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Like arrows in the sky
I can’t believe my eyes

But it’s true

Gojira—Flying Whales





abstract

The main motivation for our work has been a puzzling observation concerning
quasars. No one expected the existence of correlations in the polarisation of visible
light coming from objects separated by gigaparsecs, until they were first reported in
the form of a redshift-dependent effect that has become more and more significant
with the growth of the data sample.

In close connection with the observational group, we have studied in detail the
most widely considered scenario, involving axion-photon mixing in extragalactic mag-
netic fields.

After a systematic investigation, we conclude that it is very unlikely that these
observations can be accounted for by axion-like particles, given current data and
constraints. We also derive new limits on the parameters describing these particles.

This thesis gives in particular a detailed account of the consequences of axion-
photon mixing on polarisation, studies the influence of averages over the frequency
(including a wave-packet treatment of the mixing), and discusses the consequences
of different magnetic-field morphologies.

vii





résumé

La motivation principale de notre travail a été une observation déroutante concernant
les quasars. Personne ne s’attendait à l’existence de corrélations dans la polarisa-
tion de la lumière visible provenant d’objets séparés par des gigaparsecs, jusqu’à ce
qu’elles soient observées sous la forme d’un effet dépendant du redshift et devenu de
plus en plus significatif avec l’accroissement de l’échantillon de données.

En relation étroite avec le groupe observationnel, nous avons étudié en détail le
scénario le plus largement considéré, impliquant le mélange axion-photon dans des
champs magnétiques extragalactiques.

Après une étude systématique, nous concluons qu’il est très peu plausible que ces
observations puissent être dues à des particules similaires aux axions, étant donné
les données et contraintes actuelles. Nous dérivons également de nouvelles limites
sur les paramètres décrivant ces particules.

Cette thèse donne notamment un compte rendu détaillé des conséquences du
mélange axion-photon sur la polarisation, étudie l’influence de moyennes sur la
fréquence (incluant un traitement en termes de paquets d’ondes du mélange), et
discute les conséquences de différentes morphologies de champs magnétiques.
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introduction

Looking beyond the Standard Model

For decades, physicists have been discussing possible extensions of the Standard
Model of particle physics: a theory describing the electromagnetic, weak, and strong
interactions with unprecedented accuracy, as relentlessly tested at the supercolliders
used to probe the fundamental behaviour of Nature at ever smaller distances. Given
such an impressive agreement with data for any center-of-mass energy we produced
up to now, one might wonder why it is widely believed that there is more to be
discovered.

Motivations for new physics

From the theoretical point of view, the motivations are mostly driven by aesthetics:
e.g., symmetries, different types of unification, and issues such as naturalness and
hierarchy. The Standard Model also has many free parameters, together with a
complicated structure, which leads to many open questions; not to mention that
one might think that gravity should be included somehow. In an empirical science,
theoretical arguments alone are not sufficient however; unambiguous experimental
deviations from the predictions of the current theory are needed before a definite
claim can be made.

Currently, one of the best experimental hints for new physics might be related to
neutrino oscillations, which imply that these particles are massive [1]. As neutrinos
are strictly massless in the framework of the Standard Model, some modification
must be made. The question is then how much new physics this change would really
imply. Most mechanisms able to generate their masses involve completely new energy
scales and new particles, but a minimal (rather unexciting) extension involving only
right-handed neutrinos is also possible; for a review see e.g. Ref. [2].

While challenges to the theory from experimental particle physics are few, it did
not go unnoticed that there are many open problems in cosmology. For instance,
we do not understand most of what seems to fill the Universe: the so-called dark
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matter and dark energy. Nor do we know how to explain the asymmetry between
matter and antimatter, without which we would not be here at all, able to think
about such things. Now, if we assume that these problems find their solutions in
particle physics, then physics beyond the Standard Model is clearly needed. For
more information, Ref. [3] gives a thorough discussion which goes along these lines.

Extended particle content

Any scientific theory must provide falsifiable predictions; in the case of an extension
of the Standard Model, this typically—but not exclusively—takes the form of new
particles that could be detected and studied. There is an obvious constraint however:
for any new particle, there must be a reason why it has evaded detection so far.

The reason could of course be that some of those new states are very heavy, with
masses so large that the amount of energy required to produce them was simply too
high for previous experiments. Their masses would then define energy scales where
there is new physics. Whereas a lot of attention is given to that kind of particles at
supercolliders, where they could be directly produced, this is not the only possibility.
It could simply be that some of the new particles have particularly small couplings.
Even without kinematical constraints for their production, these states would then
not be expected at colliders, just because of their tiny production or interaction cross
sections.a

The Universe as a laboratory

In the context of astrophysics however, even such especially weakly interacting par-
ticles could lead to sizeable effects on what we observe from far-away sources, as
the distances involved can be sufficient for their imprint to accumulate. If this looks
promising, we also must recognise that (extragalactic) astroparticle physics suffers
some drawbacks with respect to terrestrial experiments, among which the impossibil-
ity to access directly the initial conditions and the absence of control on the external
conditions, which are to be estimated somehow.

Nonetheless, the benefit of astrophysical data is still twofold in this case: while
constraints can be derived to exclude some theoretical models when no deviation
from standard astrophysics is found, would-be hints of the existence of new particles
can also be searched for in the form of unexpected patterns.

As a matter of fact, signals of this sort have already been reported in the liter-
ature, yet not unambiguously identified as being related to particle physics. One
of them in particular is an extremely puzzling phenomenon that could indicate the
existence of correlations over distances larger than the most extended structures
presently known in the Universe.

aAn electroweak counterpart of these are neutrinos, which require dedicated experiments often
making use of huge quantities of matter to be studied.
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the universe as a laboratory

Quasar polarisations coherently oriented on large scales

That surprising effect has been uncovered by observing the polarisation of visible
light coming from high-luminosity active galactic nuclei, hereafter simply referred to
as quasars. It concerns the distribution of their polarisation position angles, which
are used to indicate the direction of maximum polarisation on the sky for each
source with respect to an arbitrary direction (often chosen as the North–South axis
in equatorial coordinates).

What has been reported [4, 5, 6] is that the distribution of these individual pre-
ferred directions is in fact not random for quasars scattered in extremely large-scale
regions of the sky (∼ 1 Gpc). For the latest all-sky sample available, namely 355 high-
quality measurements of linear polarisation, global statistical tests indicate that the
probability for the observed distribution to be due to coincidence is between 3×10−5

and 2×10−3, depending on the specifics of the test applied. In other words, as far as
linear polarisation is concerned, the polarisations of visible light from quasars pro-
jected on the sky tend to be aligned within large regions. Clearly, this observation
is remarkable as there is no reason a priori why one should expect such correlations
of polarisation over cosmological distances.

Figure 1: Maps of the polarisation vectors for sources located at low- (left) and high-
(right) redshifts, and otherwise similar declinations and right ascensions (in degrees).
Each vector is pictured with a length proportional to the linear polarisation degree
of its source, up to a value of 2%, above which it remains constant for readability
purposes.

The alignment tendency is illustrated for two regions in Fig. 1, where the po-
larisation position angle of each source is indicated with a polarisation vector. We
clearly see that the orientations are not random, and also that the preferred direc-
tion for objects along similar lines of sight appears to be redshift-dependent. Full
analyses [4,5,7,6] indeed indicate that the effect is not likely to be explained by local
causes (influence of our galaxy, dust, etc.), which would similarly affect both low-
and high-redshift samples, and suggest that it requires something more exotic.
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How can we understand this effect?

The very fact that quasars intrinsically emit polarised light is related to their mor-
phology: it indicates a departure from a spherical symmetry, and there are known
(observational) relations between morphological axes of quasars and their preferred
directions of polarisation [8, 9, 10, 11]. In this light, the existence of coherent orien-
tations of polarisation could therefore mean that quasars themselves, namely their
morphological axes, are coherently oriented over cosmological distances; if this was
the case, it would no doubt be a striking problem for the current cosmology.

Attempts to explain the patterns observed in quasar polarisations can therefore
essentially be divided into two categories, as already stated in the original paper [4].

Mechanisms leading to alignments of quasar axes
One might suppose that the observations indeed reflect the existence of an
alignment of quasar axes across the universe, and search for the mechanism
responsible for these physical orientations. As there are relations between
quasar morphology and polarisation, not only in optical, but also in radio
waves, a similar effect could be expected at those wavelengths.

Mechanisms affecting light during its propagation
One might think instead that there is no reason why quasar axes should be
correlated. The observations might be explained if the properties of light are
altered as it propagates towards Earth, due to a mechanism able to modify
polarisation. As the existence of correlations is then not intrinsic to the sources,
but due to the environment encountered on the way, whatever affects light from
quasars would then also formally affect other sources from these regions.

Hypotheses from the first category are however severely disfavoured according to a
study based on a sample of 4290 quasars (redshift information being available for
1273 of them), since no evidence for alignments of polarisations could be found in
radio waves [9].b This is still controversial [12]; we will come back to this in the
conclusion of this work.

Among the various ideas proposed to explain the observations, the one that has
been the most widely considered in the literature is related to particle physics and
involves the existence of new light spinless particles, see e.g. Refs. [13,14,15,16,17].
Scalars and pseudoscalars can indeed have couplings to photons similar to that of
neutral pions: this is known as the Primakoff effect [18] and was first reported
experimentally in 1965 [19].c

In that scenario, a change in the polarisation of light would be induced in a
frequency-dependent manner during its propagation. The basic idea is that, if such
particles exist, photons could mix with them as they travel. Inside external electro-
magnetic fields, a mixing with particles of different spin is possible, as the direction

bNote that 52 of these objects are part of the 355-quasar sample of optical measurements [6].
cThey simply behave differently under a parity transformation: pseudoscalars have odd parity.
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of the external field can compensate for the spin mismatch; see e.g. Ref. [20]. Given
the seemingly ubiquitous presence of external magnetic fields in astrophysical envi-
ronments, this is what is usually considered.

Interestingly, several authors have reported other phenomena which might find
a common explanation if one supposes the existence of such nearly massless spinless
particles. For instance, these include the transparency of the Universe to high-energy
photons [21, 22, 23];d the luminosity relations for active galactic nuclei at different
wavelengths [24]; neutral ultra-high-energy cosmic rays from blazars [25]; or the
spectra of gamma-ray sources [26]. As the information we get in astrophysics comes
mainly in the form of photons from distant sources, the mixing property of these
particles indeed makes them an appealing ingredient in many astrophysical models.
Even with very small couplings, their existence could be probed, as the distances
travelled are huge in that context.

In the specific case of the coherent orientations of polarisations, what makes
those particles so appealing, in particular, is that the mixing of photons with spin-0
particles φ changes the polarisation of light in a background electromagnetic field;
see for instance Refs. [27, 20] for classic works on the subject. This is because only
one specific direction of polarisation feels the interaction.

For pseudoscalars, the interaction Lagrangian contains a term proportional to
φ( ~E · ~B). Inside an external magnetic field ~Be, that term reduces to φ(~Er · ~Be), with
~Er the electric field of the radiation from which the polarisation is defined. Photons
will thus mix with pseudoscalars through the projection of ~Be on their polarisation
vector.

Things are similar for scalars [28], the main difference being that it is then
the perpendicular direction which will mix, as the interaction is then related to
φ( ~B2 − ~E2), and the relevant term is φ( ~Br · ~Be), with ~Br the magnetic field of the

radiation, so that ~Er has to be perpendicular to ~Be.
We will stick to what happens in the pseudoscalar case for the developments

throughout this thesis, but bear in mind that our results also hold for scalars.
Let us now say a few words on the motivations for this kind of particles from

theory.

Axion-like particles

Among the list of hypothetical very weakly coupled particles, the existence of new
spinless particles that are electrically neutral, stable, and characterised by very light
(sub-eV) masses is a frequent prediction of extensions of the Standard Model.e

Despite the smallness of their masses and couplings, for the most part these
scalar or pseudoscalar particles are actually linked to physics at extremely high-

dThe authors of Ref. [22] also try to explain the spectrum of a given blazar (3C279) using such
particles. It is remarkable that this object is also part of the sample of 355 polarised quasars with
which the alignment effect has been highlighted.

eThe conventions and notations used throughout this thesis can be found in Appendix A.
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energy scales, largely beyond the reach of supercolliders. Any observation of such
testable candidates would then provide valuable information about physics at these
energies. How they are connected to such scales and how they do typically arise in
theories beyond the Standard model is rooted in the Goldstone theorem and in the
concept of spontaneous symmetry breaking.

From symmetries to pseudo-Nambu–Goldstone bosons

In the history of science, and of physics in particular, following the path laid down
by symmetries has led to great advances. More often than not, they have helped
get a unified picture of phenomena which were seemingly unrelated, and have been
used as guides to discover new ones. Studying the symmetries of a problem—in
other words, what transformations leave it unchanged—grants access to a deeper
understanding of its underlying structure, and helps identify what are the properties
that in fact really matter. In modern physics, they have come to play an essential
role; see e.g. Ref. [29]. While local symmetries are now associated to all known
fundamental interactions via diffeomorphism [30] or gauge invariance [31], global
symmetries are also extremely useful, to find [32] and understand [33] patterns in
the “particle zoo” for instance.

Symmetries can be of great importance in physics even when they are broken or
hidden; a good example is spontaneous symmetry breaking, which happens when the
fundamental state of a theory is not invariant under a symmetry of its Lagrangian.
Being hidden in the ground state, a spontaneously broken symmetry remains re-
spected by the theory nonetheless and, in the case of a continuous transformation,
the associated current conservation therefore holds.

Now, whenever a continuous globalf symmetry is spontaneously broken, the Gold-
stone theorem [34] states that, to every broken generator one must associate a new
massless scalar degree of freedom with the same quantum numbers: a Nambu–
Goldstone boson. While there is no identified massless scalar in nature, the three
pions stand out as being much lighter than the rest of the meson spectrum and are
well-known examples of pseudo-Nambu–Goldstone bosons [35, 36].

These appear when the Goldstone theorem is applied to the spontaneous breaking
of a continuous global transformation which leaves the theory invariant except for a
small explicit breaking. If this term involves a parameter which is small compared to
the scale of the spontaneous breaking (given by the expectation value of a Higgs-like
field for instance) the spinless particles are not expected to be massless anymore,
but acquire a small mass, related to the value of the explicitly breaking parameter;
see e.g. Ref. [37].g

fNote that symmetry breaking also plays a central role in the Brout–Englert–Higgs mechanism,
where it is applied to local (gauge) symmetries.

gAs the symmetry is only approximate, the associated current is partially conserved; its diver-
gence is not zero and involves a decay constant. At the quantum level, anomalies spoil current
conservation as well and can lead to non-vanishing masses even for exact symmetries of the La-
grangian at the classical level [38].
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Note: Let us illustrate the kind of mass term associated with pions, when described as
pseudo-Nambu–Goldstone bosons. For pions, the global transformation involved is chiral
isospin, which (in a nutshell) is spontaneously broken by quark condensates in the vac-
uum, and slightly spoiled by non-vanishing quark masses in the QCD Lagrangian; see e.g.
Ref. [39]. As a result, these three mesons have a mass, approximately the same. According
to the Gell-Mann–Oakes–Renner relation,

mπ
2 = − 1

fπ
2

(mu + md)

2
〈0|ūu + d̄d|0〉, (1)

in the limit where up and down quark bare masses, mu and md, are equal; see e.g. Ref. [40].

Inspecting the structure of Eq. (1) is quite instructive: as expected, it involves the quark

bare masses, which explicitly break the symmetry, but we see that a role is also played by the

quark condensate 〈0|q̄q|0〉, which triggers the spontaneous symmetry breaking. Finally, the

mass of these pseudo-Nambu–Goldstone bosons is directly suppressed by the decay constant

fπ, which is also identified as the scale of the breaking in some simple models [35].

In extensions of the Standard Model, hypothetical particles collectively known
as axion-like particles (ALPs) essentially arise from that very scheme, only repeated
at energy scales f ≫ fπ, ΛQCD. As any such new spinless particle truly belongs to
an extremely high scale, to study its low-energy effects, all the other new degrees of
freedom from the scale f can be integrated out, leading to an effective Lagrangian
with non-renormalisable couplings geff ∼ 1/f .h

Their common appellation traces back to the well-known axion [41,42]: the nec-
essary pseudo-Nambu–Goldstone boson [43] of the spontaneous breakdown of the
Peccei–Quinn symmetry, introduced to solve the Strong CP Problem [44]. Among
similar spinless particles, one also finds for instance majorons and familons, the
Nambu–Goldstone bosons of the breaking of lepton number [45] and of family [46]
symmetries respectively. Interestingly, similar particles can arise in a large variety
of models, ranging from theories involving extra dimensions, such as Kaluza-Klein
or superstrings (for reviews, see e.g. Refs. [47,48]), to theories embedding the Stan-
dard Model with extended gauge groups, as Grand Unified Theories (GUT), where
accidental symmetries could appear.i

Generic light spinless particles: searches and limits

If, from the theoretical point of view these particles are very well motivated, from
the experimental point of view, however, they are yet to be observed. A lot of
effort has been and is made to try to detect them: many dedicated experiments such
as [50,51] have been designed to probe their existence, based on their electromagnetic
coupling [52], and, if most of them primarily focus on the search of the QCD axion,

hOther particles with similar phenomenological properties can also be called axion-like particles.
iImposing a larger gauge group, while retaining only renormalisable terms, sometimes leads to

accidental global symmetries, some of which might be spontaneously broken [49].
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they would also be sensitive to the presence of other kinds of particles (see e.g.
Ref. [53] for a review), including any other light spinless particles with a similar
two-photon coupling [54]. Following this approach, one does not stick to a given
model when discussing axion-like particles in general but, instead, studies generic
spinless particles of masses and couplings considered as free parameters.

Looking in the literature, one can then identify different promising regions in the
parameter space of axion-like particles. In particular, the region relevant for our work
is the low-mass region: it is quite striking that various astrophysical hints, including
the ones mentioned earlier, seem to point towards the same kind of spinless particle,
with a mass m . 10−10 eV and a coupling to photons g ∼ 10−12–10−11 GeV−1,
defining a whole new window of interest in the (m, g) parameter space.

To date, the most stringent constraints on the parameters of axion-like particles
are coming from astrophysics; for reviews, see e.g. Ref. [55]. In particular, over the
years, many of them have come from stellar dynamics: indeed, the existence of such
particles would imply the opening of new channels to evacuate energy, which should
have an impact on stellar evolution. For example, a limit on their coupling has been
given by the theoretical bound derived from the observation of the Horizontal Branch
in the Hertzsprung–Russell diagram for globular clusters [56]; if too efficient in stellar
medium, ALP production could have shortened the duration of this transitional pe-
riod, and contradict the agreement between observations and theory. This remained
the strongest limit for two decades for low-mass ALPs, until it was eventually im-
proved in 2007 by CAST (the CERN Axion Solar Telescope), designed to convert
axion-like particles coming from the Sun back into (X-Ray) photons using an LHC
magnet [50]. The constraint obtained with this instrument is g < 8.8×10−11 GeV−1

for m . 0.02 eV. Additionally, discussions on the absence of a gamma-ray flux asso-
ciated with the SN1987A supernova have lead to an even more severe upper bound
on their couplings to photons, which however only applies for nearly massless ALPs
with m . 10−9 eV: g . 10−11 GeV−1 [57] or even g . 3 × 10−12 GeV−1 [58], the
most conservative one being usually used given the associated uncertainties. As we
shall see in Chap. 5, these constraints are now improved.

Structure of this thesis

The aim of this work is to perform a detailed study to determine whether axion-like
particles can help understand the existence of large-scale correlations of polarisation
of visible light from quasars in a realistic model. This will be done taking into account
the existing constraints on these particles, the current understanding of magnetic
fields from observations, as well as all the polarisation data currently available.

The first chapter begins with a short reminder on polarisation, which allows us
to introduce the notations that shall be used throughout. We then quickly move on
and give a derivation of the mixing of photons with axion-like particles, leading to
the relevant set of equations for our study. The main subject of this chapter finally
follows as we review and discuss the general consequences of the mixing with these

8



structure of this thesis

particles for the polarisation of light.
We do not apply the mixing to discuss the alignment effect until Chap. 2, which

starts with a summary of the main observational properties of the effect itself and
of the sample that was used to highlight it. Only then do we switch to the spinless-
particle scenario, which requires the existence of extended magnetic fields and of
nearly massless particles to reproduce correlations over cosmological scales. As al-
ready known, it seems able to reproduce alignments of linear polarisation even within
a toy model, while providing clear predictions.

In Chap. 3, we discuss circular polarisation and introduce a more general wave-
packet treatment of the mixing, while Chap. 4 is devoted to the mixing in more
general magnetic field configurations, such as the ones reported in observational pa-
pers and used in large-scale structure simulations. We then finally derive constraints
on axion-like particle parameters using polarimetry in Chap. 5, and adopting a con-
servative approach. We then conclude with some prospects.

This thesis is based on the following publications: [16,17,59,60,61,62,63,64,65,66].
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chapter 1

Mixing photons and axion-like particles

1.1 How do we describe the polarisation of light?

To say the least, this thesis relies heavily on polarisation-related concepts; it there-
fore seems appropriate to begin the discussion with a short reminder of one of the
standard descriptions of the polarisation of electromagnetic waves, which will also
introduce the notations used throughout.

Maxwell’s classical equations of electromagnetism tell that these wave solutions
are made of mutually orthogonal electric and magnetic fields, with equal maximal
amplitudes,a oscillating at a given frequency. As these two fields are not independent,
it is sufficient to discuss one of them: the electric field, by convention. In all the cases
we are interested in, the electric field of any electromagnetic radiation travelling in
the z direction can be written as

~Er(z, t) = Erx
(z, t)~ex + Ery

(z, t)~ey, (1.1)

where ~ex and ~ey define an orthonormal basis in the plane transverse to the direction
of propagation.b The polarisation then describes the existence of patterns in the
direction in which the electric field of an electromagnetic wave oscillates over time;
for more generalities and naming conventions, see Ref. [67].c

1.1.1 Fully polarised light and polarisation basis

Formally, one can write at the amplitude level a general fully polarised light beam
of mean frequency ω and width ∆ω as

~Er(z, t) = cos(ϕ0) ~E(x)(z, t; ω; ∆ω) + sin(ϕ0) ~E(y)(z, t; ω; ∆ω), (1.2)

aIn natural units, see Appendix A.
bThroughout, a complex exponential form will be used for convenience, as usually in classical

electrodynamics; by convention, the real parts of these amplitudes correspond to the physical fields.
cAs a matter of fact, polarisation can be seen to some extent with naked eye, as in the Haidinger

brush phenomenon, see e.g. Ref. [68].
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1. mixing photons and axion-like particles

where we introduce a polarisation basis given by ~E(x) and ~E(y), two fully linearly
polarised beams, along x and y respectively, and with identical intensities.d The
behaviour and shape of ~E(x) · ~ex and ~E(y) · ~ey are the same; depending on the kind
of light we are interested in, they can be plane waves or wave packets, for instance.
Any ellipticity for ~Er is then simply included via a relative phase between ~E(x) and
~E(y), and the preferred direction of ~Er is given by the angle ϕ0 when the beam is not
purely circularly polarised.

1.1.2 Unpolarised light and Stokes parameters

On the other hand, the description of an unpolarised beam is a bit more complicated,
especially if one wants something close to a representation of it at the amplitude level.
In that case, the polarisation is so erratic that no preferred behaviour emerges over
time—instantaneously, of course, the polarisation is always well-defined, due to the
vectorial nature of light, but it changes incoherently. This kind of light, often referred
to as “natural light”, is typically represented as an incoherent average over ϕ0 and
over time of fully polarised beams of the form (1.2). However, this representation,
which is not the minimal one, is quite heavy and is not very satisfying. As a matter of
fact, this is what motivated Stokes to introduce the parameters named after him [69]:
the need for an appropriate mathematical description of unpolarised light.

By characterising the polarisation with quantities that can be built out of in-
tensities, Stokes offered an approach describing completely the polarisation state of
any light beam, and being at the same time much simpler and closer to what can
be observed experimentally. There are different notations and conventions; here, we
use the following definitions:






I(z) = 〈I(z, t)〉 = 〈Ery
E∗

ry
+ Erx

E∗

rx
〉

Q(z) = 〈Q(z, t)〉 = 〈Ery
E∗

ry
− Erx

E∗

rx
〉

U(z) = 〈U(z, t)〉 = 〈Erx
E∗

ry
+ E∗

rx
Ery

〉
V (z) = 〈V(z, t)〉 = 〈i(Erx

E∗

ry
− E∗

rx
Ery

)〉;

(1.3)

these quantities are averages (denoted by 〈·〉) over the exposure time at a given
distance z from the source. In Eq. (1.3), Q and U represent the linear polarisation,
and V the circular one. One often normalises these parameters by the intensity I
to enable comparisons between different sources; they are then written in lowercase,
e.g. v = V

I
. Moreover, as Q and U depend on the choice of axes, one can discuss

the intensity of linear polarisation Plin =
√

Q2 + U2 which is independent of such a

choice, as well as the (total) intensity of polarisation Ptot =
√

Q2 + U2 + V 2. One
also introduces the linear polarisation degree and the (total) polarisation degree,
respectively defined as

plin =

√
Q2 + U2

I
and ptot =

√
Q2 + U2 + V 2

I
, (1.4)

dNote that one could use a circular polarisation basis instead of a linear one.
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and sometimes drops the sign of circular polarisation (which does have a physical
meaning) to defines pcirc = |v| as the the circular polarisation degree. A light beam is
then said to be unpolarised if ptot = 0 or, equivalently, if I 6= 0 while Q = U = V = 0.
Finally, for linearly polarised light, the polarisation angle reads

ϕ =
1

2
atan

(
U

Q

)
. (1.5)

For more information about the properties of the Stokes parameters and their con-
nection to observables, see Appendix B.

Interestingly, the Stokes parameters (1.3) have a decomposition property: a ra-
diation described by a set (I, Q, U, V ) can always be discussed as the sum of two
other incoherent ones, described by (I ′, Q′, U ′, V ′) and (I ′′, Q′′, U ′′, V ′′), as long as
I ′ + I ′′ = I, etc. In particular, this means that any partially polarised beam can be
described by the weighted sum of a fully polarised one and of an unpolarised one.

Furthermore, this decomposition property implies that it is in fact sufficient to
describe unpolarised light as an incoherent sum of two orthogonal linearly polarised
beams with equal intensities, such as ~E(x) and ~E(y). Now, while an incoherent sum
can have a clear meaning in the case of wave packets (which can be thought of
as being independent), monochromatic light beams are infinite waves with definite
directions, and are coherent with each other when they share the same frequency.
Formally speaking, a strictly monochromatic light beam cannot therefore represent
an unpolarised light beam, nor can it act as partially polarised light; see also Ref. [70].
In fact, this indicates that, to describe such kinds of light mathematically at the
amplitude level, one has to consider at least a small deviation from monochromaticity.
Let us illustrate this for plane waves with a simple quasi-monochromatic example:

~Er(z, t) =
E√
2

ei(kz−ωt)~ex +
E√
2

ei(k′z−ω′t)~ey, (1.6)

namely a sum of two plane waves with orthogonal polarisations of equal intensities,
propagating in phase in the same direction, and of frequencies which only differ
by a very small amount |δω| = |(ω′ − ω)| ≪ ω, ω′. Using the definition of Stokes
parameters, see Eq. (1.3), one obtains that, for t ≫ (δω)−1, this indeed corresponds
to an unpolarised light beam:






I(z) =
1

2
〈|E|2 + |E|2〉

Q(z) =
1

2
〈|E|2 − |E|2〉

U(z) = 〈|E|2[cos(kz − ωt) cos(k′z − ω′t) + sin(kz − ωt) sin(k′z − ω′t)]〉
V (z) = 〈|E|2[sin(kz − ωt) cos(k′z − ω′t) − cos(kz − ωt) sin(k′z − ω′t)]〉,

(1.7)

where only the intensity is non-zero, after averaging over the exposure time. Now,
in practice, what we do in general is to enforce the incoherent sum by summing
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1. mixing photons and axion-like particles

the two orthogonal contributions at the Stokes-parameters level: more precisely, if
we represent by S any of the four Stokes parameters of a given light beam, if ~Er is
unpolarised, we have

S[~Er] = S
[ ~E(x)

√
2

]
+ S

[ ~E(y)

√
2

]

=
1

2

(
S[ ~E(x)] + S[ ~E(y)]

)
,

(1.8)

if we normalise the three waves to have the same intensity.
In summary, one can simply consider two orthogonal linearly polarised beams

with equal intensities, such as the ones defining our linear polarisation basis, ~E(x)

and ~E(y), to reconstruct the polarisation state of any light beam ~Er. Indeed, both po-
larised and unpolarised cases can be expressed using those—as a linear combination
and as an incoherent sum respectively—and they can be combined to give partially
polarised light.

1.2 Axion–photon interaction in magnetic fields

After this reminder, we are ready to study the mixing of photons with axion-like
particles and its consequences on the polarisation of light. Both to be complete and
to introduce our notations, let us first go through the developments leading to the
relevant set of equations; this derivation goes along the lines of Refs. [20, 14].

The mixing can be obtained starting from a suitable Lagrangian density taking
into account the interaction. For pseudoscalars φ, we use

L =
1

2
(∂µφ)(∂µφ) − 1

2
m2φ2 − 1

4
FµνF

µν +
1

4
gφFµνF̃

µν , (1.9)

where m is the pseudoscalar mass and g is the dimension-minus-one coupling con-
stant of the interaction between pseudoscalars and photons. The first two terms
form the Klein-Gordon Lagrangian describing a free spinless field; the third one
is the Maxwell Lagrangian for a free electromagnetic field; the last one gives the
three-field interaction term between pseudoscalars and photons as in the axion case.

The equations of motion are then derived using Euler-Lagrange equations:

∂β
( ∂L

∂(∂βχ)

)
− ∂L

∂χ
= 0, for a given field χ; (1.10)

for the pseudoscalar and for the electromagnetic fields, one obtains

�φ + m2φ =
1

4
gFµνF̃

µν (1.11)

and
∂βF βα = g(∂βφ)F̃ βα. (1.12)
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In both cases, the well-known equations for the free fields are modified: we see that
the electromagnetic fields enter the equation in a new source term for the φ field,
and vice versa, leading to a system of coupled partial differential equations.

Moreover, a direct consequence of the definition of the electromagnetic field
strength tensor is that its components obey the Bianchi identity:

∂αF βγ + ∂βF γα + ∂γF αβ = 0, (1.13)

that can also be written
∂βF̃βα = 0. (1.14)

This, in fact, is the relativistic formulation of the homogeneous Maxwell equations.
As they arise from a property of the electromagnetic tensor, these two equations
remain unchanged.

Written in terms of electric and magnetic fields, the modified Klein-Gordon equa-
tion (1.11) then becomes

∂2φ

∂t2
−∇2φ + m2φ = −g

(
~E · ~B

)
; (1.15)

while the modified Maxwell equations, Eqs. (1.12) and (1.14), read




~∇ · ~E = g
(

~B · ~∇φ
)

−∂ ~E

∂t
+ ~∇× ~B = g

(
~E × ~∇φ − ~B

∂φ

∂t

)

~∇× ~E +
∂ ~B

∂t
= 0

~∇ · ~B = 0.

(1.16)

In the following, we will be looking for fixed-energy solutions going in the positive
z-direction for the electromagnetic and for the spinless fields.

Simplifications can be made if we specify the domain of application we are in-
terested in. Our goal is to discuss how the properties of light coming from distant
sources are affected during its propagation in large-scale magnetic-field zones. Fol-
lowing Ref. [20], we assume the external magnetic field to be stationary and to
change slowly with spatial coordinates, compared to the radiation field. The total
magnetic field is written as ~B = ~Br + ~Be, where ~Br is the magnetic field of the radi-

ation and ~Be is the external magnetic field, and, similarly, ~E = ~Er + ~Ee. Now, as we
restrict ourselves to considering the effects induced by external magnetic fields, we
set |~Ee| = 0 and we can take | ~Be| ≫ | ~Br|, |~Er|. Doing so, one obtains





~∇ · ~Er = g
(

~Be · ~∇φ
)

−∂~Er

∂t
+ ~∇× ~Br = −g ~Be

∂φ

∂t

~∇× ~Er +
∂ ~Br

∂t
= 0

~∇ · ~Br = 0;

(1.17)
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which eventually leads to

∂2 ~Er

∂t2
−∇2~Er = g ~Be

∂2φ

∂t2
− g~∇

(
~Be · ~∇φ

)
. (1.18)

Before we move on, notice that Eq. (1.18) tells us that the electric field of the

radiation is not strictly transverse in general, so that we formally have ~Er = Erx
~ex +

Ery
~ey + Erz

~ez. In the case of terrestrial experiments, one can design the apparatus
in such a way that the external magnetic field is purely transverse to the direction
of propagation of light; when there is no longitudinal external magnetic field, the
electric field of the radiation is then transverse. However, if we are interested in the
mixing happening in astronomical environments, this, of course, cannot be assumed.
If we write ~Be = Bex

~ex + Bey
~ey + Bez

~ez, we will have Bex
≈ Bey

≈ Bez
in general.

Nevertheless, we can show that this longitudinal contribution plays no role in our
study; see also, e.g. Refs. [20, 27, 14]. On the one hand, from Eq. (1.18), the
longitudinal part Erz

obeys

∂2
t Erz

(z, t) − ∂2
zErz

(z, t) = gBez
∂2

t φ(z, t) − g∂z

(
Bez

∂zφ(z, t)
)

= −gBez

(
m2φ(z, t) + O(g)

)
,

(1.19)

where we have made use of the equation of motion for the spinless field (1.15); on
the other hand, for Erx

and Ery
we have

∂2
t Erx,y

(z, t) − ∂2
zErx,y

(z, t) = gBex,y
∂2

t φ(z, t)

= −gBex,y
ω2φ(z, t).

(1.20)

Keeping only terms to lowest order in the coupling constant g, one obtains that
we can indeed always neglect the longitudinal contribution, as we consider nearly
massless spinless particles with m2 ≪ ω2.

These equations of motion for the fields were obtained considering a propagation
in free space; however, true vacuum does not exist, even in outer space. We can take
into account possible plasma effects via the inclusion of a term involving the plasma
frequency ωp, see e.g. Refs. [20, 71]:

ωp ≡
√

4παne

me

=
(
3.7 × 10−14 eV

)
×

√
ne

10−6 cm−3
, (1.21)

which acts as an effective mass for the propagating electromagnetic field (ne is the
electron number density, and me, the electron mass).e Note that Faraday rotation
is not included in the discussion as its effect is irrelevant in the range of frequencies
we are interested in.

eStrictly speaking, as photons travel inside an electron plasma, the electric field has three
components; the longitudinal mode can be physically understood as due to the motion of electrons
induced by the propagation of light inside the plasma [72,73].
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The appropriate set of equations for our problem finally reads:

∂2φ

∂t2
−∇2φ + m2φ = −g

(
~Er · ~B

)
,

∂2 ~Er

∂t2
−∇2 ~Er + ω2

p
~Er = g ~B∂2φ

∂t2
,

(1.22)

where we introduce the notation ~B for the projection of the external magnetic field
onto the plane transverse to the direction of propagation, as it is the only part rel-
evant for the mixing. Interestingly, notice that it always appears together with the
coupling constant g as a product in the equations. Note also that, from Eqs. (1.22),
we can anticipate that photons only couple to pseudoscalars through their polarisa-
tion along the external transverse magnetic field direction.f

Due to the interaction with axion-like particles in magnetic environments, light
will be affected and its polarisation will change as it propagates. In the following,
we are interested in any initial polarisation state. Because the equations (1.22) are

linear, it is sufficient to solve the mixing separately for the two initial states ~E(x)

and ~E(y) introduced in Sec. 1.1, from which any other initial polarisation state can
be reconstructed. As the polarisation will now change, the indices only refer to the
initial polarisation direction of these two light beams however. As they propagate,
we will have in general

~E(x)(z) = E(x)
x (z)~ex + E(x)

y (z)~ey and ~E(y)(z) = E(y)
x (z)~ex + E(y)

y (z)~ey. (1.23)

1.3 Illustration with a single magnetic field region

In order to introduce the consequences of the mixing on polarisation, we first consider
a region where the external magnetic field is constant. Inside such a region, ~B
provides a preferred direction throughout, and it is advantageous to let it define one
of the axes in the transverse plane.

1.3.1 Solutions of the mixing for the polarisation basis

We choose our orthonormal basis in such a way that ~ex and ~ey are respectively
perpendicular and parallel to this particular direction, and write them ~e⊥ and ~e . It
is interesting to do so because polarisations along these two directions are completely
decoupled: perpendicular ones do not feel the interaction, while the change for the
parallel ones only occurs along the magnetic field direction. In particular, this implies
that, for light beams with initial polarisation perfectly perpendicular or parallel
to the external transverse magnetic field, the direction of polarisation will remain

fAs briefly touched upon in the introduction, it is instead the polarisation perpendicular to ~B
in the case of scalar particles.
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1. mixing photons and axion-like particles

unchanged. In this case, the general form for the evolution of E(x)(z) and E(y)(z)
given in Eq. (1.23), reduces to

~E(x)(z) ≡ E⊥(z)~e⊥ and ~E(y)(z) ≡ E (z)~e , (1.24)

and, as there is no possible ambiguity since polarisations parallel and perpendicular
to ~B are decoupled, we can solve for E⊥(z) and E (z) at once.

Writing B ≡ | ~B|, the equations of the mixing for the two fully linearly polarised
beams then read:

[(
ω2 +

∂2

∂z2

)
−




ωp
2 0 0

0 ωp
2 −gBω

0 −gBω m2




]


A⊥(z)
A (z)
φ(z)


 = 0. (1.25)

This is for eigenstates of energy ω, in the timelike axial gauge A0 = 0 (so that
E⊥, = iωA⊥, ), and after a rephasing of φ(z).

The fact that the mass matrix in Eq. (1.25) is not diagonal means that A and φ

are not the eigenmodes of propagation inside ~B. These are found by diagonalisation
and correspond to two new mass eigenvalues, µ+ and µ−, that depend on ω:

µ±
2 =

1

2
(ωp

2 + m2) ± 1

2
∆µ2, (1.26)

where we write

∆µ2 ≡
√

(2gBω)2 + (m2 − ωp
2)

2
, (1.27)

which corresponds to the difference of the masses squared of the eigenstates of the
mixing.g On the other hand, the mixing angle is given by

θ =
1

2
atan

(
2gBω

m2 − ωp
2

)
. (1.29)

Let us first write kE =
√

ω2 − ωp
2 and kφ =

√
ω2 − m2, the dispersion relations for

photons and pseudoscalars outside the magnetic field regions. The solutions for the
propagating fields then take the form:

A⊥(z) = A⊥(0) eikEz, (1.30)

A (z) = A (0)
(
cos2 θ eikCz + sin2 θ eikDz

)
+ φ(0)

sin 2θ

2

(
eikCz − eikDz

)
, (1.31)

φ(z) = A (0)
sin 2θ

2

(
eikCz − eikDz

)
+ φ(0)

(
sin2 θ eikCz + cos2 θ eikDz

)
, (1.32)

gEven though the product gB can be arbitrarily large, so that the right hand side of Eq. (1.26)
can become negative, the group velocity for these eigenstates

vg =
dω

dk
=

(
dk

dω

)−1

(1.28)

is always smaller than unity.
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where kC and kD are respectively k+ =
√

ω2 − µ+
2 and k− =

√
ω2 − µ−

2 when
ωp > m, and the other way around when m > ωp. If we are mostly interested in the
small mixing case, we can remember that the heaviest eigenmode of propagation is
mostly made of the heaviest state among photons and pseudoscalars, and conversely
for the lightest one. If B is vanishing, kC = kE and kD = kφ, and we recover the
propagation of the free fields.

1.3.2 Evolution of the polarisation due to the mixing

As only photons are detected, we focus on observables for the electromagnetic field,
which now evolve because of the interaction with pseudoscalars. Using the solutions
given by Eqs. (1.30) and (1.31), the Stokes parameters for any light beam can be
derived given the properties discussed in Sec. 1.1, and we can learn how the intensity,
as well as the linear and circular polarisations of light, behave due to the mixing. For
classic references discussing this without the Stokes parameters, see e.g. Refs. [74,20].

Regarding linear polarisation in particular, as the magnetic field defines a physical
direction of prime importance for the mixing, it is in fact particularly useful to
consider Q and U separately in the (~e⊥, ~e ) basis. Indeed, doing so greatly helps
get a deeper understanding of the physical implications of the mixing; it is not as
straightforward if we only rely on the linear polarisation degree, for instance. Note
also that, as the intensity I will now evolve, it is more instructive to consider the
unnormalised Stokes parameters Q, U and V rather than q, u and v.

In a first approach, we restrict the discussion to what happens to an initial photon
beam of any polarisation; that is, if we take φ(0) = 0. Indeed, we can then express
the Stokes parameters simply as functions of the initial ones, without terms involving
products of initial photon and axion field amplitudes. Doing so, we obtain that the
evolution of the Stokes parameters inside a magnetic field region for a plane-wave
beam ~Er described initially by I0, Q0, U0 and V0 reads






I(z) = I0 −
1

2
(I0 + Q0) sin2 2θ sin2

(
1

2
(kC − kD)z

)

Q(z) = I(I0 ⇄ Q0)

U(z) = U0

[
cos2 θ cos((kE − kC)z) + sin2 θ cos((kE − kD)z)

]

+ V0

[
cos2 θ sin((kE − kC)z) + sin2 θ sin((kE − kD)z)

]

V (z) = U(U0 → V0, V0 → −U0).

(1.33)

Proof: These relations can for instance be derived using a fully polarised plane-wave
beam

~Er(z, t) = cos(ϕ0)E⊥(z, t)~e⊥ + sin(ϕ0)E (z, t)~e , (1.34)
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in which case the Stokes parameters (1.3) can be expressed, in terms of A⊥, (z), as





I(z) = ω2 sin2(ϕ0)|A (z)|2 + ω2 cos2(ϕ0)|A⊥(z)|2

Q(z) = ω2 sin2(ϕ0)|A (z)|2 − ω2 cos2(ϕ0)|A⊥(z)|2

U(z) = ω2 sin(2ϕ0)Re{A (z)A∗

⊥(z)}
V (z) = ω2 sin(2ϕ0) Im{A (z)A∗

⊥(z)},

(1.35)

and we then have to use both the fact that, when φ(0) = 0, Eqs. (1.30) and (1.31) give

A (z)A∗
⊥(z) = A (0)A∗

⊥(0)
[
cos2 θ e−i(kE−kC)z + sin2 θ e−i(kE−kD)z

]
, (1.36)

|A⊥(z)|2 = |A⊥(0)|2, (1.37)

|A (z)|2 = |A (0)|2
[
1 + cos2 2θ

2
+

sin2 2θ

2
cos((kC − kD)z)

]
, (1.38)

and that, initially,





I(0) ≡ I0 = ω2 sin2(ϕ0)|A (0)|2︸ ︷︷ ︸
1
2
(I0+Q0)

+ ω2 cos2(ϕ0)|A⊥(0)|2︸ ︷︷ ︸
1
2
(I0−Q0)

Q(0) ≡Q0 =
︷ ︸︸ ︷
ω2 sin2(ϕ0)|A (0)|2 −

︷ ︸︸ ︷
ω2 cos2(ϕ0)|A⊥(0)|2

U(0) ≡ U0 = ω2 sin(2ϕ0)Re{A (0)A∗
⊥(0)}

V (0) ≡ V0 = ω2 sin(2ϕ0) Im{A (0)A∗

⊥(0)}.

(1.39)

Now, the unpolarised case can, for example, be obtained from this one simply via a

normalised sum of the Stokes parameters of beams with ϕ0 = 0 and ϕ0 = π
2 , for which ~Er

is equal to ~E⊥ or ~E respectively. We then see that the relations for the Stokes parameters

keep the same form (the equations for U(z) and V (z) are then just complicated ways to

write zero). Therefore, Eqs. (1.33) hold not only for fully polarised light beams but also for

unpolarised and partially polarised ones.

The relations (1.33) imply in fact dichroism and birefringence; see, e.g. Ref. [16].
Dichroism is the selective absorption of one direction of polarisation; it modifies the
linear polarisation of light. This effect is clearly seen in the evolution of the Stokes
parameter Q(z) which compares the intensity in the two orthogonal directions. The
total intensity I(z) of course follows the same behaviour. The pair (I, Q) is directly
sensitive to the modifications of the amplitude of photons due to on-shell pseudo-
scalars; see Fig. 1.1.

Birefringence, on the other hand, is the existence of different refractive indices
for different polarisations (along ~B and perpendicularly to it), which then travel at
different velocities; it causes linear and circular polarisations to convert into each
other. This strong connection between the two is explicit in the evolution of U(z)
and V (z). The pair (U , V ) is directly sensitive to the phase shift induced by virtual
pseudoscalars; see Fig. 1.2.
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illustration with a single magnetic field region

Figure 1.1: Process responsible for dichroism; the vertex is only non-zero for a
specific direction of polarisation.

Figure 1.2: Process responsible for birefringence: for photons sensitive to the mixing,
this process has the structure of a correction to the propagator, a modification of
the mass.

Note also that, for an initially unpolarised light beam, while I(z) and Q(z) will
evolve due to pseudoscalar-photon mixing, U(z) and V (z) will remain zero. Indeed,
for unpolarised light, the concept of phase shift does not make sense. Similarly, if
a linearly polarised beam points either exactly in the magnetic field direction or
perpendicularly to it, i.e. Q0 6= 0 and U0 = 0, there cannot be any induced phase
shift and, therefore, any induced circular polarisation.

Now, even in the restricted case of a homogeneous magnetic field, and for fixed
external conditions, it may seem complicated to obtain an overall picture of the phe-
nomenological effects of the mixing. The evolution of the Stokes parameters is not
only function of the initial ones, but also depends on many other parameters: the
frequency of light, the plasma frequency, the field strength of the external transverse
magnetic field, the distance travelled inside it, and, of course, the parameters of the
pseudoscalar particle. To get a better understanding of the consequences of the mix-
ing and get a glimpse of its rich and exciting phenomenology, we are therefore going
to discuss the behaviour of the Stokes parameters in different cases; this requires
assigning particular values to the external parameters, which we are going to choose
as relevant to the later astrophysical applications of Sec. 2.2.
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Figure 1.3: The total intensity of polarisation Ptot, I and Q, at the end of a 1.6 ×
1030 eV−1 (≃ 10 Mpc) magnetic field zone in the case of initially unpolarised plane-
wave light beams of different frequencies, using, as parameters: ωp = 3.7×10−14 eV,
m = 10−14 eV, and gB = 4.5×10−29 eV (e.g., g = 7.5×10−12 GeV−1 and B = 0.3 µG).
The Stokes parameters U and V , not shown here, are zero at all frequencies.

a) Behaviour of I and Q, and connection with dichroism

Unpolarised light—Using the solutions (1.33), we illustrate in Fig. 1.3 the values of
the Stokes parameters and of the total intensity of polarisation at the end of a con-
stant magnetic field region, for initially unpolarised beams of different frequencies.

While these beams were all unpolarised initially, we observe a spontaneous ap-
pearance of polarisation for some values of the frequency due to the mixing. We
notice on this figure an oscillatory behaviour, with the general trend that the ampli-
tude increases from small to large values of frequency, ending with a plateau.h These
oscillations already start at low energies but with amplitudes so suppressed that they
do not appear on this graph; on the other hand, once the plateau is reached, no more
oscillations remain.i

hOf course, in such graphs, the exact position of the different regimes is determined by the
values of the external parameters entering the problem, but the general trend does not change.

iNote that for other values of the parameters, this plateau will take other values.
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Figure 1.4: Illustration of the evolution of Q(z) for values of the frequency corre-
sponding to the points labelled a, b and c in Fig. 1.3 (respectively written ωa, ωb

and ωc); the other parameters used here are the same as in that figure.

Note that the maximum amount of polarisation achievable in this unpolarised
case is actually a monotonous function of the frequency. The fact that the polarisa-
tion vanishes at some frequencies before the plateau (point b in Fig 1.3, for instance)
simply reflects the oscillations of I(z) and Q(z) with the distance z travelled inside
the magnetic field, which have frequency-dependent wavelengths; see Fig. 1.4.

Indeed, the phase controlling the propagation of these Stokes parameters is given
by

1

2
(kC − kD)z = ±1

2
(k− − k+)z, (1.40)

depending on whether m > ωp or the other way around. As it enters an even
function, one can choose

1

2
(k− − k+)z =

1

2

√
(2gBω)2 + (m2 − ωp

2)2

√
ω2 − µ2

− +
√

ω2 − µ2
+

z =
1

2

∆µ2z√
ω2 − µ2

− +
√

ω2 − µ2
+

, (1.41)

which gives

sin2

(
1

2
(kC − kD)z

)
ω2≫µ±

2

= sin2

(
∆µ2z

4ω

)
, (1.42)

provided that ω2 ≫ µ2
±

(for the denominator), which is an extremely good approx-
imation in all the cases we are interested in, where this relation is verified by many
orders of magnitude.j

jFor instance, using ω = 2.5 eV and the parameters used for illustration in Fig. 1.3, one gets:

ω2

µ±
2
≈ 1027. (1.43)
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1. mixing photons and axion-like particles

Figure 1.5: Linear polarisation degree (shown in the right-hand box) generated
through pseudoscalar-photon mixing at the end of a 10 Mpc magnetic field region,
in the case of initially unpolarised light of frequency ω = 2.5 eV; in this figure, the
plasma frequency has been kept fixed at ωp = 3.7 × 10−14 eV, corresponding to
ne = 10−6 cm−3.

For small enough values of ω, the wavelength of oscillation along z for I(z)
and Q(z) is essentially linear in ω, as |m2 − ωp

2| dominates ∆µ2. It then starts
receiving contributions from (2gBω), which eventually becomes the leading term at
high energies and makes the wavelength of oscillation along z frequency independent,
hence the plateau.

What we also see in Fig. 1.3 is that the amount of total polarisation mimics the
evolution of the parameter Q (we indeed have Ptot = |Q|) and mirrors that of I.
This is actually a signature of dichroism. What happens is that we have a depletion
of photons polarised parallel to ~B, leading to a loss of intensity and to a modification
of the Q parameter (see equations (1.33)) by the same amount. This, in turn, leads
to a net appearance of polarisation in the direction perpendicular to the magnetic
field. As we know that the initial state of unpolarised light can be described as
an incoherent weighted sum of beams with orthogonal polarisations, we understand
that we can therefore at most lose half of the initial intensity (that along ~e ), leading
to light fully linearly polarised along ~e⊥ when Ptot = I.

This is also seen in Fig. 1.5, where we illustrate a dependence of the degree of
linear polarisation plin on the external parameters and on the pseudoscalar properties.
We do not display pseudoscalar masses smaller than ωp since the linear polarisation
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Figure 1.6: Q, at the end of a 10 Mpc magnetic field zone in the case of plane-wave
light beams of different frequencies, for different initial conditions: a) Q0 = −I0;
b) Q0 = −I0/2; c) Q0 = I0/2; d) Q0 = I0. The other parameters used are the same
as in Fig. 1.3.

degree is an even function of (m2 − ωp
2) in this case, which remains true as long as

there is not initial circular polarisation. Note also that the mixing depends on m
and ωp separately and that nothing special happens if we take ωp = 0. In this figure,
we see a pattern (that we will explain later) from which it is clear that, together
with the frequency of light, there is a strong dependence of the mixing upon these
parameters: it is larger when m and ωp are close, as well as when gB increases, and
it can lead to a complete polarisation of light for some values of the parameters.

Linearly (Q0 6= 0) polarised light—Let us now consider initially linearly polarised
beams with Q0 6= 0 and U0 = V0 = 0. This is in fact not so different from the
unpolarised situation, as only dichroism is at work.

Given that the behaviour of I and Ptot can again be easily obtained from that of
Q (respectively as the same figure shifted, and as the absolute value of Q), we show
only the latter in Fig. 1.6. Note that, again, the parameters U and V remain zero
at all frequencies.

Once more, the intensity of light in the direction parallel to the external magnetic
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1. mixing photons and axion-like particles

field is more and more attenuated with ω, as axion-like particles are produced. When
one uses Stokes parameters, it is enough to consider fully polarised beams, with
Q0 = ±I0. We nonetheless also include initial partial polarisations for illustration,
which indeed behave as intermediates between the fully polarised and the unpolarised
cases.

As expected, beams initially fully polarised perpendicularly to the direction of
the magnetic field (namely with Q0 = −I0) are unaffected by the mixing for any
value of the frequency, while we have the opposite situation when they are fully
polarised along ~B (namely with Q0 = I0), as for high enough energies the whole
beam can oscillate into axion-like particles.

Also note that, while the linear polarisation changes, there is no rotation of the
plane of polarisation; this is because we are considering initial polarisations exactly
parallel or perpendicular to ~B here. A change of the polarisation angle

ϕ(z; ω) =
1

2
atan

(
U(z; ω)

Q(z; ω)

)
(1.5)

would require U0 6= 0 (or V0 6= 0 as we will now see).

b) Behaviour of U and V : birefringence and dichroism

Linearly (U0 6= 0) and circularly polarised light—We now consider at the same time
initially linearly polarised light beams with U0 6= 0 and initially circularly polarised
ones (V0 6= 0): there indeed exist very strong connections in the evolution of the
parameters U and V . Note that for these initial conditions both dichroism and
birefringence are now at work. Taking benefit of what we have already discussed,
direct consequences of dichroism are that:

- I and Q actually behave exactly as in the case of unpolarised light;
- the polarisation angle now also evolves due to the mixing because the polari-

sation of light will no longer remain along ~e or ~e⊥.

We can now focus on U and V . For example, let us discuss the special case where
one of the two is initially equal to zero. An illustration of this has been represented
in Fig. 1.7, which can actually be interpreted as the case of light beams of different
frequencies with either U0 = I0 and V0 = 0 or U0 = 0 and V0 = I0: the law of
evolution of U (resp. of V ) in the first case is exactly the one for V (resp. for
−U) in the second one. This observation, which suggests some kind of symmetry
in the way in which these parameters evolve due to the mixing, is a signature of
birefringence, which can be understood as due to some retarder. It is indeed well-
known that using retarders, one can produce a circularly polarised beam, starting
with a linearly polarised one and vice versa.

Another interesting feature related to these two parameters is that their contri-
bution to the total polarisation, i.e. U2+V 2, can simply be written as U2

0 +V 2
0 times

a function of the distance and of the other (external) parameters, as we discuss in
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Figure 1.7: U and V at the end of a 10 Mpc magnetic field zone in the case of
initially polarised plane-wave light beams of different frequencies: for these beams
of initial intensity I0, we have taken U0 = I0, and Q0 = V0 = 0 (resp. V0 = I0,
and Q0 = U0 = 0). In this figure, we have used the same parameters as in Fig. 1.3.
The Stokes parameters I and Q, not shown here, actually behave exactly as in the
unpolarised case.

Ref. [16]. In other words, the only quantity that matters for the total polarisation
as far as U and V are concerned is, in fact, the sum of their initial values squared,
notwithstanding the details of their individual initial values, which confirms a close
connection between them in these processes. Actually, in the most general situation,
the behaviour of V due to the mixing is that of U , where U0 → V0 and V0 → −U0,
as one clearly sees from the expressions for U and V that we have written explicitly
in Eqs. (1.33).

Now, in Fig. 1.7, we first notice a much more complicated behaviour for U(ω)
and V (ω), compared to that of Q(ω) and I(ω) in Fig. 1.3. We can already isolate
three distinct regimes:

- first of all, the most striking observation is that for quite a wide range of
frequencies, starting with pure linear polarisation, one can get a large amount
of circular polarisation at the end of the magnetic field region (and conversely);
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1. mixing photons and axion-like particles

- even though the amplitude of oscillations of U(ω) and V (ω) are not damped
with decreasing values of the frequency, we also notice that, as for dichroism,
the effects of the mixing get suppressed for ω → 0;

- finally, for a given travelled distance inside ~B, we see that at high enough
frequencies the parameter V (resp. U), which was initially zero, vanishes. As
we will see, this is in fact generic: for fixed z and ω → ∞, V (resp. U) will
always be vanishing if it was zero initially, while the amplitude of polarisation
due to dichroism for unpolarised and partially polarised light tends to reach a
maximum quickly and to oscillate instead.

What happens is that, due to the process shown in Fig. 1.2, photons with polarisa-
tions parallel to ~B are slowed down (or speeded up, depending on the axion mass),
and are phase shifted with respect to their perpendicular counterparts. This leads
to the appearance of circular polarisation, by definition. The reverse statement is
equally true as the requirements for purely linearly or circularly polarised states are
both very demanding and will be disturbed by birefringence. In the first case Er,

and Er,⊥ oscillate strictly in phase, while in the second they are phase shifted by
exactly π

2
+ kπ (k ∈ Z).

This overall structure as a function of the frequency is in fact the strict analogue of
what has been referred to as the smoking gun of chameleon–photon mixing [75]. It is
not only a feature of that kind of scalar axion-like particles: in Ref. [76], the absence
of circular polarisation is actually only due to the external conditions entering their
physical problem, which are such that, at the frequencies considered, they are only
scanning the third regime. The apparent difference between these results is not
related to an intrinsic difference in the nature of ALPs.

We now illustrate, in Fig. 1.8, for values of the frequency corresponding to the
points that were labelled α, β and γ in Fig. 1.7, the evolution of the Stokes parame-
ters U and V of plane-wave beams initially fully linearly polarised (U0 = I0, V0 = 0)
as they travel inside an external magnetic field—again, the same reasoning applies
if we start with U0 = 0 and V0 = I0 instead.

In particular, the small mixing case (corresponding to ωα, see top panel) is ex-
tremely similar to what one also obtains with other birefringent media (see e.g.
Ref. [77]), such as calcite crystals.k What is shown in this panel is that, because of
the mixing, the beam, as it propagates, being initially linearly polarised (point A,
U = I0, V = 0), develops an ellipticity (U 6= I0, V 6= 0) up to the point where it is
fully circularly polarised (point B, U = 0, V = −I0). As the propagation continues,
from circularly, it becomes once again linearly polarised but with a plane of polar-
isation perpendicular to the initial one (point C, U = −I0, V = 0), then elliptical
again, then, circularly polarised (point D, U = 0, V = I0), etc.

While we have thus far mainly discussed birefringence, the way in which U and
V evolve is not decoupled from dichroism; this is especially important in the strong
mixing case. That can be seen in Fig. 1.8, where we notice a modulation in the form

kExcept that, here, the Stokes parameter Q also evolves at the same time due to dichroism,
but we can temporarily neglect that for the sake of this discussion in this very weak mixing case.
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Figure 1.8: Illustration of the evolution of U(z) and V (z) for values of the frequency
corresponding to the points labelled α, β, and γ in Fig. 1.7; the other parameters
used here are the same as in that figure. With increasing values of the frequency,
see respectively the top (ωα), middle (ωβ), and bottom (ωγ) panels.

29



1. mixing photons and axion-like particles

of small wiggles (top panel), which becomes more and more important as the mixing
increases and leads to a beating (middle and bottom panel).l

Looking at the behaviour of U2 + V 2, we can actually isolate this modulation
that we observe, and we find that

U2 + V 2 =
(
Ptot,0

2 − Q0
2
)[

1 − sin2 2θ sin2

(
∆µ2z

4ω

)]
, (1.44)

whose amplitude and wavelength of oscillation have the same dependences as that
of I and Q; see Eqs. (1.33) and (1.42).m One can check that it actually behaves so
that I2 ≥ Q2 + U2 + V 2 is satisfied at all times, which is of course required as I
represents the total intensity.n We can relate this to the complicated behaviour seen
in Fig. 1.7, which is due to the ω-dependence of the wavelength of oscillation of U
and V along z and to the modulation/beat which gets bigger and bigger with ω.

Now, one of the most important things to remember from the mixing concerning
U and V is that, while the evolution with distance and the modulation are indeed
energy-dependent, the amplitude of the modulated signal is not. As seen in Fig. 1.8,
for very different mixing cases, starting with U0 6= 0 and V0 = 0 for instance, one
obtains that the maximum amount of circular polarisation attainable is always given
by U0. This is also found in Fig. 1.9, which illustrates the dependence of the circular
polarisation v = V/I on the external parameters and on the pseudoscalar properties
for initially not circularly polarised light. It is an odd function of (m2 − ωp

2), which
is not surprising as birefringence comes from the existence of different masses for
Er,⊥ and Er, (resp. ωp and either µ− or µ+, defined in Eq. (1.26)) and the induced
phase shift between them.o Again, in this figure, we clearly see that for a very large
portion of the parameter space |v| can be as large as |u0|. What mainly differs for
different sets of external and pseudoscalar parameters is actually how much time it
can take—or how efficient it is—to reach this maximal amount.

Formally there is always some induced phase shift between Er, and Er,⊥. When
ω → 0, as the mixing is less and less efficient however, and it takes a lot of time
(a long propagation inside the magnetic field) to accumulate to a sizeable amount.
Similarly, we can understand why this effect is also negligible when ω → ∞: in this
situation, kE, kC , kD → |ω|, so that they all essentially travel at the same speed,
approaching the speed of light in the vacuum, and it therefore also takes a lot of
time to generate circular polarisation from linear polarisation (and vice versa); we
see that for instance in Fig. 1.8 (bottom panel).

lEach time a photon undergoes the γ → φ → γ process, one can check that it also receives
an additional π-phase shift with respect to photons with orthogonal polarisations, together with
the phase related to the different masses (these are of course only relevant for U0 6= 0 or V0 6= 0),
hence the modulation. This can be traced back to the unitarity of the mixing.

mNote that, by definition, in the case of initially polarised light, one has Ptot,0 = I0.
nInterestingly, note also that the mixing with spinless particles at a given frequency does not

depolarise fully polarised beams as long as there are photons.
oAs for Fig. 1.5, note that nothing special happens if we take ωp = 0 as the mixing depends on

the plasma frequency and on m separately.
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illustration with a single magnetic field region

Figure 1.9: Circular polarisation v = V/I (shown in the right-hand box) generated
through pseudoscalar-photon mixing at the end of a 10 Mpc magnetic field region,
in the case of a 2.5 eV light beam with v0 = 0 and q0 = 0. The plasma frequency
used here is the same as in Fig. 1.5.

1.3.3 Stokes parameters as functions of two pure numbers

Using the solutions for a single magnetic field region, we can show that the laws
of evolution due to the mixing for all the Stokes parameters of a light beam can
be written as a functions of two dimensionless quantities [64]. The first one is the
mixing angle

θ =
1

2
atan

(
2gBω

m2 − ωp
2

)
(1.29)

and the other one, the quantity

∆µ2

ω
z =

√
(2gBω)2 + (m2 − ωp

2)2z

ω
; (1.45)

which is actually very similar to what one obtains for neutrino oscillations.p

The only approximation we have made to obtain this result is to suppose that
ω2 ≫ ωp

2, µ±
2, which is an excellent approximation in all the astrophysical ap-

plications we are interested in, as it holds true by many orders of magnitude; see
Eq. (1.43). In particular, the relations we derive are valid in all the mixing cases:

pIn contrast, however, the difference of the squared masses of the two new eigenstates of prop-
agation ∆µ2 is energy-dependent for the mixing of light with spinless particles.
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from weak to strong mixing, without the need for further specific assumptions or
simplifications; for this reason, in situations in which our approximation holds, this
generalises a discussion made in Ref. [20] and also extends it to any of the Stokes
parameters.

We are now going to give the derivation explicitly in the restricted case where
φ(0) = 0. The dependencies are actually the same if φ(0) 6= 0, therefore the relevant
parameters which drive the change of polarisation remain the two aforementioned
dimensionless quantities even in that more general case.

We have already discussed (kC − kD), which enters the solutions for I and Q,
and have noted that

sin2

(
1

2
(kC − kD)z

)
ω2≫µ±

2

= sin2

(
∆µ2z

4ω

)
; (1.42)

we now need to focus on both (kE − kC) and (kE − kD), that enter the solutions for
U and V , and rewrite them in a more convenient way. Depending on the sign of θ,
or equivalently on the sign of (m2 − ωp

2), kC and kD are equal to k+ and k− or the
other way around, while kE =

√
ω2 − ωp

2; we then have

(kE − k±)z =
|ω2 − ωp

2| − |ω2 − µ±
2|√

ω2 − ωp
2 +

√
ω2 − µ±

2
z

ω2≫ωp
2,µ±

2

=
m2−ωp

2

2
± ∆µ2

2

2ω
z; (1.46)

which enter even and odd functions.
Therefore, we have to consider the different possibilities:

1. if θ > 0, namely if ωp < m, we have

(kE − kC)z = (kE − k−)z =
|m2 − ωp

2| − ∆µ2

4ω
z;

(kE − kD)z = (kE − k+)z =
|m2 − ωp

2| + ∆µ2

4ω
z;

(1.47)

2. if θ < 0, namely if ωp > m, we have

(kE − kC)z = (kE − k+)z =
−|m2 − ωp

2| + ∆µ2

4ω
z;

(kE − kD)z = (kE − k−)z =
−|m2 − ωp

2| − ∆µ2

4ω
z.

(1.48)

Note that these relations are also compatible with the trivial situation with no mixing
θ → 0: indeed, that would imply

2gBω

m2 − ωp
2
→ 0; (1.49)

∆µ2 → |m2 − ωp
2|; (1.50)
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so that we recover the dispersion relation for the free fields kC = kE and kD = kφ as
expected.

Besides, one can also prove that

|m2 − ωp
2| = ∆µ2 cos(2θ), with θ ∈ [−π/4, π/4]. (1.51)

Proof: Indeed, provided that θ 6= 0, from the definition of the mixing angle, we have:

m2 − ωp
2 =

2gBω

tan(2θ)
, (1.52)

giving first (
∆µ2

)2
= (2gBω)2[1 + tan−2(2θ)], (1.53)

then

∆µ2 =
(2gBω)

| sin(2θ)| , (1.54)

and, finally, using again Eq. (1.52),

m2 − ωp
2 = +∆µ2 cos(2θ), for θ > 0

= −∆µ2 cos(2θ), for θ < 0.
(1.55)

As for the case θ → 0, the relation (1.51) is satisfied trivially; see Eq. (1.50).

Using that last result, we can then write the numerators of the right-hand side of
Eqs. (1.47) and (1.48) as

|m2 − ωp
2| − ∆µ2 = −2 sin2 θ∆µ2;

|m2 − ωp
2| + ∆µ2 = 2 cos2 θ∆µ2.

(1.56)

Now, if we put everything together, we finally obtain, as announced, the laws for
the evolution of the Stokes parameters in such a way that all the effects of the mixing
with pseudoscalars in a given ~B depend only on two dimensionless parameters: the
mixing angle θ and the quantity (∆µ2

ω
z).

More explicitly, in the restricted case φ(0) = 0 also considered to get Eqs. (1.3),
we obtain

I(z) = I0 −
1

2
(I0 + Q0) sin2 2θ sin2

(
1

4

∆µ2

ω
z

)

Q(z) = I(I0 ⇄ Q0)

U(z) = U0

{
(sθ)2 cos

(
1

2
(cθ)2 ∆µ2

ω
z

)
+ (cθ)2 cos

(
1

2
(sθ)2 ∆µ2

ω
z

)}

+ V0

{
(sθ)2 sin

(
1

2
(cθ)2 ∆µ2

ω
z

)
− (cθ)2 sin

(
1

2
(sθ)2 ∆µ2

ω
z

)}
sign(θ)

V (z) = U(U0 → V0, V0 → −U0),

(1.57)
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1. mixing photons and axion-like particles

with cθ ≡ cos(θ) and sθ ≡ sin(θ).

With the realisation that these parameters can be described with only two vari-
ables, a nice consequence is that we can now visualise all the dependencies at once
in three dimensions.

Going back to dichroism, the linear polarisation degree (1.4) in terms of ∆µ2

ω
z

and θ, in the case of initially unpolarised light, for instance, takes the form:

plin(z) =

1
2
sin2 2θ sin2

(
1
4

∆µ2

ω
z
)

1 − 1
2
sin2 2θ sin2

(
1
4

∆µ2

ω
z
) . (1.58)

In Fig. 1.5, what exactly determined the observed pattern was not obvious; however,
parametrised with θ and ∆µ2

ω
z, plin behaves as in Fig. 1.10—strictly speaking θ ∈

[−π
4
, π

4
] but plin is an even function of it. It is now clear that the maximum linear

polarisation is entirely determined by θ, while the details of the oscillatory behaviour
with z are independently controlled by ∆µ2

ω
z.

This can be physically understood as θ determines how much the particles mix,
while ∆µ2

ω
z has to do with the difference of mass eigenstates and is thus related to

the wavelength of the oscillation.
As long as the Lagrangian (1.9) makes sense, the oscillatory pattern in ∆µ2

ω
z

repeats itself unchanged to infinity: all the physics can thus be studied in a small
interval.

All the information on circular polarisation, which is an odd function of θ, is
obtained in Fig. 1.11. It shows more complex dependencies with the two parameters
than plin and is clearly a key property of the mixing, being (in absolute value)
typically as large as |u0|.

This is in sharp contrast with dichroism. Indeed, in fixed external conditions,
the amplitude of Q, for a given value of Q0, is only determined by the efficiency of
the mixing, i.e. by the value of the mixing angle θ. The maximum values of U and
V however, for any given non-zero value of θ, are only determined by U0 and V0; in

the general case, it is equal to
√

U0
2 + V0

2.
This difference is understood since the amount of polarisation from dichroism

reaches a saturation (related to the conversion probability, which is the same from
photons to axions and conversely; see, e.g. Ref. [20]), while, for birefringence, it
accumulates as long as there are phase shifts.

The situations in which it has not yet accumulated enough are typically cases
where (2gBω) and (m2 − ωp

2) are very different, and include very special cases such
as the ones that we have discussed earlier, namely:

- vanishing mixing θ → 0;
- maximum mixing θ → π

4
(see Eqs. (1.57));

- ∆µ2z
ω

→ 0, which is more related to the propagation.
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illustration with a single magnetic field region

Figure 1.10: Linear polarisation degree (shown in the right-hand box) generated
through pseudoscalar-photon mixing in a transverse magnetic field region in the case
of initially unpolarised light. For convenience, we have introduced ω0 = 2.5 eV (i.e.
λ0 = 2π

ω0
= 500 nm) and z0 = 1.6 × 1030 eV−1 (≃ 10 Mpc).
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1. mixing photons and axion-like particles

Figure 1.11: Circular polarisation v = V/I generated through pseudoscalar-photon
mixing in a transverse magnetic field region in the case of light beam with v0 = 0
and q0 = 0. The values of ω0 and z0 are the same as the ones introduced in Fig. 1.10.
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chapter 2

Alignments of quasar polarisations

Best described in superlatives given how incredibly luminous they are, quasars are
among the furthest astronomical sources that can be observed, with spectra often
characterised by large cosmological redshifts. These objects are found in the centre
of otherwise rather normal galaxies, and form the high-luminosity subgroup of active
galactic nuclei (AGN), supplanting by up to 104 times the emission of typical galaxies;
see, e.g. Ref. [78].a If their luminosity is disproportionately large, quite the contrary
can be said about the size of their central region: it has dimensions not so different
from those of the solar system, and is not resolved angularly; see, e.g. Ref. [79].
Indirect indications have therefore been used to learn about their internal structure.
To date, quasars and their properties are not fully understood and their study is
still, fifty years after their discovery [80], a vibrant subject of research [81].

According to the current model, their tremendous power can be explained by the
presence of a supermassive black hole, surrounded by an accretion disc; this core
region being enclosed by a torus of thick dust—again see, e.g. Ref. [79]. Interest-
ingly, in direct relation with this non-spherical morphology, light from quasars is
intrinsically partially polarised, involving processes such as scattering (due to dust,
or to free electrons) or synchrotron emission within these sources; see, e.g. Ref. [82].

For the needs of this work, it is sufficient to treat these objects as distant sources
of partially polarised light; for more information about quasars and their classifica-
tion, or for discussions on their internal structure, the interested reader is therefore
referred to Refs. [83, 84].

It is now time to present the observations that have been the prime motivation
for this thesis. In the following, we are going to summarise and emphasise some
properties of the reported effect that are particularly relevant to our study. The
reader will find much more information in the original articles: for the observed
effect itself and the associated sample of good-quality polarisation measurements,
see Refs. [4,5,6]; on the other hand, details about the acquisition and the treatment

aLet us again stress that, throughout this work, “quasar” and “high-luminosity AGN” can be
used interchangeably.
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2. alignments of quasar polarisations

of (part of the) data—something that we will not discuss here—can be found, for
instance, in Ref. [85].

2.1 An unexpected observation

Following a data analysis of linear polarisation measurements of quasars in visible
light, Hutsemékers [4] has noticed that the distribution of polarisation position an-
gles is not random in some huge regions of the sky. Instead, in each such region,
the polarisation vectors are actually preferentially oriented along some direction,
and seem to indicate that the properties of objects separated by gigaparsecs are
correlated.b

The first hint for the existence of such correlations came in two steps:

1. when he analysed what were new data at the time, Hutsemékers observed in
particular that he could define a volume (delimited in right ascension, dec-
lination and redshift) in which all significantly polarised quasars (7 objects)
had their polarisation position angles within a given interval of 80°, instead
of being uniformly distributed over 180°;

2. after the 3D volume was well-defined a priori, the associated observed inter-
val could be used to make a prediction; he therefore gathered, using major
catalogs in the literature, all the optical polarimetric measurements of the
other polarised quasars located in the same region (5 objects): surprisingly,
all of them also had their polarisation angles within the same 80° interval,
[146°, 46°].

Already at this early stage, it was clear that an explanation involving an instrumental
bias was very unlikely as these objects were observed by different groups, using
different instruments; redundant measurements, on the other hand, being in excellent
agreement. As for the chances of this happening by sheer coincidence, they are quite
low already with a small number of objects. Indeed, using a simple binomial test, one
obtains that the probability of having all these 5 angles exactly within this particular
interval is only 1.73% if one supposes that the polarisation position angles follow a
random distribution, which is the null hypothesis [4].

2.1.1 Defining a sample of good-quality linear polarisations

As this preliminary observation led to the prediction of the preferred orientation for
the linear polarisation of visible light from quasars in this region, it then motivated

bPolarisation “vectors” is a misnomer since these are only defined modulo a 180° rotation, as
is the polarisation angle; see Appendix B. As mentioned in the introduction, they simply indicate
the direction of preferred polarisation on the sky—typically with respect to the North–South axis
in equatorial coordinates. For the present data, the angles are counted clockwise if the East is to
the right [4].
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an unexpected observation

an in-depth study of this “alignment (tendency)” effect, using a much larger sample
to which various statistical methods were applied [4].

As a starting point, the idea has been to compile all optical measurements of
linear polarisation of objects classified as quasars for which the polarisation position
angle and the redshift are known. In particular, there has been no discrimination
on the filter used (or the absence thereof); this therefore implies that measurements
of different objects have been taken at slightly different optical frequencies.c These
potential differences are not crucial however as, while the polarisation degree might
show a frequency dependence, the polarisation angle varies only slightly from near-
infrared to near/medium UV (in the quasar rest frame), as discussed in Ref. [4]; see
also Ref. [86]. Alone, a frequency dependence of the polarisation angles would be
unable to produce coherent orientations between different objects anyway; on the
contrary, it would rather wash out the significance of such an effect.

Hence, stringent criteria have been chosen to achieve a good balance between
the sample size and the quality of the measurements, while reducing the galactic
contamination as much as possible (i.e. dichroism due to elongated dust grains
aligned in the galactic magnetic field). In essence, it was then decided to keep only
quasar polarisation measurements such that:

- plin ≥ 0.6%: this is the value of the linear polarisation degree above which the
polarisation is mainly of intrinsic origin, and not due to the influence of the
galaxy;

- the uncertainty on the polarisation position angle σϕ ≤ 14°, to ensure the data
are sufficiently precise;

- the galactic latitude |bgal| ≥ 30°, namely selecting objects away from the galac-
tic plane, to avoid as much contamination as possible;

for the full discussion, see Ref. [4] and references therein.
Applied to all the data available at the time, obtained by different groups [87,88,

89,90,91,92,93], these criteria then led to a sample counting 170 good-quality mea-
surements of optical linear polarisation from quasars, which gave a first indication
of the existence of alignments in several large-scale regions in the northern and in
the southern galactic hemispheres [4].

This remains essentially the main benefit of this original sample today as, once
the regions of interest delimited and their preferred range of polarisation position
angles identified a priori, it has allowed for testable predictions in subsequent studies.

The sample has been extended twice since then [5,6], and the effect has actually
become more and more statistically significant. These new quasar data were taken
from general surveys [94, 95, 96, 97], as well as from two campaigns dedicated to
objects located in specific regions where alignments had been detected [98,85]. Note
that, in the latter case, the objects were not taken randomly in these regions: the
brightest objects were indeed preferred (the selection was based on the apparent

cA parallel reasoning can be made about the redshift range of quasars within each region. Even
with the same filter, measurements would correspond to different frequencies in their rest frames.
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2. alignments of quasar polarisations

magnitude), with an emphasis on classes of quasars more likely to be significantly
polarised [5].

Still subject to the quality criteria presented in Ref. [4], the latest all-sky sample
finally counts 355 good-quality linear polarisation measurements in visible light: half
of them taken from Refs. [93, 98, 85] and the other half from the literature [87,
89, 88, 94, 96, 97, 90, 91, 92, 95], redundant measurements always being in excellent
agreement [4, 5, 6].d

2.1.2 Some characteristics of the effect

a) A few general properties

Various types of quasars—Interestingly, in regions where preferred orientations are
found, the same alignment tendency is followed by quasars of different classes, and
not only by objects of a specific type [5, 6].

Polarisation mostly intrinsic—Moreover, known polarimetric differences between
quasars of different spectroscopic types are preserved, indicating that the polarisation
observed is mainly of intrinsic origin [4,5,6,93,96,86,99]. Note that for most quasars
in the latest sample, the linear polarisation is at the 1%-level.

Non-local effect—An important question is whether there is any (potentially new)
physics behind these observations, or whether it is rather due to some kind of uniden-
tified but significant bias. To answer this, a crucial property of the effect is that local
mechanisms simply seem unable to explain the existence of such preferred orienta-
tions.

The odds of having an instrumental bias or an extinction due to the influence
of dust in the galaxy have been seriously diminished by using data from different
surveys and by only considering significantly polarised objects at high galactic lat-
itudes. However, the main reason is that the preferred orientations depend on the
distance [4]: the alignment tendency can indeed be very different at low and high
redshifts for objects along similar lines of sight—namely similar right-ascensions
and declinations. Such a situation is presented in Fig. 2.1 using the latest sample.
Already by mere observation, one can immediately notice that the polarisation vec-
tors do not seem randomly oriented in these regions and show different preferred
orientations.e

dIn the case of redundant measurements, it is always the one with the smallest incertitude on
plin that was kept, as σϕ depends on plin and might be biased [4].

eThe presence of alignments remains significant if one models and subtracts the interstellar
polarisation at those latitudes from the quasar polarisations in both regions. Moreover, if one
tries to suppress the effect in one region by artificially making the associated distribution almost
uniform, one strongly enhances the alignment tendency in the other region. This is shown explicitly
in Ref. [62]; for instance, in the case where the effect is removed at low-z, the probability for the
distribution of angles to be due to coincidence drops below 10−4 at high-z, where the effect is
enhanced.
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an unexpected observation

Figure 2.1: Same as in Fig. 1, now each time with the associated distribution of
polarisation position angles and its probability to be uniform [62] according to a
local test designed for cyclic quantities. The direction shown with a long line in each
region is the preferred angle provided by this specific test: ϕ̄ = 79° at low-z and
ϕ̄ = 8° at high-z; see also Ref. [6].

There are also cases in which alignments of polarisation are only found within
a certain redshift range, and not for all the objects located in that given direction;
see, e.g. Ref. [6]. This would not happen if these observations were simply due
to something local, as it would then affect all measurements independently of their
distance from us.

Orientations over extremely large-scales—The angular extension of these regions on
the sky is such that the transverse distance between objects correlated at high red-
shifts is of the order of gigaparsecs, which seems to indicate a cosmological effect [4].

b) Highlighting non-random orientations of polarisation

Many sophisticated statistical tests have been applied by different authors to the
growing sample, in particular in Refs. [4,5,6,7]. These include both non-parametric
and parametric tests, that have been applied either in the case of specific regions
(local tests), or to the sample as a whole (global tests). Without entering into details
that are beyond the scope of this thesis, the non-uniformity of the distribution of
polarisation position angles in these regions and the existence of correlations between
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2. alignments of quasar polarisations

the polarisation angles and the (3D) positions of the objects in the all-sky sample
have been confirmed [5]. Furthermore, they have become even more significant with
the latest data [6], now typically with a probability higher than 99.9%, as found
with and without coordinate-invariant statistics [7, 6].f

Simpler methods have been applied as well, and also provide evidence for the
existence of such an effect. As anticipated earlier, one of the simplest ones consid-
ered in Refs. [4, 5, 6] has been to predict in advance the polarisation angles of new
quasar measurements in some regions and to test (and reject) the uniformity of the
distributions using a binomial test.

Binomial test—In particular, the high-z region shown in Fig 2.1 actually includes all
the objects used to highlight the existence of preferred orientations. It was in fact
realised in the original paper that these quasars are part of a more extended region
in redshift, in which other objects share the same preferred range of polarisation
position angles, leading to this better defined volume using 16 quasars at the time,
which was then labelled region A1 [4].

In the latest sample [6], 42 quasars out of 56 from this region actually have their
polarisation position angles in that given [146°, 46°] range.g To apply the binomial
test specifically, the authors removed the objects used to define the predicted range in
this region, leaving 27 objects oriented accordingly out of 40, and found a probability
of uniform distribution equal to 2.8 × 10−3 [6].

Note that it was quickly suspected that the effect was even stronger in the center
of this region [4, 5], which led to the definition of region A1+ prior to Ref. [6], with
the same range of polarisation angles. With the new sample, they obtained that, out
of 14 new measurements, only 1 does not fall inside the predicted 80° range, giving
a probability of uniform distribution equal to 2.2×10−4 with a similar binomial test.
In total, 17 objects out of 18 have their polarisation angles within [146°, 46°] in this
sub-region.

Departure from isotropy in a (q, u) space—A simple method that we have pro-
posed [64] is to check how the alignment tendency in a given region looks like in
a linear polarisation space (q, u), and to highlight it using averages. Doing so, we
drop the information about the exact position of each object, like for the binomial
test, and we use the polarisation position angles and the linear polarisation degree.
As the polarisation angle is related to the Stokes parameters q and u via the relation:

ϕ =
1

2
atan

(
u

q

)
, (2.1)

fAs expected, polarisation angles depend on the polar axis chosen to define them, and some
particular choices may be unable to detect the presence of alignments, despite highly organised
dependences of polarisation position angles with position; see discussion in Ref. [4]. Note that the
significance of the statistical tests is not extreme but intermediate in equatorial coordinates, and
that coordinate-invariant statistics give similar results [7, 6].

gIn the corresponding low-z region shown in Fig. 2.1, the authors have noted that 35 objects
out of 43 have their polarisation position angles in a 90° interval, [30°, 120°].
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Figure 2.2: Experimental data: same polarisation measurements as those in Fig. 2.1.
Left : linear polarisation for the low-redshift quasars, with 0 ≤ z < 1 (region A0).
Right : same, but for high-redshift ones, with 1 ≤ z ≤ 2.3 (region A1). Some objects
with higher linear polarisation degrees are not shown, but are taken into account for
the mean. In total, the sample contains 43 quasars from region A0, and 56 from
region A1.

for a fixed value of plin different values of q and u correspond to different orientations.
In particular, a random distribution of polarisation angles corresponds to an isotropic
distribution in this space. Note also that, as plin =

√
q2 + u2, the distance between

the origin and a given point directly gives the degree of polarisation of the associated
light beam.

For instance, we can present the linear polarisation of quasars located in the
regions pictured in Fig. 2.1: region A1 and its (unnamed) low-z counterpart, that
we shall call region A0. This is illustrated in Fig. 2.2. As expected, we obtain that
coherent orientations are translated into departures from isotropy in such graphs.
We also clearly see that the preferred direction for the asymmetry is not the same
for low and high redshifts, while these objects are along the same line of sight. Note
that the presence of a hole in the center for each region is simply due to the criterion
that quasars must satisfy plin ≥ 0.6% to be part of the sample [4].

To be more quantitative, we can calculate the mean values of q and of u, for low-
and high-redshift data, taking into account the experimental uncertainties.h We
determine the mean values and the errors on the mean for q and u and plot them in
Fig. 2.2; we obtain (−0.0135±0.0072, 0.0041±0.0039) for the low-redshift region, and
(0.0097 ± 0.0035,−0.0019 ± 0.0041) for the high-redshift one. In the observational

hFor this, one takes σq = σu = σp, see Ref. [100].
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paper [6] and in Ref. [62], another analysis was done, leading to the preferred angles
one finds when considering only the angular information (those shown in Fig. 2.1),
which are indicated with straight lines.

2.2 Towards a spinless-particle interpretation

Various ideas have been proposed in the observational papers [4,5,6] to address the
alignment effect. Discussed as an interesting possibility already in the first of these
papers, the mixing of light with spinless particles has soon become the favourite
scenario, and has been claimed as naturally able to account qualitatively for most
of the properties of the observations of linear polarisation [6]. Actually, as for any
mechanism based on a modification of polarisation during the propagation of light,
the challenge was to produce different alignments for objects located along similar
lines of sight.

Finally, this model has become even more appealing as the absence of similar
alignments in radio waves reported in Refs. [9, 101] is automatic in this scenario,
given the frequency-dependence of the mixing.

Even if the magnetic field strengths in different subregions of the quasars them-
selves are big, we can be sure that this alone is not sufficient to create large-scale
alignments. Indeed, the direction imprinted by the mixing would then only be as-
sociated to each source independently. Rather, in the simplest formulation of this
spinless-particle scenario, the magnetic field needs to be crossed by photons from
different sources to reproduce such an alignment: one should thus consider magnetic
fields encountered on the way; see, e.g. Refs. [4,5,6,13]. The redshift-dependence of
the effect might indicate that the mixing happens in different places along the line of
sight and would thus require fairly extended extragalactic magnetic fields (enough
to encompass angularly most of the sources of a given region).

2.2.1 It is possible to produce an alignment in a toy model

The amount of additional linear polarisation required to produce in one region an
alignment similar to those observed from a random distribution of polarisations can
in fact already be achieved in a toy model (where one assumes that the magnetic
field is homogeneous), taking into account current constraints on spinless particles.
Although this is but a mere step towards a realistic scenario, it is a useful one, that
can be thought of as representing the average magnetic field inside a supercluster
of galaxies. In the case of the local supercluster (which has the advantage of being
suitably extended angularly), reported magnetic field measurements have given field
strengths of the order of 0.3 µG with a coherence length of 10 Mpc [101,102]. Such
a field has already been considered in the literature to reproduce the alignments in
the spinless-particle scenario: this was first done in Ref. [13] with the field strength
reported at the time [103], and has been followed by Ref. [14] with the current one.
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towards a spinless-particle interpretation

Here, we simply apply the results discussed in Sec. 1.3 to the alignment effect
in visible light. More complex magnetic field morphologies will be discussed in
forthcoming chapters.

a) Alignments due to dichroism

To reproduce coherent alignments of the polarisations of light from quasars in this
spinless-particle scenario, dichroism will be the main mechanism leading to the gen-
eration of a systematic amount of linear polarisation. As estimated in Ref. [104], this
has to be at least 0.5% and certainly not more than 2% to explain the observations.

In order to present only this additional linear polarisation, and avoid the ar-
bitrariness of the initial one, we first consider unpolarised light beams of optical
frequency.i We can isolate the part of the full parameter space (Fig. 1.5) able to
reproduce the additional linear polarisation required, for a given travelled distance
z and for a fixed value of ωp. We give the result in Fig. 2.3. Pseudoscalar masses
smaller than ωp are not shown because the linear polarisation degree is an even
function of (m2 − ωp

2), as discussed in Sec. 1.3.
We see in Fig 2.3 that the mixing effect can in principle be observable and

produce enough linear polarisation, even in faint—but extended—magnetic fields
(B = 0.1 µG and g = 10−11 GeV−1 correspond to gB = 1.95 × 10−29 eV), pro-
vided that m and ωp are not too different. More precisely, the maximum amount
of linear polarisation due to dichroism is only determined by the mixing angle θ,
and this implies that (m2 − ωp

2) has to be roughly of the same order of magni-
tude as gBω. The electron density, which determines the plasma frequency, is
very small in superclusters, and even smaller in cosmic voids where only upper
bounds exist [71,105,106,107,108]; the value typically considered in superclusters is
ne = 10−6 cm−3 [103, 102, 14, 75], corresponding to ωp = 3.7 × 10−14 eV.

We therefore understand that this scenario, in which the mixing is supposed to
take place in faint magnetic fields encountered on the way between the quasars and
the observer, requires the existence of axion-like particles which are nearly massless.
The effects of the mixing at optical frequencies would indeed be completely negligible
otherwise.

Now, to estimate how efficient the mixing has to be, we can use the expression
of the linear polarisation degree in terms of ∆µ2

ω
z and θ for unpolarised light given

in Eq. (1.58), and only display parameters able to generate the correct amount of
additional polarisation in this toy model; this leads to Fig. 2.4. We can also consider
the average of the additional polarisation over one period in z, and impose that it
lies between 0.005 and 0.02, giving an allowed range of values for the mixing angle:

0.07 ≤ |θ| ≤ 0.14. (2.2)

iNote that even for partially linearly polarised light, which for quasars is at the 1%-level as we
discussed already, the unpolarised contribution will remain the dominant component.
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Figure 2.3: Same as Fig. 1.5, but only showing parameters such that the linear
polarisation generated through pseudoscalar-photon mixing lies between 0.5% and
2%.

b) A clear prediction from birefringence

For astronomical sources, processes leading to the production of circularly polarised
light are rare. Generally, most quasars only emit partially linearly polarised light;
their polarisation degree is typically around 1% [87, 89, 85]. In the following, we
suppose that the initial distribution of polarisation angles is random, so that the
radiation can be described by random initial values for the Stokes parameters q0 and
u0, with plin,0 =

√
u2

0 + q2
0 = 0.01, and we assume no initial circular polarisation:

v0 = 0.
Now, while the mixing can generate enough linear polarisation to reproduce the

effect via axion-like particles thanks to dichroism, we can expect that birefringence
will lead to an observable amount of circular polarisation. This well-known property
of the mixing [74,20] has been extensively discussed in Sec. 1.3 and is readily seen in
Eqs. (1.57): a linearly polarised light beam (with non-zero u0) will develop a circular
polarisation as it propagates.j From a technical point of view, an initial angle of π

4

with the direction of the external magnetic field leads to the maximal amount of
generated circular polarisation; it corresponds to u0 = plin,0.

j This is also true for low-mass axion-like particles, even if the induced phase shift Φ drops
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Figure 2.4: Same as Fig. 1.10 but only displaying pairs of
(

∆µ2

ω
z, θ

)
such that the ad-

ditional linear polarisation degree due to the mixing plin is in the interval [0.005, 0.02].
For fixed z = z0 and ω = ω0, this is equivalent to a reparametrisation of Fig. 2.3.

As we did for linear polarisation in the initially unpolarised case, we can calculate
the circular polarisation v predicted by pseudoscalar-photon mixing when light is
described by plane waves with ω = 2.5 eV, for an initial linear polarisation of 1%;
the case u0 = plin,0 = 1% can be obtained directly from Fig. 1.9.k The corresponding
linear polarisation is shown in Fig. 2.5, and is of course very similar to that of the
unpolarised case, which is the dominant contribution; in that figure, we observe
minima that correspond to the extrema of v in Fig. 1.9.

Figure 1.9 indicates that a large region of the parameter space leads to an observ-
able circular polarisation. We can actually anticipate that this is a general result.
Indeed, even for light coming from a single quasar, a number of regions with differ-
ent uncorrelated magnetic fields will be encountered on the way towards us. It is
thus impossible to avoid u0 6= 0 at the beginning of some of these regions. There-

quickly as the mass decreases: in the weak-mixing limit [109],

Φ = θ2

[
m2z

2ω
− sin

(
m2z

2ω

)]
. (2.3)

In this astrophysical context, Φ is not small when the considered magnetic field regions are huge.
kNote that the circular polarisation is an odd function of (m2 − ωp

2) as long as v0 = 0.
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2. alignments of quasar polarisations

Figure 2.5: Linear polarisation degree after pseudoscalar-photon mixing in a trans-
verse magnetic field region, in the case of initially polarised light beams of frequency
ω = 2.5 eV with u0 = 0.01, q0 = 0. The plasma frequency and the size of the
magnetic region are the same as in Fig. 1.9. Note that the right-hand box gives the
base-10 logarithm of the linear polarisation.

fore, according to this plane-wave treatment, if the alignment tendency is due to
pseudoscalar-photon mixing, light from these quasars should be circularly polarised,
with a circular polarisation of the order of the observed linear one, except if one as-
sumes very specific distributions of magnetic field orientations along the line of sight
for each quasar. While dichroism is an interesting way to produce linear polarisation
and, in particular, to explain the observations concerning quasars, birefringence on
the other hand should provide a very clear signature of the mixing.
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chapter 3

Circular polarisation in quasars

3.1 Data and circular polarisation

Following the predictions of axion-photon mixing, the circular polarisation of some
quasars belonging to the sample [6] has been recently accurately measured in visible
light [104]. The data consist of circular polarisation measurements using a “Bessell
V filter” [110, 111], together with a compilation of previous measurements [112, 87,
113, 114], most of them in white light (unfiltered). Out of the reported 21 V-filter
measurements, all but two are compatible with no circular polarisation at the 3σ level.
The two positive detections concern highly linearly polarised blazars (both with
plin > 22%), which could be intrinsically circularly polarised [104], as in the case of
a highly linearly polarised BL Lac object (plin > 26%), for which a non-zero circular
polarisation in white light had also been previously observed [114, 104].a These
special cases set aside, the objects observed have a circular polarisation consistent
with zero, be it in white light or as seen through a V filter: one infers for instance
that the average of |v| is 0.035% ± 0.016%, using V-filter data of 13 objects with
z > 1 [104].

This is clearly in contradiction with the results presented in the previous chapters
for the mixing in the case of plane waves, in which we have stressed that |v| is
expected to be of the same order as plin (i.e. ∼ 1%) if we try to reproduce the linear
polarisation data from quasars. If we go back to Fig. 1.11, we see that this is true for

most of the parameters, except in a small region: ∆µ2(z/z0)
(ω/ω0)

. 0.4 × 10−28 eV−2, and

|θ| with values similar to the ones in Eq. (2.2); a zoom of this small area is pictured
in Fig. 3.1.

aWhat is seen from blazars (including BL Lac) is very different from the characteristics of
other quasars; see, e.g. Refs. [84, 115,82]. In particular, their optical emission is a featureless non-
thermal continuum that is highly polarised and highly variable. Such properties can be explained
if they are observed with a jet of relativistic particles almost along the line of sight; as for their
radio emission, the optical emission would be mostly the result of beamed synchrotron radiation of
ultra-relativistic electrons inside the jet, rather than the usual thermal emission from the accretion
disc. This could also explain the origin of the observed circular polarisation in radio and in visible
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Figure 3.1: Bottom: Amount of circular polarisation |v| in the case |u0| = plin,0

in the small region of Fig. 1.11 where v is small in modulus compared to the linear
polarisation. Top: Zoom on the corresponding region from Fig. 2.4, which shows the
parameters able to produce the estimated amount of additional linear polarisation
starting with initially unpolarised light—that remains essentially unchanged in the
|u0| = plin,0 case if we require |v| to be small, as we explain.
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data and circular polarisation

Keeping an additional linear polarisation of the order of 1% while suppressing
the circular one then requires a considerable amount of fine tuning of the masses,
or smaller regions of magnetic field. The latter seems excluded as the correlations
of polarisations over huge distances require magnetic fields to be coherent in large
regions (we shall discuss this in more details in Chap. 4).

To illustrate the need for fine tuning, we can give a pseudoscalar mass for which
enough linear polarisation is created (using the fact that the maximum of plin is
determined by θ), and such that the circular polarisation is much smaller than
the linear one (choosing a suitable ∆µ2). We can consider θ as determined in the
unpolarised case: the additional polarisation will indeed not be very different here,
as by requiring no v, we essentially constrain u not to change. First, we write the
pseudoscalar mass as a function of θ and of ∆µ2 for a fixed value of ωp:

m =
√

ωp
2 + ∆µ2 cos(2θ), if m > ωp; (3.1)

m =
√

ωp
2 − ∆µ2 cos(2θ), if m < ωp. (3.2)

For z = z0 = 10 Mpc and ω = ω0 = 2.5 eV, u(0) = 1%, and using θ = 0.1, we then
obtain that the only allowed ALP masses able to reproduce data would be such that:

m

ωp
∈ [0.99, 1.01]. (3.3)

This is a very fine-tuned situation, especially given that we have allowed v to be as
large as 0.1% in this example.b Moreover, as the plasma frequency is expected to
vary along the light trajectory, the constraint (3.3) cannot be maintained. These
data thus strongly disfavour the ALP hypothesis under its simplest form. Note that
neglecting the initial pseudoscalar flux, as was first done for simplicity, seems a good
approximation, at least if one supposes a coupling only to photons. Indeed, reproduc-
ing alignments requires nearly massless particles (see Chap. 2), and, for such masses,
the mixing is highly suppressed inside quasars at the energies we consider.c Still,
this is not crucial for our conclusions, as obtained when we consider more general
magnetic fields, e.g. with a domain structure (see Chap. 4), in which pseudoscalars
are generated in the first domains anyway.

In the following, we are going to check whether this conclusion changes in more
refined models. We first introduce a more rigorous treatment in which light from

light; see, e.g. Refs. [104, 116].
bIf we require v < 0.01%, the range of allowed values for the mass shrinks to the interval

m ∈ [0.998, 1.002] ωp.
cTo present knowledge, ne typically is huge in quasars [117], so that the mixing is vanishing

despite much stronger magnetic field strengths (cf. the Hillas plot for instance [118]). The smallest
value of ne we could find (2.5 × 107 times higher than what we use in superclusters) was used in
Ref. [26] for some small (∼ 0.01 pc) regions of a given AGN, together with a magnetic field of 1.5 G.
Related to dichroism, axion production is given by the loss of intensity: I(0) − I(z); see Eqs. 1.57
for a single zone. To be conservative, we calculate the associated maximum, determined by sin2 2θ
(as first derived in Ref. [20]), which is at best ∼ 4.5×10−3 for a frequency redshifted to ω = 2.5 eV.
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3. circular polarisation in quasars

quasars is no longer described with plane waves but with wave packets that allow
for a proper description of coherence, which may be crucial for circular polarisation.

3.2 A wave-packet treatment

We now consider the possibility of reducing circular polarisation by considering wave
packets, which automatically include the possibility of decoherence between waves of
different frequencies. As circular polarisation is a matter of phase shifts, decoherence
effects can significantly reduce it. There is also a natural observational reason for
taking into account this effect: astronomers perform polarimetric measurements in
given ranges of frequencies, with given filters.

From the Lagrangian (1.9), the system of relevant equations is

{
(� + ωp

2)E(z, t) − gB∂2
t φ(z, t) = 0

(� + m2)φ(z, t) + gBE(z, t) = 0,
(3.4)

where we simplify the notation: from now on, E ≡ E . Note that the solution for
E⊥ will simply be that for E , with gB set to zero.

We consider the case in which a wave packet is sent into a region of constant
magnetic field B, starting at z = 0, and use wave packets in ω:

E(z, t) =

∫
∞

−∞

dω e−iωtẼ(z, ω) and φ(z, t) =

∫
∞

−∞

dω e−iωtφ̃(z, ω). (3.5)

Equations (3.4) have then to be satisfied by the integrands of (3.5) in each region,
with B = 0 if z ≤ 0 (region I), and B 6= 0 if z ≥ 0 (region II); the solutions are given
in Appendix C. For the rest of the discussion, the incident packet in the first region
has the initial shape

Ẽi,I(z = 0, ω) = Ẽ0 e−
a2

4
(ω−ω0)2 , (3.6)

where Ẽ0 and a are given below.

3.2.1 Size of the wave packets

Continuum light coming from most quasars, at least in UV and visible wavelengths,
is thermally emitted in the accretion disc. In order to obtain an estimate of the
wave-packet size in this case, we can start with results for black-body radiation: we
decompose the accretion disc into a concentric collection of black bodies of different
temperatures at different radii [119].d For a black-body radiation of Wien wave-
length λw, estimates of the longitudinal coherence length lc have been obtained in

dStrictly speaking, one would then have to average the results obtained for different black
bodies over the range of frequencies actually observed.
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a wave-packet treatment

interferometry [120]: lc ≃ λw ≃ λ̄, with λ̄, the mean wavelength of the radiation.
The relation that we use for the value of a which enter Eq. (3.6) is then:

a =
2
√

ln(2)

π
λ̄, (3.7)

and the initial full-width at half-maximum in position is:

∆z ≃
√

2 ln(2)a, (3.8)

which is thus of the order of the wavelengths considered.

3.2.2 Stokes parameters and partially polarised light

As wave packets go through the detector much faster than its time resolution, one has
to integrate the packets over the exposure time ∆t to calculate the Stokes parameters.
Let us now represent by S any of the four Stokes parameters; with the notations of
Eq. (1.3), the observed quantities are then

S(z) = 〈S(z, t)〉 ≡ ∆N

∆t

∫ t+∆t
2

t−∆t
2

dt S(z, t), (3.9)

where ∆N/∆t is the number of packets during the interval ∆t. As the normalisation
does not matter, to simplify we choose ∆N/∆t = 1 eV and

Ẽ0 =

√
a

(2π)3/4
× 1 eV3/2; (3.10)

this corresponds to packets with initial intensities of 1 eV4. Note that calculating the
propagation of these wave packets is a numerical challenge, as the computation of the
Stokes parameters requires a spatial resolution better than 1 µm after a propagation
over distances of the order of 10 Mpc; there is a factor of about 1030 between these
scales.e

In Fig. 3.2, we illustrate the packets after a propagation inside region II in quite
a strong mixing case. For photon polarisations parallel to ~B we see the effect of
interferences within the packet, while there is only a spread for non-mixing photons.
To obtain finally the values of the Stokes parameters at a given z, these quantities
have to be integrated over t using Eq. (3.9).f Note that the case illustrated is for
100% polarised light, so that the obtained U(z) and V (z) are actually much larger
than what the same conditions would give for typical quasars light. Now we need
a correct description of what happens to initially unpolarised and partially linearly
polarised light described with wave packets.

eWe use the Multiple-Precision Floating-point library with correct Rounding [121].
fThe integrands are in fact the functions that we see in Fig. 3.2 with z replaced by t; indeed,

being of the order of 10 Mpc, these only differ by a tiny quantity δz (of the order of 1 µm).
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3. circular polarisation in quasars
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Figure 3.2: The shape of the wave packets at time T = 10 Mpc/c for a light beam
with u(0) = 1. The abscissa is δz ≡ z − cT , which is the shift in position with
respect to a frame moving at the speed of light c; i.e. here the origin is at 10 Mpc.
Top: we show the total intensity and the intensities for the polarisations parallel
and perpendicular to the magnetic field, before integration. Bottom: we show the
contributions to the other Stokes parameters. We used ωp = 3.7 × 10−14 eV, m =
4×10−14 eV, ω0 = 2.5 eV (i.e. λ0 = 500 nm), a = 1.34 eV−1, and gB = 3×10−29 eV.
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a wave-packet treatment

To treat partially polarised light for the case at hand, we can make use of a useful
property of the Stokes parameters in the case of fully polarised light beams, defined
as in Eq. (1.2).g For fixed external conditions, calculating the Stokes parameters (1.3)
of any such light beam in the ϕ0 = π

4
case gives us access to the following quantities:

Ipol(z; ϕ0 =
π

4
) = 〈1

2

(
|E |2 + |E⊥|2

)
〉 ≡ C1(z)

Qpol(z; ϕ0 =
π

4
) = 〈1

2

(
|E |2 − |E⊥|2

)
〉 ≡ C2(z)

Upol(z; ϕ0 =
π

4
) = 〈Re{E E∗

⊥
}〉 ≡ CU(z)

Vpol(z; ϕ0 =
π

4
) = 〈Im{E E∗

⊥}〉 ≡ CV (z),

(3.11)

which do evolve with z in our case, due to the mixing with pseudoscalars. Using
the definitions of these new quantities, it is then straightforward to show that the
evolution of the Stokes parameters for any other light beam ~Er, with initial angle ϕ0,
in the same conditions is determined by





Ipol(z; ϕ0) = C1(z) − C2(z) cos(2ϕ0)

Qpol(z; ϕ0) = C2(z) − C1(z) cos(2ϕ0)

Upol(z; ϕ0) = CU(z) sin(2ϕ0)

Vpol(z; ϕ0) = CV (z) sin(2ϕ0).

(3.12)

Now, as we know, unpolarised light can be thought of as the average over every
possible initial angle ϕ0, or equivalently as a sum at the Stokes-parameters level
of the fully linearly polarised cases ϕ0 = 0 and ϕ0 = π

2
for instance. Applied to

Eq. (3.12), such an averaging then gives the result in the case of an unpolarised light
beam: 





Iunpol(z) = C1(z)

Qunpol(z) = C2(z)

Uunpol(z) = 0

Vunpol(z) = 0.

(3.13)

The evolution of any Stokes parameter S of a light beam characterised by an
initial partial linear polarisation, defined by a given value of plin,0 and a value of ϕ0,
then follows:

Spartial(z; ϕ0; plin,0) = plin,0 Spol(z; ϕ0) +
1

2π

∫ 2π

0

(1 − plin,0) Spol(z; ϕ) dϕ. (3.14)

gThat result, derived from the definitions of the Stokes parameters themselves, is actually
quite general. It is automatically satisfied, provided that the two electric fields defining the linear
polarisation basis ~E(x) and ~E(y) have their directions left unchanged, so that Erx

= cos(ϕ0) ~E(x) ·~ex

and Ery
= sin(ϕ0) ~E(y) · ~ey. In particular, this condition is verified for light beams mixing with

axion-like particles in a single magnetic field region; see Sec. 1.3.1.
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3. circular polarisation in quasars

This finally leads to a natural generalisation of the fully polarised case:





Ipartial(z; ϕ0; plin,0) = C1(z) − plin,0

[
C2(z) cos(2ϕ0)

]

Qpartial(z; ϕ0; plin,0) = C2(z) − plin,0

[
C1(z) cos(2ϕ0)

]

Upartial(z; ϕ0; plin,0) = plin,0

[
CU(z) sin(2ϕ0)

]

Vpartial(z; ϕ0; plin,0) = plin,0

[
CV (z) sin(2ϕ0)

]
;

(3.15)

i.e. it is sufficient to calculate the coefficients defined in Eqs. (3.11) once to derive
the evolution of the Stokes parameters for any—linearly polarised (either fully or
partially) or unpolarised—initial beam travelling the same distance in the same
external conditions.

3.2.3 Results for white light

We now present the results of the mixing of photons with axion-like particles in a
wave-packet formalism. We shall argue that these packets can be used to describe
white light, with no photometric filter. The photomultipliers used to perform the
white-light measurements of polarisation have a broad spectral-response range (from
185 to 930 nm for the ones used in Ref. [112]), which is indeed similar to the width
of our wave packets.h

Note that current upper limits on the pseudoscalar coupling are g = 10−11 GeV−1.
Together with B = 0.3 µG, this means that gB . 6 × 10−29 eV.

In Fig. 3.3, we first illustrate the different Stokes parameters at a given distance,
for each initial value of the angle ϕ0. For a given angle, the distance between
the origin and each S(z; ϕ0) curve is the value of this Stokes parameter. Now, for
wave packets, we obtain that the circular polarisation V (z) is strongly reduced with
respect to the plane-wave prediction; notice that U(z) is also affected in the same
way, as it is also very sensitive to phase effects. This can be understood if one goes
back to Fig. 3.2: we see that these two quantities change sign within the packet
itself, due to the extremely frequency-dependent character of the birefringent effect
induced by the pseudoscalars. Also note that, whereas for plane waves the Stokes
parameters obey I2(z) = Q2(z) + U2(z) + V 2(z) for any ϕ0, this is no longer true in
the wave-packet case, even for light initially fully linearly polarised.

For partially polarised light the expected amount of circular polarisation will of
course be even smaller. This is shown in Figs. 3.4 and 3.5, which are the wave-
packet results analogous to those of the plane-wave case (Figs. 1.9 and 2.5). We
obtain a large suppression of circular polarisation for most of the parameters. Let
us emphasise that this is in the case leading to the highest amount of v; i.e. u(0) =
plin,0 = 0.01. Besides, we notice that the maximum linear polarisation attainable for
some of the parameters is smaller than in the plane-wave case, and that the contrast
is not as sharp: this is related to the loss (and averaging) of u that happens in this
case, as also seen in Fig. 3.3, and to the averaging of q.

hNote however that there is an atmospheric cutoff for wavelengths below 330 nm [122].
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Figure 3.3: Stereographic views of each of the Stokes parameters in eV4 before (top),
and after a 10 Mpc propagation inside a magnetic field with plane waves (bottom
left), and with wave packets (bottom right), for initially 100% linearly polarised
light. The distance of the curves to the origin gives the value of the parameters. To
enable direct comparisons, the angular coordinate in the three figures is the initial
angle, ϕ0. The direction of the magnetic field is the one given by ϕ0 = ±π

2
. This

relatively strong mixing case is shown for m = 4.5× 10−14 eV, ωp = 3.7× 10−14 eV,
gB = 5 × 10−29 eV, ω0 = 2.5 eV, and a = 1.34 eV−1.
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3. circular polarisation in quasars

Figure 3.4: Same (circular polarisation) as Fig. 1.9 but with light described by wave
packets; this is in the case u0 = 0.01 and q0 = v0 = 0. We have used ω0 = 2.5 eV
and a = 1.34 eV−1.

In Fig. 3.6, we also directly compare the two descriptions for different values of
the coupling; one can see that, for very small gB, the results are similar, and that
the suppression is more efficient at larger values of gB.

Finally, we have generalised our calculations to the case where the packets are
initially described by the frequency distribution (3.6), somewhere in the first region,
at some z̃ ≪ 0. The first region can then represent a cosmic void, where ωp can also
typically have a smaller value; this allows the packet to propagate a long time, which
makes it spread, before it enters the second region. We have checked that the results
we have presented above hold in this case as well (even if the first region is taken to
be one gigaparsec long). This confirms that the main mechanism that reduces the
circular polarisation is not related to the separation and the spread of photon packets
of different polarisation, but rather because of phase shifts within the packets that
mix. This can be understood as v(ω) can change sign within the packet, averaging
to zero, while plin(ω) =

√
q2(ω) + u2(ω) cannot, keeping an alignment possible.

A simpler approach [123] is to use direct averages of the plane-wave Stokes param-
eters of Eq. (1.57) over frequency, instead of wave packets. This will give the same
qualitative results, as illustrated in Fig. 3.7, where quantities are plotted against ∆ω,
the bandwidth over which each averaging is performed. For the averages of plane
waves, we have used the analytical formulas (1.57) averaged over a step profile in ω,
centered around ω0 and of width ∆ω. For the Gaussian wave packets of Eq. (3.6),
on the other hand, we chose ∆ω to represent the full-width-at-half-maximum in
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a wave-packet treatment

Figure 3.5: Same (linear polarisation) as Fig. 2.5 but with light described by wave
packets. We have used ω0 = 2.5 eV and a = 1.34 eV−1. Note that the right-hand
box gives the base-10 logarithm of the linear polarisation.

ω of each initial packet (i.e, a = 4
√

ln(2)(∆ω)−1). In either case, the larger the
band of frequencies over which the averaging is done, the smaller the absolute value
of the circular polarisation and its relative importance compared to the linear po-
larisation. This holds whatever the details of the averaging. Similar results have
also been obtained in different contexts (chameleons [75], and high-energy gamma
sources [76]).

Therefore, as far as white-light data are concerned, phenomenological implica-
tions of axion-like particles mixing with photons can be reconciled with circular
polarisation measurements [60, 61, 62].

3.2.4 Results for Bessell V filter

Most of the recent circular polarisation data of Ref. [104] were taken using a Bessell
broadband V filter [110, 111]. This filter is centered around λ = 547.6 nm and the
associated full-width-at-half-maximum is 113.2 nm. To mimic this cut in frequencies,
one can convolve wave packets with the spectral response of the filter, or proceed to
averages of plane-wave results over ω using its frequency profile.

We then find that, even though it is a broadband filter, the typical values of
the astrophysical parameters are such that the circular polarisation does not change
sufficiently over this bandwidth to be strongly reduced when averaging over ω. This
is illustrated in Fig. 3.7 for small values of ∆ω (≈ 0.5 eV). The circular polarisation
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Figure 3.6: Comparison of results obtained with plane waves and with wave packets,
for the same parameters. This is a cut, respectively of Fig. 1.9 with u0 = 0.01 and
of Fig. 3.4, for the pseudoscalar mass m = 4.5 × 10−14 eV.

degree is slightly smaller than in the monochromatic case, but the effect is certainly
not sufficient to reconcile the spinless-particle scenario with the data. Except for
very specific choices of parameters, the axion-like particle parameters able to create
an alignment will also predict a sizeable amount of circular polarisation. If axions
were at work, given the—somehow narrow—bandwidth of the broadband V filter,
circular polarisation should have been observed.
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Figure 3.7: Comparing averaging methods for wave packets (with a =
4
√

ln(2)

∆ω
) and

averages of plane waves: in both cases, the absolute values of v (top) and of v
plin

(bottom) are reduced with increasing ∆ω with respect to the monochromatic case
(i.e. ∆ω = 0). Here, we used gB = 6 × 10−29 eV, and ∆ω is centered around
ω0 = 2.5 eV; the other parameters are the same as in Fig. 3.6.
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chapter 4

Mixing in a more general magnetic field

Among 21 quasars with circular polarisation measured in the V filter, 18 are located
in the same direction of the sky, towards the regions of alignments A0 and A1,
that we have presented in Sec. 2.1.2. In this chapter, we are going to focus on the
regions where these V-filter data have been taken from and check the sensitivity of
our conclusions to changes in the magnetic field morphology. The location of these
regions actually points towards the center of the Virgo supercluster [124], which is
our local supercluster, shortened as “LSC.”

4.1 Models for supercluster magnetic fields

4.1.1 Motivation

The LSC magnetic field is essentially the last relevant magnetic field encountered by
extragalactic photons coming towards us, given the energies and the masses deter-
mined by the problem at hand. For this reason, the axion-like particle explanation
of quasar data will be ruled out if the influence of this field creates too much circular
polarisation, as any v created there should have been detected.

This contrasts with what one can expect from photons of higher energies; see, e.g.
Ref. [21]. In our case, the influence of our galactic magnetic field can be neglected
because the mixing with nearly massless pseudoscalars would be inefficient at the op-
tical frequencies at which the alignments have been detected (we use the values for B
and ωp considered in Ref. [76]). Moreover, it is even smaller at the galactic latitudes
at which the data have been obtained, as the field strength decreases exponentially
in the direction transverse to the galactic plane [125]. Finally, if the mixing was to
happen inside the galaxy, one would have expected the galactic stars angularly close
to the quasars to be similarly affected. It is not the case: their observed polarisation
is much lower, as shown in Ref. [62].
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Figure 4.1: Sketch of a slice of the assumed morphology in domains for the transverse
magnetic field in superclusters, projected onto the sky.

4.1.2 Structure

On the observational side, what is typically assumed in the literature for magnetic
fields inside clusters or superclusters is a domain structure [101, 102, 126], possibly
with an additional weaker background field coherent over several domains. One
usually considers a collection of domains of a given size, and lets the magnetic field
direction change from one domain to the other while keeping the same field strength
| ~Bdomain|, which averages to a smaller value at the supercluster scale. Note that it is
also what is typically considered to discuss the propagation of cosmic rays, and what
is obtained from structure formation; see for instance Ref. [127] for results about the
LSC. Finally, the same kind of model is usually used when one discusses magnetic
fields beyond supercluster scales; see for instance Ref. [108].

Additionally, we perform general tridimensional rotations of the magnetic field
direction between domains; it will thus pick up a longitudinal component most of
the time. As emphasised in Chap. 1, only the projection of the magnetic field onto
the transverse plane is relevant for ALP-photon mixing. Hence, we allow values of
the transverse magnetic field strength B much smaller than | ~Bdomain|. Taking a slice
of such a magnetic field and projecting it onto the sky, we get something similar to
what is depicted in Fig. 4.1.

In such a configuration, one sees different fields when looking in different di-
rections, once everything is put together. Because of this, and because the exact
magnetic structure is not known inside the Virgo supercluster, we assume that the
effect of these irregularities is equivalent to considering that light coming from dif-
ferent objects essentially passes through random fields.
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4.1.3 Field strength

Often in the astrophysics literature, extended magnetic fields are classified as galactic
or extragalactic. Let us note that this is not precise enough for our purpose as the
adjective “extragalactic” encompasses quite different environments, with different
magnetic fields: we can at least distinguish between clusters of galaxies, superclus-
ters, and, finally, anything beyond these structures.

Magnetic fields in galaxy clusters are well established [128,125,102] and have typ-
ical strengths of several µG, although they can be as large as 40 µG. Our knowledge
of these fields is sometimes refined enough that not only the field strength and the
coherence lengths are known but also hints about the orientation are available [129].
In our case, even though the regions A0 and A1 are roughly centered on the Virgo
cluster, most of the quasars are seen through a larger domain, and we need to model
the magnetic field at the scale of the Virgo supercluster.

There is evidence for a sizeable magnetic field in the surroundings of galaxy clus-
ters—near the Coma cluster, for instance, field strengths in the range 0.2–0.4 µG
have been detected on scales that can be as large as ∼ 4 Mpc [130]—and some
results are also available for superclusters, see e.g. Refs. [131, 125, 102] for reviews.
For instance, it has been inferred from Faraday rotation measures in radio wave-
lengths [101,102] that the structure of the magnetic field within the local superclus-
ter plane (centered on the Virgo cluster, the direction we focus on) can be described
as a collection of ∼ 2 µG magnetic field zones coherent over ∼ 100 kpc, adding
up to the supercluster scale. If one interprets these data with a magnetic field co-
herent over the supercluster scale, or assumes much larger coherence lengths, one
then obtains field strengths about 5–10 times smaller; such a field was used thus far
for illustration. A similar larger-scale magnetic field is also considered in Ref. [126],
which reports values for typical magnetic field strengths in the Hercules and in the
Perseus-Pisces superclusters of the order of 0.3±0.1 µG (over 800 kpc) or 0.4±0.2 µG
(over 400 kpc) from rotation measures.

For completeness, let us simply say that little is known about cosmological-scale
magnetic fields, except that they would be much weaker: a lower observational
bound [132] indicates that they are ≥ 3 × 10−16 G, while upper bounds [133] give
field strengths of . 10−9 G.

4.2 Mixing formalism in a more general field

Consider several regions with different magnetic fields, their direction and strength
changing from one region to another. The states that define our polarisation basis
no longer satisfy Eq. (1.24) as they propagate in such a case; the evolution of their
polarisations is now more general and we must consider Eq. (1.23) instead. As a
direct consequence of this, we can no longer solve the mixing with axion-like particles
for both of these states at once. The benefit of using such a basis is still substantial
however, as we can reconstruct any other polarisation state once we derive these
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basis solutions.
First of all, let us work out axion-photon mixing in a arbitrarily oriented trans-

verse magnetic field ~B = B cos δ ~e1+B sin δ ~e2, where ~e1 and ~e2 define the orthonormal
basis that we will use throughout to keep track of an absolute direction and to define
Stokes parameters.

We approximate (ω2+∂z
2) ≃ 2ω(ω + i∂z) in the equations of motion for the fields,

as the masses we use are indeed much smaller than the photon energies entering the
problem.a Inside a region, the system of equations reads

[(
ω + i

∂

∂z

)
−




ωp
2

2ω
0 −gB cos δ

2

0 ωp
2

2ω
−gB sin δ

2
−gB cos δ

2
−gB sin δ

2
m2

2ω




]


A1(z)
A2(z)
φ(z)


 = 0. (4.1)

We introduce a1(z), a2(z), and χ(z) such that we remove the eiωz-dependence of the
solutions: 


A1(z)
A2(z)
φ(z)


 =




a1(z)
a2(z)
χ(z)


eiωz, (4.2)

and then rotate by (π
2
− δ) to an appropriate basis ( ~e⊥, ~e ), such that ~B = (0,B).

Solving the equations in a way similar to the one used in Sec. 1.3.1, and going back
to the (~e1, ~e2) basis, we finally obtain
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(4.4)

where µC and µD are respectively µ+ and µ− when ωp > m, and the other way
around when m > ωp.

aThis simplification is similar to what is done in Ref. [20].
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When we consider light travelling through different magnetic field domains, we
use this result inside each domain, ensuring the continuity of the fields at the
boundaries and neglecting reflected waves, which have an amplitude of the order
of ∆µ2

ω2 . 10−27 times the incident ones. Indeed, as already used to obtain Eqs. (4.1),
for the different states, the masses (which are roughly of the same order) are all
negligible compared to ω in our problem; their momenta are therefore all essentially
equal: for any two states i and j, ki ∼ kj ∼ ω to an excellent approximation.b This is
also true if i and j label the momenta inside regions of different transverse magnetic
field strengths, as gB and ωp can change from one region to the other but remain
much smaller than ω. In such a situation, we understand that reflected waves can
be neglected, as in a simple quantum mechanical problem with 2 regions (see, e.g.
Ref. [134]): if we write the momenta in regions i and j as ki and kj respectively, the
reflected amplitude in such a case is given by the incident one times

ki − kj

ki + kj

=
ki

2 − kj
2

(ki + kj)
2 ∼ ∆mji

2

4ω2
, (4.5)

where ∆mji
2 is the difference of the square of the masses, to be compared to ω2.c

As stated earlier, for the domain-structure model, the magnetic field between
domains is not only rotated in the transverse plane, as usually found in the literature,
e.g. Ref. [108]: instead we allow it to undergo the most general tridimensional
rotation. When we allow an additional underlying field, we keep it in the ~e2 direction
throughout. For each domain, we then only consider the transverse part of the
associated external magnetic field and determine the angle δ. It is only at the end
of the last domain that we compute the Stokes parameters after using Eqs. (1.2)
and (1.8).

4.3 Simulations

As far as pseudoscalar-photon mixing is concerned in the external conditions of a
supercluster, light seen through a V filter can essentially be considered as monochro-
matic, of frequency ω = 2.25 eV. We have checked that the results we obtain remain
indeed stable if we use frequency profiles similar to that of the V filter or if we simply
consider monochromatic waves as done in the following simulations.d

We now perform our simulations in more general magnetic field configurations
for the Virgo supercluster.

bOf course, for the mixing, the difference is crucial.
cThe very fact that we can neglect the reflected waves actually implies that the continuity

conditions for the derivatives of the fields at the boundaries can be neglected.
dWhile it does not make any difference for the viability of the spinless-particle scenario, note

that in the next chapter, we shall use exactly the V-filter profile in our computations.
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4.3.1 Simulations in the uniform-field scenario

We know since Sec. 2.2.1 that the mixing inside a uniform magnetic field can pro-
duce coherent orientations with respect to the magnetic field direction; however, the
existence of axion-like particles responsible for an alignment also implies that circu-
lar polarisation is produced and contradicts data as discussed in Sec. 3.2.4. As was
done for the linear polarisation data in Sec. 2.1.2, let us nonetheless simply check
in a (q, u) space what such an alignment of linear polarisation looks like, if we start
from a random distribution of polarisations.

To mimic a random distribution of initial quasar polarisations, we first generate
partially polarised light beams with plin randomly taken between 0 and 3%, and with
polarisation angles independently randomly generated. In Fig. 4.2, on top, we plot
this initial distribution of light beams, each random realisation being displayed using
its Stokes parameters q and u. In the bottom panel, we show what this distribution
becomes, due to axion-photon mixing inside the 10 Mpc uniform magnetic field.
As expected, we see that there is indeed a departure from a random distribution
acquired through the mixing, corresponding to an asymmetry in the (q, u) space;
see the discussion made in Sec. 2.1.2. The fact that the asymmetry appears along
one of the axes is only due to our specific choice for the basis; only plin is a physical
quantity, independent of the choices made by the observer. More quantitatively, the
means that we obtain for q and u in this example lead to a value of plin = 0.01 after
axion-photon mixing, while they were compatible with zero initially.e

4.3.2 Simulations in the domain-structure scenario

a) Pure randomness

As already mentioned, making the magnetic field vary in a domain structure may
suppress v: as we have seen in Sec. 3.1, in small-enough magnetic-field regions,
the induced circular polarisation can be smaller than the linear one. Nevertheless,
circular polarisation is not the main problem in this picture.

Indeed, it is obvious that such a field will not help create an alignment: if the
magnetic field can be thought of as small domains with magnetic field directions
distributed in a random way from one to the other, this will be the case along the
line of sight, but also transversally. Then, two objects which are angularly separated
will pass through two different magnetic field configurations. There is thus no way
to create an alignment, as there is no preferred direction in this problem that is
common to all quasars.

b) With an underlying uniform field

We can go further and use a more refined model, where there is at least some
correlation between domains rather than a complete randomness. To do this, we

eNote that the loss u0−u(z) that the see between the top and bottom panels directly illustrates
the generation of v(z) which contradicts data.
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Figure 4.2: 5000 beams are generated. Top: Initial distribution in the (q, u) space.
Bottom: The associated distribution after effects induced by axion-photon mixing in
the uniform case. The parameters used here are ω0 = 2.25 eV, ωp = 3.7 × 10−14 eV,

m = 4.5×10−14 eV, g = 3.5×10−12 GeV−1, B = | ~Buniform| = 0.3 µG, and z = 10 Mpc.
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Figure 4.3: Same as Fig. 4.2 (bottom panel) but after axion-photon mixing in the
domain-structure case with an underlying uniform field. The parameters used here
are the same as before, except m = 1.85 × 10−13 eV, and the magnetic fields of
course. For the uniform magnetic field, we use | ~Buniform| = 0.3 µG over 10 Mpc;

for the randomly oriented part of the magnetic field, we use | ~Bdomain| = 2 µG in a
hundred 100 kpc-long domains.

sum the magnetic fields of the uniform and of the domain-structure models, using
results presented in Sec 4.2. We thus have magnetic fields with a domain-structure
on top of a fainter field, this one being coherent over the LSC scale: this would
lead to some semi-randomness between domains on the LSC scale, as discussed in
Ref. [101].

In this case, to keep a final linear polarisation of the order of 1%, we have to
consider either smaller values of the coupling, or bigger values of |m2 − ωp

2| than in
the uniform case because the magnetic field is stronger (see Eq. (1.29)).

For this reason, and because the field strength of the uniform component is ≈ 7
times smaller than that of the randomly oriented one, it is not surprising that there is
no obvious departure from isotropy due to axion-photon mixing in this case. Indeed,
the effect induced by the uniform component of the magnetic field is then strongly
suppressed: therefore, an alignment cannot be achieved. For the example we present
in Fig. 4.3, we obtain that the means of q and u are compatible with zero at the 1σ-
level, namely hardly any improvement with respect to the initial distribution, and
certainly not enough additional linear polarisation to be able to explain the observed
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alignments. We further checked that if the relative intensities of the random and
background fields are chosen to produce an alignment, then the circular polarisation
is again always too high. Finally, we have also checked that our results are stable
with respect to fluctuations of a factor of 2 (up or down) of the parameters, among
which the plasma frequency, the domain sizes, and the magnetic field strength.

To conclude, if this second possibility turns out to be a satisfactory model of
the magnetic field of the local supercluster, not only would there be some circular
polarisation, but axion-like particles will be unable to create coherent orientations
in that field. Note that these results are general and do not apply only to the
LSC magnetic field. In particular, considering another magnetic field to produce
alignments would require even larger coherence scales: it should indeed be located
beyond the LSC and still be large enough for light from angularly distant quasars
to pass through a field giving the same preferred direction. Moreover, even if such a
magnetic field exists, one should make sure that no circular polarisation is generated
once photons eventually pass through the LSC.
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chapter 5

New constraints on axion-like particles

If spinless particles cannot explain the large-scale alignments of quasar polarisations,
these data can be exploited to constrain the parameters [66,63]. We shall not discuss
here the coherent alignment effect further, but instead derive new constraints for
low-mass ALPs. Similar polarimetric constraints on these particles, based on linear
polarisation, have been discussed in the literature in various contexts. For instance,
the authors of Ref. [135] consider the influence of the mixing in magnetic white
dwarfs on polarisation, and give g . 10−11 GeV−1 for m . 10−7 eV.a Another
recent example is Ref. [136], in which the authors consider the effect of the mixing
in a cosmological-scale magnetic field of strength Bcsm on the polarisation angle of
ultraviolet photons, and obtain g

(
Bcsm

1 nG

)
. 10−11 GeV−1 for m . 10−15 eV.

Being as conservative as possible and using present quasar polarisation data in
visible light, we show in this chapter that one can derive new constraints on ALPs
using supercluster magnetic fields, and narrow down the parameter-space region of
astrophysical interest. The change of polarisation induced by the mixing is indeed
a very specific prediction, and this is especially true for circular polarisation. De-
pending on the mass and coupling of the ALPs, the mixing with light in external
magnetic fields can be very efficient and contradict observations, as there is indeed
little room for a modification of polarisation.

Again, we are going to consider objects located behind the Virgo supercluster, as
we have information on plin and pcirc in this direction. We then consider pseudoscalar-
photon mixing in the magnetic field of that supercluster, and check for which pa-
rameters the generated polarisation would remain consistent with the observations.

aShould the strongest magnetic field strengths ever reported for two magnetic white dwarfs be
confirmed, the whole astrophysical region discussed in the introduction of this thesis might then be
excluded, as the limit for nearly massless ALPs would then become g . 5×10−13 GeV−1 according
to Ref. [135].
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5.1 Optical polarisation data

5.1.1 Properties of the full sample

In the sample of 355 quasar polarisations discussed in Chap. 2, only objects with a
polarisation degree plin ≥ 0.6% and plin/σplin

≥ 2 were considered. In the present
chapter, we extend the sample to include low-polarisation objects with plin < 0.6%
measured with uncertainties σplin

≤ 0.3%. Since plin is positive definite, it is biased
at low signal-to-noise ratio. A reasonably good estimator of the true (debiased)

polarisation degree is computed using p̃lin = (p2
lin − σ2

plin
)

1
2 when plin > σplin

, and
p̃lin = 0 when plin ≤ σplin

[137]. In the rest of this chapter, we only consider p̃lin

when we discuss the linear polarisation. As for circular polarisation in visible light,
which has rarely been measured, our starting point is the compilation presented in
Ref. [104] together with new V-filter data, that we have discussed in Sec. 3.1.

5.1.2 Subsample and criteria used to obtain constraints

Since our goal is to derive constraints from the polarisation induced by axion-like
particles, we restrict our sample to spectroscopically defined classes of quasars known
to have the smallest intrinsic polarisations.

We therefore discard the following objects from the sample of quasars with linear
polarisation measurements: known radio-loud quasars (i.e. classified as such in the
NASA/IPAC Extragalactic Database (NED) [138] or objects from Refs. [90, 91, 92,
95]), near-infrared (2MASS) selected objects, in particular those from Ref. [97], and
Broad-Absorption-Line (BAL) quasars (classified as such in NED). A comparison of
non-BAL measurements to the polarisation distribution of BAL quasars is shown in
Fig. 5.1, demonstrating that differences are significant; they are also preserved by
any mechanism possibly affecting light on the line-of-sight [5].

Given that the observation of null circular polarisation is a much more stringent
constraint for axion-like particles in V filter than in white light, we first restrict our
sample to these measurements. Then, again, as we restrict ourselves to classes of
quasars with the smallest polarisations, we then discard the two spectroscopically
identified BL Lac objects, more prone to be intrinsically strongly polarised.

With these criteria, the reduced sample then mostly consists of radio-quiet /
optically selected non-BAL quasars. Such objects are known to be linearly polarised
at most at the 1% level [87, 89].

We then focus on quasars located in the direction in which most of the V-filter
circular polarisation data were taken, i.e. towards the center of the (local) Virgo
supercluster. Keeping only objects with right ascensions between 168° and 218°, we
are left with a final sample of 55 quasars with measured linear polarisation in white
light or in V filter and of 16 quasars with measured circular polarisation in V filter
(all compatible with zero at 3σ). The distribution of the circular polarisation degree
pcirc associated with the central values of the 16 circular polarisation measurements
is shown in Fig. 5.2.
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Figure 5.1: Comparison of the distributions of debiased linear polarisation between
non-BAL quasars (top) and BAL quasars (bottom), for objects taken in the direction
of region A1. Clearly, BAL quasars are often more linearly polarised than quasars
without broad absorption lines.

We know that quasars intrinsically emit polarised light: otherwise we would sim-
ply not see a difference in the distribution of degrees of linear polarisation depending
on the spectroscopic type. However, we cannot access the initial distribution of polar-
isation. For this reason, in order to avoid any overestimation of the final polarisation
generated by the mixing, we work with initially unpolarised light and conservatively
allow the observed linear polarisation of the quasars to be only due to the interac-
tion with ALPs. Under this hypothesis, one can impose that the linear polarisation
generated by the ALP-photon mixing model does not exceed the observed one.

The idea is therefore to calculate for various values of the parameters the polarisa-
tion predicted by the mixing with ALPs inside external magnetic fields encountered
on the way to Earth, and to compare it with data. For both the linear and the
circular polarisations, we thus compute the probability that the polarisation (pth)
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Figure 5.2: Distribution of the degree of circular polarisation for the central values
of the 16 quasars in the direction of region A1, measured in the V filter. Note in
particular the different scale, compared to the linear polarisation shown in Fig. 5.1.

due to ALPs is smaller than the observed one (pobs) as:

P = N(pobs ≥ pth)/Ntotal, (5.1)

by taking the ratio of the number of measurements in bins with a polarisation higher
than pth, to the total number of measurements Ntotal.

5.2 Minimal constraints

5.2.1 Model of the intrasupercluster medium

We use the domain-structure magnetic field from Sec. 4.1.2, and additionally consider
fluctuations from one domain to the other of both the electron density and of the
domain size. More precisely, we let these quantities fluctuate by 50% up or down.
Note that, as we allow for fluctuations of domain sizes, only the total distance ztot

is well-defined from one magnetic field realisation to another, not the number of
domains, as we stop adding domains as soon as we reach ztot. Let us also remind
that we allow for 3D rotations of the magnetic field from a domain to the other, so
that the transverse magnetic field strength B which enters in the mixing can take
values much smaller than | ~Bdomain|.

Finally, note that the size of the supercluster (∼ 20 Mpc) is small enough to
neglect cosmological redshift. As the mixing is more efficient at higher frequencies
(see Eq. (1.29)), redshift effects could only increase the polarisation produced in any
case relevant to this study and make our bounds stronger. Moreover, as we only take
into account the influence of the last magnetic field region, we again underestimate
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the amount of polarisation due to ALP-photon mixing. We thus stress that our
constraints are conservative.

5.2.2 Method

Our constraints on ALPs are derived iteratively for different points in the (m, g)
parameter space: a given couple of parameters corresponds to a given hypothetical
axion-like particle. For fixed ALP parameters, we generate random configurations,
defined as the set of transverse field strengths and directions, of domain sizes, and of
electron densities. For a given value of the frequency ω, we have given the solutions
for the two electric fields of the radiation after a propagation in each domain in such
a configuration in Sec. 4.2. We use initially unpolarised light beams (as discussed
in Sec. 5.1.2), calculate the four Stokes parameters at the end of the last magnetic
field domain, and compare the final polarisation with data.

Now, as explained in Chap. 3, the expected circular polarisation due to ALP-
photon mixing can be reduced when one considers wave packets, or averages over
frequencies. This effect, though typically small in V filter, is taken into account
when deriving our limits.

To implement it, for a single light beam, we completely generate a random con-
figuration. We then integrate over ω the monochromatic results for the Stokes pa-
rameters at the end of the last zone of magnetic field, with the spectral response of
the V filter as a weighting function (Fig. 5.3). This corresponds to one iteration: it
gives the values of the Stokes parameters through the V filter for a given source at
the end of one configuration.

After that, we compare the generated linear and circular polarisations with the
data histogramsb, associate to each polarisation a probability given by Eq. (5.1),
respectively P (lin) and P (circ), and obtain the final probability P to be compatible
with data for this particular configuration by multiplying these two individual prob-
abilities. We then repeat the procedure with a new random configuration.

We do this many times (5000 times) to minimise the influence of statistical
fluctuations, and average the value of P over the configurations as we do not have
access to the actual configuration for each measurement. We thus integrate it out
and give the average probability for a given ALP (m, g) not to exceed the observed
polarisation in a random configuration. Then we start over for a new couple (m, g).

Finally, we summarise this information by saying that parameters are “excluded
at 1σ”, when the average probability for this particle to produce too much polari-
sation compared with data is 68.3%; and similarly for 2σ (95.5%) and 3σ (99.7%).
In Appendix D, we show two theoretical distributions of polarisation, associated
with points excluded at 2σ and 3σ; let us stress that this is only for illustration, as
the technique described above to obtain constraints does not directly involve such
distributions.

bThe results are not affected by the presence of white-light data for linear polarisation.
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Figure 5.3: Interpolation of the filter response of the Bessell V filter as a function
of ω; we use the values reported in Ref. [139] and calculate the interpolated profile,
using splines [140], in our integration routine.

5.2.3 Results

The results we obtain are shown in Fig. 5.4. The upper limits obtained by CAST
and from the energy-loss considerations associated with SN1987A are also shown.

Let us first stress a very important point: as there is only one physical magnetic
field scale in the problem, namely the total field strength inside a domain | ~Bdomain|,
this exclusion plot remains the same for any other value of the magnetic field in-
side the domains. Indeed, as stressed in Sec. 1.3, only the product of the magnetic
field with the coupling constant g enters the equations. Therefore, while there are
uncertainties about the magnetic field strength, as discussed in Sec. 4.1.3, the exclu-
sion limit on g can be rescaled once our knowledge of the magnetic field inside the
supercluster improves.

In Fig. 5.4, we observe two features: a dip and a plateau for small ALP masses.
Both can be understood from the expression of the mixing angle, Eq. (1.29), and of
the oscillating phase, Eq. (1.45). The position of the dip is determined by ωp; for
ALP masses very close to the plasma frequency, the mixing is maximal, θ ≈ π/4,
and so is its effect on (linear) polarisation. The value of the bound then depends
on the phase, i.e. on B and on the distance travelled, and is thus model-dependent.
As for the plateau, for ALP masses much smaller than the plasma frequency, the
mixing angle is essentially independent of m:

θ
(m≪ωp)

=
1

2
atan

(
2gBω

−ωp
2

)
, (5.2)

and the oscillations due to the phase (1.45) can be averaged. Indeed, for a travelled
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Figure 5.4: Exclusion plot. The total distance considered here is ztot = 10 Mpc; the
average domain size is 100 kpc; the norm of the total magnetic field in each domain
is | ~Bdomain,0| = 2 µG; the average electron density is ne = 10−6 cm−3 (corresponding
to a plasma frequency ωp = 3.7 × 10−14 eV).

distance inside a domain L ≈ 100 kpc, B . 2 µG, and ωp ≈ 3.7 × 10−14 eV,
one obtains that the oscillations of the Stokes parameters are of short wavelength
compared with L if gBω ≪ ωp

2, i.e. when g ≪ 10−11 GeV−1. Hence, in that case,
the plateau is rather stable and the exclusion band can be extended to massless ALPs.
Furthermore, the fact that higher values of the coupling g are more constrained is
natural, as the mixing is more efficient and, thus, more polarisation is produced.

Here, for the average electron density inside the supercluster, we have used
ne = 10−6 cm−3 (which gives a plasma frequency ωp = 3.7 × 10−14 eV), as in pre-
vious works related to ALP-photon mixing in similar conditions, e.g. Refs. [14, 75].
Nonetheless, the properties of the intrasupercluster medium are not well-known, in-
cluding the value of the average electron density. Searches for gas in the Shapley
supercluster [141] have bounded ne to be less than 5× 10−6 cm−3, and a subsequent
tentative detection, for the local supercluster [142], gave ne ≈ 2.5×10−6 cm−3. More
recent gas-dynamics and N-body simulations of the local supercluster are also avail-
able in the direction we are looking at (i.e. at galactic latitudes bgal > 30°, extending
to distances of about 30 Mpc around the LSC center). They lead to values for the
plasma frequency between ωp ≈ 2.3 × 10−14 eV and ωp ≈ 5.5 × 10−14 eV for gas
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5. new constraints on axion-like particles

overdensities between δg = 1 and δg = 10, corresponding to filamentary structures
such as superclusters [143]; the authors define the overdensity as

δg =
ρg

ρ̄g
, (5.3)

where ρg and ρ̄g are respectively the gas density and its average value.
Now, if we take an extreme case and allow the intrasupercluster electron density

to be one order of magnitude larger on average than what we have considered in
Fig. 5.4 (i.e. allow fluctuations, see Sec. 5.2.1, up to values as large as ne = 15 ×
10−6 cm−3), we have checked that, while our limits would then change, they would
still improve the current bounds on ALPs. For smaller values of the electron density
ne < 10−6 cm−3, our limits are stable, and would in fact be slightly more stringent.

We have checked the stability of our constraints under the change of the total
magnetic field size ztot. For total magnetic field sizes of 5 Mpc and 20 Mpc, the
exclusion plot obtained essentially does not change its shape compared to Fig. 5.4,
but is shifted along the y-axis. For instance, the 2σ-limit we obtain for nearly
massless ALPs is g . 2.5 × 10−13 GeV−1 for ztot = 10 Mpc, and becomes g .

3.2 × 10−13 GeV−1 and g . 2 × 10−13 GeV−1 for ztot = 5 Mpc and ztot = 20 Mpc
respectively. Our limits improve the best bounds to date.

We have also checked that our constraints are stable: a) under the addition of

a uniform background field (typically weaker: | ~Buniform| ∼ 0.4 µG), which would
allow some correlation between domains over the supercluster scale;c b) if we use
the histograms of linear polarisation for non-BAL quasars measured in white light
and V filter, or exclusively in V filter to define our probability; c) if we include the
measurements of circular polarisation for the two BL Lac objects; d) if we do not
allow for fluctuations of the size of the domains and of the electron density between
domains; e) if we use slightly different statistical criteria, as we have done in Ref. [63].

Note that the limits obtained here are much stronger (by about a factor 50

on | ~Bdomain|) than those one would obtain using a constant supercluster magnetic
field, without any fluctuations; see Appendix E. However, in that case, the limits
become very dependent on the assumption one makes about the initial polarisation,
as assuming an unpolarised emission from quasars excludes the creation of circular
polarisation.

cAs shown in Appendix E, the limits we obtain in that case are indistinguishable from those
of Fig. 5.4—but then, of course, one cannot rescale the limits derived for | ~Bdomain| and | ~Buniform|
changed independently.
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What have we learned?

We have investigated what was so far the best hope to explain the existence of
correlations of optical quasar polarisations over cosmological scales, and have shown
that this scenario—involving the mixing with new light spinless particles—is highly
disfavoured by current data.

One of the major issues for that spinless-particle scenario is that the phenomenol-
ogy expected from the mixing is in severe contradiction with the reported measure-
ments of vanishing circular polarisation for objects from the quasar sample: the
creation of a sizeable amount of circular polarisation via birefringence is indeed one
of its key predictions, along with the modification of linear polarisation via dichro-
ism that would have generated the alignments in faint extended magnetic fields. For
white unfiltered light, we have shown that this was not necessarily an issue as, com-
pared to the simpler monochromatic description, the predicted amount is reduced
when averaging over the frequency, as in the wave-packet treatment that we have
proposed. However, as we have discussed, the problem is rather that no circular
polarisation has been found when observing through a Bessell broadband V filter,
which is not broad enough to average the circular polarisation to almost zero.

We have carefully verified the stability of our conclusion via analytical and nu-
merical studies, including a wave-packet treatment, the use of more general magnetic
field morphologies, as well as the influence of fluctuations among domains. In gen-
eral, there is either too much circular polarisation, too much linear polarisation, or
no alignment: the production of alignments of linear polarisation, while keeping
the circular polarisation small, fails already at the qualitative level. This is what
we obtain when we take into account constraints from good-quality linear and cir-
cular polarisation measurements, current estimates of magnetic field strengths and
structures from the literature, and existing limits on pseudoscalar-photon couplings.

We have then extended previous proposals to use polarisation data to constrain
the parameters of axion-like particles by using a realistic magnetic field and an aver-
age over frequencies. We have presented constraints derived simultaneously from lin-
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ear and circular polarisation measurements, sticking to a very conservative approach
where we allowed the observed polarisation of non-BAL quasars to be entirely due to
the mixing with these particles. Using reported properties of the intrasupercluster
medium, we have shown that current bounds on nearly massless pseudoscalars are
improved. Indeed, for a large portion of the parameter space region of astrophysical
interest, the polarisation produced by the mixing with such particles in this medium
would be too large.

We have kept a conservative method throughout, so that the constraints that we
have presented are the minimal ones; we have also checked that they are robust. The
weak point of the method comes of course from the observational uncertainties on
the electron density and on the magnetic field. As we emphasised, our constraints
can be straightforwardly rescaled for any other value of the magnetic field strength,
once this knowledge is improved. For the time being, one might also consider a
scenario in which the maximum transverse field strength in one domain | ~Bdomain| is
at most equal to the average magnetic field strength reported over the supercluster
scale, namely 5 to 10 times weaker. Doing so would still improve current bounds on
ALPs.

Throughout, we have focused our discussion on the pseudoscalar case but, as we
emphasised in the introduction of this manuscript, similar results would also hold
for scalar particles.

Outlooks

Both for light axion-like particles and for the large-scale alignment effect, it would
certainly be worth investigating what polarisation has to tell us at other wavelengths.

Pursuing the search for axion-like particles

First of all, measuring X-ray polarisation is highly promising, in particular for the
search for axion-like particles. These particles are of course still interesting: a part of
the astrophysical window that we have discussed in the introduction remains indeed
intact (m ∼ 10−13–10−10 eV and g . 10−11 GeV−1) and could be explored with
photons of higher energies, which might lead to a detection. Moreover, if no signal
from these elusive particles is found with polarimetry, our method could in principle
be adapted to set new constraints, replacing the supercluster by galaxy clusters
for instance. X-rays are needed for this as an effect in visible light inside clusters
would be suppressed except at the resonance: the plasma frequency is indeed much
higher in such an environment. As electron densities and magnetic fields are better
determined inside galaxy clusters, this would lead to more reliable constraints, could
confirm our bound, and also extend it to higher values of the mass. Along with other
authors, see for instance Refs. [76,144,135], we therefore stress that the polarisation
properties of very-high-energy photons is certainly a promising tool to search for
ALPs.
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Towards an understanding of the alignment effect

Now, regarding the existence of large-scale alignments of quasar polarisations in vis-
ible light, no satisfactory explanation seems to be available to date in the literature.

Is there a similar effect in radio waves?

In fact, one of the reasons that have severely disfavoured most of the alternatives to
the spinless-particle scenario is the reported absence of similar alignments in radio
waves [9]. Recently however, the authors of Ref. [12] have claimed that they have
found extremely significant alignments at these wavelengths (reporting 5σ) for differ-
ent cuts.a The situation in radio waves should therefore definitely be clarified with a
detailed study; if this effect is confirmed, it would be extremely interesting to know
both its general characteristics and its behaviour with redshift as this would bring
valuable information to understand what causes such alignments of polarisation.

Is there an alignment for type-2 quasars?

Active galactic nuclei are understood as all related to the same physical mechanism:
the accretion of matter onto a supermassive black hole. It is believed that the
different classes of AGN correspond to the same kind of objects with various central
luminosities, and their other individual properties would then reflect the fact that
we observe them with different viewing angles [145, 146].

In particular, type-1 quasars are high-luminosity AGN thought to be observed
face on, so that most of the light emitted from their center goes straight towards us,
with only little absorption or scattering by the dust torus. This would be compatible
with their small linear polarisation degrees (∼ 1%) and the high luminosity observed.
On the other hand, type-2 quasars are thought to be observed with the dust torus
edge on. While being intrinsically just as luminous as their type-1 counterparts,
their optical continuum is heavily obscured as their central region is hidden from us;
a significant part of the flux that we observe from them comes in the form of light
scattered on dust, hence their higher linear polarisation degrees (∼ 10%).

In fact, the latest sample of good-quality quasar polarisations used to characterise
the alignment effect contains only measurements of type-1 quasars [6]. This is both
because bona-fide type-2 quasars have only been identified quite recently (see, e.g.
Refs. [147, 148] and references therein) and because, during the dedicated observa-
tional campaigns, objects have been selected according to their apparent magnitude
in the optical continuum, bright sources being preferred [5].

As type-2 quasars are intrinsically identical to type-1 quasars in the unification
model, it would be very instructive to know if the polarisation of visible light from
type-2 quasars also appears aligned over large scales. Indeed, a mechanism acting

aThey also mentioned that one should determine whether the mixing with ALPs in magnetic
fields might be related to their result. We discuss this in Appendix F and explain why it cannot
be a signature of such particles.
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on quasars themselves and leading to coherent orientation of quasar axes would be
expected to affect these objects independently of their orientation with respect to
the line of sight: if this is the case, the polarisation vectors should be aligned for
type-1 and type-2 alike, irrespectively of their polarisation degree. The same could
be said about mechanisms that would act during the propagation of light and change
only the polarisation angle independently of the polarisation degree; in that case, this
would actually hold true even if type-1 and type-2 quasars turn out to be intrinsically
different. On the contrary, in mechanisms leading to a small systematic additional
linear polarisation for each source, as we had in the spinless-particle scenario, one
would not expect the polarisation of type-2 objects to be aligned.

Evidence for a large quasar group towards Virgo

Finally, we note that an extremely large elongated structure involving quasars has
been identified very recently at z ∼ 1.3 towards Virgo [149]. The authors report
that its longest extension is larger than 1 Gpc.

While this might very well have no connection whatsoever with the effect we
have discussed, the existence of such structures is nonetheless very interesting, as
one of the surprising properties of the alignment effect is that it is observed over
huge scales, among seemingly unrelated quasars. Its location inside one of the most
significant regions of alignments is also quite striking, and it would certainly be
worth investigating whether the polarisations of the objects in this large quasar
group display the same kind of alignments as those observed in the rest of region
A1.

Note however that this group of quasars, with right ascensions essentially between
160° and 170°, is situated on the outskirts of that region; compare with Fig. 2.1. In
particular, it does not overlap with region A1+, from where comes most of the
significance of the effect, in the center of region A1.
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appendix A

Notations and conventions

Units

In this thesis, we make use of the so-called “system of natural units,” where

{
the speed of light in vacuum c = 1,
the reduced Planck constant ~ = 1;

(A.1)

namely, we choose to express velocities in units of c, and actions and angular mo-
menta in units of ~. As we set c = ~ = 1 everywhere, this let us choose in what
units we want to express other physical quantities; indeed, we then have

[energy] = [mass] = [time]−1 = [length]−1 = . . . (A.2)

We also use the Heaviside–Lorentz system of electromagnetic units throughout,
meaning for instance that our definition of the fine-structure constant is

α ≡ e2

4π
≈ 1

137
. (A.3)

In particular, this implies that the conversion of one Tesla in eV2 is as follows:

1 eV2e−1(~c2)−1 ≈ (1.6 × 10−19 kg m2 s−2)2

(1.6 × 10−19 C) × (10−34 kg m2 s−1) × (3 × 108 m s−1)2

≈ 1.78 × 10−2 T,

leading to

1 T ≈ 1

1.78 × 10−2 ×
√

4π
137

eV2. (A.4)
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a. notations and conventions

Special relativity

The convention we follow for the components of the metric tensor in Minkowski
space is

(ηµν) =




1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1


; (A.5)

Greek indices represent space-time components: µ, ν = 0, 1, 2, 3 or t, x, y, z.
A given contravariant vector u has components

uµ = (u0, u1, u2, u3) = (u0, ~u), (A.6)

with ~u its spatial part. Now, using the convention that repeated indices are summed
over, the components of the associated covariant vector are then obtained via:

uµ = ηµνu
ν = (u0,−~u), (A.7)

and the scalar product of two vectors is defined as:

uµv
µ = ηµνu

νvµ. (A.8)

Given the coordinates xµ in Minkowski space, one introduces the operators

∂α ≡ ∂

∂xα
=

( ∂

∂x0
, ~∇

)
and ∂α ≡ ∂

∂xα

=
( ∂

∂x0
,−~∇

)
, (A.9)

as well as the d’Alembertian

� ≡ ∂µ∂µ =
∂2

∂t2
−∇2. (A.10)

Electrodynamics

In the framework of special relativity, one introduces the 4-vector potential of elec-
trodynamics, of components:

Aµ = (A0, ~A), (A.11)

with A0 and ~A being respectively the usual scalar and 3-vector potentials. Using
this, the electromagnetic field strength tensor F µν is then defined as

F µν = ∂µAν − ∂νAµ, (A.12)

and its dual is

F̃ µν ≡ 1

2
ǫµνρσFρσ, (A.13)

with ǫαβρσ, the totally antisymmetric tensor.
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Stokes parameters as intensities

Here we recall that the Stokes parameters, written in a given arbitrary basis (~ex, ~ey)
as 




I(z) = 〈I(z, t)〉 = 〈Ery
E∗

ry
+ Erx

E∗

rx
〉

Q(z) = 〈Q(z, t)〉 = 〈Ery
E∗

ry
− Erx

E∗

rx
〉

U(z) = 〈U(z, t)〉 = 〈Erx
E∗

ry
+ E∗

rx
Ery

〉
V (z) = 〈V(z, t)〉 = 〈i(Erx

E∗

ry
− E∗

rx
Ery

)〉,

(1.3)

can be built from intensities; this is of course obvious for I which is, as announced,
the total intensity, as 〈Erx

E∗

rx
〉 and 〈Ery

E∗

ry
〉 give the intensities in both directions.

On the other hand, Q measures the difference between these intensities, and is
related to the linear polarisation: it indeed tells if the electric field lies preferentially
in the x or in the y direction. It is maximal (resp. minimal) for a light beam fully
linearly polarised along the y axis (resp. x axis). Note that it is equal to zero for
circularly polarised light, but also for linearly polarised light with a polarisation
angle ϕ0 = π

4
. From this last observation, we can say two things: that the value

of Q depends on the orthogonal basis we choose, and that we need an additional
parameter to fully describe linear polarisation.

This would be U , which has in fact the same structure as Q. This can be shown
introducing

Er±
= ~Er · ~e±; ~e± =

~ex ± ~ey√
2

, (B.1)

where (~e−, ~e+) define another orthogonal basis in the transverse plane, rotated by a
π
4

angle compared to (~ex, ~ey). Then, as

Ery
=

1√
2

(
Er+

− Er−

)
and Erx

=
1√
2

(
Er+

+ Er−

)
, (B.2)

we indeed find that, in this new basis, U corresponds to

U(z) = 〈Erx
E∗

ry
+ E∗

rx
Ery

〉 = 〈Er+
E∗

r+
− Er−

E∗

r−
〉, (B.3)
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~ex

~ey

~e+

~e−

which has exactly the same form that Q has in the (~ex, ~ey) basis. The Stokes param-
eter U therefore compares intensities in two orthogonal directions, which are rotated
by a π

4
angle with respect to the x and y axes.

As we discussed, the individual values of the Stokes parameters describing linear
polarisation are basis-dependent. In another basis (~ex̄, ~eȳ), in which the electric field
has components:

Erx̄
= Erx

cos δ + Ery
sin δ and Erȳ

= Ery
cos δ − Erx

sin δ (δ ∈ R), (B.4)

the values calculated for Q̄ and Ū obey
{

Q̄ = Q cos(2δ) − U sin(2δ)

Ū = U cos(2δ) + Q sin(2δ),
(B.5)

with Q and U , the corresponding parameters obtained in the (~ex, ~ey) basis. From
this, it follows that the degree of linear polarisation, defined as

plin =

√
Q2 + U2

I
=

√
Q̄2 + Ū2

I
(1.4)

is independent of the choice of axes; it also follows that the polarisation angle ϕ,
which can be written as

ϕ =
1

2
atan

(
U

Q

)
, (1.5)

is defined modulo π—in fact, it just gives the orientation of the polarisation plane
with respect to a chosen direction.

Finally, we can show that measuring V , the Stokes parameter describing circular
polarisation, can be reduced to a linear polarisation measurement with the use of
retarders. In the simple monochromatic case for instance, one can first use a quarter-
wave plate to induce a relative π

2
phase shift between Erx

and Ery
. At the end of the
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quarter-wave plate, Erx
is then essentially replaced by iErx

, as one can redefine the
electric field to absorb any additional global phase. Then, comparing intensities in
the “+” and “−” directions (as done by the Stokes parameter U) after the retarder,
we recover the value of V for the initial light beam. Indeed, we then have:

〈(iErx
)E∗

ry
+ (iErx

)∗Ery
〉 = 〈i(Erx

E∗

ry
− E∗

rx
Ery

)〉. (B.6)
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appendix C

Details of the wave-packet treatment

Here, we solve the system of Eq. (3.4) in the case of the step-like magnetic field
presented in Sec. 3.2, using the decomposition of Eq. (3.5). Note that, as in the
plane-wave case, we rephase φ(z, t) and use the gauge condition A0 = 0, so that

Ẽ(z, ω) = iωÃ(z, ω).
The solutions in the first region are

EI(z, t) =

∫
∞

−∞

dω e−iωtiω
[
Ãi,I(z = 0, ω)eikEz + Ãr,I(z = 0, ω)e−ikEz

]
, (C.1)

φI(z, t) =

∫
∞

−∞

dω e−iωt
[
φ̃i,I(z = 0, ω)eikφz + φ̃r,I(z = 0, ω)e−ikφz

]
, (C.2)

with the dispersion relations kE =
√

ω2 − ωp
2 and kφ =

√
ω2 − m2. Here we have

already used the fact that we will always consider amplitudes centered around ω0,
with ω0 ≫ ωp, m, and decreasing sufficiently quickly with ω for the contributions
from ω ≤ ωp, m to be negligible. Similarly, the solutions in the second region read

EII(z, t) =

∫
∞

−∞

dω e−iωtiω
[
Ãi,II(z = 0, ω)

(
(cθ)2eikCz + (sθ)2eikDz

)

+ φ̃i,II(z = 0, ω)
sin(2θ)

2

(
eikCz − eikDz

)]
, (C.3)

φII(z, t) =

∫
∞

−∞

dω e−iωt
[
Ãi,II(z = 0, ω)

sin(2θ)

2

(
eikCz − eikDz

)

+ φ̃i,II(z = 0, ω)
(
(sθ)2eikCz + (cθ)2eikDz

)]
, (C.4)

where kC and kD are respectively k+ =
√

ω2 − µ+
2 and k− =

√
ω2 − µ−

2 when
ωp > m, and the other way around when m > ωp. As we are focusing on the small
mixing case in particular, remember that the heaviest eigenmode of propagation
is then mostly made of the heaviest state among photons and pseudoscalars, and
conversely for the lightest one, as we discussed with plane waves.
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c. details of the wave-packet treatment

The amplitudes Ãi,I(0, ω), Ãr,I(0, ω), φ̃i,I(0, ω), φ̃r,I(0, ω), Ãi,II(0, ω) and φ̃i,II(0, ω)
are determined by initial and boundary conditions. They correspond to incident (i)
or reflected (r) amplitudes that appear as light goes from region I into the potential
barrier. To simplify our discussion, we now work in the case where there is no
incident pseudoscalar flux in region I, namely φi,I(0, ω) = 0.

The continuity requirements on E(z, t) and φ(z, t), and on their first derivatives
with respect to z, at z = 0 then lead to relations where the only free parameter left
is Ãi,I(z = 0, ω). For completeness, they are

Ãi,II(z = 0, ω) =

2kE

[ kC(sθ)2 + kD(cθ)2 + kφ

kEkφ + kCkD + kE

(
kC(sθ)2 + kD(cθ)2

)
+ kφ

(
kC(cθ)2 + kD(sθ)2

)
]
Ãi,I(0, ω)

≡ V Ãi,I(0, ω), (C.5)

φ̃i,II(z = 0, ω) = φ̃r,I(z = 0, ω) =
[ kE

(
kC − kD

)
sin(2θ)

kEkφ + kCkD + kE

(
kC(sθ)2 + kD(cθ)2

)
+ kφ

(
kC(cθ)2 + kD(sθ)2

)
]
Ãi,I(0, ω)

≡ W Ãi,I(0, ω), (C.6)

Ãr,I(z = 0, ω) = (V − 1)Ãi,I(0, ω).

(C.7)

In the case of an incident Gaussian wave packet

Ẽi,I(z = 0, ω) = Ẽ0 e−
a2

4
(ω−ω0)2 , (C.8)

we obtain the following result for EII(z, t) (which is the only amplitude entering the
expressions of the Stokes parameters in the second region):

EII(z, t) =

∫
∞

−∞

dω Ẽ0

[
V − iW

4
exp(−a2

4
(ω − ω0)

2 + i(kCz − ωt + 2θ))

+
V + iW

4
exp(−a2

4
(ω − ω0)

2 + i(kCz − ωt − 2θ))

+
V

2
exp(−a2

4
(ω − ω0)

2 + i(kCz − ωt))

− V − iW

4
exp(−a2

4
(ω − ω0)

2 + i(kDz − ωt + 2θ))

− V + iW

4
exp(−a2

4
(ω − ω0)

2 + i(kDz − ωt − 2θ))

+
V

2
exp(−a2

4
(ω − ω0)

2 + i(kDz − ωt))]; (C.9)
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where V , W , kC , kD and θ are functions of ω. Note that if gB is set to zero, this
reduces to

EII(z, t; gB = 0) = E⊥(z, t) =

∫
∞

−∞

dω Ẽ0 exp(−a2

4
(ω − ω0)

2 + i(kEz − ωt)). (C.10)

We finally Taylor expand the coefficients and the arguments of the exponentials
around ω0 (up to the second order) to carry out the integrals (C.9) and (C.10)
analytically to better than 1% for the case at hand (as was checked by estimating
the contribution of the next order).

93





appendix D

Theoretical distributions

We show distributions for the linear and the circular polarisations obtained after 5000
different magnetic field realisations for ALP parameters that are excluded according
to the method that we propose in Chap. 5. We reproduce what is obtained for two
points taken from Fig. 5.4, both for an ALP mass m = 10−20 eV, but for different
values of the coupling.

In Fig. D.1, we show the theoretical distribution of polarisations obtained for
initially unpolarised light for a coupling g = 2.5 × 10−13 GeV−1, which is the lower
bound of parameters excluded at 2σ for nearly massless ALPs. In Fig. D.2, we show
the same for a coupling g = 5 × 10−13 GeV−1, i.e. the 3σ lower bound for nearly
massless ALPs.

In both case, we see that ALP-photon mixing produces much more polarisation
than observed (Figs. 5.1 and 5.2); in particular, the circular polarisation is very large.
For values of the coupling close to the current bound from SN1987A, the linear and
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Figure D.1: Theoretical distributions of polarisation for 5000 randomly generated
configurations for initially unpolarised light. Here, m = 10−20 eV and g = 2.5 ×
10−13 GeV−1; parameters and fluctuations are the same as in Fig. 5.4.
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Figure D.2: Theoretical distributions of polarisation for 5000 randomly generated
configurations for initially unpolarised light. Here, m = 10−20 eV and g = 5 ×
10−13 GeV−1; parameters and fluctuations are the same as in Fig. 5.4.

circular polarisations go above 50% of polarisation in some configurations while we
would expect at most around 1% for the linear polarisation and a very tiny circular
polarisation.
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appendix E

Constraints in other magnetic fields

We illustrate the constraints that we obtain when we use other morphologies for the
magnetic field of the local supercluster.

As stated in Chap. 5, including a weaker underlying uniform field, that can allow
for correlations among domains of magnetic field, does not change our results. This
is shown in Fig. E.1 (note that we show low-statistics runs in this appendix).

3σ2σ1σ

CAST

SN1987A

m (eV)

g
(G

eV
−

1
)

10−1210−1410−1610−1810−2010−22

10−10

10−11

10−12

10−13

10−14

Figure E.1: Exclusion plot. Same as Fig. 5.4, but we also add a uniform transverse
contribution of 0.3 µG among domains to the random field of | ~Bdomain,0| = 2 µG
here. Our constraints remain stable.
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e. constraints in other magnetic fields

For completeness, we also show the constraints that we obtain when we apply
our method in the uniform-field scenario:

- in Fig. E.2, where we allow for fluctuations of ne among ∼ 100-kpc domains.
- in Fig. E.3, without any fluctuations.

The problem in these cases is that the constraints obtained are highly dependent
on the assumption made on the initial polarisation of quasars. For the domain-
structure magnetic field, we have conservatively allowed the initial quasar polarisa-
tion to be zero, to avoid any overestimation of the final polarisation due to the mixing
with axion-like particles. This is in fact too restrictive in the case of a uniform field
as the mixing in a single zone will not produce circular polarisation if we start from
unpolarised light, while a deviation from uniformity would lead to the generation
of circular polarisation in that case. This is illustrated by the fact that the con-
straints are weaker than what we have for | ~Bdomain| = 0.3 µG in Fig. 5.4, despite the
coherence length being a hundred times smaller and the presence of tridimensional
rotations allowing for smaller values of the transverse magnetic field.
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Figure E.2: Exclusion plot. The total distance considered is ztot = 10 Mpc; the
average domain size is 100 kpc; the transverse magnetic field strength here is
B = | ~Buniform,0| = 0.3 µG, with constant direction throughout; the average elec-
tron density is ne = 10−6 cm−3. This shows the importance of the constraint from
circular polarisation, and from the fluctuating field.
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Figure E.3: Exclusion plot. Same as Fig. E.2, but without any fluctuations. This
shows the importance of the fluctuations on ne.
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appendix F

No radio alignments from ALPs

If there are similar alignment effects in different energy domains over cosmological
scales, it is quite natural to think that they have the same origin. In the following, we
emphasise [65] that an observation of alignments in radio wavelengths as reported
in Ref. [12] cannot be explained by the mixing of photons with spinless particles
in external magnetic fields. On the one hand, this is not expected in the (already
excluded) scenario associated with alignments in visible light; on the other hand,
if the mixing was efficient enough in radio waves, then there would be a strong
contradiction with polarisation data in visible light.

Let us consider the emission of light from a given quasar, and focus on two values
of the frequency: ω1 and ω2, which will be redshifted as light propagates. Let us
choose ω1 in such a way that it will be observed as visible light once it reaches us,
ωV = 2.5 eV corresponding to 500 nm; while ω2 will be redshifted in the radio band,
ωR = 3.474 × 10−5 eV corresponding to the observations at 8.4 GHz. For these two
beams, the external conditions will be the same as they propagate towards us, so
that we have at all times:a

tan(2θ(ω2))

tan(2θ(ω1))
=

ωR

ωV
= 1.4 × 10−5, (F.1)

as these beams are redshifted in the same way. From Eq. (F.1) and the discussion
above, it is already clear that the effect due to pseudoscalar-photon mixing in radio
waves is inefficient compared to the one in visible light.

As discussed in Chap. 2, in order to produce an additional polarisation similar to
the one needed in optical wavelengths, θ(ω1) = 0.1 was a typical value. Now, to de-
termine the corresponding value for ω2, we can approximate tan(x) ≈ x in Eq. (F.1).
Doing so, we introduce a relative error slightly bigger than 1% for tan(2θ(ω1)), but
it allows us to continue the discussion in the general case.b We then finally obtain

aHere, we neglect the tiny difference of group velocity which is formally caused by the non-zero
plasma frequency. Equivalently, we can suppose that the external conditions do not change on the
time scale which separates the two wave fronts.

bOne can also check this result using directly ωV and ωR, and choosing values for the parameters
g, m, B, and ωp such that θ(ωV ) = 0.1. With the same parameters, one can then calculate θ(ωR).
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f. no radio alignments from alps

that, while θ(ω1) = 0.1, the mixing angle corresponding to the other light beam is
as small as θ(ω2) = 1.4 × 10−6 under the same external conditions.

In order to give a quantitative estimate of the additional polarisation that is
typically brought by the mixing in both cases, let us consider initially unpolarised
light beams in a magnetic field region, in the absence of an initial propagating
pseudoscalar field φ(0). As we have shown in Chap. 1, in such a case, the degree of
linear polarisation evolves in the following way:c

plin(z) =

1
2
sin2 2θ sin2

(
1
4

∆µ2

ω
z
)

1 − 1
2
sin2 2θ sin2

(
1
4

∆µ2

ω
z
) . (1.58)

One can then drop the information associated with the propagation and simply
check the maximum amount of linear polarisation that can be achieved in this region,
namely,

plin

∣∣
max

(ω) =
1
2
sin2 2θ(ω)

1 − 1
2
sin2 2θ(ω)

. (F.2)

Finally, we use the values of θ that we obtained for ω1 and for ω2, and replace them
in Eq. (F.2). For an additional linear polarisation of plin

∣∣
max

(ω1) = 2% for what

would be visible light, we only have at most a very tiny plin

∣∣
max

(ω2) = 4× 10−10% in
the other case, which is far smaller than what can be detected experimentally. The
mixing of photons with spinless particles in external magnetic fields thus cannot
produce, for the same source, an observable effect in different energy regimes such
as visible and radio. Note, of course, that an alignment sufficiently important in
radio waves with this mechanism would imply too much polarisation in visible light,
which would contradict the observations: the observed polarisation in visible light
is indeed mainly of intrinsic origin, as discussed in Sec 2.1.2.

While things can become more elaborate in more complex magnetic fields, the
phenomenology we have discussed remains the same: an effect in radio wavelengths
would be so limited that we should not expect to observe it, according to the sce-
nario in which ALPs would have provided the mechanism responsible for coherent
alignments in visible light. Additionally, other magnetic field configurations will not
produce more polarisation than this toy model in general, as fluctuations tend to
diminish the amount created via the mixing.d

In conclusion, pseudoscalar-photon mixing in external magnetic fields cannot
explain the recent claim of very significant large-scale alignments of quasar polarisa-
tions in radio wavelengths either. It could be that the two very similar observations
of large-scale coherent orientations of polarisation of radio waves and optical light
from quasars require completely different physical explanations. Nevertheless, we

cNote that, formally, one should take Faraday rotation into account at radio wavelengths.
dAs we discussed in Chap 1, if one keeps φ(0) 6= 0, while the evolution of the polarisation due

to the mixing is more complicated, the relevant parameters which drive the change of polarisation

remain the two dimensionless quantities θ and ∆µ2

ω z.
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stress that the spinless-particle scenario simply fails to reproduce polarisation data
both in visible and in radio wavelengths. In the first case, the price to pay is the intro-
duction of a circular polarisation problem which directly contradicts high-precision
polarisation data. In the second case, it would lead to an extremely efficient mixing
in visible light which would contradict high-precision linear polarisation data.

On the other hand, while more quantitative predictions are still needed, we simply
note that some effort has been done in new directions to try to explain the alignments
in visible light [150], and that some of these could naturally explain alignments in
radio waves, without generating any circular polarisation.
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