz)j (2.8)
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Par conséquent, en termes de potentiel, le champ électrique est
A

="
(1+gx)

(2.9)
On doit insérer ce résultat dans la relation constitutive de Born-Infeld et ensuite
prendre la divergence pour trouver la dynamique de la charge. Donc I’équation
du mouvement est

- Vo 1
N — : — = qd (% — ) (2.10)
1+ gx) U P2

02 (1+ ga)

A ce stade, nous poursuivons pour produire une expansion perturbative autour
de la solution de Maxwell, puisque les corrections de Born-Infeld sont trés petites
du fait qu’elles soient supprimées par le champ b qui est trés grand. L’équation
différentielle pour la perturbation ¢ est

(2.11)
b% X2 g2

Vi O 1 = _1V®E Vg
2 b2y3

1+ gz

L’équation différentielle pour la perturbation y = . En principe, la so-

lution peut étre trouvée par convolution. En fait, la fonction de Green de
Popérateur homogéne est connue et est [70]

2 o 2 o 2 2

477\/[><2 +(y—y0)’ + (2 —20)" + x%r —4£2¢8

Donc la perturbation serait donnée par

2

X2+ (y =%+ (2= ) +a?

/ (X') _ 256¢>

Ambg? / \/[

2 2 2 2 2,42
X+(yib) +(ch) +a 74Xa

6
a Xo

{ [0+ (b= o) + (e — 20)” + X3 - 4a2><3}

= | dadbdc

[N

En plus de la divergence classique sur la ligne d’univers, une divergence addi-
tionnelle survient ou les variables d’intégration prennent les valeurs au point o
I’on calcule le champ. La premiére divergence est attendue et normalement élim-
inée par convolution. La deuxiéme, cependant, n’a pas d’équivalent classique.



40 CHAPTER 2. APPLICATIONS OF NON-LINEAR THEORIES

La complexité de 'intégrale est telle que nous n’étions pas capable de la ré-
soudre, aussi bien de fagon analytique qu’informatique. Nous avons focalisé nos
essais principalement sur la partie analytique, en cherchant aussi des solutions
venant de l'utilisation des fonctions hypergéométriques. Seulement aprés avoir
réalisé que de tels essais ne ménent nulle part, nous avons essayé d’approcher
le probléme du point de vue computationnel. A cause d’un manque d’expertise
et de temps, aucun progrés considérable n’a abouti a cet égard. L’auteur et ses
collaborateurs ont l'intention de continuer & travailler sur ces problémes dans le
futur. Toutefois, nous voulons souligner que de tels problémes mathématiques
peuvent étre le résultat du fait que nous ayons développé la solution de BI: la
série entiére doit étre convergente, mais, a notre connaissance, il n’existe aucune
littérature nous assurant que chaque terme est fini.

La deuxiéme moitié de ce Chapitre est dédiée a I’étude de la propagation
d’un photon provenant d’un champ dipolaire supercritique d’Heisenberg-Euler.
La plupart des applications connues de la théorie d’Heisenberg-Euler viennent
des expériences faites en laboratoire [71-79]. Cependant, la récente découverte
des étoiles & neutrons dotées d’un champ magnétique supercritique appelé mag-
nétars nous encourage a regarder a plus d’applications possibles dans le con-
texte astrophysique. Comme montré dans [80,81],la propagation des excita-
tions & haute énergie d’une théorie électromagnétique non-linéaire sur un fond
fixé est gouvernée par une métrique efficace qui dépend de la métrique du fond
de ’espace-temps, de la configuration du fond du champ électromagnétique, et
des détails de la dynamique non-linéaire respectés par le champ électromagné-
tique (voir [82] pour une review). Par la suite, nous donnerons le décalage de
la fréquence électromagnétique pour le cas du champ magnétique supercritique
d’Heisenberg-Euler et discuterons des implications sur la propagation d’un pho-
ton. Le décalage est di & un échange d’énergie entre les perturbations (dans ce
cas, des photons) et le fond. Cette formulation peut étre considérée comme un
premier pas dans le processus de modélisation du décalage électromagnétique
pour un magnétar. Nous analyserons la dépendance angulaire du décalage élec-
tromagnétique pour chacune des deux polarisations du photon, et montrerons
qu’il peut y avoir un décalage vers le rouge ou vers le bleu, selon la polarisation
du photon.

La premiére étape est de comprendre comment le formalisme de la métrique
efficace fonctionne. Un photon se propageant dans un fond d’Heisenberg-Euler
interagirait avec ce dernier via les non-linéarités et donc dévierait de la géodésique
de I'espace-temps de Minkowski. Cet effet est équivalent & considérer un pho-
ton maxwellien se propageant dans un espace-temps différent dans lequel les
non-linéarités sont prises en compte par la métrique. Dans ce nouvel espace-
temps, la propagation du photon est gouvernée par ’équation géodésique, qui
se révéle plus facile a résoudre que les équations de Maxwell modifiées. Pour
un lagrangien dépendant de deux scalaires de Lorentz F = %F””FW et G =
LeuvapF " P, cette nouvelle métrique est [83)]

®g = Lpn* — 4 [(Lrr + Qe Lrg) FYFY + (Lra + Qs Lac) F{FY ]
(2.14)
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ol

-+ VA
Qp=——""= 2.15
+ o (2.15)
Q1 = —LpLpc+2FLpgLcc + G (Lgg — L) (2.16)
Q = (Lp+2GLpg)(Lac — Lpr) +2F (LrrLee + Lyg)  (2.17)
Q3 = LpLpg+2FLppLac+G (Lyg— Liy) (2.18)

Nous avouns utilisé le symbole Lx pour indiquer la dérivée partielle du lagrangien

R oL . "
par rapport & X, —. Dans notre cas, nous avons un dipole magnétique pur.

Par conséquent, le champ électrique est identiquement nul et G est zéro. Donc,
[84]

Mg = [Lpn™ —ALppFLF), (2.19)
@gm = [(Lp — 2FLgg) 0" — 4Laa FFF™), (2.20)

ou l'indice zéro indique que la quantité a été évaluée sur le fond.

TLe calcul du décalage électromagnétique doit étre traité avec grande pru-
dence. Nous montrons que py n’est pas une quantité conservée le long de la
géodésique dans l'espace défini par la métrique efficace. La nouvelle quantité
conservée est donnée par

Pr = 9" puKy (2.21)

et se relie & py via
~00y —1 -
po=9"(3)  Px (2.22)
D’aprés la définition de la fréquence en relativité — marquant R (F) le point de
réception (émission)

_ 9" (BE)ug (E)po (E)
TS B o (B0 (B) (229)
nous obtenons 00
1+4z= goog (2.24)

Nous remarquons que cette expression s’annule correctement si la théorie est
linéaire comme g"” = g"”. De plus, nous soulignons que Eq. 2.24 corrige les
résultats présents dans la littérature [85,86]. Pour calculer le décalage électro-
magnétique dans ’espace-temps du dipole de HE, nous fixons le point de récep-
tion & l’infini spatial, ot la métrique se réduit au fond plat. Par conséquent,
§"° (R) = g"° (R) = 1, et l’on obtient

Wy =Lp(E)—1 (2.25)
@2 = [Lp(E) = 2F(E)Laa(E)] - 1 (2.26)
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Pour terminer notre calcul, nous avons besoin des expressions pour les dérivées
lagrangiennes dans le cas de la théorie d’Heisenberg-Euler. Elles sont données
dans [84] et dépendent du paramétre x donné par

B
K= — 2.27
= (227)
B étant le module du champ magnétique. Puisque les dérivées doivent étre
calculées sur le fond et que ces expressions sont déja du premier ordre en «,

nous avons simplement besoin du module d’ordre zéro du champ dipolaire qui

est donné par
By = By(1 4 3u?) (2.28)

ou
u = cosf (2.29)
m
= 2.30
r3 B, (2:30)

isi nous utilisons des coordonnées sphériques et fixons le dipdle le long de I’axe
z.

La dépendance du décalage avec ’angle et la force du champ est finalement
obtenue en écrivant « comme

By
K= —
B.

Et en insérant cette expression dans les dérivées du lagrangien. En tracant le
décalage en termes de la variable x, quantique. Il est important de remarquer
que le décalage est négatif pour la premiére polarisation (donc un décalage vers
le rouge) et positif (donc c’est en fait un décalage vers le bleu) et supérieur pour
la seconde.

Des graphes de z en fonction de cos # pour différentes valeurs de A montrent
que pour les deux polarisations le décalage augmente (en valeur absolue) avec
le champ, mais que V2 a un maximum l’équateur et un minimum aux poles,
(2)2 se comporte de facon opposée.

Ce nouvel effet peut étre important au moins dans deux domaines. Le pre-
mier est ’astrophysique des magnétars. Pour donner une description compléte
de tels objets, la gravitation et la rotation ne devraient pas étre négligées, mais
Iimportance du décalage peut étre vue dans un cadre plus simple, prenant en
compte que le décalage s’ajoute au décalage gravitationnel vers le rouge (voir [85]
pour la preuve de cette affirmation dans le cas du décalage électromagnétique
vers le rouge). Pour une étoile de deux masses solaires et un rayon de $10$ km
(valeurs typiques pour un magnétar), le décalage gravitationnel vers le rouge
(calculé en utilisant la métrique de Schwarzschild-Droste [87]) serait approxima-
tivement de 0.2. Donc, pour des champs de fond suffisamment forts, le décalage
peut atteindre des valeurs qui sont de ’ordre du décalage gravitationnel vers le
rouge (pour une des polarisations).

Cet effet ménerait & une variation du décalage des photons venant de la
surface d’une étoile et donc dans le rapport de la masse et du rayon.

= A\/(1 + 3u2) (2.31)
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2.1 Field of an accelerated particle in the Born-
Infeld theory

2.1.1 The regular field

For a pointlike charge, like an electron, the Maxwellian potential (and hence the
field) is singular at the location of the source. Thereby, the self-energy of the
charge is divergent at the particle position. This corresponds to stating that
an infinite energy is required to bring the particle from spatial infinity to its
actual location. In the preceding Chapter, we have already explained why such
infinities represent a physical problem and a conceptual setback to any theory.

While introducing the BI theory, we have oftentimes repeated that the au-
thors purpose was, among others, to generate a divergence free theory for the
electron [12]. We show afterward how the physical fields are indeed regular at
the source.

Recalling Eqs. 1.139-1.142, we remind that these BI equations correspond
to those of Maxwell in a medium. Indeed BI electromagnetism in vacuum might
be interpreted as Maxwell electromagnetism in a medium. This comparison is
however, purely formal. Unlike what happens in Maxwellian electromagnetism,
whenever permittivity or permeability ¢ differ from the vacuum values, the mea-
surable fields in the BI theory are not D and H. The real fields are E and B for
which singularities - as we shall see - are removed. In other words, the BI vac-
uum doesn’t actually have the properties of a medium. It is just a representation
of the chosen approach.

Put otherwise, the BI theory regularizes the physical fields E and B, while
the remained divergences of D and H are shown to not troublesome. Unfortu-
nately, given the high degree of complexity of BI non-linearity, a full solution to
the dynamical problem does not, to the best of our knowledge, exist. This mo-
tivates the efforts outlined in this Chapter while it justifies the lack of a result.
However, BI electromagnetism has been successfully applied to several specific
cases. For example, extensive work has been done in the case of a planar solu-
tion [88-90]; there have been also efforts related to waveguides [91], Coulomb
scattering [92], black holes thermodynamics [93] and Kaluza-Klein theories [94].

The regularity of the BI solutions can be appreciated in a very simple case.
For the electrostatic case (hence B= 0), assuming central symmetry Eq. 1.139
reduces to

d e
— (rD,) = D, = - 2.32
(D) =0= D, = ° (2:32)

From the definition of the D field
QS/

D, =— (2.33)

¢/2

1-—

b2
To derive this equations we have used Eq. 1.143 with G equal to zero because
we don’t have magnetic field and have written the electric field in as the time



44 CHAPTER 2. APPLICATIONS OF NON-LINEAR THEORIES

derivative of the potential F, = —(;SIT. Therefore the differential equation for ¢
gives the result

o(r)=—f <> (2.34)

ro = \/f (2.35)

I
f@ = | N (2.36)

e being the elementary charge and b the upper limit to the field as seen in
Sec. 1.2.2.1. This is the new Coulomb potential. For z > 0 the potential is
conform to the usual expression. But we will see that this expression stays finite
everywhere.

Substituting x = tan %B

where

1" dg 1 < 1 )
- Y _p(—, 2.37
s@=3/ = A (237)
B = 2arctanx (2.38)

where F (k, 3)is the Jacobian elliptic integral. Therefore, in z = 0 the function
f takes the value

1 1 =« e
f(0)= 2F (\/57 2) = 1.8541 = ¢ (0) = 1.8541T0 (2.39)
implying that ¢ is finite everywhere. Thus D suffers of a singularity but ¢ and
E do not. Passing to Cartesian coordinates the field has a discontinuity in the
origin, but not a singularity. This, of course, solves the problem of the electron
self-energy.

As previously stated, a full solution to the radiation problem is missing,
let alone an expression for the radiation reaction. However, it is reasonable
to assume that the property of regularity is carried to the general solution.
Thereby investing some effort in analyzing radiation is justified. Indeed, the
divergence at the source of Maxwell’s potential is the root of problems in the
EM self-force problem. If it were possible to have a solution to the BI theory, one
could treat the self-force problem in a much simpler way and make experimental
comparisons either confirm or disprove BI approach.

2.1.2 The Rindler spacetime

Before proceeding with our analysis, we pause here to introduce a tool that will
be used in the following paragraph. We have announced that we are interested
in studying the radiation of an accelerated charged particle. Hence, we need
to put ourselves in a suitable framework to describe the motion of a relativistic
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accelerated pointlike source. Thus, we choose a suitable framework, that of
Rindler [69], to construct the motion of a relativistically accelerated pointlike
source. We recollect the features of this known framework that are salient for
our analysis.

In special relativity, the 4-acceleration o is defined as the derivative with
respect to the proper time 7 of the 4-velocity u* = (v, v?)

= (5,250 (2.40)

dt’ dt

dt
where v = —. Obviously, the proper acceleration is that observed by a comov-

ing observer, for whom « = 1. In this case, the first term in the 4-acceleration
is vanishing and the second becomes, as usual, the second derivative of the po-
sition with respect to proper time. Calling o/, the rest frame 4-acceleration,
we study the motion of the charge if the o/, is constant.

For simplicity, and without loss of generality, we reduce to one spatial com-
ponent, by fixing the direction of motion along Z. The two remaining spatial
components remain unaffected by the motion. If the the proper acceleration is
a constant, we have

1

d(y) _d [v (1—?) 5} = const (2.41)

. di

where v is the space velocity along Z. Again, without loss of generality, we
can set a > 0, i.e. demanding that the particle accelerates in the positive =
direction. We use the separation of variables method in Eq. 2.41 along with the
initial condition v (t = 0), and get
v(t) = ——2 (2.42)
1+ (at)?

dx (t
But v (t) = ZE ) and the trajectory expansion is

2(t) = a /Ot e L1+ () (2.43)

V14 (at)? o

Of course, the position of the particle, can be expressed in terms of the acceler-
ation via the position

2 (0) = = (2.44)

Being the particle still in the comoving rest frame, the equation of motion
acquires a hyperboloid form, displayed in Fig. 2.1

1
2—t2:—2
o

x (2.45)
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I /

-10 -5 0 [ 10

Figure 2.1: Spacetime in Rindler coordinates. Region I is the Rindler wedge.
Region IIT the anti-Rindler wedge. Regions IT and IV are the Milne and anti-
Milne wedges respectively.

A plot of the arising situation can be found in Fig.
Under such description, the particle we are on starts from spatial positive
infinity when we are infinitely in the past; we then get tot = 0 at = — to

finally return to spatial infinity in an infinitely distant future (Region I).aThe
hyperbolas are constrained, of course, outside the lightcone, so the dynamics is
confined into the so called Rindler’s wedge. This latter is obviously spanned by
a bundle of hyperbolas with various values of «. It is interesting to point out
that the lightcone is actually an horizon for the particle. In fact, no causal signal
can reach a point situated above the line ¢ = z. Likewise, no signal originated
under the horizon ¢t = —x can reach our particle.

Even if we will not deal with the other wedges and their properties a brief
presentation is fair. Region II, called Milne region, contains all point separated
by a time like interval in the future. It represent an ensemble of particles that
move along = with different constant velocities and that cross the origin. Region
IIT is called anti-Rindler wedge and has the same property of the Rindler wedge,
with the minor difference that the acceleration is in the negative direction of
the axis. Region IV is instead the anti-Milne space, which is spanned by all
the wordlines of particles coming from the past and approaching the origin with
different but constant velocities.

In Region I, we can see that, the coordinate transformation

2a6 sinh (o) x = 2a6 cosh (ar) for ¢ >0

g2ag a—2a< (2.46)
t= Tsinh (ar) z=— cosh (o) for ¢ <0

t:
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satisfies Eq. 2.45. In terms of 7 and ¢, the Minkowski metric reads

d¢?

20

where we have passed to planar coordinates for the two directions that are not

involved in the motion, defining p = \/y? + 22 and 6 = arctan (g) For future
x

usem it is convenient to adopt another coordinatem that is

ds®> = 2a(dr® — —dp® — p*df? (2.47)

¢ = %X2 (2.48)
and thus
d¢ = aXdX (2.49)
Inserting Eqs. 2.48,2.49 in Eq. 2.47 the metric interval is
2v2 72
2 _ Ao, o " X7dX 2 2 102

2
= (aX)*dr® —dX? —dY? — dz?

where Y =y and Z = z.

2.1.3 The Maxwellian case

Stepping back and looking at what the Rindler formalism implies, after all the
coordinate changes, we finally view the dynamics of a relativistic, uniformly
accelerating particle as if it were at rest. Such perspective has been formerly
applied to the Maxwellian case with the intent of assessing and comparing the
difficulty of the computations [70,95-100]. It is worth summarizing here how
these computations work and the main results in order to prepare us for the BI
case.

First the Maxwell tensor needs to be defined in the Rindler coordinates. The
tensor must be transformed according to the new metric, therefore

FOZ = V 900 ‘gii|F0i (251)
FY \Ngiil 9551 F¥ (2.52)

where we have denoted with hatted indexes the Rindler components, and the
metric g, is, following Eq. 2.50

aX 0 0 0
0O -1 0 0
v = 0 0 -1 o (2.53)

0 0o 0 -1

For evaluating the fields measured by the Rindler observer, we recur to the
covariant, force and have
dz” - da® Fi

P gF = gFF . — g — _ 0 _ 108
Fr=qb" = qFy —— = qly— G— = —4aXF" =qF (2.54)
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which turns the electric field explicitly as
E' = FY% = o X F" (2.55)
and, similarly, for the magnetic field
B' = F? = % (2.56)

and cyclic permutations.
This result must be inserted in the covariant Maxwell equations given by

1
—— 0, (/=gF"™) = 4rj* 2.57
Lo, (v 230
where we have denoted with g the determinant of the metric and
'MZL(;?’(X'fX’)MJ 2.58
J V=g %) “dar (2.58)

is the 4-current, e the charge and Xo = (é,070) is the position of the particle
in the accelerated frame.

In [100] the authors pass to the coordinates used in Eq. 2.47 and write the
wave equation for Ag. This reads

040, 10 (0
P 0¢? 2a( dp P op

_ dres (g _ 21(1) 5(p—0)6(0-0) (259

The solution of this equation is far from trivial. However, the authors find a
brilliant way to get by the problem. They study a charge placed outside the
Schwarzshild-Droste black hole horizon. Using polar coordinates they obtain
the differential equation

1 0 [ ,04 1 1 0 (. 04\ _ /
. (r o )—i— - ) 50 50 (s1n989> = —4med (r —r') § (cosf — 1)
(2.60)

T
having chosen to place the charge at r = ' and 6 = 0 and having labeled with
M the black hole mass.
The solution to this equation is known [101] and reads

e[(r—M)(r' — M) — M?cost|

Ay = (2.61)
7‘7”\/(7‘ — M)+ (" —M)>=2(r— M) (r' — M) cosf — M2sin6
If we put ourselves very close to the horizon
r=2M+( (2.62)

with
¢ < 2M (2.63)
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The following relation holds

2M ¢
1=~ > =9 2.64
ST VAR (264)
1
where a = i has been named to underline the similarity to the Rindler case.

In fact, recalling that the Schwarzshild-Droste metric is given by [102,103]

2M dr? .
d82 = (1 — 7’) dt2 — @ — T2 (d62 + Sln26d¢2> (265)
we get
r? (d92 + sin29d¢2) ~ dp? + p?d¢? (2.66)

In this last step, we have restricted ourselves to a small region along the z
axis and set the origin at § = 0 and r ~ 2M. The combination of these two
conditions yields

p ~ 2M (2.67)
sinf ~ 2M6 (2.68)

Putting together Eqs. 2.65- 2.66, Eq. 2.47 is derived. Applying these approx-
imations to Eq. 2.61, the scalar potential of a relativistic charge uniformly
accelerating reads

PR (5 e ) 00

2
\/(C—Qla—i—a'f) + 2ap? 5

Before moving on, we remark how sensible the approximation we used is. Choos-
ing r very close to 2M means to put the charge in the proximity of the horizon.
Restricting the measurements to a region very close to this point, we essentially
flatten out the horizon which can be, from a practical standpoint, considered a
plane for an accelerating observer. Less constraining is the choice of the origin,
which can actually be put arbitrarily in spacetime.

From the potential in such coordinates, the electric field reads

(2aeo) v2aC (C —Co+ ang)

(2.70)

[N

o\ 2

{(C —Go+ %) + 2ap2<o]

EP = (20[64.0) \4 2OZCP (271)
2\ 2

{(c —Go+ )+ 2ap2<o]

E? = 0 (2.72)

Wlw
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1
a
After long but simple algebra, the field in polar coordinates is given by
1
X2 = a2
4
X = = a2 . (2.73)
« 1 1 5 2
(- ) -1
X
Er = 8—2 P . (2.74)
o 1 1 2
() 1
E? = 0 (2.75)

For more physical insight, one more coordinate transformation turns useful. If
we choose X as coordinate for the axis along which the particle moves, we

1
have that at ¢ = 0 the charge is at —. This fact somewhat breaks the formal

e
symmetry of the problem. Hence it is natural to define a simple translation

where £ = X — —. The metric becomes
!

ds? = (14 )’ dr? —dX? —dY? — dZ? (2.76)
and the fields assume the following form
3
1 ar? 1 B
g o= L(1etery (4 —a%r? 2.
T3(+2§><+a§+4o¢r> (2.77)
Er = %(lﬁ—aé) 1_‘_10471“2 1+a§+1a2r2 -
g3 2 ¢ 4
ar?\ !
E? = 0 (2.79)

where 72 = £2 — p2.
These last expressions are more telling since in the limit ar < 1 we obtain the
usual Coulomb’s field.

2.1.4 Field of an uniformly accelerating particle in the
Born-Infeld electrodynamics

Is there an expression for the field in case of the BI non-linear theory? Of course,
non-linearities are destined to generate complex computations. In particular,
we will see that, unlike to what happens in the Maxwellian case, a perturbative
expansion will be required.

We choose to work in the metric given by Eq.2.76, which we rewrite as

ds? = (14 gz)° dr — da® — dy? — dz? (2.80)
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where we have used non-capital letters for convenience and renamed the ac-
celeration g to better distinguish the current case from the previous one. The
Maxwell equations adapted to the Rindler spacetime is our point of departure.
They are known in literature [70,99] and are obtained combining Eqs. 2.57,
2.51 and 2.52, once adapted to the coordinates at hand and having used the
Ricci-Curbastro-Bianchi identity. They read

V x [(1 + gz) E] =0 (2.81)
V. E =4mp (2.82)
V-B=0 (2.83)
E =3 — —
aa—t -V x [(1 + gz) B} =—4n(l+gx)j (2.84)

in which p is the charge density and 5 is the spatial electric current.
From Eq. 2.81, the relation between the electric field and the scalar potential
((D = Ao) is

(14 gz)E =V® (2.85)
hence, in Rindler’s spacetime
, Vo
E=—— 2.86
(1+gz) (280)

In BI theory, Eqs. 2.81,2.82 still hold if we substitute the vector E in Eq.
2.82 with the vector D which can be expressed in term of E by the following
constitutive relation [89,90]

(2.87)

Since Eq. 2.81 remains valid, Eq. 2.86 holds; therefore D can be written in
terms of ® like

Vo
B (1+ gx) _ ve 1 _ (2.88)
Io 2 (14 gx) L P2
(14 gx) b2 (1 + g)*
l-——

If we choose a pointlike charge as source, plugging Eq. 2.88 in Eq. 2.82 the
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divergence of D equals the point-like charge at x(

- Vo 1 L
. —(1+ ] . — =q0 (Z — Zop) (2.89)
e V§?
b2 (14 gx)

where ¢ is the charge of the particle absolute value, and the minus on the left-
hand side (LHS) supposes an electron. The BI potential ® is decomposed in the
sum of the Maxwell’s potential ®( plus a small perturbation ¢

O=>0)+ ¢ (2.90)
We assume that
Qo> (2.91)
Vo2
e <1 (2.92)

We want to expand the square root in the right-hand side (RHS) of Eq. 2.88,
using the binomial series. Therefore we obtain

- Vo vor 7’ L
v ‘mg@(l‘bmw) CeR e
- Vo 1 Ve? L

(1+ga) <1+2b2(1+ga¢)2>] =0 @- %) (294

The series

1+a)=>" < Z‘ > a® (2.95)
k=0
converges for

1. |z| < 1 and Va € C

2. z=—-1<= Re(a) >00ra=0
3. |zl =1A z# —-1= Re(a) > -1
4. |z| > 1 and « is negative,

we are either in case 1 or 4, so convergence is assured.
Now we expand the complete potential into its Mawellian part plus the
variation thanks to Eq. 2.90. We get

- Vo, Ve 1 Vo2 U
V. [<_(1+g$) — (1+gx)> : <1+2b2(1—‘,—gaj)2>‘| —qé(x—xo) (296)

_Vd  Vyp 1 VOV
(I+gz) (L+gz) 2p2(1+ga)®

—
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Formally, we are confronted with the operator O acting on the complete field
®. This operator is composed by a Maxwellian part O,; plus a correction O’ ;
by definition, we have

On®o = —qb (2.98)

and, therefore,
(OM + o”) (®o + ) = —qb (2.99)
OAM(I)()—FOAM(,O—"-OA/(I)O +O/<p= —qd (2.100)
One+0'd+0'0=0 (2.101)

Likewise, in Eq. 2.97, we can cancel the first term in the LHS with the RHS,
getting
Vo 1 VO VP2
(L+gz) 2521+ ga)®

Now we can further expand @ in the second term in the LHS and obtain

=0 (2.102)

- Vo 1 /o -\ VB2 4+2Vd, - Vi
VP 2 (Ve 4+ Ve —0 2.103
(1+g2) 2 (Voo +9) = (1+ go)° (2105)
B Sp 1V} Vo +2 (6% : W) Vo + VI2 Vi
- - —0 (2.104
(I+gz) 2 b2 (1 + gx)® (2.104)

where terms of second order in ﬁgo have been ignored.

In virtue of Eq. 2.91,2.92, the leading order in the second term in Eq. 2.104
is the one where only ®y appears. Therefore, we can approximate our equation
to

_ _ =0 2.105
(I1+gz)  2b2(1+ gx) ( )
from which
- \Y% - | 1 Ve3 Vo
P | =V |-~ XT0 (2.106)
(14 gx) b2 (1 + gx)
2 - | 1 VeV
I v I hp=g.V.|-c 00 (2.107)
(1+gz) (1+gx) 202 (1+ gx)
Now, we can perform a change of variables
1
Y= 4‘99”@ (2.108)

Noticing that
dr = dx (2.109)
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we reach the following intermediate expression

(2.110)

Vi Oy 1 . 1V Va,
X X2 92

2 b2y3

where the first spatial derivative inside 6, V- and V2 is taken with respect to
X-

We could solve Eq. 2.110 if we knew the Green function G associated to it,
i.e. the solution to

Vi@ 0,G
e SO X0y =90)0 (2~ 20) (2.111)

In such a case, the potential ¢ would be simply given by the convolution Go S,
where we have called S the source

(2.112)

1o L1Vt vay
g2 2 b2X3

It turns out that we know the function G. In fact, Eq. 2.111 is the wave equation
derived for the electric potential when solving Faraday’s law in the Rindler
spacetime using the (7, X,Y, Z) sets of coordinates, for a pointlike charge [70].
The solution reads

2 2
x>+ (=) + (2 —20)" + X3

: (2.113)
477\/[)@ +(y—y0)’ + (2 —20)" + X%] — 4£2¢3

G (X‘ X‘O) -

. . 1
where we have shortened (x,y,z) into X and (xo, Yo, 20) in Xo, Xxo being —.
g

Since this expression is precisely the electric potential for a static charge in the
Rindler spacetime it represents not only the Green function, but also @y, hence

q [XQ +(y—10)* + (2 = 20)" + x%}
Dy = (2.114)

2
\/[XQ +(y—y0)’ + (2 —20)" + x%} —4xx¢

Inserting Eq. 2.114 into Eq. 2.112, the expression for the source is

2564° X X0
b2g2

S (X, %) =- _
2 2 5]° 2,2 ?
[x2+(y—yo) + (2 = 2) "‘Xo] —4*xo
(2.115)
As explained, our aim is the convolution between Eq. 2.113 and Eq. 2.115.
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Therefore we want to compute the integral

x2+(y—b)2—|—(z—c)2—|—a2

s ()—('> _ 256¢>

_47rb292/ \/[

2 2 2 2 2.2

6
a Xo

— | dadbdc

2 2
{ {az +(b— y0)2 + (e — zo)2 + X%} — 4a2><%}

Computational difficulties have arosen to such a level that we had to drop pur-
suing a solution. The integral, Eq. 2.116, has two divergencies. Besides the
classic divergence on the world line, an additional one arises where the integra-
tion variables match the point where we compute the field. The first divergence
is expected and normally eliminated via the convolution integral. The second,
however, has no classical counterpart. Its profound nature lies in the develop-
ment of the potential in series and in the very high degree of non-linearity of
the theory we are using. All this transposed into a major difference with re-
spect to what happens when we compute the potential of a pointlike charge in
a Maxwellian environment: usually, the source is a Dirac delta which helps us
get rid of the singularity in the integrating function. Here, instead, the source,
Eq. 2.115, is a field.

We have tried in various ways to tackle the computation of this integral. We
first tried analytically, but there was very little hope. A second try was to use
hypergeometric functions. Actually, such functions constitute the solution to
integrals of several polynomial fractions containing at least one square root at
the denominator. Unfortunately, the exponent of our result is so high that the
results are not tabled. Also, we were not able to find the exact form we needed.
Ultimately, we have resorted to a more direct approach, through a Monte Carlo
integration. Of course this is a complete change of heart, because we give up
the hope of finding an analytic result, but it was the best we could do under the
circumstances. This essay is still ongoing and we cannot, at present day, put
forward any result.

2.2 Electromagnetic shifts in the field of an Heisenberg-
Euler dipole

2.2.1 Context

In this Section, we intend to study an application of another possible way in
which non-linearities appear in an EM theory. As pointed out in the the previous
Chapter, this time we operate via an effective Lagrangian that accounts for the
QED effects. We have chosen to work with the more established of all the
possible theories that fall under this class, that is the Heisenberg-Euler theory.
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There are several testable predictions that follow from the HE Lagrangian.
Among them, we can mention the Schwinger effect [77] (see [78] for attempts to
observe this effect in the laboratory), the birefringence of the vacuum under a
strong magnetic field (see for example [79]), currently sought at the PVLAS or
BMYV experiment [71-75], and photon splitting [76] in a laser field [104]* .

While all these efforts are being developed in terrestrial laboratories, some
compact astrophysical objects may offer the possibility of testing the quantum
vacuum. The magnetars [106] are neutron stars endowed with an overcritical
magnetic field, see [107] for a review, with estimated values up to 102B. at
their surface [108], where B. is the critical field for the HE theory. Several
consequences of such intense field have been studied in the literature, such as
the lensing of the light emitted by background astronomical objects due to the
optical properties of quantum vacuum in the presence of a magnetic field [109]?,
the polarization phase lags due to the index of refraction of the vacuum [111]3,
and the influence of the quantum vacuum friction on the spindown of pulsars
[113].

Many of these effects are related to photon propagation in a background
field, which can be studied using the effective metric. As shown in [80,81], the
propagation of the high energy excitations of a non-linear EM theory on a fixed
background is governed by an effective metric that depends on the background
spacetime metric, on the background EM field configuration, and on the details
of the non-linear dynamics obeyed by the EM field (see [82] for a review). There
are numerous applications of the effective metric in pure gravity [81,114], and
cosmology [115-117]. In an astrophysical setting, it was shown in [85] for the
case of the BI theory that high energy photons coming from a compact object
endowed with an overcritical field would display an EM shift (EMS), in addition
to the gravitational redshift. In [86] the authors derive Eq. 2.156 that we have
emended of a computational for the low-field correction to Maxwell’s theory
obtained from the HE Lagrangian. In the following we will give derive the EMS
for the strong magnetic field case and discuss into greater detail the implications
on the photon propagation.

The EMS can be toward the red or the blue and is rooted in the non-
linearities of the Lagrangian, hence it is absent in Maxwell’s theory. The fact
that perturbations (in this case, photons) can exchange energy with the back-
ground, and that the exchange is intimately connected to the effective metric
has been explored many times in the literature; see Parker [118] for the case
of wave propagation in stellar coronas, Moncrief [119] for the stationary and
spherically symmetric accretion onto a Schwarzschild-Droste black hole, Mach
and Malec [120] for the same type of accretion in Schwarzschild-(anti)de Sitter
spacetimes, and Rivasplata Paz et al. [121] for the accretion of a ghost conden-
sate onto the Schwarzschild-Droste black hole.

ISee [105] for a recent proposal to test non-linear vacuum electrodynamics with Michelson
interferometry.

2See [110] for the polarization dependence of lensing, and its consequences on the thermal
emission of the star.

3Tor a review of the exotic physics that takes place in the overcritical field regime, see [112].
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Our intent is to investigate the EMS of photons in a dipole field which is
a solution of the full QED one-loop corrected Lagrangian, in a flat spacetime
background [122], through the effective metric. This setup can be considered
as a first step in the process of the modeling of the EMS of a magnetar. We
will analyze the angular dependence of the EMS for each of the two photon
polarizations, and show that there may be a redshift or a blueshift, depending
on the polarization of the photons.

2.2.2 The effective metric formalism

The effective metric formalism is the general framework that will allow us to
treat a highly non-linear problem in a rather simplified way. The idea is rather
simple: we have already examples in general relativity (GR) where particle prop-
agation is studied. Being GR a geometric theory, trajectories are determined
by geodesics in the spacetime of interest. What is the spacetime of interest? Is
either the background metric or the full metric. In the former case, an extra
force term will appear in the geodesic equation causing the particle to acceler-
ate in the background metric. In the latter, the particle will not be subject to
acceleration since it is moving in the full metric. In this manner, the particle
still complies with the equivalence principle even when we consider its mass, or
charge, and the radiation emitted. We choose the second approach. Thus, we
include the non-linearities in the metric and proceed to study the motion of the
photon in this new - effective - metric. This metric will be built such to include
the EM interactions, too.

We start by taking an EM field that is continuous on its characteristic surface
but with first derivative displaying a finite discontinuity along this very same
plane [123,124]. A characteristic surface is a surface, associated to a system of
differential equations, which is the result of the envelope of so called exceptional
planes. A plane is called exceptional in the point P , belonging to the boundary
conditions to solve the Cauchy problem, if the plane is tangent to the boundary
in P and if it exists a linear combination of the differential equations in the
system such that this combination does not contain the derivatives normal to
the plane. In mathematical terms, calling ¥ the characteristic surface and using
the notation

Vs = lim (Jls+s = Jz-0), (2.117)
we are requiring
[Fuls =0 (2.118)
and
[OxFyuvls; = Dk (2.119)

where we have called D,,, the tensor that accounts for the discontinuities of the
fields and
ky = 0\2 (2.120)

is the propagation vector.
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We must recall that the HE Lagrangian depends on the two invariants
F = 1F"F,, and G = feapF""F*P. Therefore, applying the Least Ac-
tion Principle, we obtain [81]

Or (LpF™ + Laf*™) =0 (2.121)

having called f*" = %e’“’p"Fpg and used the notation according to which Lx =

OL
——. In [83] the propagation of the discontinuities is studied in by expliciting

0X
the equation of motion thanks to Eqs. 2.118 and 2.119. The result reads
[LpD" + 2AF"™ 4+ 2Bf* ]k, =0 (2.122)
where
A = 2(Lpr +(Lrc) (2.123)
B = 2(Lrg+(Laa) (2.124)
with
£ = F*PD.g (2.125)
¢ = [D.y (2.126)

We transform Eq. 2.122 into a scalar equation by contracting it either with
Ftkq or with fi'k,. The two results read

{ng + ;BG] W kk, — 2AFYFkk, = 0 (2.127)
1
[gLF —BF + 2AG} W kuk, — 2BFYF*kk, = 0 (2.128)

From these two last equations, a second order equation is built posing

¢
Q=2 2.129
¢ ( )
that is
D+ 0+ Q=0 (2.130)
with
Q = —LyLpg+2FLpcLeg + G (Lég — Lg) (2.131)
Q2 = (Lr+2GLrc)(Lae — Lrr) +2F (LrrLoe + Lig) (2.132)
Qs = LpLpg+2FLppLee +G (Lig — Lip) (2.133)
The solution of Eq. 2.130 is
Qe EVA

Q= (2.134)

20
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with A = Q3% — 4Q,Q3. Therefore, collecting k,k, in Eqs. 2.127,2.128 the prop-
agation equation looks as
S gk, =0 (2.135)

and the effective metrics?

gt = Len™ — 4 [(Ler + QeLre) F{FY + (Lre + Qs Loa) FL PV
(2.136)
The two signs correspond to the birefringence of the HE theory. Generally, non-
linearity prompts birefringence. There are exceptions, though. Among those,
remarkably, BI theory for which the €; vanish identically®.
In our work, we deal with a static dipole, hence

G=0 (2.138)

Therefore, also [84]
Lg = 0 (2.139)
Lrc = 0 (2.140)

which can be used to simplify Eq. 2.136 into the more manageable forms

Mgk, = [Lep™ —ALppFlF*], (2.141)
@ghv = [(Lp —2FLgc) " — AL FLF®], (2.142)

where the subscript zero indicates the quantity is evaluated at the background
field.

2.2.3 Computation of the shift

The computation of the shift must be performed with some care. In fact, a
photon propagating in a non-linear theory does exchange energy with the back-
ground and, hence, accelerates because of the non-linearities. In other words, it
does not follow the geodesics of the background metric [80,81,83]. Instead, the
photon will move on geodesics of the effective metric because only this metric
incorporates the dynamics induced by the non-linearities in the theory. There-
fore, an observer that is comoving with respect to the background field will see
the motion of the light particle governed by

P*Vup” = proup” + T p? =0 (2.143)

4The same result can be obtain perturbing Eq. 2.121 with respect to a fixed background
keeping only terms linear in the perturbations and applying the eikonal approximation [125]

5Indeed, if the Hadamard procedure is applied correctly, one obtains the effective metric has
an unique (meaning it does not depend on the polarization) form that excludes birefringence
[126]

v 1 v v
gh = (b2 + §F> nHY + FPFA (2.137)
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where, for each polarization, @# is the covariant derivative built using the ef-
fective metric and f‘g 5 the corresponding Christoffel symbols®. All contractions
must be done using the background metric.

For a time independent metric, it exists a constant of motion, which is pg,
i.e. the time component of the 4-momentum. Conversely we will show that
po is no longer conserved along the geodesic in our case. We will have a new
conserved quantity, arising from the Killing vector” of the effective metric that
governs the dynamics.

Sufficiently away from the dipole, we consider a Minkowskian background.
Lowering the indexes of the 4-momentum in Eq. 2.143

("0, ) Po + 179"y (po) = —Tisp°p” (2.146)
and multiplying by 7,, we get

puaﬂ (pa) = _nuaf‘Zﬁpapﬁ — NMvoPo (p“a,unya) = _nuafZﬁpapB (2147)

the second term in the RHS vanishes. However, nothing assures that the first
does it too. More specifically, for o = 0, it results from Eq. 2.147

P*Ou (po) = =100l 050" p” (2.148)

From Eq. 2.148 we see immediately that py would be a constant of motion only
if the RHS vanished. However, as we have just pointed out, nothing assures, in
general, that such a term vanishes. We thus define a new invariant of motion that
is conserved along the geodesics. Being the effective metric time independent,
we know that it must have an associated Killing vector. More specifically, this

0
vector is K = — that, in components, is

ot
K" =g (2.149)

We now define
pr = §"puKy (2.150)

and exploit 1) Eq. 2.143, 2) the definition of a Killing vector and 3) the vanishing
of the covariant derivative of the effective metric [83]. Under these assumptions,

6Given a metric, the Christoffel symbols are defined as follows

1 0 0, 0
o= g0 (G + e - Do) (2.144)

oxh ox™ oxH

"Given a Riemannian manifold, a Killing vector field is a vector field that preserves the
metric, being the generator of isometries. In the direction of the Killing vector, distances on
the manifold are not distorted. From a more practical point of view, the Killing vector field
K, must satisfy

VoK, 4+ VK, =0 (2.145)
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Pr is indeed a conserved quantity

pa@aﬁK = (Pa@a!?’w) p;LKV + L‘NJHV (pa@ozp,u) K, + gl“/pap,uﬁaKu
) PYp® + Popt VoK, — V, K,
= §pp VoK, = —L ; P . =0 (2.151)

where P¥ = g"p,.
From Eq. 2.150, the conserved 4-momentum in the effective metric is

- - - - ~o0y—1 -
pr = 3" puKy = 3" pugavdly = 3%pogoo = po = 9% (3°°)  Prx  (2.152)
Incidentally, we see from this result that at least some of the Christoffel symbols
in Eq. 2.148 are necessarily different from zero.
From the definition of a frequency shift, we write
9% (E) uo (E) po (E)

S B o (B (B) (2153)

1

400
since u"u”g,, = 1 and the photon doesn’t have spatial momentum; combining
this expression for ug, Eq. 2.153 and Eq. 2.152, we get

g (E)} ? 5% (R)
g (R)| §(E)

We observe that in Maxwell’s theory and a photon propagating in Minkowski
spacetime

We have labeled R (E) the reception (emission) point. Furthermore, ug =

1+2= { (2.154)

g (E)} T (2.155)

o (R)
since g = g"”. This result is precisely what it is expected because Maxwell’s
theory does not give rise to a shift in frequency if the space is flat.
Having placed the dipole in a Minkowski background, Eq. 2.154 reduces to
~00
9" (R)
1+z=2 (2.156)
g% (E)
Once again, we remark that this expression correctly vanishes if the theory is
linear as g"” = ¢g"¥. Furthermore, we point out that Eq. 2.156 corrects results
present in the literature [85,86].
For computing the electromagnetic shift in the HE dipole spacetime, we

fix the reception point at spatial infinity, where the metric reduces to the flat
background. Therefore, §°° (R) = ¢°° (R) = 1, and we get

1—1—22[

Wz =Lp(E)-1 (2.157)
@z = [Lp(E) —2F(E)Lag(E)] — 1 (2.158)

In the next Section, we will specify these expressions , that hold for every non-
linear theory, to the case of HE theory.
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2.2.4 EMS for the HE dipole

The first element needed for the computation of the EMS is the derivative of
the HE Lagrangian Eq. 1.157. To this end, we rewrite Eq. 1.157 in a more
convenient form [15,77]:

1[4 , ?
Lgg = —F—8?/O S—je_mié l(es)2 abcoth (eas) cot (ebs) — (e;) (a®> — %) —

(2.159)
where

o« = [VEre+r) (2160)
b - [VPre-r| (2161)

me is the electron mass and e is the electron charge. We have assumed the so
called soft photon approximation, which implies that the photon energy is much
smaller that its rest mass, i.e. w < m,. In the case of a static magnetic field,
where no electric field is present, the derivatives of Lry can be analytically
computed exploiting the following relations

O = (a®+0°)7" (ads — bdy) (2.162)
0 = (a®+1)"" (ad, + b0y (2.163)

-

and performing the derivation inside the brackets in Eq. 2.159. Then, the limit
b — 0 is taken. The remaining integrals in Eq. 2.159 can be performed via
regularization techniques presented in [127]. The convergence of the integrals
is implicitly assumed through the Feynman prescription m? — m? — je. The
result of this long and involute computation yields [84]

a1l 1 1 1 1
Le = —1—— |24 -——8'(-1,—)+-—ID(—
F o1 {3 T o 5 ( ’%) o (2&)
1. /1) 2 (1) 1
(= )+ (=) -2 2.164
Iin(2ﬁ>+3n<25) Hnw] (2.164)
a 12 1 12
Log = —— |- Zp(1+—) - +2 2.165
¢G QWBEKQ[ 3 31/’( +2/<a> 2n2 T3 (2.165)

1 1 1 1 1 1
!
1. =) - = — - _ - —
8¢ ( ’2/—@) 2/£1n1"<25)+nln27r Hln(ﬁ{)}
e . 1 . .
where o = — is the fine structure constant ~ ——, I' (h) is the gamma special

/I8
function, v (h) is the the derivative with respect to h of InT" (k) and ¢’ (=1, h) is
the derivative with respect to the first argument of the Riemann-Hurwitz zeta
function [128,129]. k is instead given by the following expression

= — 2.166
K= (2.166)
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B being the modulus of the magnetic field.

We have stated that Eqs. 2.141-2.142 are evaluated on the background.
Hence, we need to find the background magnetic field associated to a dipole.
Without loss of generality, we assume the dipole to be oriented along the z axis.
In terms of spherical harmonics, the background field can be given by

By = -V® (2.167)
where [122]
4T m
g (1r,0,¢) = \/ ??szm (0, 9) (2.168)
Yi0 = icos0 = iu (2.169)
m 47

and m is the dipolar moment. Since the relevant expressions in both effective
metrics are already O(«), only the zero-order solution for the field is needed to
calculate the EMS 89.

It follows
2 V1 —u?
BOV<I>0< SR = ey o) (2.170)
and using the expression for the gradient in spherical coordinates
- 0 10 1 0
V= |2 -2 - = 2.171
<87“’ r o0’ rsin@&p) ( )
Therefore - 2( 2) )
dm=u m-(1l—u m
2 2
By=—%—+ p =5 (14 3u?) (2.172)
Hence
m
By = s (14 3u?)
m
= B g (1+ 3u?) (2.173)

For simplicity, we introduce the parameter A which is the ratio between the
mean dipole background at r» = rg and the critical field
m

)\ = 2.174
r3 B, ( )

8The O(a) correction for the dipole has been calculated in [122].

9The eikonal approximation is valid when the modulus of the wave vector ky, is much
larger than the (dimensionless) gradient of the field [125]. In the case of a magnetic dipole,
this implies that & > 1/r. For r = 10 km, which is the radius of a typical neutron star,
we get that A < 10 km. Hence, only very low energy photons are excluded by the eikonal
approximation.
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Then it follows
_bo

B.
Hence, the EMS given by Eqs. 2.157 and 2.158 is a function of € for each value
of A.

Figure 2.2 presents the dependence of the EMS with the variable s for both
polarizations. The figures show that the EMS is small in both cases as expected
from an effect arising from a quantum correction. It is important to remark that
the EMS is negative for the first polarization (hence a redshift) and positive (so
it is actually a blueshift) and larger for the second.

Figure 2.3 shows the dependence with cos @ of the EMS for three values of
A, which are relevant for magnetars [107]. The plots show that in both cases
the EMS increases (in absolute value) with the field, but while (V)2 is maximum
at the equator and minimum at the poles, (2)z behaves in the opposite way. It

K = A\/(1+ 3u?) (2.175)
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(continuous, dashed, and dotted line respectively). In the left plot, the EMS is
negative and decreases with the field. In the right plot the opposite occurs. [130]

also follows from the plots that the EMS is typically one order of magnitude
larger for the second polarization.

2.3 Conclusions

What conclusions can we draw from the exposition in this Chapter?

For the BI radiating charge, we have tried to apply a technique used in
Maxwellian physics encountering insurmountable difficulties for our time con-
straints. The benefits of BI theory would be evident if the field of a radiating
charge could be computed: since the field of this theory is finite everywhere the
self-force problem is expected to be much simpler and richer of insights. We
have tried to simplify the computation of the field for a relativistic, uniformly
accelerating charge using the Rindler coordinates. The advantage of this proce-
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dure is that the motion of the particle is extremely simple, being it at rest. The
disadvantage is the use of a curved, complicated set of coordinates. This adds
to the already non-trivial structure of the differential equations that BI theory
confronts us with. As shown in [100], in the linear case such complications do
not represent an insurmountable obstacle since, thanks to an analogy with the
geodesic equation of a particle moving next to a Schwarzshild-Droste black hole,
the solution for the 4-potential is known. At present, we were not able to find
such a correspondence for the differential equation we obtain in the BI case.
Such equation is derived via an expansion on the field around its Maxwellian
value, which is possible because BI theory generates only tiny variations with
respect to the Maxwell field.

We have tried to solve such equation through convolution, since the Green
function of the problem was known. Unfortunately, the complexity of the en-
suing integrals is such that we were unable to solve them, nor analytically nor
computationally. We have focused our attempts mainly on the analytical part,
also looking for possible solutions coming from the use of hypergeometric func-
tions. Only after realizing that such attempts lead nowhere, we tried to ap-
proach the problem from the computational point of view. Because of the lack
of expertise and time no substantial progresses were made in that regard. The
author and his collaborators intend to continue working on these issues in the
future. We want to stress, however, that such mathematical problems might be
the result of the fact that we have expanded the BI solution: the entire series
must be convergent, but - to the best of our knowledge - there is no literature
assuring us that each single term is finite.

Concerning the overcritical magnetic dipole in the HE theory, we have de-
rived and computed the EMS that photons experience when emitted at a given
point of a dipole field with QED one-loop corrections and travel to infinity. The
EMS evidences a polarization dependent effect, since a photon may gain or lose
energy depending on its polarization ( see [119,120] for a gravitation analogue).
This “photon acceleration” effect has been discussed before in a different setting
in [131], although the polarization plays no role there. The energy exchange
between photons and the background field is due to their interaction through
the non-linearities of the theory (since the EMS is null when a = 0).

This new effect may be important at least in two different areas. The first
one is the astrophysics of magnetars. To give a full description of such objects
gravitation and rotation should not be neglected, but the significance of the
EMS can be seen in a simpler setting, taking into account that the EMS adds
to the gravitational redshift (see [85] for the proof of this assertion in the case
of the EM redshift). For a star of two solar masses and a radius of 10 km
(typical values for a magnetar), the gravitational redshift (calculated using the
Schwarzschild-Droste metric [87]) would be approximately 0.2. Hence, as shown
in Figure 2.3, for strong enough background fields, the EMS can reach values
that are of the order of the gravitational redshift (for one of the polarizations).

This effect would lead to a variation in the shift of photons coming from the
surface of the star and hence in the ratio of the mass and the radius.

There are other concurring effects leading to a detected frequency being
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different from the one expected. Among the effects to be compared to the EMS,
there is the Doppler shift due to the peculiar velocity of the magnetar, and the
influence of the magnetic field on the spectral lines. For the latter, we remark
that modeling the influence of an overcritical magnetic field on the spectral lines
is highly non-trivial. In such a regime, the usual treatment of the magnetic
effects does not apply. Indeed, the Coulombian interaction must be treated as a
perturbation to the magnetic interaction, conversely to the usual Zeeman effect.
For an explicit computation of the frequency shift, the expressions for the energy
levels of an atom in an overcritical magnetic field would be needed, and these, to
our knowledge, are not available in the literature [112,132,133]. Furthermore,
the shift in the spectral lines due to a magnetic field and the Heisenberg-Euler
effect are of a different nature. While the former depends only on the change of
energy levels due to the magnetic field, the latter is a consequence of both the
magnetic field and the propagation of the photon.

An interesting recent potential source of frequency shifts comes from the
non-minimal coupling between gravity and the Higgs field [134-136]. In the
notation of the second of these references, the non-minimal coupling between
the Higgs and the Kretschmann scalar would lead to a shift given by

)\2
51 — \/§§’Rsi

5 5 (2.176)

where ¢’ is the coupling constant, Rg is the Schwarzschild-Droste radius, and\,,
the Compton wavelength for the Higgs. Taking typical values (M = 3 km,
r =20 km, and A\, = 2 x 1072! km), it follows that

57” = 6v/3¢" x 10740 (2.177)
Hence, for this effect to be comparable to the Heisenberg-Euler shift quite large
values of the Higgs-curvature coupling parameter are needed, £ ~ 10%7.

Our results may be relevant also in experimental settings to detect the sig-
nature of the QED vacuum, in particular those that use an overcritical dipole
magnetic field, such as PVLAS [71,74,75] and BMV [72,73].
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Chapter 3

EFFECTIVE PHOTON
MASS FROM SUSY AND
LORENTZ BREAKING

Résumé

Dans ce Chapitre, nous avons essayé de placer un photon massif dans le Modéle
Standard. Ce dernier est le lagrangien de la physique des particules et résume en
lui-méme toutes les interactions parmi les particules fondamentales et explique
les forces électromagnétique, nucléaire faible et forte. Initialement, le Modéle
Standard prédisait des particules sans masse qui ne sont pas conformes avec ce
que 'on voit dans la nature. La probléme a été résolu [137-139] en introduisant
un nouveau champ qui, grace au mécanisme de rupture de la symétrie, engendre
des masses correctes. Ce champ est connu comme le champ de Higgs et a été
finalement mesuré en 2015 [140]. est plus faible qu’attendue. Une tentative
pour expliquer une telle différence est d’aller au-dela du Modéle Standard grace
a la théorie de la supersymétrie (SUSY). Dans cette théorie, chaque particule
bosonique posséde un équivalent fermionique et vice versa. Les interactions
parmi les nouvelles particules qui apparaissent et le boson de Higgs conduiraient
a la bonne valeur expérimentale.

Dans le contexte de SUSY, nous considérons les extensions du Modéle Stan-
dard ou la symétrie de Lorentz est cassée & des énergies proches de 1’échelle
de Plank. Notre but est d’étudier la propagation de la lumiére et voir si nous
pouvons trouver des comportements massifs. Nous considérons quatre théories
différentes. Les deux premiéres seront CPT impaires, les deux suivantes CPT-
paires. A l'intérieur des deux groupes, la deuxiéme classe sera obtenue a partir
de la premiére via l'intégration de tous les champs supersymétriques — plus
spécifiquement du photino, qui est le partenaire supersymétrique du photon.
Pour la classe CPT impaire, nous adoptons le modéle de Caroll-Field-Jackiw,

69
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qui est une version modifiée du lagrangien de Chern-Simons. Pour implémenter
le terme non-maxwellien dans un espace-temps de dimensionnalité paire, un
vecteur externe de fond est nécessaire. Le prix & payer pour cela est la rupture
de l'invariance de Lorentz. Dans SUSY, ce fond est donné par un condensat
généré a haute énergie par la perte de la symétrie de Lorentz. Nous avons écrit
les relations de dispersion a la fois pour le cas ou le photino est laissé comme
un degré de liberté et pour le cas ou il est intégré. Elles sont [141,142]

(K + (0 0,) () — (0"h,)% = 0 (3.1)
(v'v,) (K"ky) (Uuku)2

(KF'ky)™ + CH-M7 O-H-mP " 0 (3.2)

ou H et M sont des scalaires donnés par des combinaisons appropriées des
condensats de, k* = (w, E) et v* est le fond qui provoque la rupture de Lorentz.

Les deux sont ensuite les mémes sauf pour un changement dans la valeur de v*,
qui est trés petit. Nous soulignons que ces relations de dispersion sont du
quatriéme ordre en w et que seulement des puissances paires de la fréquence
angulaire apparaissent. Par conséquent, nous avons deux solutions (doubles) &
cette équation. Nous devons étudier la propagation pour ces deux modes.
Pour le cas CPT pair, nous utilisons le modéle kp-term. Il s’agit d’un modéle
purement supersymétrique et qui a pour but d’étudier comment les condensats
fermioniques affectent la physique du photon et du photino. Pour cette théorie,
les relations de dispersion sont connues seulement en laissant le photino comme
un degré de liberté. Elles sont

w:(1+pio—)’1}" (3.3)
ou
1.
po= §K3 (3.4)
1/~ 2
2 _ - 2
o = 5 (Ras) = (3.5)
Ko = Kuvaphuh, (3.6)
R ja
o= (3.7)
i

sont toutes des quantités dépendant du terme de rupture de symétrie. Nous
avons dérivé les relations de dispersion pour le cas ou la physique du photino a
été intégrée [143], obtenant

bxk* — k* + (3a + bk?) x*Pkoks = 0 (3.8)

ol a et b sont des constants (dimensionnelles), x est la trace de x*” et cette
derniére est le tenseur qui provoque la rupture de Lorentz dans la théorie. Il
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est important de remarquer que dans les deux cas impairs, le fond qui cause la
violation de la symétrie est un tenseur, & la différence de ce qui se passe pour
le modéle de Caroll-Field-Jackiw.

Ayant donné les relations de dispersion pour toutes les théories que nous
avons 'intention d’étudier, la discussion est centrée sur une analyse approfondie
de ces derniéres. Pour la relation de dispersion de Caroll-Field-Jackiw, nous
traitons seulement le cas non-intégré, puisque celui ou le photino n’est plus un
degré de liberté est simplement une réduction de la valeur du vecteur de fond
du premier. Bien que ’on obtienne la vitesse de groupe comme une fonction du
nombre d’onde, nous focalisons notre attention principalement sur deux fagons
légérement inhabituelles d’approcher la dispersion. Nous donnons le retard entre
deux photons émis & des fréquences différentes depuis la méme source. L’effet
dépend de ’anglef entre la direction de propagation et le vecteur de fond.
Pour cosf # 0, les vitesses en terme de fréquence angulaire sont les mémes pour
les deux modes émergeant de I’équation de dispersion et sont

2

v;‘f(#o =1- 81}? (2 4 cos0) (3.9)

Pour cosf = 0, un des modes a un comportement maxwellien tandis que ’autre
est dispersé

=0 = 1 (3.10)
0=0 v?

cost= i

5% = 155 (3.11)

Dans ces expressions, v est le module du vecteur v*. De plus, nous avons fixé la
composante du temps de ce 4-vecteur a zéro du fait que sa présence permettrait
I’apparition de modes superluminaux. Synthétiquement, nous pouvons conclure
que la vitesse de groupe a la forme

1
vg=1-— mﬁﬁ (3.12)

ou a est un facteur numérique. Par conséquent, le retard pour deux photons a
différentes fréquences est

At:l~a~v2~<1—1) (3.13)
2 2
wip Wi

En comparant cela & ’expression correspondante pour un photon de de Broglie-
Proca, nous remarquons un comportement massif. La masse du photon est
donnée par

my=2av (3.14)

Une estimation de 'ordre de grandeur de v a été récemment donnée dans [144].
Avec leur résultat nous obtenons une masse de I'ordre de 10™5%kg,

Nous avons étudié la relation de dispersion de Caroll-Field-Jackiw aussi en
termes des forces de champ. L’avantage de cette approche est que nous pouvons
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étudier comment la dispersion dépend de la polarisation. Pour des polarisations
circulaires, nous trouvons des résultats qui sont compatibles avec les vitesses de
groupe obtenues par la procédure normale. Pour une polarisation générale, on
voit plutdt qu’il y a possibilité que des modes avec des fréquences imaginaires
apparaissent,.

Pour le secteur CPT-pair, les difficultés sont dues & la nature tensorielle
du fond. Par conséquent, pour calculer la vitesse de groupe nous devons pren-
dre la dérivée de la fréquence angulaire par rapport a chaque composante du
vecteur nombre d’onde et ensuite recomposer la vitesse totale via le théoréme
de Pythagore. Pour les deux classes nous obtenons un résultat similaire

vy =1— C (t1sin®0cos’p + tasin®fsin’p + tzcos”) (3.15)

ou Cest une constante dépendant des composantes du tenseur de fond unique-
ment. Nous constatons que nous avons un comportement non-maxwellien,
puisque la vitesse de groupe est différente de la valeur obtenue dans la théorie
classique. Cependant, nous n’avons pas de dispersion puisque la correction est
une constante, une fois que nous avons choisi la direction de propagation, étant
le tenseur de fond ne dépendant ni du temps ni de la position. De plus, une telle
correction est trés petite puisque 'ordre de grandeur typique des composantes
du tenseur est 10~ %€V

La derniére partie de ce Chapitre est consacrée a l'explication de com-
ment la masse du photon devrait se produire dans le secteur CPT impair.
Pour montrer cela nous écrivons le lagrangien de Caroll-Field-Jackiw en ter-
mes de composantes du 4-potentiel. Nous perdons la forme explicite covariante
de D’expression, mais nous sommes capable de voir que le potentiel scalaire
électrique¢ apparait seulement & travers son gradient et que ce n’est pas un vrai
degré de liberté, puisque il peut étre éliminé du lagrangien via une redéfinition
du champ

x=Vo+A—25x A (3.16)
A étant le potentiel vecteur magnétique et le point au-dessus d’une lettre indique
la dérivée temporelle. L’équation du mouvement pour le champ x est x = 0,

signifiant qu’il n’y a pas de dynamique pour ce champ. Par conséquent, la partie
dynamique du lagrangien est

L=v (AxA)~2(5x4) L (FxA) +uwd (¥x4) @17
Nous nous focalisons sur le second terme qui peut étre écrit comme

2|5 A2 + 2|5]* A2 (3.18)

aprés qu’une rotation appropriée ait été utilisée, transformant A en /:1' On voit

que, dans cette expression, nous avons un terme massif @ la de Broglie-Proca, de

Broglie-Proca, ou le role de la masse est joué par le module au carré du vecteur
de fond.
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1
Pour résumer, nous avons prouvé que le retard a une dépendance en— de
w

la méme facon qu’elle apparait dans le cas de de Broglie-Proca. A la différence
de ce qui se passe dans cette théorie, la masse n’est cependant pas une con-
stante. Elle dépend du vecteur de fond qui provoque la violation de la symétrie
de Lorentz et de la direction. En d’autres mots, il s’agit d’une masse effective.
A cause de cela, pour obtenir une estimation de cette valeur, nous avons besoin
d’estimer ’ordre de grandeur du vecteur de fond. Un travail récent [144] le fixe
3 107 1%eV. Cela résulte en une masse d’ordre de 10~%°kg, seulement un ordre
de grandeur plus faible que la limite acceptée par le Particle Data Group [47].
De plus, une étude sur la dispersion en termes d’ondes polarisées a montré qu’il
est possible d’avoir des régions ou la vitesse de la lumiére est complexe. Dans
tous les cas CPT-impairs, nous avons obtenu un comportement massif. Nous
avons essayé de donner une explication & cela par 'analyse plus minutieuse du
lagrangien. Nous ’avons écrit dans une forme covariante non-explicite, intro-
duisant les composantes du champ du photon. Le potentiel électrique n’est pas
une variable dynamique et on peut ’éliminer du lagrangien. Un terme avec la
structure classique d’'un terme massif apparait, mais c’est le fond au carré qui
joue le role de la masse. Ceci est cohérent avec ce que nous avons précédemment
vu dans les cas particuliers que nous avons étudiés et cela nous donne une raison
plus fondamentale pour laquelle la masse du photon devrait étre liée au vecteur
de fond.
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3.1 Context

A legitimate question is how a massive photon relates to the Standard Model
(SM hereafter). Even more importantly is to search for a mechanism providing
mass to the photon. We will provide an initial single reply to both questions.

For the most part, we base our understanding of particle physics on the SM.
The SM is the Lagrangian of particle physics and summarizes in itself all the
interactions among fundamental particles, and accounts for electromagnetic,
weak, and strong nuclear forces. The model has been finalized theoretically
in the mid seventies, and has found several experimental confirmations ever
since. In 1995, the top quark was found [145]. In 2000, the tau neutrino was
measured [146]. Last, but not least, in 2015 the most elusive particle, the Higgs
boson, was found [140]; its relevance is huge because it is the field that allows
the spontaneous symmetry breaking mechanism through which other elementary
particles that interact with the Higgs gain their expected mass.

The SM is divided in two sectors, fermionic and bosonic. The fermions
are particle of semi-integer spin. To each fermion, corresponds an anti-particle.
Inside the sector, the fermions are divided into two groups, according to the force
through which they interact. Quarks interact through the strong nuclear force.
Leptons through the weak force. Quarks are not visible individually. They
combine to form composed particles called hadrons, when they get together as
a quark-antiquark duo, or mesons, when three quarks reunite. Being charged,
quarks also interact electromagnetically with other fermions.

Of the fermionic family, the remaining particles are called leptons and their
direct dynamics is influenced by the weak nuclear interaction. Leptons are
further divided in neutrinos, that don’t carry electric charge, while the remaining
particles do.

All ordinary (baryonic) matter is made of fermions. The integer spin parti-
cles are instead called bosons and they are the interaction carriers in the SM.
In fact, in the context we are working in, forces are seen as baryonic matter
exchanging other particles. The force carrier for the electromagnetism is the
photon. Strong nuclear interactions is mediated by eight gluons whose interac-
tions give rise to the so called Quantum ChromoDynamics (QCD). The W+,
W~ and Z bosons, instead, are the mediators of the weak interaction. They
are massive and electrically charged. Being charged, they allow to describe the
electric and weak nuclear forces in a single, reunited context, which is called
electroweak theory. Fig. 3.1 shows, schematically, the basic particles and inter-
actions of the SM.

In the SM, a special place, is held by the Higgs boson. SM would imply that
most particles are massless, unless this special field is introduced. Of course,
particles all massless would be in contrast with every day experience. Hence,
in 1964, Higgs and others [137-139] came up with a mechanism that, thanks to
the introduction of a new particle, the Higgs boson, is able to explain why we
observe massive particles. There is however a problem. The detected mass of
Higgs boson is too light: in 2015 the ATLAS and CMS experiments showed that
the Higgs boson mass is 125.09 £ 0.32 GeV [140]. For such a mass value for the
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Figure 3.1: Spin 3 fermions and gauge bosons in the SM

Higgs, the SM would be valid up to the Plank energy scales [147]. Instead, it
is widely believed that new physics should appear at the TeV scales, which are
now the experimental limit up to which the SM was tested [148]. Consequently,
we need a theory that can explain the light mass of the Higgs particle and still
assures that new physics arises beyond the current technological limits. An
interesting attempt to go beyond the SM is for sure Supersymmetry (SUSY) -
see [149] for a review. This theory predicts the existence of new particles that
are not included in the SM.

The interaction between the Higgs and these new SUSY particles would can-
cel out some contribution the Higgs boson mass, making it as light as detected.
The SM is assumed to be Lorentz invariant at low energy scales, like the ones
we can probe with current technology. Anyway, it is reasonable to expect that
this prediction is valid only up to certain energy scales, as proven by the work
of Kostelecky and Samuel [150-156], where they show that in the context of
bosonic strings - i.e. for very high energies - the condensation! of tensor fields
is possible.

The aforementioned facts show that there are valid reasons to undertake an
investigation of physics beyond the SM and also consider Lorentz symmetry
violation (LSV). However, it might be argued that we could see those effects
at hardly attainable high energies. While this is true, there is a general frame-
work where we can test the low-energy manifestations of LSV. This framework
is the so called Standard Model Extension (SME) [157,158], whose effective La-
grangian is given by the usual SM Lagrangian corrected by SM operators of any

1In QCD, a field that is representation of a certain symmetry is called a condensate if it
spontaneously breaks the symmetry and acquires a vacuum expectation value.
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Figure 3.2: We show the order in which the symmetries are supposed to break:
the order is not certain and in our work we adopted that of [143], although others
are possible. At Planck scale they are all exact symmetries. The breaking of
Lorentz symmetry (LOSY) is the first and happens above the energy scale of
the Great Unified Theory (GUT). At 10! — 101 GeV we have the breaking of
SUSY. At the observable level we find the models presented in this work and
that carry reminiscence of such symmetries being broken.

dimensionality suitably contracted with Lorentz breaking tensorial background
coefficients to get a scalar Lagrangian.

In this context, LSV has been thoroughly investigated phenomenologically.
Studies include electrons, photons, muons, mesons, baryons, neutrinos and Higgs
sectors [159]. Limits on the parameters associated to the breaking of relativistic
covariance are set by quite a few experiments [159-161]. LSV has also been
tested in the context of electromagnetic cavities and optical systems [162-168].
Also fermionic models in presence of LSV have been proposed: spinless and/or
neutral particles with a non-minimal coupling to a LSV background magnetic
properties have been put in relation to fermionic matter or gauge bosons [169-
180].

In this article we study the effects visible in the low energy regime to the
photon propagation physics in the context where we have LSV. Following [181-
191], we see that LSV corresponds to a more fundamental physics of which
we have little experience because it happens at a scale of energy greater than
that obtainable in modern particle accelerators. At that energy, SUSY is still
an exact symmetry, even if we assume that it might break at scales close to
the primordial ones. However, LSV may induce SUSY breaking because the
background vector (or tensor) that implies the LSV is part of a SUSY multiplet?
(see for instance [143]). In Fig. 3.2 we give a graphic representation of the energy
scale hierarchy.

2 A multiplet is a group of particles that belong to a fundamental representation of a group.
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The interest of studying the implication of these models on light propagation
lies in the fact that, until we will not be able to exploit gravitational wave in-
formation through ground/space based interferometers or pulsar timing arrays,
our understanding of the universe will largely depend on our electromagnetic
observations - but for what concerns neutrinos and cosmic rays. Fundamental
physics is therefore burdened with the task of testing the foundation of electro-
magnetism, of which photons are the carriers. Astrophysics has just to interpret
the universe accordingly.

We have previously shown that non-Maxwellian theories have been proposed
over the course of the last century and that they are indeed worth taking into
account. Considering the direction of the work we will present here, the mas-
sive theories are particularly relevant. If the photon is massive, propagation is
affected by this massiveness and the effect is important if we want to perform a
precision measurement of astrophysical and cosmological phenomena.

This Chapter will be structured as follows. We will recall some extensions to
the standard models that imply LSV. For this work, we will consider four classes,
in couples of two. All of them are embedded in the supersymmetric scenario.
We will proceed here to a brief summary of the features that are relevant to our
discussion, referring the reader to the literature for a more in depth analysis.
The first two will be CPT? odd, the second CPT-even. Inside each class, the
second and fourth class will be obtained from the first and third via integration of
all the supersymmetric fields. After that, for all these models we will write down
and examine the dispersion relations (DR). We will see that the group velocity
for the photon takes up a behavior similar to that of a massive particle. This
will suggest to try and treat these models as if the QFT effects that go beyond
the SM could be summarized into a massive term. Then, we will show how the
Lagrangians for these models can be recast in a non-explicitly covariant form so
that they reproduce the structure of a de Broglie-Proca Lagrangian, where now
the massive term depends on the symmetry breaking parameters. At the end,
we will provide some reflections and conclusions.

3.1.1 Chapter outline

In order to help the reader in following the logical flow of this Chapter, we
propose here an outline of the contents.

e For the presentation of the CPT-odd Lagrangians, we consider

— CPT-odd case (Carroll-Field-Jackiw model), where the Lorentz vio-
lating perturbation is a background vector v,

3First, a gauge theory is Abelian if its own symmetry group is commutative. CPT stands
for Charge-Parity-Time Reversal and represent three operator that, applied to a physical state
of an Abelian gauge theory return either the physical state itself or minus the state. In the first
case the theory is said to be CPT-even, in the second CPT-odd. The SM is CPT-even. The
implication of the CPT symmetry is that the “mirror image” of the universe would undergo
the same physics. C implies passing from matter to anti-matter, or vice versa; P implies
parity inversion as the mirrored positions of objects; T implies time reversal, since time has
the opposite sign.
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* Lagrangian for the case where the photino?® is left as a separate
degree of freedom (Class 1)

* Lagrangian for the case where the photino has been integrated
out (Class 2)

— CPT-even case (kp-model), where the Lorentz violating perturbation
is a tensor

x Lagrangian for the case where the photino is left as a separate
degree of freedom (Class 3)

x Lagrangian for the case where the photino has been integrated
out (Class 4)

For Classes 1 and 3 the photon propagation is not influenced by the photino;
conversely, for Classes 2 and 4.

e The study of the CPT-odd case is done for both Lagrangians at the same
time, because the ensuing DR differ by a simple rescaling of the back-
ground Lorentz symmetry breaking vector v,

A) We obtain the group velocity in function of the wave number, in the
hypothesis that vy = 0.

B) For vy = 0, we analyze the time delay for two photons emitted at
different frequencies, finding a massive behavior where the mass role
is played by the background vector absolute value.

C) We study the DR for polarized waves.

— For circular polarizations and vy = 0, we obtain solutions coher-
ent with the case A) where the spatial part of the background
vector ¢ has been taken aligned with the propagation direction.

— For circular polarization and vy # 0, the appearance of complex
solutions is possible.

— We analyze a wave randomly polarized wave where the direction
of propagation lies along the Z axis.

* If vg = 0 and vz = 0, the result is identical to A), where the
propagation in the latter occurs along the Z axis. Again we
evidence a massive behavior like in B).

x If vg # 0 and vz = 0, the behavior resembles the previous
point but there is the possibility of complex frequencies.

x If vg = 0 and vg # 0, the solutions are the same as in the
above case, but with the roles of vy and vs inverted.

x If vg # 0 and v3 # 0, there is no straightforward way to solve
the equation. We have analyzed a parametric solution and
shown that complex frequencies are once more possible.

4In SUSY each boson has a fermion as supersymmetric counterpart and vice versa. The
photino is the fermionic partner associated to the photon. It is a particle that it is not included
in the SM.
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e The study of the CPT-even case is done for the two Lagrangian separately.

— For the Lagrangian where the photino has not been integrated out, we
consider three possible forms for the symmetry breaking background
tensor in ascending order of complexity.

* If the tensor is proportional to the Kroenecker’s delta, the vac-
uum behaves like an isotropic medium.

* For the remaining two cases (diagonal with or without vanishing
trace) we find that the group velocity is reduced by a factor
depending on the direction of propagation and on the tensor
components. This corresponds to the vacuum behaving like a
non-isotropic medium

— For the Lagrangian where the photino has been integrated out, we
find that the group velocity is reduced by a factor depending on the
direction of propagation and on the tensor components.

e Finally, we explain why we expect a massive behavior for the CPT-odd
case and why the role of the mass is played by the background vector.

The following section is very technical. We do give the useful definitions where
required; however, a in-depth discussion of QCD and SME is not our purpose.
We want to emphasize our fundamental physics setting, for which we privilege
the discussion on the phenomenological consequences, namely light propaga-
tion, of Lorentz violating SMEs We limit ourselves to supplying the reader with
some insight on how these models are devised in order to explain the physical
principles that drove the derivation of the DR. Ultimately the DR are all we
need for the suite. The reader only interested in the LSV consequences on the
photon propagation can jump to the Sec. 3.3

3.2 Models for SUSY and Lorentz symmetry break-
ing

3.2.1 Classes 1 and 2: Carroll-Field-Jackiw Model

Class 1 and 2 are strictly related. The original idea behind them has nothing
to do with SUSY [141]. Carroll, Field and Jackiw (CFJ) introduce a modified
Chern-Simons term in the EM Lagrangian. The Chern-Simons Lagrangian is
only valid in odd spaces; this is why there must be some slight adjustment
to pass to a 3+1 dimensional case. The price for this operation is the loss of
Lorentz invariance. In the original paper, this was exploited to set experimental
limits on the Lorentz violating parameter, but, with hindsight, we can embed
this theory in a ampler scenario where LSV is assumed.
The Lagrangian reads

1 1
Ly = = F" Fuoy = 5" 0,4, Fyp (3.19)
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We see that a coupling between the EM field and a background vector v,, arises.
This vector is the culprit for breaking Lorentz invariance. First, we want to point
out what the physical relation between this addition and Chern-Simons EM is.
There are many examples (quantum Hall effect, high-T,. superconductivity, etc)
where a phenomenon is taken bound on a plane in first approximation, excluding
any interesting dynamics from happening on the perpendicular plane. Thus, the
vector v, can be chosen to lie on the plane as well, reducing the problem to a
2+1 dimensional spacetime. Such a theory would be a modified Maxwell’s EM,
but it would be Lorentz and gauge invariant and very close to Chern and Simon’s
result of a topological massive photon.

If we perform a gauge transformation on the EM field of the form AA, =
OuX, then

1
AL, = er“’”’ngp (0vy, — Oyuy) (3.20)

to within a divergence, because the Maxwellian part is gauge invariant, as we
know. To restore such invariance, the vanishing of Eq. 3.20 must be imposed.
This is obviously the case if v, is a constant vector, because then, in flat spaces,
0,v, = 0. However, from a classical standpoint, this is rather unsettling because
such a vector would correspond to determining a preferential direction in space.
Namely, non-vanishing spatial components would break the rotational invariance
and non-vanishing time components would break the invariance under boosts.
From these considerations we clearly see that such a term in the Lagrangian
necessarily break Lorentz invariance.

We proceed to write the modified Maxwell equations. Via the variation
method, we obtain the dynamical pair of Maxwell’s equations

1
0, F™ + 56”“”%17@ =0 (3.21)
Explicitly, for v = 0,
w0 L ooijk
aﬂF + 56 J viFij = 0
1
= -0, (-E;) + S €idk (—vi) (=€ Bi) =0
= V-E+7-B= (3.22)
and, for v = 1,
wi | L iojk L ok L ko
O FH + 56 voFj1 + 56 v Fog + 56 VjFro =0
_ o1
= -0, F + 0;F”" — 5 €iikv0 (—€juBi) + €iji (—v;) By, =0
=VxB+vB-0xE=0E (3.23)

where the changes of signs in the second lines of each equation are due to the
passage to the Euclidean vectors.
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We can complete the set of Maxwell equations with the ones coming from Ricci
Curbastro-Bianchi identities. These are left untouched by the CFJ term. So
they read

V x

-

V-

= —O,B (3.24)
=0 (3.25)

o =

We write these equations in the momentum space, performing a Fourier trans-
form

ik-E+7-B = 0 (3.26)
kxE = wB (3.27)
E-B = 0 (3.28)
ikxB+vwB—-txB = —iwE (3.29)
Thanks to Eq. 3.27 we obtain B in terms of E:
L ko4
B=—xF (3.30)
w
Inserting this into Eq. 3.29, we get
E - ];/: — N — —
kx| —xFE)]|+vy—XFE—-UxFE=—iwFE
w
:E(E-E)E—ikﬁﬁjﬂ—o(%xﬁ) — T x E=—iwE
w w w
:>(wQ—Ez)E+(E~E)E:i(vol¥xﬁ—wﬁxﬁ> (3.31)
Eq. 3.31 can be easily arranged in the form
RijE; =0 (3.32)
where R;; is the matrix
Ri; = ik25ij + ikik; — voesjrkr + €ipwuy (3.33)

As a first consistency check, we must compute the determinant of this matrix.
det R = 0 gives us the DR, which should be the same as those derived with the
potentials. Indeed, writing each term in the matrix and taking the determinant,

we obtain
(Kk,)% + (0"0,) (K k) — (0"k,)? =0 (3.34)

where

ki = (wE) (3.35)

This is the DR we are going to use. Where is SUSY hidden in all this?
In the original work [141], there was no link to a supersymmetric theory. Nei-
ther the origin of the the background vector is given, though. We claim that
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v, has a microscopic justification which originates from fundamental fermionic
condensates present in SUSY.

A supersymmetric extension of the CFJ model is done in [192]. The La-
grangian presented in this work includes, of course, also various other super-
symmetric partners. As shown in [142] the component field Lagrangian® can be
written in terms for the physical fields as

1

1 -
Lisusy = 4FWF“” + ie“aﬁ”quagA,, - §A"y“8MA +

+ (Re (F) + i\IJ\I/> AA —i (Im (F)+ ii\I/q/g,\Il) AvysA +

(Uu + \ilfyﬂ%‘l/) (/_\fy”’yg,/\) + \/5/_\2“”75\I/F,“, (3.36)

| =

where F' = F,,, F*, 4" are the Dirac’s matrices® and v5 = iyoy17273, S =
% [v#,~"] and the Majorana fermionic fields” A and ¥ indicate the photino and
the background fermion, which is supposed to be responsible for v,. Always
in [142], it is shown that the DR is the same as the one in Eq. 3.34. However,
integrating Eq. 3.36 to eliminate the contribution from the SUSY photino field
A, we obtain that the effective action for the photon reads

1
4
where M,,, = —C,S,, being H, C,, and S, structures depending on the SUSY

background fermion condensates. The DR is obtained via Least Action Principle
as before and reads

1
Ly (1-H—M)F"F,, + Zeﬂ”*”v*waxyzv;,A (3.38)

w2, W) (BR) (0Pk)?
(k"ky) +(1_H_M)2 (1—H—M)2_0 (3.39)

5In the supersymmetric context, fields are described by multiplets of fields that include
the physical fields themselves and auxiliary fields. A field is considered physical if it is a mass
eigenstate, that is if it has a kinetic term in the canonical sense. Auxiliary fields are those
that appear in a purely algebraic way inside the Lagrangian and can therefore eliminated
through the corresponding field equations (see Sec. 3.4 for an example of this procedure).
For obtaining Eq. 3.36 we have spelled out the Lagrangian in terms of complete multiplets,
i.e. containing the auxiliary fields too. To obtain the expression we present, though, these
auxiliary fields have been removed and we are left only with the gauge fields (containing
photon and photino) and the matter fields (containing the SUSY background that causes the
symmetry breaking).

SDirac’s matrices are a set of four 4 x 4 matrices that are defined by the relation

{7 A" =y At =2y (3.37)

where, as usual, n*¥ is the Minkowski metric and I is the identity in 4 dimension. As shown
in [53], these matrices are important in the construction of the Dirac equation, that is the
equation the regulates the dynamics of spin % fermions.

"Fermions are introduced in two different ways. Either a fermion and its antiparticle are
two different, particles or the two are the same. In the first case, we talk of Dirac fermions. In
the second, about Majorana fermions. Up to now, all fermions in the SM have been seen to

be Dirac fermions. The only open question is about the nature of neutrinos. The problem of
their massiveness has not been satisfyingly settled yet. Neutrinos could be Majorana fermions.
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3.2.2 Classes 3 and 4: kp-term model

Using the supersymmetrized CF.J model, we have seen that it is indeed possible
to have a spontaneous LSV induction starting from fermionic condensate back-
ground. In other words, the fermionic fields of the theory spontaneously assume
a vacuum expectation value and break the Lorentz symmetry creating a con-
densate. It is normal to try and see if what holds for the CPT-odd sector holds
also for the CPT-even one. More specifically, in [143], the authors investigate
the so called kp-term SME, with a particular attention to how the fermionic
condensates affect the physics of the photon and photino.
The starting point is a Lagrangian in the form

LC’PT—even = (kF)MVaB F#VFaﬁ (340)
where the tensor (kr),,, is double traceless and

(kF>;,waB = (kF)uuaﬁ = (kF);u/Ba = (kF)a,@W (3.41)

The idea is to write the tensor in terms of a single bosonic vector £, which signals
LSV. This field must be supposed to be part of a chiral field® whose fermionic
condensates generates the LSV. To achieve this, we start by not considering the
fully anti-symmetric part in (kg) P because it would only account to a total
derivative in the action. Then we exclude the component yielding birefringence.
Exploiting the Ansatzs in [193,194], we write

1 - - . N
(kF)yvap = 5 (lnaFus = MusFua + usFua = vakus) 7= Kuwas  (3.42)

where
. £5¢° )
Rag = fafﬁ — Nap 4 (3 3)
This, in turn, implies a Lagrangian in the form
1 1 ’ (677 1 v
8 =17 §§M§VFCQF + égpprm,F” (3.44)

All these simplifications are actually physically well sound. In fact, had we
taken into account the full complexity of the kp term, then we would have
had to deal with a higher spin superfield, whose appearance is instead avoided
thanks to transferring the effects to the &* vector. The Lagrangian Eq. 3.50
will be obtained carrying out the supersymmetrization of Eq. 3.44 taking into
account that &* defines the SUSY background field.

In [143,195] the DR for the photon is given and reads

w:(1+pia)‘1€‘ (3.45)

8The chirality is the handedness of the spin along of the direction of motion. If chiral
symmetry is respected, the fermions are paired in such a way that inverting the chiarlity one
particle is changed in its partner. From the algebraic point of view, this means that the field
describing the fermions is a representation of the chiral symmetry group.
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where
1 ~
p = K& (3.46)
1/~ 2
o? = 5( aﬁ) 2 (3.47)
Kaﬁ - K,uyaﬁif,u]%y (348)
~ kM
k

As we did for Class 2, we can obtain an effective photonic Lagrangian by
integrating out the photino sector (and all others supersymmetric sectors as
well). The resulting Lagrangian reads [143]

1 w o a
L4:—1FMVFl —‘1-5

To the best of our knowledge, the DR for this theory is not present in literature.
We proceed to derive it here. The steps are the following:

b
X FEFYS + 5XwaawaﬁFﬂ” (3.50)

e write L in terms of the fields
e get the Euler-Lagrange equations
e perform the Fourier transform

The Lagrangian in terms of the potential is
1 a
L = 5,4” (N0 — 0,0,) A” + §A“ (=x*? 00 08N + 2Xar 0, 0% — X 0) A”
b
+§A“ (X 0? = X300, — X1a00%0, + 0,0, x*P0,05) A”  (3.51)

Varying with respect to A* we obtain
[0 = 0,0y + a (=X 0007 + Xar0u0™ + Xvad*0,) (3.52)
+b (X3 + Xpa00%0, — Xx0a00%0, + 0,0,X* 0,05)] AY =0

Now we perform the Fourier transform and obtain
[_k2nuu + kuku +a (Xaﬁkakﬁnuu - Xuakak'u - Xuakaku) (353)
+b (k™ + Xvak®kk — Xpak?kky + x*Phakgkuk,)] A =0

We choose the Lorentz gauge ~
k,A¥ =0 (3.54)

so we can simplify the previous expression to

[k + a (X*Pkakanuw — Xvak“ky,)
+b (Xuk* + Xvak®kk,) ] A =0 (3.55)
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This shows that we have a matricial equation in the form
M, A" =0 (3.56)
which has non-trivial solutions only if
detM,, =0 (3.57)
The terms are rearranged as follows
[(=&* + ax*Pkokg) N — (a + k%) Xoa kK, + bk*x,0] A” =0 (3.58)
so that we can clearly see that

(a + bk2)
k2

Bl k
aX ahlg

v o__ 2 v
My = =k |8+ ax—3

o + Xok Ky — DR X, (3.59)

has the structure of the identity plus something small, because the parameters
a and b are dependent on the symmetries violating terms which are extremely

small. Therefore
detMY = det (I + X) = tr[n0+x)] (3.60)

with X small. Expanding the logarithm,

det (I + X) tr[x-%]

X —3trx?
1 1
~ lhuX - X (trX)* 4+ 0 (X?) (3.61)
Using Eq. 3.59 we finally obtain, at first order

X*Pkaks L (a + ka)

det (I+ X) = —k2 |1 — 4a XhEky, — bk xk | =0

k2 k2
= —k* + dax*’kakp — (a + bE?) X1k ky + bk X!t = 0
= bxk" — k> + (3a+ bk*) x*Pkaks =0 (3.62)

where x = x/,.

3.3 Dispersion Relations

3.3.1 Class 1 and 2
3.3.1.1 Time delay
We have seen that the DR is

. S (= a2 g [P e (a2
w* — 2w ’k‘ +’k‘ — 7" w —|—’k‘ |7 —(v-k) = (3.63)

4 12 o ) L4 2 o A2
Wt 2’k‘ +17? ) w +‘k’ +’k’ 5 (3-F) =0
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86
Calling
|2 9
A:2‘k’ +17] (3.64)
L4 L2 N2
B=lk + ’k‘ 15]% — (ﬁk) (3.65)
we have
wt— AW +B=0 (3.66)
We perform the change of variable
Q= w? (3.67)
and obtain
0 - AQ+B=0 (3.68)
The solutions are
1
A, (A2-4B)*
Qp = —+— —~— .
+ 5 5 (3.69)
) EQ o) 2 ]_€,4 EQ o o E 2
o () o o )]
- 2 2
We can expand the term inside the curl brackets as follows
L2 5\ 2 LA a2 ~2]2
(2‘14 +|17|> —4“1@‘ +’k‘ 3] —(5-/«)} -
L4 12 o 4 L4 L2y N2
4’k‘ +4‘k’ 1% + 4] —4‘&;’ 74’1@‘ 5 +4 (5 k) =
4 -\ 2 4 =12 L2 o
3] +4(17-k) = |4 +4‘k‘ 1% cos26 (3.70)
So
-2 9 4 212 2
2‘]4;‘ + |7 |o]" + 4 |k| |U]” cos?6
+ 5 (3.71)

QL =w? =
+ T 5
The frequency and spatial momentum can be rendered dimentionless dividing

them by the background
w
w0 = — (3.72)
V]
|
|7
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-2 =22
2‘/4 1 \/1+4‘k’ 0820
_ n (3.74)

Doing so we obtain

Oy =03 2 2
=2 =12
2‘k’ 1 1+4‘k’ 0820
Gy = — ; (3.75)

We are interested in the group velocity

Q. da? diy 1 dQs

> = TS & 20~Ji7:, = Vg = 5= = (376)
dlk| dl|k d|k 20+ gk
The derivative of 4 with respect to the modulus of the momentum is
piom 4|k 8 |k| cos20
= = 2 :l: n D)
d‘k’ 1—&-4‘15‘ cos26
o 2 k| cos26
= 2|kl £ = (3.77)
1+4|k| cos?6
Therefore
1 - ‘IE‘ cos?0
’U(] = — k? +
: W4 =22
1+4 ‘k’ cos20
1 o k| cos26
= == = (3.78)

k| cos20

2|1§|2+1 ,/1+4’1§’2c0529 144
7+ 2

It is however more telling to write the group velocity in terms of the fre-
quency. We recast Eq. 3.63 as

4 212 a2\ 2 et sz
w* — 2’1@‘ + 1@ |w +‘k‘ + |d| ‘k‘ sin“d =0 (3.79)
from which

14 412
’k‘ + (—2w2 + 17 sin20) ‘k‘ tut |7t =0 (3.80)
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For simplicity, we call |¢] = v and ‘E‘ = k for simplicity. Solving for k we get

(2w? — v%sin?0) + \/(2w2 - v2sin20)2 — 4 (w* — v2w?)

k? = 3.81
5 (3.81)
The term in the square root can undergo some algebra, yielding
12 (2w? — v2sin?0) & v/ 4w2cos26 + v2sin*0
2
1 U2 2
= w?— §vzsin29 + av <w2c0320 + 4sin49) (3.82)

We observe that even for the minus sign the right-hand term is positive, so we
don’t incur in imaginary solutions for this specific case. We will later show that
it is not a general features. The absence of imaginary solutions is due to the
condition vy = 0. Otherwise, the appearance of this parameter gives rise to the
tachions.

We now differentiate Eq. 3.82

1
2 3
2kdk = 2wdw £+ g (w2c0s20 + Zsin‘*@) - 2weos?Odw (3.83)
Therefore
1
k v v? | 2
— =y + 3 (w2c0526 + 4s1n49> cos®Ov, (3.84)
So,
2 -3 !
Vgr = — |1+ g (w2c0529 + Zsin‘l@) : 20.)005201 (3.85)

where the 4+ has been inserted to keep track of the two possible solutions. To
make this an expression in terms of w only, we need to write down k in term of
the frequency. From Eq. 3.82 two cases arise. If cosf # 0

1
1 v? sin?f 2
k2 =w?— ivgsin29 + vwcosd (1 + 4w?c0529) (3.86)
If cosd = 0 ] 1
k= w? — 5112 + 5112 (3.87)

First we focus on the case cosf # 0 first and expand the solution to the order
O (v?)
2

1 in*0
P o~ w?- 51)2511120 + vwcosh (1 + 81;2(5:1()1;20) + O (v3)

1
~ w? - §v251n29 + vweosd + O (v?) (3.88)
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Collecting w? and taking the square root,

v2sin%62  weosd H 3
k= w(l— 507 T ) + 0 (v*) (3.89)
v2sin%62  weosf  v2cos?0
w( 240 % 82 ) +0 (%)
veosf  v?  v2cos?6?
wE gt T, O
Therefore ; , es2g?
k VCOS v V7CO8
—~1 -t 3.90
w 2w 40?2 + 8w? ( )
Inserting this into the expression for the group velocity, the result is
2 2. 292
c0s67£0 vcosd v vecos“0
= |1+ — st | 3.91
Vo ( 2w 4w? + 8uw? (3.91)
1 —1
v v? T2
-1+ 5 <w2c0529 + 4sin40) . 2wc0529]
The the order O (a?) it reads
2 2. 2p2
cosf#0 1+ vcosf I 0 . 9
Vo ( 2w 4w? + 8w? (3.92)

v 2 2.2 v 4 "z
1:F§cos 9<w cos 9+Zsin 0>

It is important to notice that we must take only the sign combinations +— and
—+, not the cross products.
Developing further the second term, we obtain

1
2

v.o2 2. .2 vy
1:125(:050 w”cos 0+Zsin9 ~

~1T Y 0520 1 B v?sin*6
2 wcosf 8w?cos?6
v 1
~ 1 F 5(}0529@ + O (US) (393)
Therefore
2 2.2
cosf£0 1iUC059_L v“cos-0 (1% Yeos? 4
Yo+ ( 2w 12 T 8w T 50 ewcosﬂ (394)
yielding
PP — v (2 + cos®0) (3.95)
g+ 8uw?
2
cosf#0 v 2
Vg = 1- 32 (2 + cos®0) (3.96)
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We see that there is no difference in the group velocity for the two solutions.
Also, we notice that the discrepancy of our light speed with respect to unity
is extremely small because the parameter v is arising from SUSY and hence is
bound to be a tiny correction to the SM.

In the case cosf = 0, using Eq. 3.85 it is immediate to see that

1
k 1 1 1 2
cosf=0 _ M _ — 2 -2 -2
Vgy = 5= 0 <w 27) + 2@ )
V2 02
So
veet=0 =1 (3.98)
6=0 v?
ZO_S - = 9 (3.99)

In this case we have birefringence. More specifically, for a solution light doesn’t
experience dispersion, while the other does with a w2 dependence. It also
worth noticing that all dispersive solutions have the same functional dependence.
What changes is only the factor in front of it.

To better display the physical consequences of these results, we will com-
pute the time delay that two waves with different frequency would show. The
expression for the time delay can be found in [11,196]. So we have

1 1 —
At =1 ( - ) =1 <M> (3.100)
Vg1 Vg2 Vg1Vg2
We write the dispersive group velocities we have found in the form
1
_ 2
vg=1—av 5 (3.101)

where a is of the order of the unity whereas v? is extremely small. Therefore

9 1 9 1
Vgllg2 = 1—av w—% 1—av w—%

1 1
~ l—a®— —av’— (3.102)
w3 )

to first order in v2. And

— 1 1 1
Y2~ Ul g2 (2—2) (1—@1}2 5 —(w22>
Vg1Vg2 wi W3 1 2
1
2
~ - 3.103
(5~ ) (3109
Hence,
1 1
At =1av? (2 - 2) (3.104)
wi W3
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In Fig. 3.3 we plot this time delay for values of 6 going from 0 to 7/2. We
see that the dependance on the angle is very feeble. To draw this plot, we have
supposed a source at 4 kpc and set the value of v at 1071% eV [197]. This is a
crucial choice. Thanks to the time delays we can prospect to test the existence
of a massive photon and also the models we have used. As we will show later, it
is a general feature of CFJ theories to present a massive, gauge invariant term.
This term is proportional to the breaking parameter v, so a choice for this latter
corresponds to setting a value to the the photon mass. As shown in [197], the
value for v can be tested via ground based experiments. More stringent limits
than the ones we have chosen do exist. In [141] the authors point out that the
parameter v must be smaller of 1073* eV, To give a better understanding of
what this would mean, in term of photon mass, we make a comparison between
Eq. 3.104 and the equivalent expression for a de Broglie-Proca photon [198].
This latter reads

1 m? 1 1
At =—". |5 -= 3.105
oo =5 (5 22) (3:109)
Therefore
my=2av (3.106)

We suggest the reader to retain this result and confront it with the results of
Sec. 3.4. The mass is proportional to the parameter v. For the two values we
have singled out in the literature, we obtain masses that are very consistent
with the known experimental limits. The most stringent value v = 10734 eV
corresponds to 107% kg which is the lowest possible measurable mass, because
of Heisenberg’s uncertainty principle, if we set the age of the universe to 13-10°
years. Even more interesting is the other value: 107 eV turns into 107%° kg,
which is only an order of magnitude lower than the accepted PDG [47] value.

Before proceeding, we note that that Class 2 is just a rescaling of Class 1.
The correcting factor is ;2 The scalars H and M are of the same
(1-H-M)
order of magnitude of v,; therefore, this factor is extremely close to unity. So
much that, from a numerical point of view, there is no significant change in the
display of the results.

3.3.1.2 Dispersion relations for the field strengths

For the CFJ model, we might be interested to obtain the DR in terms of the fields
to link the solutions to the physical polarizations of the fields themselves. This
must reproduces compatible results with those obtained with the potentials.
However, the physical interpretation of said results should be clearer in this
alternative approach.

The ensuing advantage is to relate the behavior of the group velocity with
the polarization of the fields. A reasonable starting point is a wave circularly
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Figure 3.3: Time delay for Class 1 as a function of 6, for a frequency range be-
tween 0.1 and 1 M Hz at the distance of 4 kpc. We have chosen a low frequency
range in order to stay in the regime at which current experiments like OLFAR
and LOFAR work. The distance has been chosen at 4 kpc because it is the aver-
age distance at which a pulsar is located and a lot of time delay measurements
are performed on pulsars. [199]

polarized. We can have a right-handed (+) or left-handed (—) polarization
B, = Bye'(F7=1) (3 1 i) (3.107)
E_ = Bye'(F7=wt) (3 — ig) (3.108)

Since the orientation of our reference system is free, we can choose the wave
to propagate along the 2 axis. Under these assumptions and performing the
Fourier transform of the fields, the latter read

Ey = By (3 +i9) (3.109)
E_ = Ey (¢ —if) (3.110)
Therefore, the DR for such a wave is
Eo (w® — k3) (& — i9) = Ep [ivoks2 x (2 — i) — iw (012 + v2 + v32) x (& — i7)]
= (w? — k3) (& — i9) = ivoks (§ — i%) — iw (1012 — v22 + v3Y — iv3d) (3.111)
So, we have these three equations
w2 — k% = voks — w3 (3.112)

i (w? —k3) = ivoks — iwvs (3.113)
V1w + fvow = 0 (3.114)
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From Eq. 3.114 we obtain the constraint
v =v9 =0 (3.115)
So the remaining two yield
w? — kg = voks — w3 (3.116)

The solution to this equation is

—vg + /02 — 4 (—k2 + vk
wy = 2 Vs 2( 3 + oks) (3.117)

As a check, we put vy = 0 to compare with Eq. 3.71. Indeed, we see that this
last equation, after renormalizing the quantities as in Eq. 3.72-3.73, yields

—1+4/1 4 4k2
— V. % (3.118)

LD =

* 2

We can only accept the solution with the plus sign, because l%g is always positive,

so the minus sign would give rise to negative frequencies. If we take the square
of the only physical solution, we obtain

@2 = 3 4+ (3.119)

which is exactly &Ji in Eq. 3.74, if we set cosf = 1. This means that the vector
U is parallel to the propagation as in this case. Therefore, we can obtain the
group velocity by simply taking the derivative of Eq. 3.118 with the plus sign:

s
Vgt = — =
\/ 1+ 4k3

The group velocity behavior is shown in the Fig. 3.4
We can proceed likewise for the left-handed polarization. We obtain, for the
three orthonormal directions

(3.120)

w? — k2 = —woks + wvs3 (3.121)
—i (w® — k3) = ivoks — iwvs (3.122)
—v1w + vow = 0 (3.123)

Once again we have the condition v; = v, = 0 and we obtain

V3 + \/U% —4 (—k% + ’Uok‘g)

. (3.124)

Wi =
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Figure 3.4: Group velocity for a wave circularly polarized and right-handed,
plotted in function of the frequency in the range 1 M Hz — 1 GHz that corre-
sponds to the wave number in the 2 direction divided by the modulus of the
background ks ranging from 1 to 10.

We can check once more that this is a square root of the more general solutions
Eq. 3.78 once we have properly oriented our reference system and set vg = O.
Under such assumptions, we obtain the group velocity

2ks
Vg = —
\/ 1+ 4k3

However this formalism allows us to try and study also the case where vy # 0,
which was not feasible with the other approach, because the solutions were too
complicated to draw reasonable conclusions. To achieve this, we start with a
wave which has a general polarization. Its Fourier transform reads

(3.125)

E = Ey (o + B + 72) (3.126)
Plugging this into Eq. 3.31 we get
1 .t . Vo . Vo, . R X .
——k2ad — —k3B9 + Ry (Bv12 — v179) — (—vaZ — v9yT) +
w w w w
— (vzaf —v3Bi) = —iwad —iwPy — iwyZ (3.127)
So we have the system of algebraic equations
) 2 Vo .
——kia— —f + vy + v3f = —iwa (3.128)
w w

L1284+ Lot vy — v3a = —iwp (3.129)
w w
—pv1 + vex = —iwry (3.130)
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In the case where g =0

Vo = V1 = V3 = 0 (3131)
aeR (3.132)
N=i2 (3.133)
wa
and, more importantly,
2
v
wr=k2+ 0722 (3.134)

We see that the DR resembles that of a massive photon, where the background
tensor plays the role of the mass. We will see that this is a general feature of
this approach in Sec. 3.4.

Of course, this is only a particular solution. However, now that we have
caught a glimpse of what happens, we can look at the DR for vy # 0 and k
along the z axis with new eyes. This relation reads

wh — (2]{:3 + 0?2 402 + 1)32,) w? + 2vgvsksw + k3 + (U% +v3 — US) k3 =0 (3.135)

There are some interesting combination of the parameters to consider. The term
that causes us some trouble is the linear one. Hence the parameters which we
will inspect closely are vy and wvs.

Firstly we take vy # 0 and vs = 0. In this case, we have

2
(283 + o) + \/(ng +1ol?)" = 4 (k4 + o B3 - oBR3)

W = 9
~ ~ 2 ~ ~ ~
<2k§+1)i\/(2k§+1) — 4 (k4 + 3 - 3k3)
~2
= w" =
2
2k3 + 14 /1 + 403k2
S : 0 (3.136)

where we have rescaled the quantities as usual. For the plus sign, we see that
the quantity is always positive and therefore we can take the square root of this
expression, derive and obtain the group velocity

V2ks | 1+ il

\/ 1+ 492k3
Vgt = (3.137)
22 + 1+ /1 + 403Kk3

2

which can be plotted, obtaining the following behavior:
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vIHz]
2x10° 4x10° 6x10° 8x10° 1%10°

Figure 3.5: The group velocity corresponding to @, plotted as a function of the
frequency in the range 1 M Hz — 1 G'Hz, that corresponds to the wave number
in the Z direction divided by the modulus of the background k3 ranging from 1
to 10.

For the minus sign, instead, we must be careful with the existence conditions.
Namely, we can see that, for a timelike vector,

v

US > \v|2 = —
|v]

>1 (3.138)

Hence, the point where the numerator becomes vanishing is
E2=0-1 (3.139)

This shows that there is the possibility of purely imaginary frequencies. On the
other hand for spacelike or null-like vectors, this is not the case, because the
condition can never be satisfied.

For the minus sign the group velocity is

Vi [ 1 %

\/ 1+ 403k3
0 (3.140)
2k3 + 1+ —/1 + 402k3

2

Vg—

If we take vy = 0 in these formulas, the solution reads

242 e
e 3+ v £ vl

5 (3.141)
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Figure 3.6: The group velocity corresponding to w_ plotted as a function of the
frequency in the range 1 M Hz — 1 GHz, that corresponds to the wave number
in the Z direction divided by the modulus of the background k3 ranging from 1
to 10.

Thus, we either have no dispersion at all, or a massive photon behavior
w? = k2 +[v? (3.142)

Again we remark that the background vector plays the role of the mass and we
suggest the reader to head to Sec. 3.4 for a more detailed explanation of why
this occurs.

Like we did in the previous Section, also here we work out the group velocity
in term of w. Using Eq. 3.151, we write

2
Yo

|v|4k?2’ (3.143)

203 5 = 2k3 + [P £ [u? /1 +4

However, k3 can be taken small if we are interested in the low frequency regime

and v, is spacelike and can be assumed that v—o4 < 1. Thus,
v

2
207 5 ~ 2k3 + [vf” £ Ju]? (1 + 2|U(|)4k§> (3.144)
v

So

W12 =

1
v\ o, P P
1+ 2 | K24+ -+ - (3.145)
o] 2 2
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Therefore we have two possibilities. Either
)\ ;
wy = (Bfki + o] ) (ﬂl =1+ ||2> (3.146)

where we have a dispersive behavior with the parameter v acting, once more as
the mass of the photon, or

2
v
wy = P2ks (62 =1- |‘|)2> (3.147)
v
with a Maxwellian photon. This nature is even more evident if we set vy = 0 so
that the parameters 8 reduce to the unit.
To obtain the group velocities we take the derivative of these w’s. From Eq.
3.144 k3 can be explicitly written as

o (1P
ks=—[1—-— 3.148
T A < w2> ( )
thus,
2\ 2 2
_ dwy _ piks _ [v] |v]
Vg1 = Tkg = w = 61 F 61 1 ﬁ (3149)
Obviously, the other solution yields
2
Vg = 1 — — (3.150)
|v]

We must underline that this result is consistent, if we set vy = 0 to Eq.3.98,3.99.
The choice of § = 7/2, in that context is equivalent as setting the propagation
along the 2z axis. Here we can obtain the same solutions but multiplied by
a factor in front, depending on the time component of the CFJ background
vector. This coefficient is not, however, totally trivial and gives rise to some very

interesting features. Eq. 3.149 is never superluminal because v, is spacelike.
2

However, since 51 = 1 + %, there is the chance that Eq. 3.150 is. That
v

2 2
v
actually happens for v2w > |v|2 (1 + |(|)2> . This is not surprising since we
v

have already shown that vy is associated to superluminal modes in literature.
Only setting it to zero, we can get rid of these modes.

If we take vy = 0 and v3 # 0, the situation is very similar. The DR reads,
calling v2 + v2 = |

wt — (2k§+ |u|2> W+ k4ol k2 =0 (3.151)
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So

(2k§ + |v|2) + \/(ng + |v|2)2 4 (kg +of? kg)

2

. 2k3 + 1+ /1 4 402k3 3.152)

=
w 2

W=

where the same considerations we made for the case vy # 0 and vz = 0 hold.

The case in which both parameters are different from zero is obviously the
most complex. It is not trivial to solve the equation but we can obtain some
information on the kind of solutions it yields. We assume that the vector v¥* is
lightlike. In this case, if k3 = v3 we have that the term independent of w in the
DR is vanishing. Therefore one of the solutions is zero and we can reduce the
order of the equation. We have then three zeros which we will call «, 3, v and
given by the following system:

at+B+y=0 (3.153)
af + By +ya = —2k3 — o (3.154)
afy = —2vpv3 (3.155)

Furthermore, we assume that & = a € R and v = *. Therefore

So the system turns into
a+2b=0 (3.157)
—4b+b% + & = —2k% — |v|? (3.158)
a (b* + ) = —2vp03 (3.159)

From the Eq 3.158 we get, assuming that b = ¢

b=1/2k2 + |v]? (3.160)

It goes without saying that this is a very specific case, with a lot of assump-
tions. However, the point that it shows is that, for suitable combination of the
parameters, we can have complex frequencies.

3.3.2 Class 3

For the second class of DR, we have that

W= (1+p+0)°k?=0 (3.161)
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where
1 ~
po= ;KS (3.162)
1~ -
o? = 5KWKW— s (3.163)
KB = yeBpuvPuby (3.164)

|k[?

t" being the SUSY background tensor. It is worthwhile recalling that for such
a tensor, only the spatial components are present, because temporal ones are
related to unphysical fields like tachions and ghosts. Therefore in Eq. 3.164 we
can only take the ij components
i — grigmn PP _ i B (3.165)
[k [? [k[?

-

because p* = (w, k)
Moreover, the tensor ¢ is always symmetric, hence we can always diagonalize
it. Therefore, most simple case to consider is when the background tensor is a
multiple of the identity. In this case, Eq. 3.165 becomes
kmkn

This means that both p and ¢ don’t depend on k or w. Thus the factor in
front of k2 in Eq. 3.161 carries no functional dependence. Therefore, we have a
situation where the vacuum acts like a medium, whose refraction index is given
by

n=>0+p+0)" (3.167)

A more interesting case is the when we choose ¢ to be diagonal and traceless,
but not a multiple of the identity. In such a case we have

i = ;6% (3.168)

where, for once, we don’t use Einstein’s indexes summation rule. Eq. 3.165can
be rewritten as

. g ko
K% =t;69 (tmém" 5 > (3.169)
||
Explicitly, the part within brackets is
tr 0 0 pi  pip2 Pips 2 2 2

1 t1k tok taks

e 0 ¢t 0 pep1 P35 paps | = 221-#222-#251:13

K| 0 0 {3 psp1 psp2 p3 I K] L

(3.170)
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Now, using Eq. 3.162, Eq. 3.163 can be transformed into
2 1 -2 12\
0! = Str (K ) - (50K (3.171)

Being K traceless, the second term identically vanishes and we are left with the
first one. ~ ‘
tr (K2) = P2r (t5t7%) = P2 (15 + 13 + £3) (3.172)

o=P\t2+t3+13:=PF (3.173)

and plugging this result in the DR, we get

So

— [+ F-PPk]
2
1 tk?  tok3  t3k?
2 2 1~y 2M9 3/v3 2
=w!—F?| <+ + + k
F <|kl2 k[ kl2>] "
i 2
=w?— Ik\ iy | (t1k2+t2k2+t3k3)] k> =0
k
2= |k| i | (t1k2+t2k2+t3k3)] (3.174)
Finally,
F 2 2 2
w= k| + 7 (t1kT + tok3 + t3k3) (3.175)

We can now derive the group velocity for such a DR. Of course, the appearance
of the momenta along the three spatial directions break the isotropy of the
problem, hence we must derive such a group velocity for each direction. For the

ky direction, the group velocity component reads
dw dw dlk|
= = 3.176
YT Gk, d|k| dia (3.176)
d F k3 + k3 + k2
= |1+ t1k? + tok2 + tsk ~#
1+ i (o + 02+ ) dhy

= [1 |: (t1kT + t2k3 + tgkg)] ﬁ:'

We observe that, if we put ko = ks = 0, hence falling back into the case where
t is proportional to the identity, we find again a linear behavior:

v =1—F1t (3.177)

The most general case is, of course, if ¢¥ is diagonal but not traceless. In

that case, the term in brackets inside Eq. 3.171 does not vanish. But

1 - 1
EtrK = §P (t1 +to +t3) (3.178)
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so Eq. 3.171 becomes
F2p?2  p?

o? = 5~ (it +t3)° (3.179)
F2  (t1+ty+t
= - m P2 (3.180)
2 4
The DR is
w=(1+p+0)|k| (3.181)
which becomes, explicitly,
P F2 (t+ts+t5)]°

1
bittatis <F2_ t1+t2+t3>2

o[ (2o asteey ) Ly

= (1+C-P)|k| (3.182)

In conclusion, then, we have the same behavior as for the case where ¢ is trace-
less, just with a different constant in front of the isotropy breaking factor P. In
this case, the group velocity along the first direction is

d{(1+C-P)k|} d\/k? + k3 + k3

Vg1

d|k| dky
d [C k
= A1 | (k2 k2 +t3k2) | b
{1 g L (ot vkt k)|
C k
— [1—|k|2(t1kf+t2k§+t3k§)]|kl| (3.183)

There is a problem with the approach we have taken though. We don’t usually
measure one component of the group velocity. So, to obtain a result that we
could, eventually, compare with data, we need to reconstruct the full velocity.
Using spherical coordinates we have

k1 = |k| sinfcose (3.184)
ko = |k| sinfsing (3.185)
ks = |k| cosf (3.186)
So

vg1 = [1 — C (t1sin®fcos’p + tasin®Osin®p + t3cos”0) | sinfeosp := A - sinfeosy
(3.187)

Likewise
vg2 = A-sinfsing (3.188)

vgs = A-cosf (3.189)
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Hence
vy = [1 - C (tlsin29(:os2<p + tosin®@sin®p + tgcos29)] (3.190)

We see therefore that we have a non-Maxwellian behavior, but no dispersion.
We obtain a tiny correction to the usual light speed. The parameters ¢; are
suppressed by powers of the exponential of the Plank energy, so they are very
small. The specific value depends on the estimates for such parameters.

3.3.3 Class 4

For Class 4 we have the following DR.
bxk* — (bx*’kaks +1) k* + 3ax* kaks = 0 (3.191)

Similarly to what happened for Class 2, we have that the tensor x,g is symmet-
ric. So it is always possible to diagonalize it. Also, the temporal components
can be set to zero because they are linked to unphysical particles. For these
reasons

X = x1+tx2+xs (3.192)
Xij = XiOij (3.193)

where, in this last expression, the ¢ index is not summed. We have then that
X*Pkaks = x1ki + x2k3 + xsk3 := D (3.194)

We get
bxk* — (bD + 1) k* + 3aD = 0
= by (w? — [K) "~ (6D + 1) (w0 — ) +aD =0 (3.195)
Expanding for w,
bx@#—mﬁmﬁ+uf)—@D+1MP+@D+1HM?+MDZO
byw! — (bD 1+ 2by |k|2) w? + [bx kY (0D + 1) |k + 3aD] =0 (3.196)
Calling 2 = w?, we have the two solutions

(bD 1+ 2by |k\2)

Q 1
+ Sx (3.197)
( bD —1— 2y k)’ 4 2
—bD — 1 — 2bx |k| ) — 4by [bx|k| + (0D + 1) |k|” + 3aD
+ 2bx
(bD F1+42 |k|2)
Q. = (3.198)

2bx

( 22 4 2
\/bD12bx|k|) ~ dby {bx|k:| + (bD + 1) |k|* + 3aD
2by
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So

(bD+1+2|k|2)

wy = i (3.199)

2 2 4 2
\/(—bD—l—ZbX|k:|> ~ dby [bx|k| + (bD + 1) [k[* + 3aD
2bx

(b0 +1+2kP)

wo = (3.200)

2bx

( 2)2 4 2
\/bD12bX|k|> ~ dby [bx|k| + (0D + 1) |k + 3aD
2by

Once again, the parameter D breaks the isotropy. Hence, we must look for a
group velocity for each direction. For instance, using Eq. 3.76

1 dQr 1 dQy dlk] Kk dQy
QOJi dk‘l B 2wi d‘kﬁ| dkl a Zwi |k’| d|/€|

(3.201)

vgl =

So we have the four group velocities

20k [ 1+ (bD+1+2IK) (bx—1)
ky \/(bD+1+2\k|2)2—4bx[\k|4+(bD+1)|k|2+3aD] 3909
= B 6] X (8.202)

'Ugl

This result, however, it must be interpreted order to order. Indeed, we must
keep in mind that we have performed a perturbative expansion. The order zero
in Eq. 3.195 is obviously the Maxwell relation between angular frequency and
wave number, which yields w(® = |k|. The order one, in the ¢ direction, reads
instead

bt — b (k2 +2 |k|2) w? + b|k|* + bk2 k| + 3ak? = 0 (3.203)
This expression must be evaluated at w(®) = |k| so it simplifies to 3ak? = 0

Exploiting this result for each direction we obtain

ks x1kf + x2k3 + x3k3
'Uga; = m —a k3

(3.204)

As we did for Class 2, we must reconstruct the full group velocity to obtain
physically meaningful results. Following the steps we have already outlined, we
obtain

vg=1-a (Xlsin29coszg0 + xasin?fsin?p + choszﬂ) (3.205)
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3.4 A de Broglie-Proca-like approach

We show in this Section that it is possible to derive a de Broglie-Proca term
from the Carroll-Field-Jackiw Lagrangian. The purpose is to show that the
interaction of the photon with the background gives rise to a mass for the
photon. Of course, this mass will depend on the parameters of our model,
more specifically the background vector v#. As we will show, this can be put
in correlation with the results we obtained from the DR applied to polarized
fields.
Now we manipulate the CFJ Lagrangian Eq. 3.19 trying to write it in terms
of the potentials
L= % (E® = B?) +wA- B - (5-§)¢>—5. (A'x A’) ;) (/Tx %) (3.206)

where we have used

eioijiAoajAk = _¢6ijkviajf4k? (3208)
€%y, A;00Ay = —e€i0iA;00Ax (3.209)
€09 A0k Ay = —€ijrviAjOkd (3.210)
We can go further and write
1 . A’ 2 1 N A, 2 A, - A_.
L= 5 (Vo+d) -5 (VxA) +upd (Vx4) (3.211)
67 (Vx A) =7 (Ax A) = (7 4) - Vo
Furthermore
¢17 (ﬁ X ff) = (b’()iﬁijkajAk
= 0; (vi€ijr@Ax) — vi€iji (0;0) Ay
=V (17 X A’) (3.212)

where we have eliminated the first term in the second line because it is a bound-
ary term that vanishes upon integration.
So we finally get
1 /- N2 1 /o N 2 - (o - - - oo
L= (V¢>+A) = (v x A) +v0A~(V x A) —2V¢-(17>< A) _5 (A x A>
(3.213)
The important remark is that ¢ always appears through its gradient. This
means that ﬁqb is the true degree of freedom. We also see that there are no time
derivatives of this field, hence it has no dynamics. In other words, it plays the
role of an auxiliary field. That is why it can be eliminated from the Lagrangian.
We call
Vo =25 (3.214)
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then we can rewrite the CFJ Lagrangian as

L = %(§+E—25xﬁ)z—2(ﬁxﬁ)2+2§-(a/T) (3.215)

Defining y as .
X=8+A-20x4 (3.216)
we get
1, R S 1/ 2 o (o
L=5x —2(Fx A) +7- (Ax 4) —§<V><A> +upd- (V x A) (3.217)
Passing through the Euler-Lagrange equations, we obtain that
x=0 (3.218)
Therefore x is eliminated and we are left with the CFJ Lagrangian
N2 1

L=7-(dxA)—2(vx 4) _§(wg)2+vog.(wg) (3.219)

We notice now that in the second term the potential A does not appear with
derivatives. We write

N
(17 X A) = eijkeimnvjAkvan
= (6jm6kn - 6]n6km) UjAk:UmAn
= (\17|2 Okn — vkvn) A Ay, (3.220)
So
N - . 1 /- 2\ 2 - (o -
L=7. (A X A) ~ 2Mpn (7) A A — 5 (v X A) +vpd - (v X A) (3.221)
where
My, () = [0 Okn — vkvn (3.222)
This is a symmetrical matrix. Every symmetrical matrix can be diagonalized:
—2M, (V) ApA, = —24TMA
—2ATRTRMRTRA (3.223)

with R € SO (3) such that it diagonalize M and A” being the transposed
potential vector. We label

_ mq 0 0
M=RMR"=| 0 ms O (3.224)
0 0 ms
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We have that

detM =0=m; =0 (3.225)
TrM = my +my +mg = my = my = |0 (3.226)

Therefore the term o ~ ~
A;My;A; = |5 A2 + |5)” A2 (3.227)

which is exactly a de Broglie-Proca term as we wanted. The role of the mass
is played by the modulus of the vector ¥ just as it happened in the case of the
wave with propagation along k3 and general polarization in the Section 3.3.

3.5 Conclusions

In this Chapter, we have approached the problem of non-Maxwellian photons
from a more fundamental perspective, linking their existence to a breaking of
the Lorentz symmetries. Despite massive photons having been proposed in
several works, to the best of our knowledge in the available literature there is
no comprehensive discussion concerning what generates the mass of the photon
or an eventual non-Maxwellian behavior (see [2] for some ideas). It is our belief
that answering this question is a crucial task that fundamental physics must
charge itself of in order to truly understand the nature of the EM interaction
carrier. The work in this Chapter has been driven by this purpose. Given the
complexity of the subject, we have only scratched the surface of the problem
but intend to carry on our research in future works.

The approach we have chosen is to investigate well established supersymmet-
ric theories that go beyond the SM. It was already known [141,143,192,195] that
some of these theories yield dispersion relations, but a careful study of them had
never been performed. What we did was to derive the DR for the cases where
that had not been done yet and charge ourselves with the task of studying the
consequences in some detail. We have tried to be as general as possible, but
there are of course many theories and we do not have the pretense of having
covered them all. Nevertheless, we have tried to cover both the CPT-even and
CPT-odd sector. It is our belief that a theory that accurately represents nature
should have both an odd and an even part. The interaction between the two
sectors is not clear at all at the moment. In particular, one major question
remains open. If we are in presence of a non-Maxwellian behavior for both
sectors, how would the photon of the ensuing joint theory propagates? Would
the two contribution be simply additive or would there be more complicated
interactions? We do not know how to answer to this question, but it is indeed
a very stimulating avenue of research for the future.

Our starting point are the Lagrangians for these models. Both in the CPT-
even and CPT-odd case, we present two of them, one for the photon when the
photino sector is left untouched and one when the effects of this supersymmetric
partner are integrated out. We must keep in mind that we are working in
a SUSY environment, in which for every boson there is a fermionic partner.
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These partners have not been experimentally found yet. Thus, it is possible to
integrate over them to obtain an effective theory where their role is taken into
account but not explicitly visible.

For the CPT-even sector, we adopt the kp-term model [143]. From the
dispersion relation we see that the propagation of the photon is affected by
the action of the background tensor related to the Lorentz violating term in
the Lagrangian. The consequence is that the propagation is affected differently
in any direction. We have proceeded step by step, trying to start from a very
special choice for the tensor to the most general one. If the background tensor is
proportional to the Kroeneker’s delta, we have shown that the dispersion relation
is that of a light ray propagating through a medium. In this case, it is the
vacuum that has an effective refraction index due to the interaction of the photon
with the background. This generates a modification of the speed of light, but not
a functional dependance with the position or the time. We have then shown that
we do obtain a direction dependent effect, for more complicated choices of the
background tensor. However, the combined effect of these variations along each
direction results in a modification of the overall speed of light. This is consistent
with what happens in the most simple case. Further, the variation to the light
velocity is proportional to a factor that goes like the background components
squared. These components are extremely small because they represent the
Lorentz violating corrections that we should see at our energy scale due to the
LSV occurring near the Planck scale. It is known that Lorentz symmetry holds
very well, if we don’t investigate extremely high energy phenomena. Therefore
we are obliged to consider these variation extremely small. Because of this, the
correction to the light speed is extremely small, too. However, we do see that
such variation depends on the propagation angle.

For the CPT-odd sector, we study the supersymmetrized Carroll-Field-Jackiw
model [141,143]. For the CFJ model the LSV is given by a 4-vector and we have
chosen to set the time component to zero to avoid the appearance of superlumi-
nal modes. The dispersion relation is of the fourth order. Solving the equation,
we see that we have two physical solutions whose behavior is highly complex.
That’s why we preferred showing as a result not the dispersion of the speed of
light, but the time delay of two photons emitted at different frequencies and
coming to us from a distant source. We have proven that the time delay has a

1
— dependance, just as it happens in the de Broglie-Proca case. Unlike what

happens for this theory, the mass is not a constant though. It depends on
the Lorentz violating background vector and on the direction. In other words,
it is an effective mass. Because of this, to obtain an estimate of this mass
value we need to assess the order of magnitude of the background vector. A
recent work [197] sets it to 1071 eV. That results in a mass of the order of
1075 kg, only an order of magnitude lower than the accepted Particle Data
Group limit [47].

Having obtained two velocities for the CFJ-model, we had the idea to inter-
pret them as speeds related to the polarization of the fields. For this reason, we
have proceeded to a rather unusual analysis of the dispersion relation in terms
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of the fields. We have chosen these latter in a well defined polarization, per-
formed a Fourier transform and studied the resulting wave equation. For sake
of completeness, we have kept our equations as general as possible. This means
that we have considered also cases in which (unlike what we did for the time
delay) the time component of the background vector is not zero. As a first step
we have shown that the solutions obtained with this procedure are consistent
with the ones obtained from the usual treatment of the DR. Secondly, we have
analyzed different cases, drawing solutions even for a wave that is parametri-
cally polarized. A study on the these polarization parameters showed that it is
possible to have regions where the speed of light is complex.

In all the CPT-odd cases, we have obtained a massive-like behavior. We
tried to give an explanation to this by analyzing the Lagrangian more carefully.
We have written it in a non explicitly covariant form, introducing the photon
field components. The electric potential is not a dynamic variable and we can
eliminate it from the Lagrangian. In this latter a term that has the classic
structure of a de Broglie-Proca mass arises, only with the background playing
the role of the mass. This is consistent with what we had previously seen in the
peculiar cases we had studied and gives us a more fundamental reason of why
the mass of the photon would be linked to the background vector.
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Chapter 4

OBSERVATIONAL LIMITS
ON THE PHOTON MASS

In Chapter 1, we have mentioned several experimental limits that have been set
on the photon mass throughout the years. We have also pointed out that not all
these measurements are equally reliable. Some, e. g. [45,46,49-51], rely heavily
on the idealized models. In a 2010 review, the authors affirm [2] :

“Quoted photon mass limits have at times been overly optimistic in the
strengths of their characterizations. This is perhaps due to the temptation to
assert too strongly something that one ’knows’ to be true.”

Recently, there have been attempts to put forward more sensible and solid
values using ESA Cluster satellite data [48]. Indeed, the quest to find reliable
means to measure the photon mass upper limit is ongoing. In the following, we
propose a method based on the study of time delays in the so called Fast Radio
Bursts (FRBs).

Résumé

Dans ce Chapitre, nous présentons des résultats concrets qui utilisent de véri-
tables données de mesure. Malgré ’existence de nombreuses expériences pour
fixer une limite supérieure & la masse du photon, nous trouvons la méthode
présentée ici particuliérement intéressante puisqu’elle se base sur des mesures
de trés hautes précisions faites par des astronomes. Dans la seconde partie de ce
Chapitre, nous avons porté notre attention sur la mission OLFAR et sa possible
contribution scientifique.

Nos résultats se basent sur les données obtenues par FRB 150418, un Fast
Radio Burst (FRB) pour lequel le décalage vers le rouge de la galaxie I’hébergeant
a été déterminé et qui a la valeur de z = 0.492 £ 0.008 [200]. Les FRBs sont
des phénoménes astrophysiques sur lesquels nous connaissons peu de choses.
Leurs noms proviennent des trés courtes pulsations mesurées aux fréquences
radio. Seulement quelques-unes ont été mesurées du fait que leur courte durée
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les rend difficiles & résoudre en temps pour les instruments. Le premier FRB a
été détecté en 2007 et seulement dix-sept d’entre eux ont été enregistrés [201].
Nous ignorons quelle est ’origine de ces FRB, mais nous avons pu constater
que certains d’entre eux se répétaient ; par conséquent, il est raisonnable de
supposer que les sources ne se détruisent pas durant le processus qui génére la
pulsation. Il est intéressant de noter pour notre discussion que nous ignorons ol
se situent les FRB. C’est un probléme courant en astronomie quand les objets
sont trop loin ou pas assez stables pour utiliser la trigonométrie afin de trouver
leur distance. Un paramétre qui traduit 'information concernant les distances
est la Mesure de Dispersion (DM), qui n’est rien que l'intégrale sur la densité
de I’électron du milieu au travers duquel il se propage, le long du parcours suivi
par le photon depuis la source jusqu’a ’observateurm

O
DM = / nedl (4.1)
S

ol les index S et O font référence a la source et & ’observateur respectivement,
ne est la densité d’électron libre du milieu et dl est ’élément de ligne..

La DM représente le délai temporel avec lequel les photons & basses fréquences
arrivent a nous. Sil’on prend seulement en compte la dispersion due au plasma
d’électrons galactique, les valeurs mesurées sont inexplicables [202]. Par con-
séquent, ’excés de DM est normalement attribué soit aux effets proches de la
source soit au Milieu Intergalactique (IGM). Dans notre travail, nous négligeons
les effets proches de la source. Le centre de notre idée est qu’une partie de cet
excés dans la dispersion peut étre attribuée a la massiveté du photon. Comme
mentionné précédemment, la difficulté de la méthode que nous allons présen-
ter repose sur comment dissocier la contribution du photon massif de celle de
IGM.

Pour FRB 150418, le retard pour deux photons émis avec des fréquencesy; =
1.2 GHz et v, = 1.5 GHz respectivement est ~ 0.8 s. Le retard est relié au
DM selon la relation suivante

2 2
1
atbM o — € Regp= S — 4.2
12 2mm. | V2 2m, V2 (4.2)
v -2 DM
— 41 ( ) 4.
g 1GHz 10%pc em—3 s (4.3)

ou e est la charge élémentaire, m,. la masse de 1’électron, les fréquences ont été
écrites en GHz et le DM a les unités de pc cm 3. Dans le cas de FRB 150418,
le DM correspondant au retard mesuré est [200]

DMFprpisoais = 776.2(5) em™>pe (4.4)

TLa contribution due & la galaxie hote est estimée approximativement & ~
37 em3pc; celle due a la Voie Lactée est ~ 219 cm 3pc. En soustrayant ces
composantes, il nous reste

DMy ~ 520(138) em™3pe (4.5)
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Les sources principales d’incertitude pour cette valeur viennent de ’'utilisation
du modeéle NE2001 pour la Voie Lactée [203] (dont les limitations sont montrées
en [204]) et, principalement, des inhomogénéités de 'IGM.

En étudiant la propagation de la lumiére dans un modéle ACDM, I’expression
générale pour une IGM induite par DM est

ne (27)

DMIG]M = / dZI (46)
O (142 \/Qm(1+z)3+QA
3HoQram
= 7H€ 4.
M () (4.7

ou zest le décalage vers le rouge cosmique, €2, est la fraction de densité de
matiére présente aujourd’hui, 25 est la fraction de densité de la constante cos-
mologique, Q75 est la fraction ionisée de la densité des particules baryoniques
dans I'IGM, mp est la masse du proton, Hy est la constante de Hubble au temps
présent et

"dZ

/\/Q (1+2) + O

In [200], Egs. 4.5 et 4.7 ont été utilisées pour obtenir une valeur ;s indépen-
damment du fond diffus cosmologique qui donne Qg = 0.041 £ 0.002 [205].
Les auteurs obtiennent

(4.8)

Qrear = 0.049 +0.013 (4.9)

Ce qui est cohérent, mais légérement différent de la valeur donnée en [205],
permettant d’héberger un photon massif.
En fait, pour un photon de de Broglie-Proca, le retard est

2

m

B, = g3 F(ByEs) M, (2 (4.10)
z /

H,(2) = / dz (4.11)
O (142 /2 (14 2)° +
11

F (B, Ep) = (—) (4.12)

B E3

Prenant aussi en compte le délai di & la massiveté du photon, nous pouvons
écrire
2

m
AtFRB — ﬁ F (Fy, Es) H,(2) + AtDM (4.13)

A partir de laquelle

h
my = (1.05 107 MeV s*%) \/FGHOH (AtFRE — AtDM) (4.14)
241y
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E E
ol hg est la constante de Hubble réduite et Fgy, = F ( ! 2 )

1GHz 1GHz

4.14 peut étre utilisée pour fixer une limite expérimentale supérieure a la masse
du photon. La limite la plus rigoureuse se produit lors de 'attribution de tout
le retard & la massiveté du photon, c’est-a-dire en fixant At2M = 0. Pour le
FRB 150418 nous obtenons

m, < 4.6-107°Y kg (4.15)

Cependant, il s’agit d’une estimation grossiére. En effet, il est peu judicieux de
négliger complétement la dispersion due a 'IGM. Une idée plus raisonnable est
d’attribuer la différence dans la valeur estimée de Q;gps entre [200] et [205] &
Ieffet de la masse du photon, ce qui donne

m, < 3.2-107%kg (4.16)

Ces deux résultats sont & 95% CL, ce qui signifie un intervalle de confiance de
20.

Nous sommes convaincus que ces limites peuvent étre rendues encore plus ro-
bustes dans le futur. Nous pensons qu’il est difficile de faire mieux concernant la
mesure d’un événement unique du fait que I'impossibilité d’estimer correctement
les anisotropies de 'TGM nous empéche d’avoir une amélioration significative sur
les barres d’erreur deDMyaas. Au lieu de cela, nous montrons qu’une approche
statistique nous permet d’augmenter notre précision. L’idée est de calculer un
estimateur sur un échantillon de données fourni. Comme estimateur, nous avons
choisi la racine de la moyenne au carré de la possible contribution de DM venant
des effets a proximité de la source. Il s’agit d’un bon choix puisque 'origine de
tous les FRB devrait étre similaire donc il est logique de supposer que les condi-
tions sont approximativement les mémes autour d’eux. L’estimateur dépendra
de facon paramétrique de la masse du photon et, par minimisation du x? on
calcule la valeur la plus appropriée pour m.. Avec cette technique, la limite
supérieure est réduite d’un ordre de magnitude.

Nous aimerions attirer I’attention du lecteur sur le fait que, dans la théorie de
de Broglie-Proca, la différence de vitesse entre deux photons avec une fréquence
différente est inversement proportionnelle 4% et directement proportionnelle &
la masse m.. A cause de cette dépendance fonctionnelle, les signaux a basse
fréquence, c’est-a-dire de radiation de faible énergie, sont particuliérement aptes
& tester la massiveté du photon. Inversement, les données de haute énergie
venant des Gamma Ray Bursts (GRBs) ou Active Galactic Nuclei (AGNs)
ne sont pas compétitives pour contraindre m. lorsque comparées aux expéri-
ences menées, e.g., sur le vent solaire. Dans la derniére partie de ce Chapitre,
nous discutons la possibilité d’obtenir scientifiquement des tests significatifs de
radiation & basse fréquence via des nano-satellites & bas prix construits avec
des composants commerciaux. Tous les milieux ont une fréquence (appelée
fréquence plasma) en-dessous laquelle un signal est réfléchi et, donc, ne peut
pas se propager. Par conséquent, il est évident que la meilleure configuration
pour étudier les basses fréquences est ’espace, ou il n’y a aucune atmosphére
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causant ce probléme. L'IGM posséde aussi une fréquence plasma, mais sa valeur
est bien plus petite.

Jusqu’a maintenant, les satellites restent des instruments couteux avec une
technologie congue spécifiquement pour sa mission. Cependant, il peut exister
un marché de niche pour de I'instrumentation & bas prix. Bien str, celui-ci ne
peut pas étre compétitif avec le premier mentionné. Néanmoins, la technologie
commerciale permet d’envoyer dans l’espace un grand nombre d’appareils, qui,
ensemble, ont autant des capacités qu'un satellite usuel. C’est la raison pour
laquelle il y a une nécessité d’aller au-dela de la formation standard des satellites.
Plus spécifiquement, nous discutons du projet OLFAR, dont les nano-satellites
sont organisés en essaim.

Nous résumons briévement les principales techniques qui gouvernent cet es-
saim. Plus particuliérement:

1. Porganisation de ’essaim: parmi les nano-satellites, il n’y a pas d”’unité
meére” qui organise et controle l’acquisition de donnée ou le traitement ; de
plus, les satellites sont tous capables d’effectuer les mémes taches (dans
notre cas : détection et échantillonnage des signaux cosmiques dans la
fenétre de fréquence désignée, traitement de 'information via corrélation
distribuée et envoi des données traitées vers la Terre) de sorte que la panne
d’un ou de plusieurs appareils ne compromettrait pas le résultat final;

2. orbite et lancement : OLFAR se placera derriére la Lune pour éviter
au mieux les interférences possibles et le lancement sera effectué en tirant
parti d’autres appareils qui vont étre envoyés sur l’orbite terrestre, apreés, la
destination finale serait atteinte grace a des systémes de micro-propulsions;

3. puissance : les panneaux solaires ne peuvent pas étre suffisamment gros
afin de maintenir une activité permanente de 'instrumentation. Par con-
séquent, leur temps d’hibernation doit étre planifié de facon a ce que les
satellites puissent se recharger.

La contribution scientifique d’OLFAR peut étre résumée comme suit. L’essaim
couvre une large surface. Cela implique que la résolution spatiale est excellente
puisque cette grande surface est couverte par un grand nombre de détecteurs.
L’appareil d’enregistrement le plus simple est, bien siir, une antenne, et par
conséquent les fréquences radio sont les candidats naturels pour la premiére
utilisation d’une telle technologie. OLFAR se concentrera sur la création d’une
carte du ciel pour des fréquences en-dessous de 30 M H z, & savoir dans la fenétre
0.1-10 M Hz. L’amplitude terrestre correspondante nécessaire serait de plus de
100 km, ce qui est irréalisable du fait des problémes cités précédemment quant
a Popacité de Patmosphére. Atteindre la Lune avec un essaim de nano-satellites
remplirait ce manque que nous avons dans l’exploration du ciel. OLFAR est
aussi supposé étre utile pour la navigation. OLFAR éliminera complétement
l'effet perturbant de I’atmosphére. Ainsi, des données affectées seulement par
les deux problémes restants seront fournies aux physiciens. La mesure de DM
aux fréquences OLFAR aidera & améliorer la modélisation des formes des pul-
sations et ménera & un timing plus précis. Aussi, et c’est la principale raison
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pour laquelle nous nous intéressons aux perspectives offertes par OLFAR, nous
pouvons tester 'ISM et, éventuellement, dissocier la dispersion due au plasma
de celle due & un photon massif
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4.1 Fast Radio Bursts

FRBs are transient radio pulses that last only a few milliseconds (hence the
name) generated by astrophysical or cosmological phenomena at high energy.
The first FRB was discovered in 2007 by Lorimer’s team with the Parkes radio
dish in Australia [206]. This first measurement was welcomed by the wariness
of the scientific community, who attributed this reading to some kind of inter-
ference. However, after the discovery of other similar phenomena [207], what is
now known as the “Lorimer’s burst” has become the first FRB of which we have
knowledge. At present, we are aware of only seventeen such bursts [201].

We know very little about the FRB nature, as it is explained in a very recent
review [208]. Many of such phenomena are so short that receivers are not quick
enough to resolve them in time. This means in some cases, that the duration
we attribute to FRBs is more an upper limit of their real length. We do know,
however, that some of them have repeated themselves [201,209]. This suggests
that, whatever phenomenon causes them, it cannot destroy the source. So stel-
lar collapses, merging of binaries and catastrophic collisions are excluded. The
most plausible explanation is that of the young remnants of stellar collapses, like
neutron stars or black holes, are - at least temporarily - endowed with a gravita-
tional potential such that allows a sudden and short emission of energy. In this
class of phenomena there are, e.g., Soft Gamma Repeaters (SGRs) [210-217] or
giant pulses from young pulsars [217-221]. Among exotic ideas that have been
proposed are interactions between pulsars and planets [222] or asteroids and
comets [223,224]. All these explanation have in common the feature of possibly
taking place at cosmological distances. Alternatively, it has been proposed that
stellar flares might give a coherent explanation of these phenomena [225].

Given the short duration of the FRBs, whatever the origin, we can be sure
that the emitting region has to be small. If the emitting region were larger,
it would entail a longer pulse. Since some FRBs have even a pulse duration
< 1 ms, this implies not only a small emitting region but also a great intensity
at the source. In the absence of relativistic bulk motion, the observed duration
At is larger than Ar/c , Ar being the dimension of the emitting region along
the direction of the radiation. Because of the aforementioned durations under
the millisecond (cAt < 3-107 ¢m), regions of emission bigger than 10°~6 cm
are excluded. This means that such regions can’t be larger than the radius of a
neutron star of a stellar mass black hole.

The distance of FRBs is debated. This is hardly uncommon in astronomy.
Most objects we observe in the sky are so far away from us that it is impossible
to measure their distance by trigonometric parallax. This is do to the imprecice
angular resolution of our instruments but mainly to the short duration of the
pulse. Using the parallax would require the object to be visible for months,
so that Earth has the time to move along its orbit. Nevertheless, we have the
means to estimate their position. The pulse energy doesn’t arrive all at once. It
has been seen that light at smaller frequencies arrives later than that at higher
frequencies. From the observations the dependance of the time delay upon the
frequency follows a power law v with « being fit by the value —2 to very high
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accuracy. Generally, this time delay is attributed to the light traveling through
a diluted plasma. Therefore, the intensity of this delay must be proportional
to the so called Dispersion Measure (DM) which is nothing but the integral
along the path followed by the photon from the source to the observer over the
electron density of the medium through which it propagates

o
DM:/ nedl (4.17)
S

where the indexes S and O refer to the source and observer respectively, n. is
the free electron density of the medium and dl is the line element.

Because of its nature, the DM conveys a lot of information about the location
of the FRB. However, the interpretation is not straightforward. If we only take
into consideration the interstellar plasma in our and, eventually, in the host
galaxy where the FRB can take place, the DM would simply estimate the length
the light has traveled. (Un)fortunately, observed DMs are typically at least an
order of magnitude too large to be straightforwardly explained [202].

So, what could account for the excess of the DM? Among the possible causes,
certainly there are

e near source plasma: the specific characteristics of the medium in the prox-
imity of the source are such that they heavily affect the propagation, and
thereby increase the DM

e intergalactic medium (IGM): to the very diluted plasma present among
galaxies would correspond a cumulative effect for the DM along cosmo-
logical distancies.

Other alternatives are less convincing. For instance, the DM could not be at-
tributed solely to the host galaxy, unless the FRB is extremely near its center
where dense plasma clouds can be found. Also intergalactic clouds of plasma
or the gas present amongst a cluster of galaxies would not affect the DM sig-
nificantly because they would not increase the mean value of the IGM density
(1.6 - 1077 (1 4 2)* em™3, 2 being the cosmic redshift).

In our work, we considered the excessive DM to be due to either the IGM
or, possibly, from a massive photon. However, for completeness, we will say
something on the near source plasma.

4.1.1 Near source dispersion

If we consider that the contribution of the environment next to the source is
very relevant, we must assume the FRBs to be close to us on a cosmic scale,
possibly even in our own galaxy. Otherwise, we would have an additional IGM
contribution yielding an even larger DM.

Suppose that we have a plasma cloud responsible for the dispersion next to
the source. What can we infer about it from the data we have at our disposal?
First of all, the electron density can’t exceed the following value [226,227]:

MeWw
4re?

2
ne < 3 |—a — 2] ~5-107em™3 (4.18)
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where m, is the electron mass, e the elementary charge and a the aforementioned
exponent according to which the time delay depends on the angular frequency
of the radiation w. We have already pointed out that measures concerning this
number are pretty accurate. Specifically,

—a— 2| <U. .
2] < 0.003 4.19

and no inconsistency with o = 2 has been ascertained so far. Nevertheless, a
different frequency dependance has been discussed recently.

Knowing the value of the electron density, we can estimate the required vastness
of the plasma cloud yielding the DM we have measured. The latter ranges from
350 to 1600 pc cm ™3 (where pc stands for parsec, ~ 3,26 light years). For
taking into account the DMs, the clouds should be bigger than 3 - 1013 cm,
i.e. hundreds of times a solar radius. Such values are mostly reasonable if we
consider paths passing next to the galactic nucleus, where such clouds can form.
Actually, they have been observed around the nucleus of our own galaxy [210].
This would leave an open question though: why would all known FRBs have
been generated next to galactic nuclei?

Another plausible explanation would hint to a cloud generated by a super-
nova, more specifically by a young supernova remnants (SNR). The cloud of
plasma generated by the supernova would be fast expanding, and would ac-
count for the dimensional problem. Furthermore, it would link the FRB to a
well identified object.

4.2 Time delay for FRB 150418

From now on, we neglect near source dispersion. A massive photon would affect
the DM measurement wherever the FRB is located. For the time being, though,
we neglect such possible effect. Then, the alternative cause of a large DM is an
extra-galactic location of the FRB. For the same reason it must be luminous and
bright. Recently, FRB 150418 has been identified and it appears to have these
qualities. It should be located in a galaxy at a redshift z = 0.492 £ 0.008 [200].
But, in [228,229] the authors raise serious questions on the trustworthiness of
the attribution of FRB 150418, claiming that it might be a mere coincidence
with an Active Galactic Nucleus (AGN) flare. However, the discussion is still
open [230-232]. In the following, we assume the correctness of the extra-galactic
location given in [200].

For FRB 150418, the time delay between the light at v; = 1.2 GHz and
vy = 1.5 GHz is Atl]'B ~ 0.8 s. From this value, we have derived a photon
mass upper limit [196].

Light traveling through a ionized medium has the velocity

1
I/2 2 I/2
v= ( - ) NP (4.20)
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where, as usual, we have set ¢ = 1 and

e2n,

~8,98-10° - \/n, Hz (4.21)

vV, =
P TMe

in cgs units. The flying time delay is the integral of the speed along the trajec-
tory. So

2 2

1
N Deqr= DM 4.22
12 2mm. | V2 2mme V2 ( )
v -2 DM
- 415( ) 4.23
1GH~z 10°pc em—3 y (4.23)

having renormalized the units in the last step.

The DM contains contributions from the interstellar plasma in the host
galaxy and in our galaxy on top of the IGM effect. As discussed in [200],
the DM for FRB 150418 is 776.2(5) em~3pc . The contributions due to the host
galaxy is estimated approximately ~ 37 ecm 3pc; the other due to the Milky
way ~ 219 em3pc. Subtracting these components we are left with

DMjan ~ 520(138) em™3pe (4.24)

The main sources of uncertainty of this value originate from applying the NE2001
model to the Milky Way [203] (limitations are shown in [204]) and mainly from
inhomogeneities of the IGM.

For cosmological distances, the comoving line element can be expressed as

dl = 'ji dz (4.25)

where
A= e HE (4.26)
H(z) = Q142+ (4.27)

In this expression, €2, is the present day matter density fraction and €2, is the
cosmological constant density fraction. We are working in a AC DM cosmology*,
so the expansion of the universe is mostly attributed (if the photon were massive
the results should be reconsidered) to the cosmological constant.

Taking into account also the redshift of the frequency and the time dilution
over the flying path, we get

2 z
e 1
AtDM — 77/‘ d !

12 2rme v? J, :

ﬁ
dz'

ne (2)

1+ 2

(4.28)

ISee appendix for an introduction on the ACDM model and the derivation of Eqs. 4.26
and 4.27.
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4.2.1 DM for the IGM

Inserting Eqs. 4.26 and 4.27 in Eq. 4.28, the delay becomes

2 z !/
pM _ € 1 ’ ne (2)
At12 = Tﬂ'm ﬁ/ dz 3 (429)
Vo (142 0 (142 + 0
Thus, the DM associated to the intergalactic dispersion is
ne () (4.30)

DM[GM:/ dZ/
O 1+ 2) /(12 +

For a more explicit formula, we address the free electron density of the medium.
The mean density can be written as

ne (2) = Qran (2) neo (1 + 2)° (4.31)

where the last factor accounts for the expansion of the universe over the flying
time. Qs is the ionized fraction density of baryon particles in the IGM and
neo is free electronic density in the baryon sector at present time. The expression
for neo reads [233]

3H

8mmy,

Neo (4.32)

where Hj is the Hubble constant at present time and m,, the proton mass.
In our work, we have adopted Q, = 0.714, Q,, = 0.286 and the reduced

H
Hubble constant hy = 100 o 5—01 Mpe T 0.69 [205]. Thus, we obtain

3H0
DMcy = QTWHQ (2) (4.33)
P

where

z (14 2")dz
H.(2) =
/0 \/Qm (1+2)° 4+ Q4

Incidentally, this relation has been used in [200] to infer a value for Qraas
independent from the one given by considerations on the ACDM model. We
assume that the 24% of the IGM mass is accounted for by helium, that the
remaining percentage is due to hydrogen and that the ionized fraction of these
quantities is fully and singly ionized. Then we obtain

(4.34)

Qrear = 0.049 +0.013 (4.35)

in reasonable agreement with the result in [205] which yields Q;6p = 0.041
0.002.
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4.2.2 Time lag for a massive photon

Our idea is to attribute all or part of At{#P to a massive photon a la dBP.

FRBs are the perfect tools to test a massive theory. From Eq. 1.96 the difference
in velocity between two photons of different frequency is inversely proportional
to the frequency squared and directly proportional to the mass m.,. Because
of this functional dependence, low frequency signals - i.e. low energy radiation
- are particularly apt to test the massiveness of the photon. Conversely, high-
energy data from Gamma Ray Bursts (GRBs) or AGN’s have not proven to be
competitive in constraining m. if compared to experiments performed, e.g. on
the solar wind.

To quantify the influence of m. on a FRB we start by computing the dif-
ference in length AL traveled by two photons at different frequency, if they are
both emitted by a source at cosmological distance z. Calling their difference in
velocity Au, we get

1/2 Audz’
0 \/Qm(l-l—z)s-‘rQA

due to the integration of the velocity over time and the exploitation of Eqs. 4.26
and 4.27, taking into account also the cosmological time dilation. Furthermore,
from Eq. 1.96, for two massive photons of energies F'; = v; and Fy = 15 coming
from cosmological distances

AL = Hy (4.36)

m?2 1 1
T 2(1+2)° \Ef E3 (437
and thus
2
m
Aty = ﬁF(EI,Eg) H, (2) (4.38)
z dZ/
H,(z) = / - - (4.39)
O (1+2) \/Qm(1+z) +Qa
1 1
N 4.4

4.3 Results

Summing up all the elements we have presented so far, we conclude that the time
lag for a FRB at cosmological distance, under the massive photon assumption,
is given by the following components

2
m
AtTRB — ﬁ F (B, B) Hy(2) + At + beyp (1+2) (4.41)
The function b, refers to the aforementioned near source dispersion, even if its
relevance is marginal for FRBs at cosmological distances. However small, we
cannot exclude a priori its contribution.
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It is straightforward to invert Eq. 4.41 and isolate the photon mass

h
my = (105107 e 574) ¢0 (ALERB — AtDM — b,y (1 + 2))

FGHZH'y
(4.42)
where we have defined for simplicity the function
B E, E,
Fou: =¥ <1GHz’ 1GHZ> (4.43)

The most conservative limit occurs when attributing all the time lag to the
massiveness of the photon. That is, setting At2M = by = 0. For the FRB
150418 we obtain

m., < 4.6-107°" kg (4.44)

However, this is a coarse estimate. Indeed, it is unwise to completely neglect the
dispersion from the IGM. We have already mentioned that in [200] the authors
have found Q;gp = 0.049 + 0.013 attributing the entire dispersion that is not
of galactic origin to the IGM. In [205], the value for Q;ga is 0.041 £ 0.002.
If we plug his value into Eq. 4.33, we obtain a DMjgs smaller than the one
measured for FRB 150418. Thus, a better try to put an upper limit to the
photon mass is to would be to attribute this difference in the DM values to
m.,.. In other words, the value of Qg given in [205] is used to compute AtHM
, which is exclusively attributed to the IGM. At2M is then subtracted to the
observed time lag and the difference is attributed to massive effects.

We have decided to work at a 95% CL, which corresponds to 20 variance.
Therefore, in accordance with the values mentioned above, DMy ~ 520(2 -
138) ¢m~3pc, which corresponds to

AtPM ~ 045 s (4.45)

always with a 95% CL. With the same accuracy

AtERP < 0.82 5 (4.46)
In turn, this yields
m., < 3.2-10""Ykg (4.47)

at 95% CL.

As we have pointed out, thanks to the low energy of the FRB radiation,
these limits are more competitive with respect to the ones yielded by GRBs and
AGNs [234]. The results are much in line with those obtained in [48].

4.4 Future improvements

There are large uncertainties on the DM associated to the IGM. Is there a chance
for improvement? The redshift for the FRB 150418 has been measured with a
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reasonable accuracy, 0.1%. It is unlikely to do much better. For the other FRBs
it is very doubtful to obtain z with a similar accuracy. Therefore, the chances
to use other FRBs to create a statistic is not plausible at the moment.

Unfortunately, we still have to face a 20% and more uncertainty on the
amount of the DM we attribute to the IGM or the galaxies (host and Milky
Way). For the singular FRB, is difficult to do better because we have few
means to investigate possible inhomogeneities in the IGM, which are the main
source of error. However, we are convinced that it would be possible to put
a constraint on the combined effect of DM and photon mass whose errors
are limited to a mere 10%. To distinguish between the IGM and photon mass
contribution, the different functional dependence of the integrals Eqs. 4.27 and
4.39 might be exploited.

We assume that the aforementioned 10% accuracy on the DM measure-
ment is attainable and plot on a (m,, Qrgar) plane the predicted results. We
parametrize the curves as follows. For the photon mass, we write Eq. 4.42 as

m, =AVB—C (4.48)

where A is a numerical factor that depends on the integral H, (z); B instead
will be written as
DAY,

(4.49)
where Eq. 4.23 has been used. This means that B represents the observed time
lag written in terms of the DM, as if it were entirely due to the IGM. Lastly,
the factor C is given by

Qrem

ACDM
QIG‘M

C = Atragm - (4.50)
and is the fraction of an actual contribution of the ionized plasma effect to the
observed time delay relative to the prediction of the standard ACDM model for
a given FRB.

The results can be seen in Fig. 4.1, where we have furthermore set the
ionization fraction to 0.9 but left the parameter Q75 free. Hypothetical mea-
surements at z = 0.1 are shown in green and mauve, whereas the blue band
represents a possible z = 1.0 set of data. We don’t consider higher redshifts
because the FRBs luminosities aren’t particularly high. Thus, the measure of
higher shifts appears rather implausible. The green band has been determined
by taking

A = 197107 eV 2 (4.51)
DM, = 83(8.3) pcem™3 (4.52)
At]GM = 0.086 s (453)

These values have been chosen so that the central value of the green band is
the same present in a model where the photon is massless and all the time lag
attributed to QASHM .



4.4. FUTURE IMPROVEMENTS 125

= LA ~
N o v X

S ismeess
004EER RN

S G,

0.03

0.02

0.01

3
m,x 10"[eV]

Figure 4.1: In this plot we show on the (m., Q) plane some bands of hy-
pothetical measures and also the one measured for the FRB 150418. The red
band is the ACDM expectation value for Qg = 0.041 4 0.002. The shaded
gray band is the FRB 150418 measure and uncertainties discussed in [200]. The
remaining bands are hypothetical 10% accuracy bands that we reckon to be
attainable in the near future. The green and mauve bands are for FRBs at
z = 0.1, the blue one at z = 1.0.
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Instead, the mauve band has been obtained keeping the upper limit on the
Qraar set thanks to the FRB 150418 but taking

DM2E,, = 103(10.3) pc em™3 (4.54)

We can see that working at lower redshifts helps imposing more restrictive limits
on the photon mass. If we consider the central value of the green band and
impose, very conservatively, that any ;55 > 0 is acceptable,

m, < 1.1-107°" kg (4.55)

If, instead, we strengthen the requirement to Q7 = Q4SHM
m, < 5.3-107° kg (4.56)

An alternative way to set a limit on the photon mass is given by forgetting any
assumption on the Qg and asking, instead, that the 10% accuracy z = 0.1
band is consistent wit the FRB 150418 constraints. In this case we obtain

m, < 4.5-107° kg (4.57)

The z = 1.0 band is instead obtained by setting

A = 460-107" eV ¢ 2 (4.58)
DML, = 980(98) pc em ™3 (4.59)
Atigpy = 094 s (4.60)

We might underline two interesting features here. First of all, we see that such
a band is consistent with the mauve one and the expected value for Q25DM

only if the photon mass is in the following range:
4.5-107° kg <m., < 7.1-107°" kg (4.61)

This is another way through which we can constrain the value of the light
carrier mass. Also, the comparison between the blue band and the one at a
lower redshift shows very well how the redshift affects the proportion in which
the IGM and the photon mass are relevant. In particular, we see here in practice
the aforementioned chance to distinguish between the two effects. Of course, to
drastically diminish the uncertainty on the measures, we should lower the ones
on DMjqy, maybe exploiting a statistical analysis on a large number of FRBs.

Obviously, we could set a more robust limit if we had more and more certain
measurements of the redshift for FRBs. However, an interesting idea is that the
process can be inversed. If we accept the value for Q;gps given by the ACDM
cosmological model and we rely on the limit on m., found through the study of
FRB 150418, then it is possible to use the DMs to estimate the redshift of the
sources giving rise to the FRB. This would, in turn, yield a distribution which,
with some luck, would shed some light on the mysterious FRB origins.
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A different way to improve the result is to adopt a statistical approach. From
Eqgs. 4.27 and 4.39 we clearly see the photon mass contribution becomes more
relevant for smaller redshifts because of the power of the factor (1 + z) inside
the two integrals. Therefore, if given a statistically significant sample of FRBs
at different z, for the i-th component of the sample Eq. 4.41 is used, considering
the photon mass and the time delay due to the IGM as parameters. In other
words, the source frame contribution can be written as

) 1 . ) ) )
= T (al F(E1, Ey) Hy (2') + At F — AtfP ) (4.62)
where )
m
=_X 4.63
a’Y 2H0 ( )
for each FRB in the ensemble. In Eq. 4.62 we must consider both afy and

AtPM i as parameters that will be determined through minimizing the x? of
some estimator. In our case, a reasonable estimator is the Root Mean Square
(RMS) of the source frame contribution. This is a valid quantity if we can safely
assume that the FRBs do have the same origin and, henceforth, the value of the
DM due to the plasma surrounding the source isn’t too statistically different
from the mean of these values over the sample we are considering.

4.5 Other ways to set a photon mass limits

As mentioned before, FRBs are not the only phenomena employable to infer
something on the photon mass. We have already pointed out that the advantage
of FRBs is to work at low frequencies, where the effect of a massive photon is
more visible. However, FRBs are not very numerous. GRBs are a more renown
alternative.

4.5.1 Gamma Ray Bursts

Before getting into details about how to extract a photon mass estimation from
GRBs data, it is maybe useful to start by recalling a couple interesting facts
about them.

As the name suggests, GRBs are intense pulses of y-rays coming from the
cosmos. They were first registered in the 60’s by the American Vela satellite. At
first, the discovery was classified because the USA thought the Soviet Union was
conducting secret nuclear tests. Later, it was shown that a terrestrial or even
solar system origin for those bursts was impossible. The results were declassified
and published in 1973 [235]. GRBs are among the most luminous objects in the
sky, with an energy flux of 10%44% J/s.

Although the emitted energy is similar for most GRBs, the peculiarities of
these phenomena are incredible variegated. The light curves? of the the emission

2Light curves are graphs of the luminous intensity of a certain phenomenon plotted vis a
vis the time at which the intensity is measured.
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are not reproduced with accuracy by any model [236]. However, it is possible
to classify GRBs on the base on how long the pulse of y-rays lasts. The GRBs
lifespan can range from some fractions of a second, to several minutes.

The GRBs that last around two seconds or less are named short bursts. The
origin of these phenomena isn’t clear at all [237]. Many of them has been
observed in regions where the star formation rate is very low. This rules out
a link to massive stars. Actually, the leading hypothesis are that short GRBs
originate from mergers of neutron stars binaries or from the mergers of neutron
stars with black holes [238-243]. Short GRBs account for almost 30% of the
entire population observed so far. The remaining 70% is given by long GRBs.
This class comprehends all GRBs lasting more than two seconds. Almost all
these phenomena have been localized in galaxies with an intense star production
process. In some cases, it was possible to be more specific and link the GRB
to a supernova undergoing core collapse. It is because of these data, that long
GRBs have been put in correlation with massive star death [244,245]. It is
worth mentioning that among the long GRBs some stand out. Not surprisingly,
some astronomers consider a three class classification, as opposed to the twofold
presented here. Some of the long GRBs are extremely long (around 10° s) and
are sometime called ultra-long GRBs. The reason of this distinction relies on the
consideration that the ultra-long GRBs have different progenitors. Instead of
supernovae, they could be the result of the collapse of blue supergiant stars [246].
We have recorded very few ultra-long GRBs and, hence, this interpretation is
open to dispute [247].

Another interesting phenomenon of the GRBs is that most of them display a
so-called afterglow. By afterglow we mean an emission at different wavelengths
that arrive later with respect to the y-rays. Such an emission was expected in
many models that had been put forward to explain the origin of the GRBs [248].
However, these afterglows were very elusive observationally, because it was hard
to observe such longer, incoming wavelengths given that the position of the
GRB was not precisely located. In 1997, the Italian-Dutch satellite BeppoSAX
managed to finally detect such an afterglow in the x-ray window of the spectrum
for GRB 970228, which was used to also give a precise location to the GRB
itself [249]. Shortly after, thanks to this precise location, a optical afterglow
was measured [250]. Instead, for GRB 970508 an afterglow in the radio window
was put in evidence [251]. Today, we know several GRBs for which the afterglow
has been measured. For most of these both optical and radio afterglows were
present.

The x-ray afterglow is the strongest, but also the shortest afterglow. Not only,
almost all GRBs have an x-ray afterglow. It is shown to depend on both time
and frequency according to the function

fo () =v Pt (4.64)

with the parameters « ~ 1.4 and § ~ 0.9 determined observationally [252].

Optical and infrared afterglows have been found, instead in about a half of the
GRBs that have been localized with precision. Also they display a dependance
on time and frequency. The difference is that the factor « takes the value 1.2.
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As we have mentioned, the discovery of such afterglows was made difficult by
the fact that the optical afterglow is visible only several hours after the GRB
itself. Hence, only if the position is determined rapidly the instruments can be
directed toward the correct portion of sky.

Last but not least, the radio afterglow is present in almost 50% of the GRBs.
80% of the GRBs that display a radio afterglow also have an optical one. The
others are called “dark GRBs”. Radio afterglows are measured several hours, if
not days after the burst itself. The nature of dark GRBs is not clear.We mention
three hypotheses. A possibility is that the the dark GRBs are normal GRBs,
with dense molecular clouds that absorb the visible radiation along the line of
sight [253]. Another hypothesis is that they are at redshifts bigger than 5 so
that the signal is shifted outside the instrument range [254]. This supposition
is however questionable because the redshift of some dark GRBs has been set
and does not seem to support this interpretation [255]. The last possibility is
that the optical afterglow is much feebler and cannot be detected.

As we shall see, the radio afterglow can be exploited to estimate the photon
mass.

Before moving on to the radio afterglow, we briefly discuss what mecha-
nism(s) gives rise to such powerful jets. Again, there isn’t a widespread con-
sensus. However, the so called fireball model has acquired some popularity. In
the fireball model, a relativistic plasma (Lorentz gamma factor ~ 10) expands
from a central source. A relativistic fireball is not necessarily spherical, which
allows the characteristic emission in a well defined direction. This model has
been developed keeping in mind the possibility that GRBs might be the result
of dying stars, which ejects ionized gasses before collapsing.

4.5.1.1 Two limits using GRBs

Given that the massive effects are more relevant at lower frequencies, GRBs are
not competitive with FRBs.

We have analyzed GRB071109 and its radio afterglow. An pulse at 8.46 GH z
has been detected 0.3 days after the correspondent y-ray emission [256]. This is
the reason why we choose this particular GRB. The others in the catalog were
actually detected later, which means that the sensitivity of the measurements
was inferior. Unfortunately, the redshift for GRB 071109 is unknown. However,
it is reasonable,to pick it in the range

2 e 0.1,5] (4.65)

If we choose the value for z that gives us the less restricting photon mass we
obtain

m, < 5.0-107% kg (4.66)

Even without resorting to literature data, we see that the GRB limit is not com-
petitive with that obtained through the FRBs. However, it is worth mentioning
that, were we able to use lower frequency observations for GRBs or could we
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detect afterglows sooner, the method outlined in this Chapter would be inter-
esting nonetheless. A reason of interest is that this limits involves completely
different astrophysical models. And hence it could be, potentially, used to con-
clude something on what is common and what is not between FRBs and GRBs,
trying to divine if they share common features or learning from the differences.

Another method that exploits Eq. 4.62 has been proposed by our collabora-
tors Alexandre Sakharov, Edward Sarkisyan, Nick Mavromatos and John Ellis.
We base our exposition on presentation [257]. In what follows, we will neglect
the IGM dispersion. Or equivalently, the IGM effect is included in the source
frame contribution. This choice is made to be as general as possible and not
assume any location for the GRBs. Eq. 4.62 becomes

i 1 i i i
sf = m (CL,y F(El,EQ) H—y (Z ) — Atobs) (467)
where At,  is the time lag measured for the i-th GRB at a specific frequency.

We look for the parameter ag that better minimizes the estimator

Nsre

o1y (0) = 5| O (b —bas) (4.68)
src i—1

being Ny, the number of sources available and b t the average value obtain over
the set of data in consideration. So, oy, , (af) is the RMS as we had announced
before.

Sakharov used data contained in [258] and tabled in Fig. 4.2. The results of
this procedure are shown in the Fig. 4.3.

Of course, the confidence in this method depends on the accuracy on the

measures of the time delays for every source. To check and improve this stability
it is possible to generate toy data sets, pass them through the procedure we
have just described and obtain, for each set, an optimized value for the recovery
parameter a,. This gives a distribution of recovery parameters that can be
used to set the 95% CL limit on its value. This is the value that should be then
converted into a photon mass.
The toy data sets are created by each of the measured time lag values and
throwing around it a normally distributed random set of values, whose dispersion
is given by the measurement error bars. The results can be seen in Fig. 4.4.

We can evince from this plot that

a, <107 s - keV? (4.69)
which means that, with a 95% CL,
m, <3.9-107*" kg (4.70)

This limit is of course not competitive with the other we have presented exploit-
ing the afterglow of GRB 071109 nor with those yielded by FRBs measurements.
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Figure 4.2: Data for GRBs from three different surveys from [258§].
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Figure 4.3: RMS of time lags as a function of the parameter a.. These results
have been presented by Alexandre Sakharov in [257].
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Figure 4.4: Distribution of values for a, obtained through the generation of
data set for the GRB data at disposal. The vertical line indicates the 95% CL
limit and are used to obtain the photon mass value. Also these results were
presented in [257].

So, even if it could be improved by using a different spread estimator or by in-
cluding more sources in the initial data set, we don’t reckon this would be an
avenue to be stringent on how massive the light carrier is. Nevertheless, the
intrinsic interest of this method makes it worth mentioning.

4.6 OLFAR: space based low frequencies investi-
gation

In the previous sections, we have shown the advantages of working with low fre-
quencies. LOFAR [259] and NenuFar [260] represent such opportunity. Herein,
we take a step further and present a new space based observatory, the Orbiting
Low Frequency Array (OLFAR). This observatory would be particular in many
way, not only because of the new frequency range that it will investigate. It
will be possibly composed of many nanosatellites built with low cost, COTS?
technology. This is a new, intriguing challenge that tries to exploit a niche in the
scientific exploration of the sky and competes against the common, high-budget
satellites that are designed specifically for observational duties.

Most of the observation of the radio signals coming from the cosmos is done
by Earth based telescopes. For low frequencies, the characteristic wavelength
is of the order of tens of meters. This implies that a single disc antenna must
be quite large in order to be able to capture a signal. Thus, very frequently, it

3Commercial Off-The-Shelf
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is preferred to put in place a large array of smaller antennas whose synthetic
aperture* is very large. However, it has some limitations.

In Eq. 4.21 we have introduced the plasma frequency. That represents the
frequency under which a signal is reflected off the medium and, hence, can-
not propagate through it [261]. The lowest frequency detectable from Earth
is related to the plasma frequency of the atmosphere. This value is around
10 M Hz, with variations due to the weather conditions and the time of the
day. It is thereby evident that there is no possibility to go below this limit from
ground observations. Not only: this limit will soon be almost reached thanks
to the Low Frequency Array (LOFAR) project [262]. Similarly, the Moon has
plasma frequency of some hundreds kHz [263]. This means that hypothetical
lunar observatories could push the observation further up the wavelength scale.
This is however, a costly project because we would need to install the telescope
on the Moon. Also, it wouldn’t be the best we could obtain. In fact, the inter-
stellar medium (ISM) has a plasma frequency much lower than that of the Moon
atmosphere (around 2 kHz). Therefore it would make little sense to invest a
considerable amount of money on a lunar station.

The obvious optimal solution is to use space based telescopes. Such projects
have already been proposed. See for instance the Astronomical Low Frequency
Array (ALFA) observatory [264] which should be able, potentially, to see down
to 30 kHz. As we shall see, projects like OLFAR cannot be competitive with
these low values. However, they have some advantages in terms of flexibility
and costs, among other things. The limit for ALFA is given by the solar wind
plasma frequency at Earth orbit. It has been shown that the plasma density
decreases in getting further away from Earth (so much that the probe Voyager
was able to measure a kHz signal) [265]. Thus, arrays that could be installed
further away might be able to see lower signals.

For completeness, we must mention that the investigation of extragalactic
signals presents additional problems. It is known that, at the scale of h ~
1 kpc, the ISM presents a disc of warmer ionized gas. This disc is opaque
to frequencies lower than 3 M H z, preventing direct observations beneath this
hard limit (although it also helps in mapping the ISM [266]). Even if it is
reasonable to think that there are preferred paths that are less dense and thus
allow better measurements [263], it is not probable that this window on the
extragalactic region will be opened any time soon. Nevertheless, there are some
ways around this problem. Absorption and other matter related phenomena
play a great role in prevent low frequency signals to reach the Earth. However,
this means that there is a tight link between matter and this dispersed waves.
Then we can obtain information on the sub-MHz range through observations of
the intergalactic matter. Namely, synchrotron absorption and inverse Compton
scattering has been already used to put bounds if applied in regions with cosmic
rays and magnetic fields.

In any case, for all that concerns direct observations, the best we can do is

4 An array of antennas work as an equivalent single plate telescope. The synthetic aperture
is the aperture that this equivalent single plate would have.
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to put in place space based arrays of antennas. The DARIS [267] project was an
interesting precursor. It was structured so that a group of nine satellites were
to be displaced. Eight of those had little processing power and their role was
mainly to register data. They were enslaved to the central unit, which was in
charge of processing and of data communication. DARIS showed that technol-
ogy had advanced enough to make this scenario realistic and, more importantly,
implementable with COTS components. It must be added that having a central
processing unit and a set of nodes unable to take autonomous decisions increases
the risk of a mission failure. In case of a breakdown of the mother spacecraft,
the entire network would become useless. From this consideration the idea of
OLFAR was born.

4.6.1 A swarm of nanosatellites

Micro-Electronics (ME) and Micro-Systems Technology (MST) have achieved
great results in the recent past. Today it is possible to fit billions of transistors
on a chip and mechanical systems like resonators, switches or gyroscopes can be
fit into few square centimeters, if not millimeters. So it is possible to store a lot
of processing power and actuators in a reasonable contained volume. Therefore
the idea of exploiting this low cost technology is very natural. Of course, the
current, satellite with their hyper-specific technology would always outperform
any machine assembled using COTS components. However, the contained bud-
get needed to build many of COTS satellites would allow to produce a larger
number of them. Such a large number that, in order not to get confused with
the classical satellite formations, called swarm.

The similarity goes beyond pure numeric considerations, however. OL-
FAR, which represent the prototype of this innovative way of exploring the
sky through orbital laboratories, is structured trying to emulate the behavior
of a swarm in nature. What does that mean, more specifically? Swarms show
some peculiar features. Namely robustness and redundancy, large area cover-
age, lack of hierarchical command structure, limited processing power per unit,
self-organization [268]. We'll try to revise most of these features here below.

4.6.1.1 Organization of the swarm

It is normal practice, when building a satellite to aim for redundancy of the
systems that are loaded on board, to assure the success of the mission. If
the failure of a single system compromised the entire measurement, the risk of
sending up the satellite would be too high. In other words, if we have only one
or very few highly specialized instruments we want to make sure all of them
are robust enough to survive the entire mission time and that the measures are
performed even in case some parts malfunction. On the contrary, the strength
of a swarm does not lay in the robustness of the single unit.

This does not mean that less care should be put into designing elements that
might be able to survive the adversities of an outer space mission. Simply, we
want to underline that the positive result of the observation does not depend on
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the singe element. If one were to fail, the others would be able to carry on with
their task(s). This is obviously an advantage with respect to classical satellite
formations, especially in term of design costs because it obviously makes this
phase a lot less critical. Also, the fact that a swarm of satellites is spread over
a vast region makes the chance of getting damaged by space debris fainter.

Despite using a bunch of identical units, they can be specialized to perform
well specific tasks through a reconfiguration. This option should be available
for every element of the swarm so that the whole robustness is not affected: the
reconfiguration is not permanent and interchangeability is always possible.
This procedure requires some care, though. Technically, the process is consid-
ered easy but it results in the swarm losing an element. So, if the reconfiguration
is triggered in too many parts of the swarm the entire system might become
useless. As a consequence, the most reasonable way to use reconfiguration is to
switch among a number of secondary functions while leaving the general task
of the swarm untouched.

It is possible that the ability to learn (or specify in this case) is not such a
wonderful feature for a swarm system. Even though it is physically extremely
simple to fit a powerful processing unit on a satellite, it is far less easy to
make it perform. Among other problems, solar panels wouldn’t provide enough
energy for modern processors. Also, these latter tend to heat up, making the
cooling of the satellite a very tricky task. Like in nature, however, we should
maybe get around these problems by considering that the intelligence is not in
the single unit, but, rather, in the entire swarm. This means that the efforts
should not be focused on how to fit the most computing power possible in every
single element. Instead, the stress must be put on what the primitive behavior
required from every component of the swarm is, in order for the whole to be
sufficiently intelligent. Even this latter kind of intelligence should not be too
enhanced. This means that a swarm is extremely selective in the kind of tasks
it performs. It can, e. g., find a specific kind of data very efficiently. If we need
another task, it might be better (and even cheaper) to create a different swarm.

What engineers should still research about is the swarm reactions to unfore-
seen situations. With normal satellites, maneuvers are operated from ground
stations but for the swarm this might prove to be tricky.

4.6.1.2 Orbit and launch

Since regular satellites heavily outperform COTS ones it would be useless to
station them in orbits where other satellites work. Also, the swarm would add a
lot of debris in orbits that are already very dangerous because of floating residues
from precedent missions. Also in view of the considerations made concerning
how the chance of better measurements increases the more we get far away
from Earth, it makes sense to think send the swarms further away. Ideally in
places that are difficult or too dangerous to reach for regular spacecrafts. The
first possibilities are orbits next to the Moon because further distances would
be to risky for the current technological readiness. Incidentally, although the
Moon would act as a shield from the most part of the terrestrial radio frequency
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interference (RFI), some of it will bend around the obstacle and still affect the
measures, even if there is not a direct line of sight to the Earth. Of course, this
effect is more enhanced for low frequencies because their big wavelengths make
it easier to overcome obstacles. We will say something more about the estimate
of this noise later.

This means that we there are three ways to send the satellites into space:
dedicated launcher, piggy-back riding via another lunar mission or piggy-back
launch to an Earth orbit and then the satellites can reach the Moon themselves.

It goes without saying that a dedicated launcher is economically very de-
manding and only organizations like ESA and NASA might afford it, but it is
questionable if the benefits of the mission would justify such an expense. Also
the second option seems unlikely. There are not so many lunar missions so the
opportunities would be rather rare. Moreover, it would weight on said mission
payload, in terms of added fuel to compensate for the mass in excess. Also, it
might be hard to convince someone who sends a rocket to the Moon to bring
what might potentially be more debris up with them. Therefore, the last options
is the most likely. However, this means that micro-propulsion systems must be
mounted on the swarm satellites. There is a lot of research going on on the
subject and it has been seen that electric micro-propulsion systems are able to
generate long lasting thrusts, able to propel a nanosatellite to the Moon in a
matter of months.

4.6.1.3 Power

In order to keep dimension compacts enough to allow an easy launch, the solar
panel that equips each nanosatellite cannot be too big. There is also the (maybe
more serious) problem of creating a control mechanism for said panels such that
it keeps them pointed toward the sun. This problems are even more enhanced
if we think of missions in the lunar orbits because they would be shielded from
direct sun exposition for long period of times. The proposed solution is actually
very simple, though.

An idea would be to hibernate the satellites whenever they are not perform-
ing scientific tasks. This would allow to save lot of energy to spend when most
needed. This solution has been adopted, e.g., also by the recent Rosetta mission.
At this stage we see another advantage of thinking in term of swarms instead
of a single unit. The amount of scavenged energy should not be enough to keep
every unit active at all time, however it is enough to have, at any moment, a
sufficient number of satellites able to perform measurements. That, of course,
if the number of units is sufficiently high. The big problem is that the elements
of the swarm are unaware of being part of the swarm. Hence, power scheduling
might be difficult on an overall level. The problem is overcome by incorporating
a sort of “reflex” in the satellites that cause it to hibernate when it receives too
much signal power from the rest of the swarm. This would mean that the system
won’t operate at the maximum of power, because that cannot be sustained for
a long time. However, the system will be permanently operative if the swarm
is numerous enough to allow a good rest time to the satellites that need recov-
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ery. An emergency system can be added so that the swarm would decide to
hibernate as a whole for a predetermined amount of time, if for some reason the
overall level drops below a certain threshold. It is interesting to stress that the
number of satellites is not necessarily fixed and might be increased over time.
As a consequence either the uptime of every satellite can be increased or more
satellites are active.

Some energy saving procedure can be applied to the data transmission to-
ward Earth as well. It would be too energy consuming to implement a radio
transmitter to send the data to the ground based station. However, if an unit is
hit by a radio signal from another member of the swarm, it might be stimulated
to emit a coherent signal toward Earth. The result would be, without any fur-
ther coordination requests, the transmission power increases with the number
of satellite available for the transmission. The great challenge, in this setup, is
to direct the resulting signal toward the desired point. To reach this goal, the
Earth station could help the swarm through a beacon providing feedback.

Similarly, the processing of data faces engineers with problems, but those
should be solved by having a sufficient number of active satellites at all times.
Maybe, a swarm could even switch between two mode. One devoted to the
collection of data, the other to its process.

4.6.1.4 Objective

We have already mentioned that one of the most advantageous features of the
swarm is to cover a large area. This implies that the spatial resolution is excel-
lent because this large area is spanned by a great number of detectors. The sim-
plest recording device is, of course an antenna, and therefore radio frequencies
are the natural candidates for the first application of such technology. OLFAR
will focus on creating a sky map for frequencies below 30 M H z, namely in the
0.1 — 10 M Hz window. The corresponding terrestrial amplitude needed would
be over 100 km, which is unfeasible also because the aforementioned problems
with atmosphere opacity. Reaching the Moon with a swarm of nanosatellites
would fill in this hole that we have in the sky exploration. Also, OLFAR is
supposed to prove helpful for navigation.

4.6.1.5 OLFAR: limitations and scientific contributions

In this section we will specify what exposed about a swarm of COTS satellites
to the OLFAR project.

The expected number of satellites is around 50. According to the principles
exposed earlier, these satellite will have a limited “intelligence”. Each unit,
therefore, will be able to perform three tasks:

e sense and sample cosmic signals in the assigned frequency window
e process the information via distributed correlation

e send the processed data toward Earth
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Thus, there is the need to stock on board hardware for radio observation, distri-
bution and processing and downlinking. To prevent failures, these subsystems
will be kept separated and integrated in the miniature spacecraft. On this the
research is still ongoing, but it is sure that multiple antennas will have to be
hosted in order to handle the data flow into, within and out of the spacecraft.

As far as the orbit of OLFAR is concerned, the options considered are either
to station in the L2 Lagrangian point behind the Moon or to revolve around
the Moon in orbit with it. The following consideration seem to indicate that
the latter is the wisest choice.

We have mentioned before that the RFI might bend around the Moon and
affect the measurements. There is no need to worry for artificial radio trans-
missions and for lighting, because both of those are efficiently shielded out by
the Moon itself. Also these signals must go through the atmosphere to escape
Earth. This means that they are attenuated by the ionized medium in the iono-
sphere. This happens for frequencies below 3 M Hz. For higher frequencies,
the dissipation that would occur in ground wave propagation around the Moon
assures that Earth produced waves will not be a significant source of noise.
On the contrary, the Auroral Kilometric Radiation (AKR) is more bothersome.
AKR is the 100 kHz — 1 M Hz radiation produced by the cyclotron radiation
due to electrons that orbit around the Earth following the magnetic field lines.
Its total power is estimated to lie between 1 and 10% W. Such a radiation is
produced at an altitude that varies among one and three times the Earth radius.
Hence, it does not propagates through the ionosphere and it reaches the Moon
still strong enough to bend around it. These low frequencies are also very much
left unaffected by ground wave propagation. Even so, the main source of noise
would still be the Galactic Background Radio Noise (GBRN), unless there were
a straight line of sight between the detection point and the AKR source. The
Moon with its rough terrain and low conductivity would attenuate the AKR
signal enough to make it disappear in the Galactic Noise. Unfortunately, be-
cause of the altitude at which the AKR is produced, only a small region behind
the Moon not reached by it. This reduced the time of a Moon obit which is left
unaffected by the AKR.

The situation of the L2 point is no better. This Lagrangian point is located

outside the line of sight free area, which means that the satellites will be directly
exposed to the AKR.
As far as noise is concerned, another problem to take into account is the reflec-
tion of the AKR. It has been observed that around 10% of the time at 20-40
Earth radii, the AKR is reflected and will reach the backside of the Moon. This
reflection affects all orbits higher than 1000 km and therefore, even assuming
that OLFAR will orbit around our Moon, it will be operative only 90% of the
time.

4.6.2 Scientific contribution

As we have repeatedly stated, the primary purpose of the OLFAR mission will
be to open the 0.1 — 10 M Hz window to observation.
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Table 4.1: The equivalent theoretical delays at 1 MHz due to the electron content
or massive photon dispersions, and for a typical distance d = 4 kpc (represen-
tative pulsar distance), computed with respect to the time of arrival at high
frequencies.

Among the advantages is the study of pulsars and pulsar timing in an
incredibly interesting range, since most pulsars are at their brightest there.
Pulsars have been mostly studied in higher frequency windows, especially the
300 — 2000 M H z. This choice was dictated by the quality of data that could be
obtained at lower frequencies. The more the wavelength grows, the ISM effect,
the effective background sky temperature of the Galactic synchrotron emission
and the ionospheric effect take a toll on the quality of data that can be recorded.

OLFAR will completely eliminate the atmosphere disruptive effect. Hence,
observers will be provided with data that are affected only by the two remaining
effects. The measurement of the DMs at OLFAR frequencies will help to improve
the models of pulse shapes and lead to more precise timing. Also - and this is
the main reason we are interested in the prospects opened by OLFAR - we can
test the ISM.

Specifying Eqs. 4.23 and 3.105 at v; = 1 M Hz and vy — oo for a source
distant 4 kpc, we obtain the result shown in the Table 4.1

An example of the results can be seen in Fig 4.5, where we plot four dis-
persion curves for three different reasonable values of the photon mass and the
average electron density estimated at the OLFAR frequency range. Low fre-
quency deviations from these curves might hide some fundamental physics that
goes beyond the variation of dispersion.

Another possible area where the OLFAR project might be useful is to shed
some light on the phenomenon of superdispersion. This latter is a phenomenon
of unsure origin that causes an excess of dispersion at lower frequencies. Su-
perdispersion has been detected by many as shown in [270-274], while others
have not found evidence [275,276]. In [277-279] the larger dispersion is at higher
frequencies, but for a limited number of sampling frequencies. A possible ex-
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Figure 4.5: For illustration, electron density and dBP dispersions are plotted
versus the horizontal and vertical axis, indicating the frequency [MHz| and the
delay [s], respectively. The distance is d = 4 kpc (representative pulsar distance),
an average electron density along the line of sight n = 3 x 10* m =2 (thick blue
line), photon mass m., = 107 kg (dotted orange line), 1075 kg (dashed
green line) and 107°° kg (dotted-dashed red line). The frequency range is
0.1 —1 M Hz and the delays are computed with respect to the time of arrival at
high frequencies. For these values, the dispersion of the massive photon is either
larger or smaller than the contribution of the average electron density along the
line of sight. The dispersion value at 1 MHz for m., = 1076 kg is 4.11 x 107 s
(around 1.3 years), for 10759 kg is 0.411 s, for 1075° kg is 4.11 x 10! 5. The
dispersion for the electron density is 4.96 x 10° s (about 6 days). [269]
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planation of superdispersion is based on the inhomogeneous properties of the
ISM that, by causing multi-path propagation of radio waves where the path
depends on the frequency, determines the sampled column density of free elec-
trons being also a function of frequency. Thereby, the DM inconsistencies might
be the consequence of imposing a 1/ simple law onto a frequency-dependent,
and more complex dispersion due to an inhomogeneous ISM. In [273], for the
magnetar SGR 17452900, the authors find superdispersion between the L and S
bands®. They exclude causes as low quality data, profile misalignments, mod-
elling and systematic errors, time variability. On the other hand, the authors
observe that frequency dependencies other than 1/v? appear to produce DM
inconsistencies. We complement their conclusions by commenting that it is not
evident to assume that the medium inhomogeneities, and thereby the multi-
paths, determine always the same behaviour versus frequency. Whether, this is
due to an extra-dispersion 1/1? caused by a massive photon cannot be claimed,
even theoretically at this stage. For magnetars the presence of the overcritical
magnetic field must be considered. The latter demands the analysis of alterna-
tive electromagnetism [15] to see if delays can be caused by the large magnetic
field. OLFAR might be able to investigate more closely this low frequency limit
ranges and find new physics or better explanations.

4.7 Conclusions

In this Chapter we presented some concrete results that exploit actual measure-
ment data. Despite the existence of many experiments to set an upper limit on
the mass of the photon, we find the method presented here particularly inter-
esting because it is directly based on measurements that are done with a very
high precision by astronomers. Its downside is how the massive effect cannot,
a priori, be separated from other dispersive contributions unless the source is
located at cosmological distance. The analysis of dispersion and superdispersion
at very low radio frequencies should be performed in terms of frequency analy-
sis. Better timing at low frequencies should also be pursued. In the second part
of the Chapterm we have focused our attention on the OLFAR mission and its
possible scientific contribution.

The method to set an upper limit on the photon mass is based on time
delay measures performed on light at different wavelength coming from FRBs.
We have pointed out that there are still many open questions concerning these
astrophysical phenomena. So the interest of using our method is twofold. On
the one hand, we can investigate the photon propagation. On the other, we
might hope to discover something about this recently discovered events. In
particular, we could say something more precise on the location of FRBs .

As we mentioned, the downside of the technique we employ is that the
dispersion can be attributed to various factors. The three main ones are: near
source dispersion, IGM effect and massive photon. For our results, we have not
taken into consideration the possible effects of near source dispersion. We have

5The L band is the one between 1 and 2 GH z, while the S band is between 2 and 4 GHz.
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written the time delay in terms of the DM. This latter can be furthermore put
in relation to the photon mass. Inverting the formula, we have the photon mass
in terms of the measured time delay.

We focused our attention on FRB 150418, for which the redshift of the
hosting galaxy has been determined at z = 0.492 + 0.008 [200]. The measured
time delay for two photons at frequencies v; = 1.2 GHz and 1, = 1.5 GHz
respectively is ~ 0.8 s. The most stringent limit corresponds to attributing all
the time delay to the massiveness of the photon. In this case, we obtain that

m, < 4.6-107°" kg (4.71)

A more reasonable estimate would be reached by crediting some of the effect
to the IGM. That can be done by using the value for the IGM density fraction
given in [205]. This value yields an inferior DM with respect to the commonly
accepted one, found in [200]. We considered the difference between the two as
the photon mass contribution and obtained

my < 3.2-107° kg (4.72)

with 95% CL. Both these results are much more competitive with respect to
those yielded by GRBs or AGNs because the photon mass in a dBP theory is
proportional to the inverse square of the frequency and the low frequency signals
from FRBs are favored. The results are in agreement with the conclusions
in [5,48], too.

We are convinced that these limits can be made even more robust in the
future and that not much can be done concerning the measurement for a single
event. The impossibility to properly estimate the IGM anisotropies prevents us
from getting a significant improvement on the DM;jgs error bars. Instead, we
show that a statistical approach allows to increase our precision. The idea is
to compute an estimator on a given set of data. As such estimator, we have
chose the RMS of possible contribution to the DM coming from next to the
source. The origin of all FRBs should be similar. So it is logical to assume
that the conditions are roughly the same around all of them. The estimator
will depend parametrically on the photon mass and by minimization of the y?
the best fitting value for m. is computed. With this technique the upper limit
becomes 1.1 10751 kg.

Concerning the OLFAR project we have discussed what the advantages and
disadvantages are, in comparison with a high-budget, specialized satellite. On
one hand, the COTS technology cannot compete in terms of performance with
specifically-designed units. On the other, the limited costs allow to send a
great number of satellites. We presented the basis of the swarm formation that
should allow to create a niche market for astronomical observation performed
via nanosatellites. Another strong point of OLFAR, in comparison with ground
based detector is its location in outer space. This prevents any disruption from
the atmosphere. The wide area covered by the swarm means that the spatial
resolution will be excellent, which will turn into substantial improvements in
pulse modelization. Through OLFAR the IGM can be tested. Another realm
where OLFAR could shed some new insight is superdispersion.



CONCLUSIONS

In this thesis we have analyzed alternatives to Maxwell’s theory and their pos-
sible effects on light propagation. Despite the undeniable success that the ac-
cepted theory of electromagnetism has, there are good reasons to go beyond it.
Over the past century, there have been improvements in the understanding of all
the other fundamental forces. Instead, the electromagnetic theory has been left
unchanged. Although this does not mean that the theory is not valid, funda-
mental physics is called to explain why such a progress didn’t occur. Moreover,
the transition from classical to quantum electrodynamics is not straightforward
and requires artificial techniques that might be avoided with slight changes in
the electromagnetic theories. Last but not least, the photon is the only massless
particle belonging to the Standard Model. There is no exhaustive explanation
for this fact and fundamental physics is once again burdened with the task of
providing an answer to this question or to provide alternative models.

One of the most important aspects of this work is that it has touched sev-
eral branches of physics. This is valuable because it shows how traversal the
consequences of non-Maxwellian theories can be. We present non-linear theories
where the deviation occurs at classical level, assuring a modification of the fields
of a charge. We introduce a non-linear effective Lagrangian that reproduces the
tree level quantum effects without the need to go through the quantum formal-
ism. We talk about a massive photon and try to relate its mass to a mechanism
arising from the symmetry principles.

In Chapter 2 we adapt a method that has been successfully used to simplify
the computation of the radiation field of an accelerating Maxwellian charge to
the case of the non-linear theory of Born-Infeld. Although this theory has been
solved in particular cases, the result for the general case is unknown. Our at-
tempt constitutes a new approach to compute the radiation and, in perspective,
the self-force of an accelerating charge. Especially the study of the radiation
reaction would be interesting in Born-Infeld. In fact, this non-Maxwellian the-
ory smooths the fields at the origin and we expect a much simpler version of
the self-force expression. Unfortunately, the complexity of the solution and the
time constraints prevented us from obtaining an explicit result, but the author
and his collaborators intend to continue working on it. The second part of the
Chapter is instead devoted to the analysis of the frequency shift that the light
propagating to spatial infinity from an overcritical Heisenberg-Euler dipole suf-
fers. Our computation shows that we should expect a polarization dependent
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effect; for one polarization we have a redshift, for the other a blueshift. We
express our result as a function of the magnetic field and of the azimuthal an-
gle. We notice that the absolute value of the shift increases as the field strength
grows. In terms of the angle, we have a specular behavior between the two
polarization, instead: one has a maximum at the pole and a minimum at the
equator, while the other has a minimum at the pole and a maximum at the
equator. Our work can be considered a toy model heading toward the descrip-
tion of light propagation from a magnetar. Taking values compatible with the
observations on magnetars (that is a star with two solar masses and a 10 km
radius), we show that our frequency shift is only one or two orders of magnitude
smaller with respect to the gravitational one.

In Chapter 3 we study how an effective photon mass can derive, in the
context of Extended Standard Models, for the spontaneous Lorentz symmetry
breaking. We assume a supersymmetric environment and show four - paired
by two according to them being CPT-odd or CPT-even - different Lagrangians
that spontaneously break Lorentz symmetry. This symmetry violation occurs at
high energies so, at testable scales, the effects are very small. Nevertheless, we
focus precisely on consequences that are measurable, namely the dispersion of
light. For the kp-term CPT-even model, we highlight a non-Maxwellian but still
massless behavior, where the group velocity is diminished by a tiny factor that
depends on the propagation direction and on the components of the Lorentz
violating background tensor. For the Carroll-Field-Jackiw CPT-odd model we
observe both from the analysis of the dispersion relations and of the time delays
for photons at different frequencies that photons should be massive. This is an
affective mass that depends on the direction and on the modulus of the Lorentz
breaking background vector. We show that the upper limit on the photon mass
is 10755 kg, according to estimates of the background vector order of magnitude
performed in laboratory experiments [197], This result is in line with the official
Particle Data Group limit [147], as well as with those proposed by the local
research group using ESA data from Cluster [48] or Fast Radio Burst (FRB)
time delay [196]. Furthermore, we also give an explanation why the effective
mass should be proportional to the modulus of the background vector. We show
how, writing the Lagrangian in a non-manifest covariant way, we can obtain a
term ¢ la de Broglie-Proca.

In Chapter 4 the attention has been drawn to more observational aspects
and profited of a new type of source to set an upper limit on the photon mass.
With data from FRB 150418, we have measured the time delay for two photons
at frequencies 11 = 1.2 GHz and v, = 1.5 GHz. The time delay is put in
correlation with the Dispersion Measure (DM) that is the integral along the
path followed by the photon from the source to the observer over the electron
density of the medium through which it propagates. The experimental result
for the DM is too large to attribute it only to the galactic electron plasma
effect. Normally, such exceeding dispersion is attributed to the Intergalactic
Medium dispersive effect. We have instead assumed that it is completely or
partly due to a de Broglie-Proca massive photon. If we ascribe the entire DM
to the massive photon, we obtain an upper limit m., < 4.6-107°° kg. Instead, if
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we accept that the density fraction for the Intergalactic Medium in the universe
is the one measured through the cosmic microwave background [205], we can
attribute only the difference between the expected dispersion for this plasma
and the one actually measured to the massiveness of the photon. The ensuing
limit is m., < 3.2-107%%%kg.

Part of this work has been presented to the July 2015 Marcel Grossman
Meeting in Rome, whose proceedings are under print [269]. The remaining has
been published in peer reviewed journals [196, 199, 269]
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Appendix A

Units and dimensions

Although they have been later inserted in a coherent theoretical context, it is
worth recalling that all the equations at the base of the electromagnetism are
based on experiments. Accordingly, proportionality constants assume arbitrary
values. We consider the base units of length [L], mass [M], time [T] and current
[I]. The latter is the variation of the charge with respect to time. This trivially
implies that the ratio between charge and current has the dimension of time,
which leads to Eq. 1.24.

If Eq. 1.24 is dimensionally correct, the Gauss law takes the form

FGauss = kl %ﬁ (Al)
where the quantity has already been defined in Chapter 1. With respect to Eq.
1.19, we have specified the proportionality constant and set it to k1. The value
and dimensions of such a constant can be determined via Eq. A.1 if the dimen-
sion and value of the elementary charge are set independently. Alternatively one
can choose kp arbitrarily and a definition for the charge follows. Both solutions
are viable as long as the product k1q;¢2 has the dimension of [ML?’T_Q}.

The electric field is defined as the force per unit of charge!. So

> q1

IThis is not strictly the most general definition possible. It would be more correct to
consider the field numerically proportional to the force per unit charge and the proportionality
constant a universal constant. The subtlety lies in the fact that nothing obliges to choose a
dimensionless parameter. It could be possible to choose a dimensional one that renders the
field of different units with respect to the force per unit charge. However, E is the first
derived quantity for which we define the dimensions. It would only be in defining other
derived quantities dimensions that a different choice might prove easier for computations or
more physically insightful. Moreover, the entire system must be self-consistent and a different
choice of this constant would imply a change in the dimensions of all the physical quantities
related to the electric field. This is why there is no loss of generality in using this more
restrictive definition for the time being.
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For static magnetic fields, Ampere’s law links the force to the currents Iy
and I, flowing in two wires at distance d

Here, [ represents the length of the wires and it is not assigned. Since Maxwell’s
equations must be consistent, the definition of the dimensions for the current
and the electric field reveal something about the dimensions of k5. In fact, from
Eq. A.1,A.3, it is seen that

[Zj = [L*T] (A4)

This ratio has the dimensions of a velocity squared. Its numerical value is
experimentally very close to the speed of light, thereby

kq 9
— =c A5

- (4.5)
Furthermore, the magnetic induction B is proportional to the force per unit of

current, similarly to what occurs for the electric field. We call such a constant
B. In the case of the wire, we have

—» 1
From Eqs. A.1-A.3,A.6 it is seen that
E L
7~ ] a7

With this new set of parameters, Maxwell’s equations can then be written as

V- E =4zkp (A.8)
> = - koBOE
V x B = 47ks 35 + Ot (A.9)
> o B
VxBrkZ o (A.10)
ot
V-B=0 (A.11)

where k3 is the constant that links, in Faraday’s law, the electric and magnetic
fields. Unsurprisingly, ks is related to 8. Indeed, combining Eq. A.9 and Eq.
A.10 we get

ko O°B

2B _fa 2l A12
VB =k w70 (4.12)
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System ky k; B ks

Electrostatic 1 c? 1 1

Electromagnetic c? 1 1 1
Gauss 1 c? c ¢!
— 1 1 B

Heaviside-Lorentz — [ c c
41 472
1
SI Lal) 1 1
4meg 4n

Table A.1: We present the four more common system used to define the arbitrary
constants in Maxwell’s equations. For all of them, the base units are length, time
and mass. However, for the first four they are measured in centimeters, grams
and seconds respectively. The SI system uses meters, kilograms and seconds,
plus the current with the Ampére as unit.

working in absence of sources. This is the propagation equation of a wave
traveling at the speed of light. Hence

k‘37 =cC = k?g = — (A13)

Given this premise, we can appreciate from where the various systems of
units for Maxwell’s equations come from. In view Eqgs. A.5,A.13 of the four
possible parameters of the theory, only two need to be chosen arbitrarily, al-
lowing us different solutions. In Tab. A.l, we summarize the most frequent
ones.

The electromagnetic and SI units differ only by a power of ten, multiplying
kl and kg

1
1077¢* [MLPT~*17?] (A.14)
47eg
B 4077 [MLT 217 (A.15)
4

On top of the three base quantities, the SI system needs also a fourth one, the
current with the Ampére as unit.
The Gauss and Heaviside-Lorentz system differ only for a numerical factor 4.
In such systems, k3 has the dimensions of the inverse of a velocity. Because of
this and Eq. A.10, the electric and magnetic field have the same dimension.

In Tab. A.2 Maxwell’s equation and the Lorentz force per unit charge in the
various systems are displayed.

Furthermore, in the text we have decided to employ natural units. The
advantage of this choice is that, unlike what happens to rationalized constants
that depend on the properties of some prototype object or particle - which are
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3 ’ i . Lorentz force per
System £ Lo Maxwell’s equations unit charge
_ 6-E=4np §x§=4n'+a—g . -
Electrostatic 1 c2 o -8R L= E+UXxB
VxE+§—0 V-B=10
) V-E=4amp 6x§=4n'+3—5 - -
Electromagnetic c72 1 ~ - R L. E+7vxB
VxE+g=0 V-B=10
§'E=4ﬂ'p f’,x§=4—”}'+la—5 N -
Gauss 1 1 o o 108 €. e E+—-T7xB
VXE+-—= V-B=10 ¢
¢ 9t -
e — — }J 13E
Heaviside- V-E=p VXB="+75 2 =
Lorentz 1 1 ~ . 1aR L8 E+-vxB
VXE+-— V-B=10
¢ 9t —
- = — — = dE
107 V-E=p VXB=]+— N ~
SI — |4m-1077 | o E+#xE
4mc VXE+_—=0 V-B=0

Table A.2: Definitions of ¢y and pg, Maxwell’s equations and Lorentz force per
unit charge in the various unit systems.

arbitrarily chosen -, they only depend on free space properties. Among all sets
of natural units, we have chosen to work with the Planck units. This approach

was originally proposed by Max Planck in 1899 and it consisted in setting all
five universal constant to unity. Then

e the speed of light c =1

the Coulomb constant

TEQ

the gravitational constant G =1

the reduced Planck constant i = ; =1
™

=1

the Boltzmann constant kg = 1

Adopting Planck units means substituting the base units for the fundamental
quantities with others related to the Planck scale. In other words, for switching
from SI units to Planck ones, the meter is replaced by the Planck length as unit
to measure distances. The required changes are listed in Tab. A.3.

The Planck units are very similar (but conceptually very different) from the

Gauss or Lorentz-Heaviside units. Like in these two cases,

TEQ

—— is set to unity.
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Unit Expression SI value
hG -35
Planck length b= |= 1.616199(97) - 10~>>m
c
N hc _8
Planck mass mp = | = 2.176470(51) - 10~°kg
. lp hG _44
Planck time tp=—= |—= 5.39106(32) - 10™**s
CJ
Planck charge qp = /4meghc 1.875545956(41) - 10718¢
hed 32
Planck temperature Tp = o 1.416833(85) - 10°%K
B

Table A.3: Table of the base unit in the Planck natural system

Thus, Maxwell’s equations read

V-E = 4mp (A.16)
V-B =0 (A.17)
S o OB

EFE = —— Al
V x B (A.18)
VxB = 4ﬁ+%—f (A.19)

Despite the apparent simplicity of the natural units, they must be used with
care. As P.S. Wesson said “Mathematically, it is an acceptable trick which saves
labour. Physically, it represents a loss of information and can lead to confusion.”
To help the reader, we propose here a simple example of how they must be used.
Let’s take the gravitation law:

(A.20)

The first step is to inset the corresponding expression for G in terms of the new

unis )
F= (FP5P> UL (A.21)

2
mp T

where Fp is the Planck force defined by

Fp=Gor (A.22)
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and represents the unit of force because it attracts two particles having the
Planck mass and separated by the Planck length. Therefore,

L W (A.23)

Fp r\’
(%)
So, if we choose Fp as unit for the force, mp for the mass and p for the length,

one can write
mi [mp] ma [mp]

(rlte))?

In practice, one does not go through this process each time. Eq. A.22 takes
such a form in virtue of having normalized G to one.

F[Fp] = (A.24)
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QED and Feynman diagrams

In the quantum context all observable quantities are operators that act on a
purely mathematical space, called Hilbert space. A detailed explanation of
what an Hilbert space or an operator is goes beyond the purposes of this text.
The magnetic and electric field can be written in terms of operators; more
specifically, in terms of creation and annihilation operators (see footnote 9) .
The first creates a photon with a defined momentum, the other destroys it.

The results of the complex interactions between particles and fields can be
visually represented very easily. That is the purpose of a Feynman diagram.

These representations have been introduced by Nobel Laureate Richard
Feynman concerning just the electromagnetic theory. Nevertheless, they are
applicable to all kind of fields. To simplify the matter, we don’t dwell on other
examples than those coming from QED. With this limitation, the three basic
actions to be represented are

e a charged fermion moving in space and time
e a photon moving in space and time
e an electron emitting or absorbing a photon

These are the only actions that need to be taken into account because EM fields
are generated by charges and composed by photons. Therefore charged particles
are the sources and photons the mediators of the interaction. There is no other
element intervening in the process.

The translation of this into a graph occurs as follows. The image is com-
posed by points (called vertexes) and lines. Each vertex represents a point of
interaction between the particles involved in the process. Each line represents a
particle. By definition, a solid line indicates a fermion whereas a wavy line rep-
resents a photon. There is no preferred direction to draw a Feynman diagram,
but, in general, one tries to keep on the x axes the time and on the y axis the
space. If one accepts this convention, the system finds itself in the initial state
on the left and in the final state on right. Furthermore a fermion in the initial
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Figure B.1: One loop QED contribution showing the production and re-
absorption of a virtual photon during the propagation of an electron.

%

state is represented with an arrow entering the vertex, whereas a photon with
the arrow pointing away from it. Viceversa in the final state.

This might seem very abstract, but it’s actually quite easy from the oper-
ational point of view. To better grasp the meaning of these rules, let’s apply
them to one of the cases presented in our text. We repeat here Fig. 1.1

In this case, we have a fermion entering the vertex to the left. At the vertex,
the fermion emits a photon. For a certain amount of time they propagate
separately, until they reunite at the time of the vertex to the right. Here the
photon is absorbed again by the fermion, which then continues to propagate.
The fermion line is straight because the particle never deviates.

If we repeat the operation with Fig. 1.2, we see that, in this case, we have a
fermion propagating. At the level of the first vertex it emits a two fermions (in
our case an electron and its antiparticle to assure charge conservation during the
process). These two fermions propagate for a certain time. Then they collide
at the second vertex and, as a result, produce another photon.

A complete description of the interaction between two charges is given by
summing all the possible contributions that arise in such ways.

Such graphs should not be taken too “literally”. Our representation of par-
ticles moving along straight or curved lines does not mean that they actually
follow those trajectories. Likewise, the wavy lines we use for photons do not
imply that they are more of a wave than fermions. We represent the motion as
if it were stationary, but nothing assures us that the particle velocity remains
constant. We do not know the details of what happen between vertex and ver-
tex. We can only describe the results of a transition from the initial to the final
state.



Appendix C

ACDM model

The ACDM model is one of the many possible parametrizations of a cosmology
involving the Big Bang. The precise description of this model goes beyond the
purposes of this work. However, it is widely accepted because, for its supporters,
it describes reasonably well observed features of the universe such as the Cosmic
Microwave Background, the large scale structure distribution, the abundance of
elements created via nucleosynthesis and the expansion of the universe.

The name of the model derives from Einstein field equations in the form

Gy + Agpy = 87T, (C.1)

where the constant A was originally introduced by Einstein to obtain a static uni-
verse. The great scientist defined this idea his biggest mistake because Hubble’s
measurements proved that the universe was expanding. However, the equation
was exhumed after the acceleration of the universe was measured. For such an
acceleration a peculiar and unknown kind of energy is held responsible: dark
energy. It has the same effects of a fluid with negative pressure whose effect are
well incorporated by Einstein’s equation with a cosmological constant in it.
The CDM part refers to the introduction of the Cold Dark Matter to account for
the missing mass that has been proposed to explain the gravitational effects like
the flat rotation curves of galaxies, the light lensing of galaxy cluster and the
enhanced clustering of galaxies. The dark matter does not emit electromagnetic
radiation and interacts only gravitationally (and eventually through weak force)
with the “normal” matter. It is supposed to be cold (i.e. its velocity is supposed
to be much smaller than the speed of light), dissipationless and collisionless.
Dark energy and dark matter would account for 95% of the universe energy-mass
density.

The expression in Eq. 4.26 has been obtained by adopting the Friedman-
Robinson-Walker metric

ds® = dt* — a® (t) [dr® + r®df® + r’sin*d¢’] (C.2)

where we have used spatial spherical coordinates. The curvature is null since
observationally the universe is found to be flat, on cosmological distances; a (t)
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is an unknown function of time referred to as the scale factor. The Hubble
constant is [102]

~—

H(t) = ZEE (C.3)

from which it ensues that the scale factor in
1
a(t)

1 + z
The fundamental equations that drive cosmology, the Friedmann equations,
read [102]

- ~—

erm of redshift is

(C.4)

A
H? = &TPT"i_ (C.5)
. 4 A
H+H? = —?ﬁ(p+3p)—|—§ (C.6)

with p being the density and p the pressure of the universe at a specific time in
its evolution. The first equation is essentially derived from the 00 component of
the Einstein’s equations and the second is obtained from the first together with
the trace of Einstein’s field equations. Furthermore, energy conservation yields

C% (pa®) = —3pa’ (C.7)
Choosing an equation of state p = p (p), it is possible to determine the depen-
dence of the density with the scale factor. This density tells us how relevant
every single component of the universe is at a certain era. Now, given that
we have taken the universe as flat, we are left with three possible components:
radiation, non-relativistic matter and the cosmological constant. Of course, we
cannot, draw conclusions on the cosmological constant from Eq. C.7. However,
for the non-relativistic matter, we have that p < p. Hencep ~ a~3. Instead, for

radiation, the pressure is p = P which yields p ~ a~*. The dominant component

of the universe is the non-relativistic matter. Therefore, defining the quantity
called critical density, as

3H?
= C.8
Pe= g (C.8)
and the density fraction
Qy =" /*)XO (C.9)

(where, of course, pxo indicates the density of a specific component at present
time), it is immediate to rewrite Eq. C.5 as

H = Hy\/Q (14 2)° + 04 (C.10)

To finally obtain Eq. 4.26, we write the present age of the universe as an
integral over the scale parameter

! L da Y da . da
= = — = — = H;, _ A1
we o= G mem ) crm ©w
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where in the last step we have used the notation of Eq. 4.27. Then a change of
variable is performed to express a in term of the redshift

1 e dz
to = H, /0 (ESNAC) (C.12)

Therefore, the age of the universe at any time is given by

t(2) :Hol/:o(pr;)lf’H(z) (C.13)

Eq. 4.26 follows simply taking an infinitesimal variation of ¢.
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10755 kg is 4.11 x 10~'' 5. The dispersion for the electron den-
sity is 4.96 x 10° s (about 6 days). [269] . . . . ... ... .. ..
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One loop QED contribution showing the production and re-absorption

of a virtual photon during the propagation of an electron.

. 154



164 LIST OF FIGURES



List of Tables

4.1 The equivalent theoretical delays at 1 MHz due to the electron
content or massive photon dispersions, and for a typical distance
d = 4 kpc (representative pulsar distance), computed with re-
spect to the time of arrival at high frequencies. . . . ... .. ..

A.1 We present the four more common system used to define the arbi-
trary constants in Maxwell’s equations. For all of them, the base
units are length, time and mass. However, for the first four they
are measured in centimeters, grams and seconds respectively. The
SI system uses meters, kilograms and seconds, plus the current
with the Ampére asunit. . . . .. ... ... ... .. ......

A.2 Definitions of ¢y and pg, Maxwell’s equations and Lorentz force
per unit charge in the various unit systems. . . ... ... .. ..

A.3 Table of the base unit in the Planck natural system . . ... ..

165



166 LIST OF TABLES



Bibliography

[1] D. H. Delphenich, “Nonlinear electrodynamics and QED”, Grundlage einer

Theorie der Materie, 2003. arXiv: hep-th/0309108.

[2] A. S. Goldhaber and M. M. Nieto, “Photon and graviton mass limits”,

Rev. Mod. Phys., vol. 82, p. 939, 2010.

[3] S.J. Plimpton and W. E. Lawton, “A very accurate test of Coulomb’s law

of force between charges”, Phys. Rev., vol. 50, p. 1066, 1936.

[4] E. R. Williams, J. E. Faller, and H. Hill Bull. Am. Phys. Soc., vol. 15,

[5]

[6]

7]

18]

[9]

[10]

[11]

[12]

[13]

p. 586, 1970.

E. R. Williams, J. E. Faller, and H. Hill, “New experimental test of
Coulomb’s law: A laboratory upper limit on the photon rest mass”, Phys.
Rev. Lett., vol. 26, p. 721, 1971.

D. F. Bartlett, P. E. Goldhagen, and E. A. Phillips, “Experimental test of
Coulomb’s law”, Phys. Rev. D, vol. 2, p. 483, 1970.

G. D. Cochran and P. A. Franken Bull. Am. Phys. Soc., vol. 13, p. 1379,
1968.

E. C. G. Stueckelberg, “Théorie de la radiation de photons de masse arbi-
trairement petite”’, Helv. Phys. Acta, vol. 30, p. 209, 1957.

L. de Broglie, “Rayonnement noir et quanta de lumiére”, J. Phys. et Ra-
dium, vol. VI 3, p. 422, 1922.

L. de Broglie, “Ondes et quanta”, Comptes Rendus Hebd. Séances Acad.
Sc. Paris, vol. 177, p. 507, 1923.

L. de Broglie, La méchanique ondulatoire du photon, Une nowvelle théorie
de la lumiére. Paris: Hermann, 1940.

M. Born and L. Infeld, “Foundations of the new field theory”, Proc. R.
Soc. Lond. A, vol. 144, p. 425, 1934.

R. R. Cuzinatto et al., “How can one probe Podolski electrodynamics?”,
Int. J. Mod. Phys. A, vol. 26, p. 3641, 2011.

167



168
14]
[15]
[16]

[17]

18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]
[29]

[30]

BIBLIOGRAPHY

G. V. Dunne, Aspects of the Chern-Simons theory in topological aspects
of low dimensional systems. Springer Berling Heidelberg, 1998.

W. Heisenberg and H. Euler, “Folgerungen aus der Diracschen Theorie des
Positron”, Z. Phys., vol. 98, p. 714, 1936.

B. Seeman and J. Barry, The story of electricity and magnetism. Detroit:
Harvey House, 1967.

J. B. Carlson, “Lodestone compass: Chinese or Olmec primacy? Mul-
tidisciplinary analysis of an Olmec hematite artifact from San Lorenzo,
Veracruz, Mexico”, Science, vol. 189, p. 753, 1975.

M. Fowler, Historical beginnings of theories of electricity and magnetism.
Oxford: Jack Meadow, 1994.

E. T. Whittaker, A history of the theories of aether and electricity from
the age of Descartes to the close of the 19th century. Dublin: University
Press series, 1910.

F. C. Lane, “The economic meaning of the invention of the compass”, Am.
Hist. Rev., vol. 68, p. 605, 1963.

G. Cardano, De subtilitate. Phoenix: ACMRS Publications, 2013. edited
by M. Forrester.

W. Mayer, “Electricity, its history and progress”, The Encyclopedia Amer-
icana; a library of universal knowledge, vol. X, p. 172ff, 1918.

W. C. D. Dampier, The theory of experimental electricity. Cambridge:
Cambridge physical series, 1905.

P. Benjamin, A history of electricity (the intellectual rise in electricity)
from antiquity to the days of Benjamin Franklin. New York: J. Wiley and
Sons, 1895.

J. Priestley, The history and present state of electricity : with original
experiments. London: C. Bathurst, 1775.

V. A. Rakov and M. A. Uman, Lightning: physics and effects. Cambridge:
University Press, 2007.

J. C. Maxwell, The scientific papers of the honourable henry Cavendish.
Cambridge: University Press, 1921. Revised by J. Larmor.

H. Cavendish, Flectrical researches. Cambridge: University Press, 1879.

C. A. de Coulomb, Premiére mémoire sur l’électricité et le magnétisme.
1785. in: Histoire de I’Académie Royale des Sciences.

J. C. Maxwell, “A dynamical theory of the electromagnetic field”, Philos.
Trans. Roy. Soc., vol. 155, p. 459, 1865.



BIBLIOGRAPHY 169

[31] M. Urband, F. Couchot, X. Sarazin, and A. Djannati-Atai, “The quantum
vacuum as the origin of the speed of light”, Eur. Phys. J. D, vol. 67, p. 28,
2013.

[32] S. Schiller, “Comment on: The quantum vacuum as the orgin of the speed
of light”, Fur. Phys. J. D, vol. 67, p. 58, 2013.

[33] A. Proca, “Sur la théorie du positon”, Comptes Rendus Hebd. Séances
Acad. Sec. Paris, vol. 202, p. 1366, 1936.

[34] A. Proca, “Sur les équations fondamentales des particules élementaires”,
Comptes Rendus Hebd. Séances Acad. Sc. Paris, vol. 202, p. 1490, 1936.

[35] A. Proca, “Sur les photons et les particules charge pure”, Comptes Rendus
Hebd. Séances Acad. Sc. Paris, vol. 203, p. 709, 1936.

[36] A. Proca, “Sur la théorie ondulatoire des électrons positifs et négatifs”, J.
Phys. et Radium, vol. VII, p. 347, 1936.

[37] A. Proca, “Particules libres photons et particules charge pure”, J. Phys.
et Radium, vol. VIIL, p. 23, 1937.

[38] H. Yukawa, H. S. Sakata, and M. Taketani, “On the interactions of ele-
mentary particles 1117, Proc. Phys. Math. Soc. Jpn., vol. 20, p. 319, 1938.

[39] E. Schrédinger, “The Earth’s and the Sun’s permanent magnetic fields in
the unitary field theory”, Proc. Royal Irish Acad. A, vol. 49, p. 135, 1943.

[40] L. Bass and E. Schrodinger, “Must the photon mass be zero?”, Proc. R.
Soc. London A Math. Phys. Sc., vol. 232, p. 1, 1955.

[41] A. S. Goldhaber and M. M. Nieto, “Terrestrial and extraterrestrial limits
on the photon mass”, Rev. Mod. Phys., vol. 43, p. 277, 1971.

[42] Z. Bay and J. A. White, “Frequency dependence of the speed of light in
space”’, Phys. Rev. D, vol. 5, p. 796, 1972.

[43] L. Davis-jr., A. S. Goldhaber, and M. N. Nieto, “Limit on the photon mass
deduced from Pioneer-10 observations of Jupiter’s magnetic field”, Phys.
Rev. Lett., vol. 35, p. 1402, 1975.

44] E. Fischbach, H. Kloor, R. A. Langel, A. T. Y. Lui, and M. Peredo, “New
g
geomagnetic limits on the photon mass and on long-range forces coexisting
with electromagnetism”, Phys. Rev. Lett., vol. 73, p. 514, 1994.

[45] D. D. Ryutov, “The role of finite photon mass in magnetohydrodynamics
of space plasmas”, Plasma Phys. Contr. F., vol. 39, p. A73, 1997.

[46] D. D. Ryutov, “Using plasma physics to weigh the photon”, Plasma Phys.
Contr. F., vol. 49, p. B429, 2007.



170

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

|62]

[63]

BIBLIOGRAPHY

K. A. Olive and the Particle Data Group, “Review of particle physics”,
Chin. Phys. C, vol. 38, p. 090001, 2014.

A. Retino, A. D. A. M. Spallicci, and A. Vaivads, “Solar wind test of the
de Broglie-Proca’s massive photon with Cluster multi-spacecraft data”,
Astropart. Phys., vol. 82, p. 49, 2016.

Y. Yamaguchi, “A composite theory of elementary particles”, Progr. Theor.
Phys. Suppl., vol. 11, p. 1, 1959.

G. V. Chibisov, “Astrophysical upper limits on the photon rest mass”, Usp.
Fiz. Nauk, vol. 119, p. 551, 1976. [Sov. Phys. Usp. 19, 624, 1976].

E. Adelberger, G. Dvali, and A. Gruzinov, “Photon-mass bound destroyed
by vortices”, Phys. Rev. Lett., vol. 98, p. 010402, 2007.

H. Ruegg and M. Ruiz-Altaba, “The Stueckelberg field”, Int. J. Mod. Phys.
A, vol. 19, p. 3265, 2004.

S. Weinberg, The quantum theory of fields. Volume I: Fundations. Cam-
bridge: University Press, 1996.

E. S. Fradkin and A. A. Tseytlin, “Non-linear electrodynamics from quan-
tized strings”, Phys. Lett. B, vol. 163, p. 123, 1985.

W. Thirring, “Regularization as a consequence of higher order equations”,
Phys. Rev., vol. 77, p. 570, 1950.

P. A. M. Dirac, “The quantum theory of electron”, Proc. Roy. Soc. Lond.,
vol. A117, p. 610, 1928.

P. A. M. Dirac, “Quantized singularities in the electromagnetic field”, Proc.
Roy. Soc. Lond., vol. A 133, p. 60, 1931.

P. A. M. Dirac, “Theory of the positron”, 1933. in Report of the 7th Solvay
Conference.

W. Heisenberg, “Bermerkungen zur Dirachsen Theorie des Positrons”,
Zeit. F. Phys., vol. 90, p. 209, 1934.

R. Karplus and M. Neuman, “Non-linear interactions between electromag-
netic fields”, Phys. Rewv., vol. 80, p. 380, 1950.

R. Karplus and M. Neuman, “The scattering of light by light”, Phys. Rev.,
vol. 83, p. 776, 1951.

G. Breit and J. A. Wheeler, “Positron production in multiphoton light-
by-light scattering”, Phys. Rewv., vol. 46, p. 1087, 1934.

O. Halpern, “Scattering processes produced by electrons in negative energy
states”, Phys. Rev., vol. 44, p. 855, 1934.



BIBLIOGRAPHY 171

[64]

[65]

|66]

67]

[68]

[69]

[70]

[71]

72]

73]

[74]

[75]

|76]

H. Euler, “Uber die Streuung von Licht an Licht nach der Diracschen
Theorie”, Ann. Phys. (Leipzig), vol. 26, p. 398, 1936.

A. Achieser, “Uber die Streuung von Licht an Licht”, Physik Zeits. Sow-
jetunion, vol. 11, p. 263, 1937.

B. Kochel and H. Euler, “The scattering light by light in the Dirac theory”,
Naturwiss., vol. 23, p. 246, 1935.

G. V. Dunne, “Heisenberg-Euler effective Lagrangians: basics and exten-
sions”, in From fields to strings: circumnavigating theoretical physics, Ian
Kogan memorial collection (M. Shifman, A. Vainshtein, and J. Wheater,
eds.), vol. 1, p. 445, Singapore: World Scientific, 2004.

G. V. Dunne, “The Heisenberg-Euler effective action: 75 years on”, Int. J.
Mod. Phys. A, vol. 27, p. 1260004, 2012.

W. Rindler, “Kruskal space and the uniformly accelerated frame”, Am. J.
Phys., vol. 34, p. 1174, 1966.

E. Eriksen and @. Grgn, “Electrodynamics of hyperbolically accelerated
charges V. The field of a charge in the Rindler space and in the Milne
space”, Ann. Phys., vol. 313, p. 147, 2004.

G. Zavattini, F. Della Valle, U. Gastaldi, E. Milotti, G. Messineo,
R. Pengo, L. Piemontese, and G. Ruoso, “The PVLAS experiment for
measuring the magnetic birefringence of vacuum”, N. Cim. C, vol. 36,
p. 41, 2013.

P. Berceau, M. Fouché, R. Battesti, and C. Rizzo, “Magnetic linear
birefringence measurements using pulsed fields”, Phys. Rev. A, vol. 85,
p- 013837, 2012.

R. Battesti and C. Rizzo, “Magnetic and electric properties of quantum
vacuum”; Rep. Prog. Phys., vol. 76, p. 016401, 2013.

F. D. Valle, E. Milotti, A. Ejlli, G. Messineo, G. Zavattini, U. Gastaldi,
R. Pengo, and G. Ruoso, “First results from the new PVLAS apparatus:
a new limit on vacuum magnetic birefringence”, Phys. Rev. D, vol. 90,
p- 092003, 2014.

F. D. Valle, A. Ejlli, U. Gastaldi, G. Messineo, E. Milotti, R. Pengo,
G. Ruoso, and G. Zavattini, “The PVLAS experiment: measuring vacuum
magnetic birefringence and dichroism with a birefringent Fabry-Perot cav-
ity”, Eur. Phys. J. C, vol. 76, p. 24, 2016.

S. L. Adler, J. N. Bahcall, C. G. Callan, and M. N. Rosenbluth, “Photon
splitting in a strong magnetic field”, Phys. Rev. Lett., vol. 25, p. 1061,
1970.



172
77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

BIBLIOGRAPHY

J. S. Schwinger, “On gauge invariance and vacuum polarization”, Phys.
Rev., vol. 82, p. 224, 1951.

T. Heinzl and A. Tlderton, “Extreme field physics and QED”, 2008.
arXiv:0809.3348 [hep-ph], Vulcan 10PW upgrade meeting, RAL-CLF, 16
July 2008 Steventon.

Z. Bialynicka-Birula and I. Bialynicki-Birula, “Nonlinear effects in quan-
tum electrodynamics. Photon propagation and photon splitting in an ex-
ternal field”, Phys. Rev. D, vol. 2, p. 2341, 1970.

S. Alarcéon Gutiérrez, A. L. Dudley, and J. F. Plebanski, “Signals and
discontinuities in general relativistic nonlinear electrodynamics”, J. Math.
Phys., vol. 22, p. 2835, 1981.

M. Novello, S. Perez Bergliaffa, and J. Salim, “Singularities in general
relativity coupled to nonlinear electrodynamics”, Class. Q). Grav., vol. 17,
p- 3821, 2000.

C. Barcelo, S. Liberati, and M. Visser, “Analogue gravity”, Liv. Rev. Rel.,
vol. 14, no. 3, 2005.

M. Novello, V. A. De Lorenci, J. M. Salim, and R. Klipper, “Geometrical
aspects of light propagation in nonlinear electrodynamics”, Phys. Rev. D,
vol. 61, p. 045001, 2000.

J. Lundin, “An effective action approach to photon propagation on a mag-
netized background”, Furophys. Lett., vol. 87, p. 31001, 2009.

H. J. Mosquera Cuesta and J. M. Salim, “Non-linear electrodynamics and
the gravitational redshift of highly magnetized neutron stars”, Mon. Not.
R. Astron. Soc., vol. 354, p. L55, 2004.

H. J. Mosquera Cuesta and J. M. Salim, “Nonlinear electrodynamics and
the surface redshift of pulsars”, Astrophys. J., vol. 608, p. 925, 2004.

T. Rothman, “Editor’s note: the field of a single centre in Einstein’s theory
of gravitation, and the motion of a particle in that field”, Gen. Rel. Grav.,
vol. 34, p. 1541, 2002.

R.Ferraro, “2D Born-Infeld electrostatic fields”, Phys., Lett. A, vol. 325,
p. 134, 2004.

R. Ferraro, “Born-Infeld electrostatics in the complex plane”, J. High En.
Phys., vol. 12, p. 28, 2010.

R. Ferraro, “Two-dimensional solutions for Born-Infeld fields”; J. High En.
Phys., vol. 8, p. 48, 2013.

R. Ferraro, “Testing Born-Infeld electrodynamics in waveguides”’, Phys.
Rev. Lett., vol. 99, p. 230401, 2007.



BIBLIOGRAPHY 173

[92] D. Tennant, “Coulomb field scattering in Born-Infeld electrodynamics”,
Phys.Rev. D, vol. 83, p. 047701, 2011.

[93] S. I. Kruglov, “Nonlinear electrodynamics and black holes”, Int. J. Geom.
Methods Mod. Phys., vol. 12, p. 1550073, 2015.

[94] J. P. S. Lemos and R. Kerner, “The Born-Infeld electromagnetism in
Kaluza-Klein theory”, 1999. arXiv:hep-th/9907187.

[95] E. Eriksen and @. Grgn, “Electrodynamics of hyperbolically accelerated
charges I. The electromagnetic field of a charged particle with hyperbolic
motion”, Ann. Phys., vol. 286, p. 320, 2000.

[96] E. Eriksen and . Grgn, “Electrodynamics of hyperbolically accelerated
charges II. Does a charged particle with hyperbolic motion radiate?”, Ann.
Phys., vol. 286, p. 343, 2000.

[97] E. Eriksen and 0. Gren, “Electrodynamics of hyperbolically accelerated
charges III. Energy-momentum of the field of a hyperbolically moving
charge”, Ann. Phys., vol. 286, p. 373, 2000.

[98] E. Eriksen and . Grgn, “Electrodynamics of hyperbolically accelerated
charges VI. Energy-momentum conservation of radiating charged parti-
cles”, Ann. Phys., vol. 297, p. 243, 2002.

[99] E. Eriksen and @. Grgn, “Maxwell stress in Rindler space and Archimedes
law”, Phys. Rev. D, vol. 74, p. 025002, 2006.

[100] A. Gupta and T. Padmanabhan, “Radiation from a charged particle and
radiation reaction reexamined”, Phys. Rev. D, vol. 57, p. 7241, 1998.

[101] K. S. Thorne, R. H. Price, and D. A. Macdonald, Black holes: the mem-
brane paradigm. New Haven: Yale University Press, 1986.

[102] S. Weinberg, Gravitation and cosmology: principles and applications of
the general theory of relativity. New York: John Wiley and Sons, Inc.,
1972.

[103] K. Schwarzschild, “Uber das Gravitationsfeld eines Massenpunktes nach
der Einsteinschen Theorie”, Sitzungsber. Preufl. Akad. Wissenschaften
Berlin, Phys.-Math. Kl., p. 189, 1916.

[104] A.D. Piazza, A. Milstein, and C. Keitel, “Photon splitting in a laser field”,
Phys. Rev. A, vol. 76, p. 032103, 2007.

[105] G. O. Schellstede, V. Perlick, and C. Lammerzahl, “Testing non-linear
vacuum electrodynamics with Michelson interferometry”, Phys. Rev. D,
vol. 92, p. 025039, 2015.



174

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

BIBLIOGRAPHY

C. Kouveliotou, S. Dieters, T. Strohmayer, J. van Paradijs, G. J. Fish-
man, C. A. Meegan, K. Hurley, J. Kommers, I. Smith, D. Frail, and
T. Murakami, “An x-ray pulsar with a superstrong magnetic field in the
soft, y-ray repeater sgr1806—20”, Nat., vol. 394, p. 235, 1998.

S. Mereghetti, “The strongest cosmic magnets: soft gamma-ray repeaters
and anomalous x-ray pulsars”, Astron. Astrophys. Rev., vol. 15, p. 225,
2008.

S. Mereghetti, “Pulsars and magnetars”, Braz. J. Phys., vol. 43, p. 356,
2013.

A. Dupays, C. Robilliard, C. Rizzo, and G. Bignami, “Observing quantum
vacuum lensing in a neutron star binary system”, Phys. Rev. Lett., vol. 96,
p- 161101, 2005.

N. J. Shaviv, J. S. Heyl, and Y. Lithwick, “Magnetic lensing near ultra-
magnetized neutron stars”, Mon. Not. R. Astron. Soc., vol. 306, p. 333,
1999.

J. S. Heyl and N. J. Shaviv, “Polarization evolution in strong magnetic
fields”, Mon. Not. R. Astr. Soc., vol. 311, p. 555, 2000.

A. K. Harding and D. Lai, “Physics of strongly magnetized neutron stars”,
Rep. Prog. Phys., vol. 69, p. 2631, 2006.

A. Dupays, C. Rizzo, and G. Bignami, “Quantum vacuum influence on
pulsars spindown evolution”, Furophys. Lett., vol. 98, p. 49001, 2012.

F. Baldovin, M. Novello, S. E. Perez Bergliaffa, and J. Salim, “A nongrav-
itational wormhole”, Class. Q. Grav., vol. 17, p. 016401, 2013.

M. Novello, S. Perez Bergliaffa, and J. Salim, “Non-linear electrodynamics
and the acceleration of the universe”, Phys. Rev. D, vol. 69, p. 127301,
2004.

M. Novello, E. Goulart, J. Salim, and S. Perez Bergliaffa, “Cosmological
effects of nonlinear electrodynamics”, Class. Q. Grav., vol. 24, p. 3021,
2007.

M. Novello, J. M. Salim, and A. N. Araujo, “Extended Born-Infeld theory
and the bouncing magnetic universe”, Phys. Rev. D, vol. 85, p. 023528,
2012.

E. N. Parker, “The dynamical state of the interstellar gas and field”, As-
trophys. J., vol. 145, p. 811, 1966.

V. Moncrief, “Stability of stationary, spherical accretion onto a
schwarzschild black hole”, Astrophys. J., vol. 235, p. 1038, 1980.



BIBLIOGRAPHY 175

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

P. Mach and E. Malec, “Stability of relativistic Bondi accretion
in Schwarzschild-(anti-)de Sitter spacetimes”, Phys. Rev. D, vol. 88,
p- 084055, 2013.

C. A. Rivasplata Paz, J. M. Salim, and S. E. Perez Bergliaffa, “Stability
of the accretion of a ghost condensate onto a Schwarzschild black hole”,
Phys. Rev. D, vol. 90, p. 124075, 2014.

J. S. Heyl and L. Hernquist, “QED one-loop corrections to a macroscopic
magnetic dipole”, J. Phys. A Math. Gen., vol. 30, p. 6475, 1997.

Y. Choquet-Bruhat, C. D. Witt-Morette, and M. Dillard-Bleick, Analysis,
manifolds and physics. New York: North Holland, 1977.

J. Hadamard, Leg¢ons sur la propagation des ondes et les équations de
Uhydrodynamique. Paris: Hermann, 1903.

M. Visser, C. Barcelo, and S. Liberati, “Birefringence versus bimetricity”,
in Inquiring the universe: essays to celebrate Professor Mario Nowvello
Jubilee (J. M. Salim, S. E. Perez Bergliaffa, L. A. Oliveira, and V. De
Lorenci, eds.), (Paris), p. 397, Frontier Group, 2003.

J. Plebansky, Lectures on nonlinear electrodynamics.  Copenhagen:
Nordita, 1968.

W. Dittrich and H. Gies, Probing the quantum vacuum. Berlin: Springer-
Verlag, 2000.

G. F. B. Riemann, “Uber die Anzahl der Primenzahlen unter einer gegebe-
nen Grosse”, Monatsber. Konigl. Preuss. Akad. Wiss. Berlin, p. 671, 1859.

A. Hurwitz, “Einige Eigenschaften der Dirichletschen Funktionen f(s) =

> (%) #, die bei der Bestimmung der Klassenzahlen bindrer quadratis-

cher Formen auftreten”, Z. Math. Phys., vol. 27, p. 86, 1882.

L. Bonetti, S. Perez Bergliaffa, and A. D. A. M. Spallicci, “Electromagnetic
shift arising from Heisenberg-Euler dipole”, in 14" Marcel Grossmann
Meeting (M. Bianchi, R. T. Jantzen, and R. Ruffini, eds.), (Singapore),
World Scientific, 2016. to appear.

J. T. Mendonca, M. Marklund, P. K. Shukla, and G. Brodin, “Photon
acceleration in vacuum”, Phys. Lett. A, vol. 359, p. 700, 2006.

D. Lai, “Matter in strong magnetic fields”’, Rev. Mod. Phys., vol. 73, p. 629,
2001.

D. Lai, “Physics in very strong magnetic fields”, Sp. Sc. Rev., 2015. First
online: 5 February 2015.

R. Onofrio, “Higgs-induced spectroscopic shifts near strong gravity
sources”, Phys. Rev. D, vol. 82, p. 065008, 2010.



176

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

BIBLIOGRAPHY

R. Onofrio and G. Wegner, “Search for Higgs shifts in white dwarfs”, As-
trophys. J., vol. 791, p. 125, 2014.

G. Wegner and R. Onofrio, “Higgs shifts from electron-positron annihila-
tions near neutron stars”, Eur. Phys. J., vol. 75, p. 307, 2015.

P. W. Higgs, “Broken symmetries and the masses of gauge bosons”, Phys.
Rev. Lett., vol. 13, p. 508, 1964.

F. Englert and R. Brout, “Broken symmetry and the mass of gauge vector
mesons”’, Phys. Rev. Lett., vol. 13, p. 321, 1964.

G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, “Global conservation
laws and massless particles”, Phys. Rev. Lett., vol. 13, p. 585, 1964.

G. Aad and the ATLAS and CMS Collaborations, “Combined measure-
ments of the Higgs boson mass in pp collisions at /s and 8 TeV with
ATLAS and CMS experiments’, Phys. Rev. Lett., vol. 114, p. 191803,
2015.

S. M. Carroll, G. B. Field, and R. Jackiw, “Limits on a Lorentz- and
parity-violating modification of electrodynamics”, Phys. Rev. D, vol. 41,
p- 1231, 1990.

H. Belich, L. D. Bernard, P. Gaete, and J. A. Helayél-Neto, “The photino
sector and a confining potential in a supersymmetric Lorentz-symmetry-
violating model”, Eur. Phys. J. C, vol. 73, p. 2632, 2013.

H. Belich, L. Bernard, P. Gaete, J. Helayél-Neto, and F. Leal, “Aspects of
CPT-even Lorentz-symmetry violating physics in a supersymmetric sce-
nario”, Eur. Phys. J. C, vol. 75, p. 291, 2015.

Y. M. P. Gomes and P. C. Malta, “Lab-based limits on the Carroll-Field-
Jackiw Lorentz violating electroynamics”, 2016. arXiv:1604.01102 [hep-
ph]. To appear in Phys. Rev. D.

F. Abe and the CDF Collaboration, “Observation of the top quark pro-
duction in pp collisions with the collider detector at Fermilab”, Phys. Rev.
Lett., vol. 74, p. 2626, 1995.

K. Kodama and the DONUT Collaboration, “Observation of tau neutrino
interactions”, Phys. Lett. B, vol. 504, p. 218, 2000.

C. Patrignani and the Particle Data Group, “Review of particle physics”,
Chin. Phys., vol. C 40, p. 100001, 2016.

J. D. Lykken, “Beyond the Standard Model”, in Proceedings of the 2009
European School of High-Energy Physics, Bautzen, Germany, 14-27 June
2009 (C. Grojean and M. Spiropulu, eds.), arXiv: 1005.1676 [hep-ph].



BIBLIOGRAPHY 177

[149] S. P. Martin, “A supersymmetry primer”, Adv. S. Dir. High En. Phys.,
vol. 21, p. 1, 2010.

[150] V. A. Kostelecky and S. Samuel, “Phenomenological gravitational con-
straints on strings and higher-dimensional theories”, Phys. Rev. Lett.,
vol. 63, p. 224, 1989.

[151] V. A. Kostelecky and S. Samuel, “Spontaneous breaking of Lorentz sym-
metry in string theory”, Phys. Rev. D, vol. 39, p. 683, 1989.

[152] V. A. Kostelecky and S. Samuel, “Gravitational phenomenology in higher-
dimensional theories and strings”, Phys. Rev. D, vol. 40, p. 1886, 1989.

[153] V. A. Kostelecky and S. Samuel, “Photon and graviton masses in string
theories”, Phys. Rev. Lett., vol. 66, p. 1811, 1991.

[154] V. A. Kostelecky and R. Potting, “CPT and strings”, Nucl. Phys. B,
vol. 359, p. 545, 1991.

[155] V. A. Kostelecky and R. Potting, “CPT, strings, and meson factories”,
Phys. Rev. D, vol. 51, p. 3923, 1995.

[156] V. A. Kostelecky and R. Potting, “Expectation values, Lorentz invariance,
and CPT in the open bosonic string”, Phys. Lett. B, vol. 381, p. 89, 1996.

[157] D. Colladay and V. A. Kostelecky, “CPT violation and the standard
model”, Phys. Rev. D, vol. 55, p. 6760, 1997.

[158] D. Colladay and V. A. Kostelecky, “Lightest CP-even Higgs boson mass
in the testable flipped su(5)xu(1) models from F theory”, Phys. Rev. D,
vol. 85, p. 116002, 1998.

[159] V. A. Kostelecky and N. Russell, “Data tables for Lorentz and CPT vio-
lation”, Rev. Mod. Phys., vol. 83, p. 11, 2011.

[160] V. A. Kostelecky and J. Tasson, “Prospects for large relativity violations
in matter-gravity couplings”’, Phys. Rev. Lett., vol. 102, p. 010402, 2009.

[161] Q. G. Bailey and V. Kostelecky, “Signals for Lorentz violation in post-
Newtonian gravity”, Phys. Rev. D, vol. 74, p. 045001, 2006.

[162] N. Russell, “Tests of Lorentz violation in atomic and optical physics”, Phys.
Ser., vol. 72, p. C38, 2005.

[163] D. F. Phillips, M. A. Humphrey, E. M. Mattison, R. E. Stoner, R. F. C.
Vessot, and R. L. Walsworth, “Limit on Lorentz and CPT violation of the
proton using a hydrogen maser”, Phys. Rev. D, vol. 63, p. 111101, 2001.

[164] C. Bear, R. E. Stoner, R. L. Walsworth, V. A. Kostelecky, and C. D. Lane,
“Limit on Lorentz and CPT violation of the neutron using a two-species
noble-gas maser”, Phys. Rev. Lett., vol. 85, p. 5038, 2000.



178 BIBLIOGRAPHY

[165] M. Humphrey, D. Phillips, and R. Walsworth, “Testing CPT and Lorentz
symmetry with hydrogen masers”, Phys. Rev. A, vol. 68, p. 063807, 2003.

[166] H. Miiller, C. Braxmaier, S. Herrmann, and A. Peters, “Electromagnetic
cavities and Lorentz invariance violation”, Phys. Rev. D, vol. 67, p. 056006,
2003.

[167] H. Miiller, A. Saenz, A. Peters, and C. Lammerzahl, “Optical cavity tests
of Lorentz invariance for the electron”, Phys. Rev. D, vol. 68, p. 116006,
2003.

[168] H. Miiller, “Testing Lorentz invariance by the use of vacuum and matter
filled cavity resonators”, Phys. Rev. D, vol. 71, p. 045004, 2005.

[169] H. Belich, E. O. Silva, M. M. Ferreira Jr, and M. T. D. Orlando,
“Aharonov-Bohm-Casher problem with a nonminimal Lorentz-violating
coupling”, Phys. Rev. D, vol. 83, p. 125025, 2011.

[170] K. Bakke, H.Belich, and E. O. Silva, “Relativistic Anandan quantum phase
in the Lorentz violation background”, Ann. Phys. (Berl.), vol. 523, p. 910,
2011.

[171] K. Bakke, H. Belich, and E. O. Silva, “Relativistic Landau-Aharonov-
Casher quantization based on the Lorentz symmetry violation back-
ground”, J. Math. Phys., vol. 52, p. 063505, 2011.

[172] K. Bakke and H. Belich, “On the influence of a Coulomb-like potential
induced by the Lorentz symmetry breaking effects on the harmonic oscil-
lator”, FEur. Phys. J. Plus, vol. 127, p. 102, 2012.

[173] R. Casana, M. M. Ferreira Jr, and C. E. H. Santos, “Classical solutions
for the Lorentz-violating and CPT-even term of the standard model ex-
tension”, Phys. Rev. D, vol. 78, p. 105014, 2008.

[174] R. Casana, M. M. Ferreira Jr, and C. E. H. Santos, “Classical solutions for
the Carroll-Field-Jackiw-Proca electrodynamics”, Phys. Rev. D, vol. 78,
p. 025030, 2008.

[175] R. Casana, M. M. Ferreira Jr, A. R. Gomes, and P. R. D. Pinheiro, “Gauge
propagator and physical consistency of the CPT-even part of the standard
model extension”, Phys. Rev. D, vol. 80, p. 125040, 2009.

[176] R. Casana, M. M. Ferreira Jr, J. S. Rodrigues, and M. R. O. Silva, “Finite
temperature behavior of the CPT-even and parity-even electrodynamics
of the standard model extension”, Phys. Rev. D, vol. 80, p. 085026, 2009.

[177] R. Casana, M. M. Ferreira Jr, A. R. Gomes, and P. R. D. Pinheiro, “Sta-
tionary solutions for the parity-even sector of the CPT-even and Lorentz-
covariance-violating term of the standard model extension”, Eur. Phys. J.
C, vol. 62, p. 573, 2000.



BIBLIOGRAPHY 179

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

A. G. Lima, H. Belich, and K. Bakke, “Anandan quantum phase and
quantum holonomies induced by the effects of the Lorentz symmetry vi-
olation background in the CPT-even gauge sector of the Standard Model
Extension”, Eur. Phys. J. Plus, vol. 128, p. 154, 2013.

C. H. C. Villalobos, J. M. H. da Silva, and H. Belich, “Aspects of semilocal
BPS vortex in systems with Lorentz symmetry breaking”, Fur. Phys. J.
C, vol. 74, p. 27991, 2014.

C. A. Hernaski and H. Belich, “Lorentz violation and higher derivative
gravity”, Phys. Rev. D, vol. 89, p. 104027, 2014.

D. Colladay and P. MacDonlad, “Vector superfields and Lorentz violation”,
Phys. Rev. D, vol. 83, p. 025021, 2011.

M. S. Berger and V. A. Kostelecky, “Supersymmetry and Lorentz viola-
tion”, Phys. Rev. D, vol. 65, p. 091701, 2002.

C. F. Farias, A. C. Lehum, J. R. Nascimento, and A. Y. Petrov, “Super-
field supersymmetric aetherlike Lorentz-breaking models”, Phys. Rev. D,
vol. 86, p. 065035, 2012.

C. F. Farias, A. C. Lehum, J. R. Nascimento, and A. Y. Petrov, “Super-
field supersymmetric aetherlike Lorentz-breaking models”, Phys. Rev. D,
vol. 86, p. 065035, 2012.

P. A. Bolokhov, S. G. Nibbelink, and M. Pospelov, “Lorentz violating su-
persymmetric quantum electrodynamics”, Phys. Rev. D, vol. 72, p. 015013,
2005.

A. Katz and Y. Shadmi, “Lorentz violation and superpartner masses”,
Phys. Rev. D, vol. 74, p. 115021, 2006.

S. G. Nibbelink and M. Pospelov, “Lorentz violation in supersymmetric
field theories”, Phys. Rev. Lett., vol. 94, p. 081601, 2005.

D. Redigolo, “Lorentz-violating supersymmetric quantum field theories”,
Phys. Rev. D, vol. 85, p. 085009, 2012.

M. Gomes, A. C. Lehum, J. R. Nascimento, A. Y. Petrov, and A. J.
da Silva, “Effective superpotential in the supersymmetric Chern-Simons
theory with matter”, Phys. Rev. D, vol. 87, p. 027701, 2013.

A. C. Lehum, J. R. Nascimento, A. Y. Petrov, and A. J. da Silva, “Su-
pergauge theories in aether superspace”, Phys. Rev. D, vol. 88, p. 045022,
2013.

J. A. Helayél-Neto, H. Belich, G. S. Dias, F. J. L. Leal, and W. Spalenza,
“Proceedings of science, PoS-ICFI'10”, vol. 032, 2010.



180

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

BIBLIOGRAPHY

A. P. Beata, H. Belich, J. L. Boldo, L. P. Colatto, J. A. Helayél-Neto, and
A. L. M. A. Nogueira, “Remarks on the causality, unitarity and supersym-
metric extension of the Lorentz and CPT-violating Maxwell-Chern-Simons
model”, Nucl. Phys. B, Proc. Suppl., vol. 127, p. 105, 2004.

G. Betschart, E. Kant, and F. R. Klinkhamer, “Lorentz violation and
black-hole thermodynamics”, Nucl. Phys. B, vol. 815, p. 198, 2009.

Q. G. Bailey and V. A. Kostelecky, “Lorentz-violating electrostatics and
magnetostatics”, Phys. Rev. D, vol. 70, p. 076006, 2004.

V. A. Kostelecky and M. Mewes, “Signals for Lorentz violation in electro-
dynamics”, Phys. Rev. D, vol. 66, p. 056005, 2002.

L. Bonetti, J. Ellis, N. E. Mavromatos, A. S. Sakharov, E. K. Sarkisian-
Grinbaum, and A. D. A. M. Spallicci, “Photon mass limits from fast radio
bursts”, Phys. Lett. B, vol. 757, p. 548, 2016.

Y. M. P. Gomes and P. Malta, “Lab-based limits on the Carroll-Field-
Jackiw Lorentz violating electroynamics”, Phys. Rev. D, vol. 94, p. 025031,
2016.

L.-C. Tu, J. Luo, and G. T. Gillies, “The mass of the photon”, Rep. Progr.
Phys., vol. 68, p. 77, 2005.

L. Bonetti, J. A. Helyaél-Neto, L. R. dos Santos Filho, and A. D. A. M.
Spallicci, “Effective photon mass from Super and Lorentz symmetry break-
ing”, 2016. arXiv:1607.08786 [hep-ph| accepted for publication in Phys.
Lett. B.

E. F. Keane et al., “A fast radio burst host galaxy”, Nature, vol. 530,
p. 453, 2016.

Petroff, E. D. Barr, A. Jameson, E. F. Keane, M. Bailes, M. Kramer,
V. Morello, D. Tabbara, and W. van Straten, “FRBCAT: the fast radio
burst catalogue”, Publ. Astron. Soc. Aust., vol. 33, 2016.

J. Xu and J. L. Han, “Extragalactic dispersion measures of fast radio
bursts”, Res. Astron. Ap., vol. 15, p. 1629, 2015.

J. M. Cordes and T. J. W. Lazio, “NE2001.1. A new model for the galac-
tic distribution of free electrons and its fluctuations”, 2002. arXiv:astro-
ph/0207156.

G. Desvignes, “High-precision timing of 42 milliseconds pulsars with the
European pulsar timing array”, Mon. Not. Roy. Astron. Soc., vol. 458,
p. 3341, 2016.

G. Hinshaw et al., “Nine-year Wilkinson microwave anisotropy probe
(wmap) observations: cosmological parameter results”, Astrophys. J.
Suppl., vol. 208, p. 19, 2013.



BIBLIOGRAPHY 181

[206] D. R. Lorimer et al., “A bright millisecond radio burst of extragalactic
origin”, Science, vol. 318, p. 777, 2007.

[207] D. Thornton et al., “A population of fast radio bursts at cosmological
distances”, Science, vol. 341, p. 53, 2013.

[208] J. I. Katz, “Fast radio bursts - A brief review: some questions, fewer
answers”, Mod. Phys. Lett. A, vol. 31, p. 1630013, 2016.

[209] L. G. Spitler et al., “A repeating fast radio burst”, Nature, vol. 531, p. 201,
2016.

[210] U. L. Pen and L. Connor, “Local circumnuclear magnetar solution to ex-
tragalactic fast radio bursts”, Astrophys. J., vol. 807, p. 179, 2015.

[211] S. R. Kulkarni, E. O. Ofek, J. D. Neil, A. Zhang, and M. Juric, “Giant
sparks at cosmological distances?”; Astrophys. J., vol. 797, p. 70, 2014.

[212] S. R. Kulkarni, E. O. Ofek, and J. D. Neill, “The Arecibo fast radio burst:
dense circum-burst medium”, 2015. arXiv:1511.09137.

[213] J. I. Katz, “Inferences from the distributions of fast radio burst pulse
widths, dispersion measures and fluences”, Astrophys. J., vol. 818, p. 19,
2016.

[214] S. B. Popov and K. A. Postnov, “Hyperflares of SGRs as an engine for
millisecond extragalactic radio bursts”, 2007. arXiv:0710.2006.

[215] S. B. Popov and K. A. Postnov, “Millisecond extragalactic radio bursts as
magnetar flares”, 2013. arXiv:1307.4924.

[216] Y. Lyubarsky, “A model for fast extragalactic radio bursts”, Mon. Not.
Roy. Astron. Soc., vol. 442, p. L9, 2014.

[217] J. I. Katz, “How soft gamma repeaters might make fast radio bursts”,
Astrophys. J., vol. 826, p. 226, 2016.

[218] E. F. Keane, B. W. Stappers, M. Kramer, and A. G. Lyne, “On the origin
of a highly dispersed coherent radio burst”, Mon. Not. Roy. Astron. Soc.,
vol. 425, p. L71, 2012.

[219] J. M. Cordes and I. Wasserman, “Supergiant pulses from extragalactic
neutron stars”, Mon. Not. Roy. Astron. Soc., vol. 457, p. 232, 2016.

[220] L. Connor, J. Sievers, and U. L. Pen, “Non-cosmological FRBs from young
supernova remnant pulsars”, Mon. Not. Roy. Astron. Soc., vol. 458, p. L19,
2016.

[221] M. Lyutikov, L. Burzawa, and S. B. Popov, “Fast radio bursts as giant
pulses from young rapidly rotating pulsars”, Mon. Not. Roc. Astron. Soc.,
vol. 462, p. 941, 2016.



182

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

BIBLIOGRAPHY

F. Mottez and P. Zarka, “Radio emissions from pulsar companions: a
refutable explanation for galactic transients and fast radio bursts”, Astron.
Astrophys., vol. 569, p. A86, 2014.

J. J. Geng and Y. F. Huang, “Fast radio bursts: collision between neutron
stars and asteroids/comets”, Astrophys. J., vol. 809, p. 24, 2015.

Z. G. Dai, J. S. Wang, X. F. Wu, and Y. F. Huang, “Repeating fast radio
bursts from highly magnetized pulsars travelling through asteroid belts”,
Astrophys. J., vol. 829, p. 27, 2016.

A. Loeb, Y. Shvartzvald, and D. Maoz, “Fast radio bursts may originate
from nearby flaring stars”, Mon. Not. Roy. Astron. Soc., vol. 439, p. 46,
2014.

B. Dennison, “Fast radio bursts: constraints on the dispersing medium”,
Mon. Not. Roy. Astron. Soc., vol. 443, p. L11, 2014.

A. V. Tuntsov, “Dense plasma dispersion of fast radio bursts”, Mon. Not.
Roy. Astron. Soc., vol. 441, p. 126, 2014.

H. K. Vendantham, V. Ravi, K. Mooley, D. Frail, G. Hallinan, and S. R.
Kulkarni, “On associating fast radio bursts with afterglows”, Astrophys. J.
Lett., vol. 824, p. L9, 2016.

P. K. G. Williams and E. Berger, “No precise localization for FRB150418:
claimed radio transient is AGN variability”, Astrophys. J. Lett., vol. 821,
p. L22, 2016.

Y. Li and B. Zhang, “Radio transient following FRB 150418: afterglow or
coincident AGN flare?”; 2016. arXiv:1603.04825.

B. Zhang, “On the afterglow and progenitor of FRB 150418”, Astrophys.
J. Lett., vol. 822, p. L14, 2016.

J. S. Wang, Y. P. Yang, X. F. Wu, Z. G. Dai, and F. Y. Wang, “Fast
radio bursts from the inspiral of double neutron stars”, Astrophys. J. Lett.,
vol. 822, p. L7, 2016.

K. Ioka, “The cosmic dispersion measure from gamma-ray bursts after-
glow: probing the reionization history and the burst environment”, Astro-
phys. J., vol. 598, p. L79, 2003.

B. E. Scheafer, “Severe limits on variations of the speed of light with
frequency”, Phys. Rev. Lett, vol. 82, p. 4964, 1999.

R. W. Klebesadel, I. B. Strong, and R. A. Olson, “Observations of gamma-
ray bursts of cosmic origin”, Astrophys. J. Lett., vol. 182, p. L85, 1973.

J. 1. Katz, The biggest bangs. ISBN 0-19-514570-4: Oxford University
Press, 2002.



BIBLIOGRAPHY 183

[237] T. Piran, “The physics of gamma-ray bursts”, Rev. Mod. Phys., vol. 76,
p- 1143, 2004.

[238] J. S. Bloom et al., “Closing on the short hard burst progenitor: constraints
from early time optical imaging and spectroscopy of possible host galaxy
of GRB050509”, Astrophys. J., vol. 638, p. 354, 2006.

[239] J. Hjorth et al., “GRB 050509B: constraints on the short gamma ray burst
models”, Astrophys. J. Lett., vol. 630, p. L117, 2005.

[240] E. Berger, M. S. Shin, J. S. Mulchaey, and T. E. Jeltema, “Galaxy clusters
associated with short GRBs I. The fields of GRBs 050709, 050724, 050911
and 051221a”, Astrophys. J., vol. 660, p. 496, 2007.

[241] N. Gehrels et al., “A short gamma-ray burst apparently associated with
an elliptical galaxy at redshift z=0.225", Nature, vol. 437, p. 7060, 2005.

[242] B. Zhang et al., “Discerning the physical origins of cosmological gamma-
ray bursts based on multiple observational criteria: the cases of z=6.7
GRB 080913, z=8.2 GRB 090423, and some short /hard GRBs”, Astrophys.
J., vol. 703, p. 1696, 2009.

[243] E. Nakar, “Short-hard gamma-ray bursts”, Phys. Rep., vol. 442, p. 166,
2007.

[244] S. E. Woosley and J. S. Bloom, “The supernova gamma-ray burst connec-
tion”, Annu. Rev Astron. Astr., vol. 44, p. 507, 2006.

[245] A. Pontzen, A. Deason, F. Governato, M. Pettini, J. Wadslay, T. Quinn,
A. Brooks, J. Bellovary, and J. P. U. Fynbo, “The nature of HI absorbers
in GRB afterglows: clues from hydrodynamic simulations”, Mon. Not. R.
Astron. Soc, vol. 402, p. 1523, 2010.

[246] B. Gendre, G. Stratta, J. L. Atteia, M. BoA«r, D. M. Coward, S. Cutini,
V. d’Elia, E. J. Howell, A. Klotz, and L. Piro, “The ultra-long gamma-ray
burst 111209A: the collapse of a blue supergiant?”, Astrophys. J., vol. 766,
p. 30, 2013.

[247] B. B. Zhang, B. Zhang, K. Murase, V. Connaughton, and M. S. Briggs,
“How long does a burst burst?”, Astrophys. J., vol. 787, p. 66, 2013.

[248] B. Paczynski and J. E. Rhoads, “Radio transients from gamma-ray
bursters”, Astrophys. J., vol. 418, p. 5, 1993.

[249] E. Costa et al., “Discovery of an x-ray afterglow associated with the
gamma-ray burst of 28 February 1997”, Nature, vol. 387, p. 783, 1997.

[250] J. van Paradijs et al., “Transient optical emission from the error box of
the gamma-ray burst of 28 february 1997”7, Nature, vol. 386, p. 686, 1997.



184 BIBLIOGRAPHY

[251] D. A. Frail, S. R. Kulkarni, S. R. Nicastro, M. Feroci, and G. B. Taylor,
“The radio afterglow from the gamma-ray burst of 8 may 1997”7, Nature,
vol. 389, p. 261, 1997.

[252] L. Piro, In Gamma-ray bursts in the afterglow era. Springer (Berlin) edited
by E. Costa, F. Frontera and J. Hjorth, pg. 97, 2001.

[253] D. E. Reichert and P. A. Price, “Evidence for a molecolar cloud orgin of
gamma-ray bursts: implications for the nature of star formation in the
universe”, Astrophys. J., vol. 565, p. 174, 2002.

[254] A. S. Fruchter et al., “The fading optical counterpart of GRB 970228”,
Astrophys. J., vol. 516, p. 683, 1999.

[255] L. A. Antonelli et al., “Discovery of a redshifted iron K line in the x-ray
afterglow of GRB000214”, Astrophys. J. Lett., vol. 545, p. L39, 2000.

[256] P. Chandra and D. A. Frail, “A radio-selected sample of gamma ray burst
afterglows”, Astrophys. J., vol. 746, p. 156, 2012.

[257] A. Sakharov, “Restricting photon mass from timing of gamma ray bursts
and their afterglows”, 16 Jenuary 2016.

[258] J. Ellis, N. E. Mavromatos, D. V. Nanopoulos, A. S. Sakharov, and
E. K. G. Sarkisyan, “Robust limits on Lorentz violation from gamma-ray
bursts”, Astropart. Phys., vol. 25, p. 402, 2006.

[259] M. P. van Haarlem and et al., “LOFAR: the low frequency array”, Astron.
Astrophys., vol. 556, p. A2, 2013.

[260] P. Zarka et al., “NenuFAR: instrument description and science case”, p. 8,
2016. 21-24 April 2015 Kharkiv.

[261] B. C. Lacki, “The end of the rainbow: what can we say about the extra-
galactic sub-megahertz radio sky?”, Mon. Not. R. Astron. Soc., vol. 406,
p. 863, 2010.

[262] H. J. A. Rottgering, “LOFAR:a new low frequency radio telescope”, New.
Astron. Rewv., vol. 47, p. 405, 2003.

[263] S. Jester and H. Falcke, “Science with a lunar low frequency array: from
the dark ages of the universe to nearby exoplanets”’, New. Astron. Rev,
vol. 53, p. 1, 2009.

[264] D. L. Jones et al., “The ALFA medium explorer mission”, Adv. Space.
Res., vol. 26, p. 743, 2000.

[265] W. S. Kurth, D. A. Gurnett, F. L. Scarf, and R. L. Poynter, “Detection
of a radio emission at 3 kHz in the outer heliosphere”, Nature, vol. 312,
p. 27, 1984.



BIBLIOGRAPHY 185

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

J. D. Peterson and W. R. Webber, “Interstellar absorption of the galactic
polar low-frequency radio background synchrotron spectrum as indicator
of clumsiness in the warm ionized medium”; Astrophys. J., vol. 575, p. 217,
2002.

R. T. Rajan, A. Boonstra, M. J. Bentum, M. Klein Wolt, F. Belien,
M. Arts, N. Saks, and A. van der Veen, “Space-based aperture array for
ultra-long wavelength radio astronomy”, Fxp. Astron., vol. 41, p. 271,
2016.

C. J. M. Verhoeven, M. J. Bentum, G. L. E. Monna, J. Rottveel, and
J. Guo, “On the origin of satellite swarms”, Acta Astronaut., vol. 68,
p. 1392, 2011.

M. J. Bentum, L. Bonetti, and A. D. A. M. Spallicci, “Dispersion by pul-
sars, magnetars, fast radio bursts and massive electromagnetism at very
low radio frequencies”, 2016. arXiv:1607.08820 [astro-ph.IM] Accepted for
publication in Adv. Space Res.

Y. P. Shitov and V. M. Malofeev, “A superdispersion of the meter wave
pulses of PSR 0809+74”, Sov. Astron. Lett., vol. 11, p. 39, 1985. [Pis'ma
Astron. Zh., 1985, 11, 94].

Y. P. Shitov, V. M. Malofeev, and V. A. Izvekova, “Superdispersion delay
of low-frequency pulsar pulses”, Sov. Astron. Lett., vol. 14, p. 181, 1988.
[Pis’'ma Astron. Zh., 1988, 14, 429].

T. H. Hankins, V. A. Izvekova, V. M. Malofeev, J. M. Rankin, Y. P.
Shitov, and D. R. Stinebring, “Microstructure-determined pulsar disper-
sion measures and the problem of profile alignment”, Astrophys. J. Lett.,
vol. 373, p. L17, 1991.

T. T. Pennucci, A. Possenti, P. Esposito, N. Rea, D. Haggard, F. K.
Baganoff, M. Burgay, F. Coti Zelati, G. L. Israel, and A. Minter, “Simul-
taneous multi-band radio and x-ray observations of the galactic center
magnetar SGR 1745-2900”, Astrophys. J., vol. 808, p. 81, 2015.

J. M. Cordes, R. M. Shannon, and D. R. Stinebring, “Frequency de-
pendent dispersion measures and implications for pulsar timing”, 2015.
arXiv:1503.08491 [astro-ph.IM].

T. E. Hassall et al., “Wide-band simultaneous observations of pulsars:
disentangling dispersion measure and profile variations”, Astrophys. J.,
vol. 543, p. A66, 2012.

M. Pilia et al., “Wide-band, low-frequency pulse profiles of 100 radio pul-
sars with LoFAr”, Astron. Astrophys., vol. 586, p. A92, 2016.

J. A. Phillips and A. Wolcszan, “Precision measurements of pulsar disper-
sion”, Astrophys. J., vol. 385, p. 273, 1992.



186 BIBLIOGRAPHY

[278] A. L. Ahuja, D. Mitra, and Y. Gupta, “Tracking pulsar dispersion mea-
sures using the giant metrewave radio telescope”, Mon. Not. R. Astron.
Soc., vol. 357, p. 1013, 2005.

[279] A. L. Ahuja, D. Mitra, and Y. Gupta, “The effect of pulse profile evolution
on pulsar dispersion measure”, Mon. Not. R. Astron. Soc., vol. 377, p. 677,
2007.



Luca BONETTI

Electromagnétisme non-maxwellien en astrophysique et
applications spatiales a trés basses fréquences

Résumeé :

L’univers est largement observé avec les signaux électromagnétiques — supposés maxwelliens — bien que la
fenétre d’onde gravitationnelle vient juste d’étre ouverte. La cosmologie est depuis longtemps confrontée a
un univers a 96% noir et inconnu. Dong, il est pertinent pour la physique fondamentale de débuter une
vérification théorique et expérimentale de I'électromagnétisme et de son messager, le photon. La thése
aborde les théories non-maxwelliennes, en se focalisant sur les effets vérifiables. Nous traitons d’une série
d’applications et évaluons le degré d’utilité des théories électromagnétiques alternatives. Nous revoyons les
théories les plus importantes, qu’elles soient non-linéaires ou massives. Pour la premiére catégorie, pour
'analyse de la force propre, nous considérons la radiation d’'une charge de Born-Infeld uniformément
accélérée ; dans la théorie d’Heisenberg-Euler, nous trouvons un décalage en fréquence induit par un dipdle
magnétique surcritique, associé a un magnétar. Le photon étant la seule particule sans masse dans le
Modele Standard (MS), nous explorons les extensions de MS. En effet, pour la catégorie massive, dans un
contexte supersymétrique, nous trouvons des comportements non-maxwelliens survenant dans des cas
paires et impairs de symétrie CPT (Charge-Parity-Time Reversal) : soit une propagation a vitesse sous-
lumineuse ou un comportement massif dispersif proportionnel au vecteur qui provoque la rupture de la
symétrie de Lorentz. Plus loin, nous déterminons une limite supérieure de la masse de 3.2 x 10%0 kg en
analysant les Fast Radio Bursts. Les différences des temps d’arrivée d’'un photon massif (a la de Broglie-
Proca) s’expriment comme l'inverse de la fréquence au carrée, comme les photons traversant un plasma.
De la provient notre intérét pour la radioastronomie a basse fréquence au sol ou dans I'espace. Un domaine
inexploré cachant des pulsars se situe en-dessous de 15 MHz, et sera accessible par un essaim de nano-
satellites.

Mots clés : électromagnétisme non-maxwellien, photons, astrophysique

Non-Mawellian electromagnetism in astrophysics and in space
applications at low radio frequencies

Abstract:

The universe is largely observed with electromagnetic signals — supposedly Maxwellian — though the
gravitational wave window was just unbarred. Meanwhile, cosmology is since long confronted with an
universe for 96% dark and unknown. Thus, it is pertinent for fundamental physics to start a theoretical and
experimental verification of electromagnetism, and its photon messenger. The thesis discusses non-
Maxwellian theories, focusing on testable effects. We deal with a range of applications and assess how
alternative electromagnetic theories are helpful. We revise the most notable theories, either non-linear or
massive. In the former class, for analysis of the self-force, we consider the radiation of an uniformly
accelerating Born-Infeld charge; in the Heisenberg-Euler theory, we find a frequency shift induced by an
overcritical magnetic dipole, associated to a magnetar. Being the photon the only massless particle in the
Standard Model (SM), we explore SM extensions. Indeed for the massive class, in a supersymmetric
context, we find non-Maxwellian behaviors arising in even and odd cases of Charge-Parity-Time Reversal
(CPT) symmetry: either subluminal propagation or massive dispersive behavior proportional to the Lorentz
symmetry breaking vector. Further on, we determine an upper mass limit of 3.2 x 10%0 kg by analyzing Fast
Radio Bursts. Massive (a la de Broglie-Proca) photon arrival time delays go with the inverse of frequency
squared, as photons passing through plasma. Thereby, our interest for low frequency radio-astronomy on
ground or in space. An unexplored domain hiding pulsars lies below 15 MHz, and it will be accessible by a
swarm of nano-satellites.

Keywords : non-Maxwellian electromagnetism, photons, astrophysics
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