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Introduction

Personal path

At the time I write these lines, I have been working on Lorentz Invariance Violation (LIV),
more particularly on experimental search for modified photon dispersion relations in vacuum,
for more than ten years. And in a sense, I started working on that topic because of a tragic
accident.

My PhD was supposed to be entirely dedicated to the Alpha Magnetic Spectrometer AMS-02,
more precisely to its capability to detect photons. At the time I began, AMS-02 was supposed to
be installed on the International Space Station at the beginning of 2005. In that case, I would
have had a few months to analyze the first data taken in orbit.

But everything changed on Feb. 1, 2003. On that day, space shuttle Columbia disintegrated
over Texas and Louisiana as it reentered Earth’s atmosphere, killing all seven crew members. As
a result, the whole US space program was delayed by two years and AMS-o02 was grounded. It
was necessary to change the focus of my PhD so that I could analyze “real” data in addition to
“simulated data”. At that time, Quantum Gravity phenomenology exploration with astrophysical
sources was not a new, but still a largely unexplored topic. Only a handful of physicists, mainly
in Europe, were spending some time on analyzing data from satellites to put some constraints
on modified photon dispersion relations in vacuum. Even if the amount of data available for this
type of investigation was limited at the time, I thought it was very exciting to be able to explore
the fundamental nature of spacetime through astrophysics.

So, under the supervision of Agnieszka Jacholkowska, I started in 2003 to analyze the data
taken by the satellite HETE-2, looking for Quantum Gravity-induced energy-dependant time lags
in Gamma-ray Bursts light curves. Since then, I never really stopped working on that topic, even
if I decided to broaden my views on astroparticle physics going into neutrino astronomy during
the post-doctoral fellowship I made between 2005 and 2008. After this parenthesis, I went back
to LIV studies joining the H.E.S.S. collaboration, first as a postdoc (2008—2010) and then as a staff
member of Université Pierre et Marie Curie at LPNHE (Laboratoire de Physique Nucléaire et des
Hautes Energies). I had first the opportunity to study the gigantic flare of the blazar PKS 2155-304
that ocured in 2006. Later, I was involved in the analysis of four bright bursts detected by the
Fermi satellite. I have been invited twice in conferences to show my results on these two analyses.
Then, I went back to H.E.S.S., focusing on pulsars with my first student, Mathieu Chretien, who
defended his PhD on October the 2™ 2015. Since the end of 2015, I am back to Active Galactic
Nuclei, with my second PhD student, Cédric Pérennes, with the aim of better understanding
intrinsic effects and to learn how to deal with them in LIV studies. I also worked to evaluate the
performances of the future high energy gamma-ray observatory CTA (Cherenkov Telescope Array)
as far as LIV searches are concerned. Between 2010 and 2015, I supervised four Master’s students
internships on LIV searches.

I would like to stress here that searching for LIV is only one part of my activities. Since 2010,
I have been spending most of my time teaching. In addition, my second main topic of interest
after LIV searches is instrumentation. Since I started my PhD in 2002, I have been involved on
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the hardware side for AMS-02, IceCube, H.E.S.S. and CTA. I chose not to cover this part of my
activities in the present memoir.

Scientific revolution

According to Thomas Kuhn (1922-1996), normal scientific progress is a “development-by-
accumulation” of accepted facts and theories [105]. From time to time, such “normal science”
can be interrupted by periods of revolutionary science, where a prevailing paradigm ! has to be
replaced by a new one.

As we shall see later, the fate of Lorentz Invariance has known an increasing interest in the
last decade because LIV appears as a striking outcome of some approaches aiming at elaborating
a quantum theory of gravitation (Quantum Gravity, or QG for short). Such a theory is still under
construction but it is believed that it will be the next scientific revolution... if theorists succeed
in finalizing it someday! This revolution will have profound consequences: both Standard
Model (SM) of particle physics and General Relativity (GR) will be abandoned in the same way
Newtonian gravitation was cast aside when Einstein came up with his theory of GR in 1915. As
both SM and GR are at the heart of modern physics, the consequences will be profound.

In the previous paragraph, I wrote that when I started working on LIV, I thought it was very
exciting to be able to explore the fundamental nature of spacetime through astrophysics. More
than ten years later, I am still excited working in that field: how not to be excited to be involved
(even very humbly) in the process that will (maybe one day) allow a new scientific revolution?

Menu

Through all this monograph, I will focus on Lorentz Invariance Violation searches with
astrophysical sources. More precisely, I will focus on tests of modified dispersion relations (MDR)
for photons in vacuum with transient high energy gamma-ray sources. The question I want to
address is the following: is the velocity of photons in vacuum always equal to ¢, whatever their
energy?

As a teacher, I of course tried to write this text in a pedagogical way. By doing so, I could
not just write a synthesis of my work, disconnecting it from a broader context. I chose to
carefully explain some notions that are generally considered as obvious in the LIV literature and
which are sometimes difficult to find clearly explained. So I start with a chapter concerning
Lorentz Invariance (Chapter 1). In this chapter, I explain what is meant by invariance, what are
Lorentz transformations and how they can be derived from the nature of spacetime itself. I can
then introduce Lorentz Invariance (LI). As key element of Special Relativity (SR), LI has been
tested for a long time, well before scientists started to work on QG. At the end of the chapter,
I briefly discuss the tests of LI that are not related to QG phenomenology, focusing on two optical
experiments.

After discussing the broad context, I will come to the core of this monograph concerning
LIV tests with variable or transient astrophysical gamma-ray sources (Chapter 2). These tests
have known a growing interest in the past 15 years in the context of QG phenomenology. As an
experimentalist, I will not go too far in the theory side. I will simply give some examples of models
of QG which predict MDR, and which can be tested with astrophysical photons. Testing MDR is
done by looking for energy-dependent time-lags. By searching for such lags, it is necessary to
understand whether some time-lags are introduced by the emission mechanisms at play at the
source. We will see that this question is still mainly unexplored. Then, I will quickly review most
of the results available in the literature. At this occasion, I will have the opportunity to discuss

1A paradigm is the whole of techniques, patents and values shared by the members of the scientific community.
Seee.g. [10].



some of the main results I published myself. To end the chapter, I will discuss the other effects
that a quantum spacetime could induce on photon propagation.

I will conclude this memoir (Chapter 3) discussing the future of LIV searches. I will give the
key points that, in my opinion, will be essential on the road to a possible detection of LIV effects,
especially with a new generation of instruments such as CTA.
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Schlenstedt and Christian Spiering who allowed me to open my horizon and work on something
else than LIV for a while (2005-2008); and Pascal Vincent who allowed me to come back to LIV
as a postdoc and finally as a Maitre de Conférences.
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about them !



10

Introduction



Chapter 1

Context: Lorentz Invariance
and its violation

‘ ‘Space by itself, and time by itself, are doomed to fade away into
mere shadows, and only a kind of union of the two will
preserve an independent reality. , ’

— H. Minkowski, Space and Time (1908)

Lorentz Invariance (LI) is a key ingredient of modern physics. It is indeed a cornerstone of
our present description of both microscopic and macroscopic worlds. In this chapter, I will first
explain as simply as possible what we mean by “invariance” and “invariance violation”. After
that, I will explain what is Lorentz Invariance, Lorentz Invariance Violation (LIV). Then, I will
briefly describe the classical tests of LI, “classical” in the sense they have been developed in the
framework of Special Relativity and not in connexion with Quantum Gravity (QG), which I will
discuss in the next chapter.

1.1 Symmetry, symmetry breaking and some other definitions

In this section, for illustrative purposes, I will take a pre-relativistic, post-Maxwellian point
of view as a physicist could have done at the end of the 19™ century. Therefore, I will assume
that the Galilean relativity principle holds and that photons obey Maxwell equations as well as
Galilean velocities composition law.

1.1.1 Observer transformations, particle transformations, invariance and symme-
try
Let me consider a reference frame E, in which I define a base {€;}, with i € {1,2,3}. This

base provides a specific coordinate system I can use to describe any process I want. In the
reference frame E, let me consider that an operator controls a light source that emits photons

- =
with velocity V = Vg (Fig. 1.1).

11
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Figure 1.1: A photon with velocity V is travelling through vacuum. Two different reference frames are drawn, the
one on the right being obtained by a rotation of the one on the left. As the choice of the reference frame is done by
the observer, this transformation is called observer transformation.
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Figure 1.2: A photon with VelocityT/) is travelling through vacuum. The picture on the right is obtained from the
one on the left by rotating the particle by an angle —6, with 6 defined as shown in Fig. 1.1. Since the particle is rotated
(and not the reference frame), this transformation is called a particle transformation.

For now, I assume that the photons propagate through vacuum and that no interaction of any
kind can affect their propagation.

As an observer, I can chose the reference frame I want to describe what I see, as long as this
frame is inertial. In a pre-relativistic context, this principle applies only for laws of mechanics.
This is what is called the Galilean relativity principle. This principle says that laws of mechanics
are the same in all inertial frames: in other word, there is no preferred frame of reference, a
frame of reference in which the laws of mechanics would be fulfiled while they would not be
true in some other frame.

Since I can choose whatever frame of reference I want, I can decide to use the reference
frame corresponding to the base {e;} or another reference frame with base {Z} obtained from
{e;} by a rotation: ;lf) =R l-?} (rotation matrix R). Such a transformation is called an observer
transformation. V can be expressed in either of these two bases: V= vie; = v’iz. Since
Z = R/ e}, we have V= v'e; = v''R/;e; and so we obtain the relation between the coordinates
of V in the two bases: Ryt =0/, orv = (R‘l)ijvj (rotation matrix R™1).

Instead of rotating the reference frame, I can also imagine that the operator changes the

orientation of his light source and throws the photons in a different direction (Fig. 1.2). This
is called a particle transformation. From the simple calculation above, I can infer that rotating
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Figure 1.3: A photon with VelocityT/) as measured by an observer is travelling through aether. Aether drifts with
speed v a/E (grey arrows) as seen from the observer frame of reference. Two different observer reference frames are

. . . . . . -
drawn. The system remains invariant under observer transformations: in particular, the scalar product V - V /g does
not change.

the reference frame counterclockwise by an angle 6 is equivalent to rotating the direction of
the photon by an angle —6. In other words, in vacuum, observer transformation and particle
transformation are inversely related *.

Obviously enough, a given quantity is said to be invariant under a given transformation if it
stays unchanged when this transformation is applied to it. From what we have seen, we can state
that the invariance under observer transformations is not related to any physics. The choice of the
reference frame is the only thing we need to define what will be invariant or not under observer
transformations. On the contrary, invariance under particle transformations correspond to a
physical symmetry of the system. Under this invariance condition, the two situations represented
in Fig. 1.2 are totally equivalent.

1.1.2 Invariance violation and symmetry breaking

Now, let me consider a different situation. This time, I assume the photon is not in vacuum
anymore but in a medium called aether. In the pre-relativistic era, aether is the medium light
needs to propagate, as the sound needs air to propagate 2. In that sense, there is an intimate
connexion between photons and aether and the presence of aether should affect in some way
the propagation of the photons. Aether is assumed to be homogeneous so that the light has the
same speed in the frame of reference of the aether, whatever its direction of propagation. Let
me also assume the experiment is done in an inertial frame moving with respect to the aether so
that for the observer, the aether appears to move with speed T/)A/E. That is the aether wind.

Fig. 1.3 shows what happens for observer transformations. The system remains invariant as
can be illustrated by the fact the scalar productT/) -T/)A/E remains unchanged.

The situation is very different in the case of a particle transformation (Fig. 1.4). It can be
seen in particular that the scalar product T/) -T}A JE is not the same before and after the particle
transformation. The particle invariance (here the rotation invariance) is violated. And since every
invariance corresponds to a symmetry, the rotational symmetry is said to be broken. In other
words, the system is physically distinguishable of its transformed version, and the existence of
the aether wind could be deduced from an experiment.

Let me consider such an experiment and assume the laboratory travels with a constant speed

10Observer transformations and particle transformations are sometimes referred to as passive and active respectively.
2Interested readers can find a detailed discussion on aether theories in [168].
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A A

= i =1

Figure 1.4: A photon with VelocityT/) as measured by an observer is travelling through aether. Aether drifts with
speed v a/E (grey arrows) as seen from the observer frame of reference. The system is clearly not invariant under

. . - - . . .
particle transformations: the scalar product V - V 5 g is not invariant.
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Figure 1.5: A particle transformation and its effect on the Galilean speed composition law. See the text for the full
description.

- — -
Vg/a in the frame of reference of the aether (Vg/a = —Va/g). An observer measures the speed
—)
of light to be V' /g in the reference frame of his laboratory, and the speed of light in the frame of
- - -
the aether 3 is V5. A priori, the norms of V1,4 and Vg are not equal: V;/a # Vi k.
- - -

Then, using the Galilean speed composition law, we have Vs = Vg + Vg/a (Fig. 1.5 ().
The situation is similar to the one illustrated by Fig. 1.4: rotational invariance is violated and
when the operator rotates the experiment in a different direction (Fig. 1.5 (b)), he can measure
an increase of the value of V;,g. On the contrary, if the operator does not see any change of the

- -
value of V; g (Fig. 1.5 (¢)), the only possibility is that Vg4 = 0 and this imposes that Vg = Vi/a.
In that case, the operator can conclude that the rotational invariance is not violated and that
either he is at rest in the frame of reference of the aether, either aether does not exist.

Finally, consider again Fig. 1.5 (a and b) and assume this time that rotationnal invariance is

H
violated. The observer who measures V'1/g will be able to deduce the invariance violation from
his experiment. However, another observer at rest in the reference frame of the aether will see

3Aether was proposed as the absolute and unique frame of reference in which Maxwell’s equations hold. So, the
value of V1 /5 can be obtained from Maxwell equations: Vi ;o = 1/+/éofig Where € and pig are respectively the vacuum
permittivity and permeability.
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that T}L JE = T/)L ;A Whatever the direction of the light beam and for him the invariance will not be

violated. As a result, the relativity principle fails and as a consequence, there exists a preferred

frame of reference. This preferred frame is often chosen in such a way that physics is isotropic so

in our example, the preferred frame is the one of the aether, where the speed of light is isotropic.
Now we are ready to introduce Lorentz Invariance.

1.2 Lorentz Invariance and Lorentz Invariance Violation

Considering what we have seen in the previous section, Lorentz Invariance (LI) can easily
be defined: a quantity is Lorentz invariant if it is not modified by Lorentz transformations. So,
in order to understand what it really means, it is necessary to spend some time on Lorentz
transformations. However, I am pretty sure the reader is familiar already with Lorentz transfor-
mations, so I will emphasize a bit more on how Lorentz transformations are derived. As my main
topic of interest is Lorentz invariance, it is interesting to notice that Lorentz transformations are
themselves obtained from invariance principles.

The content of this section is inspired from readings of several text books about special
relativity. In particular, I follow the approach and definitions of [74].

1.2.1  Minkowski spacetime
Historical note

The two postulates formulated by Albert Einstein (1879-1955) when he introduced Special
Theory of Relativity in 1905 [53] were the following:

* The Principle of Relativity — “Not only in mechanics, but also in electrodynamics, no prop-
erties of the phenomena correspond to the concept of absolute rest, but rather that for
all coordinate systems for which the mechanical equations hold, the equivalent electrody-
namical and optical equations hold also...”;

* The Principle of Invariant Light Speed — “Light in empty space always propagates with a
velocity which is independent of the state of motion of the emitting body.”

The first postulate is an extension of Galilean relativity principle to electromagnetism.
Rephrased in a modern way, this principle states that the laws of physics are the same in all
inertial reference frames. All these inertial frames are physically equivalent or, as already men-
tionned in §1.1.1, there is no preferred frame of reference.

As far as the second postulate is concerned, it was soon understood after Einstein’s paper
was published that such an hypothesis is not necessary to derive Lorentz transformations. It
was first noticed by Vladimir S. Ignatowski (1875-1942) [85, 86, 87, 88] and after him, several
authors were able to derive Lorentz transformations without using the invariance of light speed.
References [109] and [111] provide two recent examples of such derivations. In addition to
the relativity principle, and causality ¢, the hypotheses used are about fundamental nature of
spacetime: homogeneity and isotropy.

This notion of spacetime is due to Hermann Minkowski (1864-1909). Minkowski realized that
special relativity could be understood much better considering a single entity grouping space and
time together [128]. The structure of Minkowski spacetime is all what is needed to derive Lorentz
transformations and the two Einstein postulates appear as consequences of this structure.

4The causality principle states that the time difference between two events always has the same sign (the order of
the events is the same), regardless of the choice of the reference frame in which this time difference is measured.
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Minkowski spacetime
Minkowski spacetime has the following ingredients:

* a real affine space € of dimension four, with an associated vector space E. € is called
spacetime. Each element of E is called a four-vector (or simply vector). A vector X can
be decomposed over a basis {e,} of E: X = x%e, (greek indices go from o to 3) using
Einstein summation convention. As an example, the vector position has the components

x% = (Ct,x,y,2) (1.1)

using cartesian spatial coordinates. It is very important to understand here that at the
moment, C is only a coefficient allowing to convert a time to a distance. It could be
indifferently noted v, k, etc.;

* a nondegenerate, symmetric bilinear form with a signature> (—, +, +,+), called metric
tensor and noted g. The coefficients of g, noted g,4, are the scalar products of basis
vectors:

Jap = 8(€a.€p), (1.2)

and the scalar product of two vectors is given by
V(V,W) € EXE, V-w=g(V,W) = gaﬁv“wﬁ. (1.3)

Due to the signature (—, +, +, +), the scalar product of two vectors can be positive, negative,
or null. Obviously, this is also true for the scalar product of a vector with itself. A vector ¥
is said to be space-like if and only if g(7 , V) > 0, time-like if and only if g(7 ,Tf)) < 0and
light-like if and only if V # 0 and g(¥, V) = 0. The norm of a vector is then given by

V]|, = VIs@. V). (1.4)

In the particular case of a flat spacetime, the basis {€, } is orthonormal and the matrix of
g is called the Minkowski matrix, noted #:

VTI)EE,

-1 0 0O
0 100
Jap =Nap=| o 0 1 o (1.5)
0 0 0 1
Then,
V-w= ryaﬁv“wﬁ = -0 + olw! + %w? + 3w, (1.6)
and the squared norm of a vector V is given by
V.- v=v:= ryaﬁvavﬁ = —0"% + (vH? + (0®)? + (v*)%; (1.7)

* if V is a light-like vector, then —(v°)2 + (v1)2 + (v%)? + (v3)? = 0, which is the equation of a
hypercone. V is the direction vector of the world line of any massless particle, in particular
a photon. That is why the hypercone is simply called the light cone. It is divided in two
unbounded nappes, one towards the future and one towards the past. Deciding which
nappe is towards the future is chosing the arrow of time. An orientation can be chosen
for spacetime: this is equivalent to chosing an oriented reference basis. The orientation is
given by the determinant of the metric g.

5(+,—,—, —) can be used as well. Which signature is better is a matter of taste.
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Figure 1.6: A photon moving along a geodesic A while an inertial observer moves along a world line & at speed
. This figure is inspired from Fig. 4.6 of [74].

The structure of Minkowski spacetime is all what is needed to describe almost every aspect
of special relativity. Proper time, the Lorentz factor, four-speed, four-acceleration, etc. can be
defined from it. We can also retrieve important results such as length contraction, time dilation,
relativistic speed composition law, etc.

I will not go into all this, but as an example, and since I will need this definition in the next
section, proper time dr is defined that way:

Cdr = ||T<)||g = \/—g(dX, dX) when dX is directed towards the future
== o (1.8)
Cdr = —||7(>||g = —/—g(dX, dX) when dX is directed towards the past,
so for an orthonormal basis,
Cdr = £4/(dx0)? - (dx))? - (dx?)? - (dx¥)?, (1.9)

where the sign + corresponds to the two cases of Eq. 1.8.

1.2.2 The invariance of the speed of light as a consequence of the structure of
Minkowski spacetime

Since my main topic of interest is to test if the speed of the photons is really constant, I think
it is interesting at least to demonstrate the invariance of the speed of light directly from the
structure of Minkowski spacetime, i.e. even before introducing Lorentz transformations.

So, let me now consider the situation depicted by Fig. 1.6. An inertial observer © follows a
world line &£. When his proper time changes by an amount dt = dr, his position changes by
an amount dX, this vector being necessarily directed towards the future. Then, his four-speed is
defined by

- ldx
u= Cdr (1.10)

From Eq. 1.9, it comes easily that w2 =-1.
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Between times t and t + dt, the observer moves from O(t) to O(t + dt) so that dX =
_—
O(t)O(t + dt). As a result, his four-speed can be written as

B ——
o - 1 O(t)O(t + dt) (111)
- C dt ’ '
which gives the relation
O)O(t +dt) =Cudt, or
B ’ (1.12)

é _)
O(t +dt)O(t) = -Cd dt.
I consider now a photon propagating in the vicinity of ©. Between times t and ¢ +dt (again, as
measured by 0), the photon moves along a light-like geodesic A from M(t) to M(t + dt). Vectors

: % -
O(t)M(t) and O(t + dt)M(t + dt) are necessarily orthogonal to vectors O(t)O(t + dt) and u. In
particular, we will need the following relation later:

U - O(t + dt)M(t + dt) = 0. (1.13)

Now we would like to have a unit vector that could be used to describe the trajectory of the
photon. Unfortunately, as the norm of a light-like vector is null, we cannot normalize it, so there
is no unit vector tangent to A. The only thing we can do is to define at point M(t) a light-like

_)
vector 1 such that .
l.d=-1, (1.14)

H
and use it to define a unit vector. 1 is unique and we can define another vector T such that

H
1 =d+T. (1.15)

So it comes that
I S T T
l - d=d-d+n-ud
—_—— ~_—~—
-1 -1

- -
n-u-=

= 0. (1.16)

H
Then, T and W are orthogonal. In addition, since 1 is a light-like vector,

i — - = = —

12= W2 +2n-u+n2:0zn2=1, (1.17)
—— ~——
-1 0

s0 . is a unit vector. 1 defines the direction of propagation of the photon as seen by observer 6.
I can now calculate the speed of the photon as seen by 6 at time ¢:

—
_ dOM

_)
V(t) = T (1.18)

. —_—>
For this, I need to express dOM:

dOM = O(t + dO)M(t + dt) — O()M(2)
= O(t + dt)O(t) + O(t)M(t) + M(t)M(t + dt) — O(t)M(t) (1.19)
= O(t + dt)O(t) + M(t)M(t + dt).

S ——— _—
O(t + dt)O(t) is given by Eq. 1.12, but I still need to express the vector M(¢)M(t + dt). For
this, I can use Eq. 1.13. Indeed,

U-O0(t+dM(t +dt) = - |0t +dt)O(t) + O(t)M(t) + M(t)M(t + dt)| = 0.
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Using Eq. 1.12 and since u and O(t)M(t) are orthogonal, we obtain
_—
U - M(OM(t + dt) = —Cdt. (1.20)
> -
It is clear however that vectors M(¢)M(t + dt) and 1 are colinear so we can write

MOMGE+dD =k 1

where k is a constant. Since we have the relation 1.14, we obtain simply that k = Cdt.
So, Eq. 1.19 gives

d(ﬁ/[ =-CUddt+ C_l) dt, (1.21)
and since _1) =1 + 1, we have
dO_]\)/I —
V(t) = —-=ca ~d)=CT. (1.22)

Since ™ is a unitary vector, we obtain finally

HT/ZHg =_C. (1.23)

Then, we have verified that the speed of a photon is constant and always measured to be
C, for any observer, and whatever his state of motion. Note that I have considered here that
the observer is inertial. The result above can be generalized to any accelerating or rotating
observer but in that case, the observer has to measure the speed of the photon at his own location
(OM = 0).

I did not elaborate on the meaning of constant C so far. This parameter was first introduced
in Eq. 1.1 as a conversion factor from a time to a distance. From Egs. 1.8 and 1.9, C appears as a
link between proper time and the metric:

o

C2dr? = —gupx*xP = ds?. (1.24)

It can then be considered as a fundamental constant of spacetime. Now, I have come to a point
where it appears that C is the speed of massless particles, but it is only the experiment that allows
to identify this constant to the velocity of electromagnetic waves in vacuum: C = ¢. The possible
meanings of ¢ are nicely discussed in reference [57].

1.2.3 Lorentz transformation

The aim of this section is to give the modern definition of Lorentz transformations and to
show that Lorentz transformation includes rotations and boosts. If the reader consider all this as
obvious, then he can go directly to Section 1.2.4. In my opinion however, the fact that Lorentz
transformation includes rotations and boosts is too often taken for granted in physics text books.

Definition
Using the notations defined above, we call Lorentz transformation any linear map

A E — E (1.25)
vV o— AW) 25

such that

V(V. W) € EXE, A(g(V.,W)) = g (A(V),AW)) = g(V. W) (1.26)
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In other words, A leaves the scalar product induced by g invariant. Being defined from the
metric, the norm (Eq. 1.4, page 16) is also invariant:

¥V € E, IAV)g = [V lls. (1.27)
Using index notation, a Lorentz transform w = A(V) is noted
w% = Aaﬁvﬁ, (1.28)
while the invariance of the scalar product translates into
AP N pg®F = g (1.29)

The set of all Lorentz transformations associated with a composition law forms a group 6,
the Lorentz group, noted O(3,1), O because it is an orthogonal group, and (3, 1) because the
signature (-, +, +, +) has three '+’ and one ’-".

The problem is now to interpret the above definition and give the physical meaning of Lorentz
transformations. For this, it is common to classify them according to the value of det A (which
is equal to +1) and the sign of the coefficient A% (which can only take values > 1, or < —1)
when A is expressed in an orthonormal basis. From all the possible combinations for the choice
of these parameters, the most important is the one for which det A = +1 and A%, > 1 because
it relates the local frames of two observers. These transformations are called restricted Lorentz
transformations 7. They form a group noted SO,(3, 1).

It is possible to show that from any Lorentz transformation of O(3, 1), one can switch to a
restricted Lorentz transformation using one of the two operators noted P and T or a combination
I=PoT=ToP. Pis the parity transformation, the simultaneous flip in the sign of all three
spatial coordinates, and T is the time-reversal transformations:

I“g = diag(-1,-1,-1,-1),
P%p = diag(1,-1,-1,-1), (1.30)
T%p = diag(-1,1,1,1).

So the only thing we need to do is to study restricted Lorentz transformations.

Restricted Lorentz transformations

As we have seen, restricted Lorentz transformations fulfill the conditions detA = +1 and
A% > 1. What we need to do now is to express the coefficients of the matrix A in a well-chosen
orthonormal basis in order to reveal the physical meaning of the transformation.

Let me note this orthonormal basis (e_)o,e_l),e_z), e_3>). It is not straightforward to define such

a basis from scratch, but another basis (1, k, e3, e3) where 1 and k are light-like can be used

6If the composition law is noted o, it means that:
e if A1 and Ay are Lorentz transformations, A1 o Ay is a Lorentz transformation too;
e if A7, Ay and A3 are Lorentz Transformations, then (A1 o Ag) o A3 = Aq o (A o Ag);
e the identity is a Lorentz transformation;

* every Lorentz transformation A has an inverse AL

7Transformations for which det A = +1 are called proper transformations. They form a group noted SO(3, 1). The
transformations for which AOO > 1 are called orthochronous, they transform a time-like vector oriented towards the
future into a time-like vector oriented towards the future. Again, these transformations form a group, noted O, (3, 1).

81, P and T are Lorentz transformations. It is obvious since I = I_l, P=PlandT=T"1s0 Eq. 1.29 is verified for
each one of these transformations.
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. - -
Figure 1.7: Left: basis vectors eg and 7 are defined from two light-like vectors 1 and k. Dimension along vector
e3 has been suppressed. Right: dimension along vector e; has been suppressed.

as an intermediate. A way of defining the latter basis is to start from the fact that a restricted
Lorentz transformation admits at least one invariant light-like direction °.
If we note such a direction A, it means that A(A) = A. Equivalently, there exists a light-light

- — -
vector 1 such that A(1) = A 1 where'© A > 0. Then, 1 appears to be an eigen vector of A and
A an eigen value. Since A > 0, we can define a real parameter i = In A such that

— —
AMD)=e 1. (1.31)

- -
Then we can consider a second light-like vector k oriented towards the future, such that k and
- - -
1 are not colinear. From these two vectors, e_>0 and e; are constructed such that e_)o =(1+k)/2
- - - -
and e; = (I — k)/2. A priori, k can be chosen arbitrarily as long as it is not colinear to 1 but

in order that e; and e are orthogonal, k and 1 have to verify the condition

k-1=-2. (1.32)

H
This imposes that k is in plane P as represented on Fig. 1.7 (left). Another consequence is that

LT o >
basis (1, k, e5, e3) cannot be orthonormal.

- - -
The fact that 1 is invariant does not mean that k is. k will always be light-like, but in
general, we can write

AK)=al +bk+ ™ , (1.33)
epP €Q

where the plane Q is orthogonal to plane P (Fig. 1.7, right). Using (i) relation A(T()) -A(_1>) -2,

(ii) the fact 1 and k are light-like vectors, and (iii) that m is orthogonal to both 1 and k, it
comes that b = e™¥ and

m-m=4ae?. (1.34)

Since m is in plane Q, mis space-like, so a > 0. From ﬁ, we define a unit vector e_z) = e‘/’/ (405)?1

— -
where a = vae¥/2/2 > 011, By construction, €, is orthogonal to both 1 and k. We can then
write

A(T()) =eV (4aZT +T<> + 4a e_z)) . (1.35)

9Again, I will not demonstrate that. This is done in [74].
10A is an isomorphism so A # 0, and it is also orthochronous, so A > 0.
1Parameter a could be used instead of @, but « allows to simplify notations.
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%
From this equation, it can be seen that when a = 0, k is invariant. In that case, €, can be

%
chosen arbitrarily in plane Q and as 1 is invariant too, there are two distinct invariant light-like
directions.
To complete the basis we are looking for, we need a fourth vector e; and we need to express

— — . . i 5 —
A(e3) and A(e3). For this, we can still use vectors 1 and k to decompose A(e)):
— —
A(e_z)):ul +Uk+xe_2)+ye_3). (1.36)

H
From Egs. 1.31, 1.32, and using the fact that 1 -€5 = 0, it comes that v = 0. Since €, is normalized,
e - €5 = 1, which leads to x* + y? = 1. Then, we can introduce a parameter ¢ € [0, 27 so that

_)
x = cos ¢ and y = sin ¢. Finally, from Eq. 1.33, and since k - € = 0, we get that u = 2a cos ¢.
So,
ﬁ
A(e_ﬁ) = (2a cos¢) 1 + cos <pe_2> + sinq)Eg). (1.37)
A(e3) is obtained with exactly the same method. From Eq. 1.31 and 1.33, and using the

— —
expressions of €0 and e; as a function of 1 and k, we can at last deduce the general form of a
restricted Lorentz transformation in the orthonormal basis {e_; }:

coshi/ + 2a?e™¥ sinhy — 2a%e™/ 2acosp —2asing
sinhy + 2a%e™V  coshyy —2a%e™V 2acosgp —2asing

A% = .38
P eV —2ae”V cos ¢ —sing |’ (1.38)
0 0 sin ¢ Cos @
where y € R, « € R" and ¢ € [0, 2x].
Pure boosts and pure rotations
Two cases are of particular interest 12:
* ¥ =0and a = 0. The matrix A%z is reduced to
1 0 0 0
01 O 0
a _ po
Ap=Rp= 0 0 cosgp -—sing (1:39)
0 O sing cosg

The time component is left unchanged and the spatial coefficients correspond to a rotation
matrix of angle ¢. This transformation is called a pure rotation. The rotation leaves the
time-like plane P invariant.

* ¢ =0and a = 0. The matrix of Eq. 1.38 becomes

coshyy sinhy

0
« _ pa _ | sinhyy coshy O
0

0 0

— O O O

which is called a pure boost of rapidity . This transformation leaves the space-like plane Q
invariant. In that sense, it can be considered as a spacetime rotation. The rapidity i meets

12For completeness, the case where ¥ = 0 and ¢ = 0 corresponds to what are called null or light-like rotations.

S
These rotations leave the light-like plane containing vectors 1 and €3 invariant.
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the requirement '3 cosh ¢ > 1. It is related to speed v by the relation tanh ¢/ = v/c = f and
the quantity cosh ¢/ is the Lorentz factor coshy = y = 1/4/1 — v?/c2. In the case where
A% =1 = cosh/, v = 0. Additionally, due to the properties of hyperbolic tangent, || < c,
so ¢ appears as a limit for velocities, only reached by massless particles, as we have seen
already.

Finally, it is possible to demonstrate that every restricted Lorentz transformation has a unique
decomposition as a composition of a pure rotation and a pure boost:

A=BoR. (1.41)

From the general form given by Eq. 1.38, this decomposition appears clearly in the case ¢ = 0.
This case corresponds to a transformation that leaves two distinct light-like directions invariant.
These transformations are sometimes called four-screws [74].

1.2.4 Lorentz Invariance and Lorentz Invariance Violation

Some of the readers may have found the three previous sections lengthy, but I think it was
necessary to spend some time describing carefully Lorentz Transformations. Indeed, they are
often taught to students considering only boosts 14 and ignoring rotations: it is probably tempting
to go straight to what is really new and fun.

Lorentz Invariance

From what we have seen above, we finally obtain the following definition of Lorentz invari-
ance:

] Lorentz Invariance corresponds to invariance by rotations and boosts. ‘

In §1.1, using a rotation as an example of a basic transformation, I actually illustrated one
aspect of Lorentz invariance and Lorentz invariance violation. Lorentz invariance guarantees
that the photons emitted by a light source will all have the same velocity, regardless the direction
they have (rotation invariance) and no matter if the light source and the observer are moving or
not (boost invariance). In addition, all inertial observers will agree on these results (relativity
principle).

We already encountered a quantity which is obviously Lorentz invariant: the metric tensor
g“ﬁ . Indeed, we have seen (Eq. 1.29) that:

A”aAVﬁg“'B =gh".

We have seen also that all ingredients of Special Relativity can be deduced from the structure
of Minkowski spacetime and the principle of invariance of the metric. Lorentz symmetry is
therefore the defining property of Special Relativity. Special Relativity is in turn a building block
of both Quantum Field Theory (QFT) and General Relativity (GR). Through GR, it is also a crucial
ingredient of modern cosmology. Actually, it is very often considered as the building block of
modern physics as a whole.

Lorentz invariance and dispersion relations

Let me consider now the four-vector energy-momentum components p¥ = (E/c,?) =
(myc, my_v)). For a massless particle, m = 0 and it comes immediately that this vector is light-like.
So, in a flat spacetime,

Nmpt'p” = ~(E/¢)* +p* = 0, (1.42)

13Remember that A% > 1 since A is orthochronous.
14] used to do that too, shame on me!
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where I have noted p? = 7)) ? We then obtain the dispersion relation !>
E? = pzcz. (1.43)

Finally, if we remember that the group velocity is given by v, = E/dp, it appears obviously
what we already knew: the speed of a massless particle is such that

vg = % =c. (1.44)

For a particle of mass m # 0, the dispersion relation becomes

Nup"p” = —(Efc)* + p* = —m*y?? + m*y?o?, (1.45)
which gives
E? = pzc2 + m2c*. (1.46)

In that case, the group velocity depends on the energy of the particle:
vg = —. (1.47)

Lorentz Invariance Violation

In §1.1.2, I illustrated a case where rotation invariance is violated. As rotation is part of
Lorentz transformations, I actually gave an example of Lorentz Invariance Violation (LIV). This
violation appears as a change of the measured velocity of photons when the operator change
the direction of the light beam. This can be generalized to boost invariance. Boost invariance
violation would manifest itself if two operators, one of them moving in the reference frame of
the other, would not measure the same speed of light. As the two observers would not agree on
their results, they would immediatly conclude that the relativity principle fails: their reference
frames are not equivalent.

As we have already seen, this last point translates into the fact there is a preferred frame of
reference. As a result, in all theories where LI can be violated, the chosen frame of reference
has to be specified explicitly. Two frames are commonly chosen: the rest frame of the Cosmic
Microwave Background (CMB) and the Sun-centered frame.

The use of the rest frame of the CMB as the preferred frame is nicely justified by the observa-
tion of the dipole anisotropy component of the CMB. This component is due to the Doppler shift
of CMB photons due to the movement of the solar system in the Galaxy and to the movement of
the Galaxy itself in the rest frame defined by the last scattering surface of the CMB. The latest
results from the Planck satellite are illustrated in Fig. 1.8 [145]. Such a map illustrates the fact the

barycentre of the Solar System is moving in the direction of +73>|| as compared to the CMB rest
frame. Its speed in the CMB rest frame as measured by Planck is 384 km.s™ + 78 km.s™ (stat.)
+ 115 km.s™ (syst.). A part of this speed is due to the movement of the Sun around the Galactic
center (~230 km.s™). For an experiment located on Earth, the motion of the Earth around the
Sun and the rotation of the Earth around its axis have to be taken into acount too. As a result,
the velocity of a laboratory located on Earth with respect to the CMB rest frame shows daily and
yearly modulations (Fig. 1.9). Considering the fact that the Sun takes roughly 240 million years
to orbit around the Galaxy, a duration considerably longer than the duration of any experiment,
it is reasonable to assume its movement is rectilinear with respect to the CMB rest frame. Then,

15When considering photons as quanta of electromanetic waves, this relation can of course be obtained from
Maxwell equations and take the form w? = k%c2.
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Figure 1.8: CMB dipole direction as measured by Planck in galactic coordinates. The direction f is given by its

- —
components f, and . Uncertainty on dipole direction are given by 14° and 26° radius circles. For more details on
the data points, see [145].
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Figure 1.9: Velocity of a laboratory located on Earth (in Paris) with respect to the CMB rest frame as a function of
time. The inset shows a zoom of the curve emphasizing the daily modulation of the velocity.
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the Sun-centered reference frame can be considered to be inertial. That is why it is used for LIV
studies in some frameworks (see 81.3).

As a consequence of LIV, SR falls apart. And if SR falls apart, then QFT and GR do the same.
Furthermore, I have tried to show in the previsous sections that Lorentz Invariance is intimately
connected to the fundamental nature of spacetime. Therefore, as stated by S. Liberati [111], it is
our “compelling duty” to test LI as far as we can.

LIV could manifest itself in a number of ways in addition to the example I gave earlier (§1.1.1).
I shall discuss some of its consequences in the context of astroparticle physics in Chapter 2. As
a first glimpse, let me give another example. A modified dispersion relation (MDR) for photons
propagating in vacuum would result in LIV. In that case, we could have E? # p?c? for massless
particles, whatever the way this inequality is obtained. For example, in the context of QG
phenomenology, we will encounter a MDR 16 of the form

E? = p*c* + f(E, Eoc), (1.48)

where f is a function of the photon energy and of Egg, the energy scale of hypothetical QG
effects.

Comparing this dispersion relation with the one of a massive particle (Eq. 1.46), we can notice
that QG effects result in the fact the photon acquire an effective mass m? = f(E, EQ(;)/c4. So
QG effects, in addition to introduce a dependance of the speed of the photons with their energy,
can also modify the dynamics of particle interactions which involve photons, such as the pair
production mechanism yyyg + ycmup — e + e~. I will discuss this a little further in the next

chapter.

Violation and deformation

Back in the 60s, it was proposed that there could be a second observer-independant length
scale, in addition to the observer-independant velocity scale ¢ [139]. This initial proposal was
justified observing that the values accepted at that time for the strong interaction distance, the
diameter of a proton and the classical radius of the electron were all of the order ~ 10~*3 cm.

This kind of idea re-emerged recently due to both the fundamental importance of the Planck
scale in the context of Quantum Gravity and the appearance of MDR in some QG approaches 7.
The basic idea is that the Planck length (or at least a Planckian length scale) should have the
same meaning and the same value for all inertial observers, i.e. QG effects should arise at the
same scale for all of them. This led G. Amelino-Camelia to propose the so-called Doubly-Special
Relativity (DSR) (see [18] for the original paper and [16] for a recent progress report). This
scenario naturally introduce a MDR of the form given by Eq. 1.48, but all inertial observers agree
on this relation: there is no preferred frame of reference. Because of this key feature, Lorentz
Invariance is said to be deformed rather than violated.

Local Lorentz Invariance

Special relativity is a theory of flat spacetime i.e. a spacetime with no gravity. However, while
conducting experiments, we cannot get rid of spacetime inhomogeneities brought by gravity,
unless we consider a region of spacetime small enough and freely falling so that it can be
considered as gravity-free according to the equivalence principle. In that case, inhomogeneities
can be ignored and spacetime can be considered as flat. That is what the adjective local means.

Local Lorentz Invariance (LLI) means that “the outcome of any local non-gravitational experi-
ment is independent of the velocity of the freely-falling reference frame in which it is performed.”

16The fact the dispersion relation can be modified for photons in vacuum implies necessarily that Maxwell equations
have to be modified as well.
17The connexion between Planck scale and QG will be discussed in the next chapter.
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[169]. LLI is a part of Einstein Equivalence Principle (EEP), which is itself a building block of all
metric theories of gravitation, including GR.

Lorentz covariance

The expression “Lorentz covariance” is sometimes used when refering to invariance of equa-
tions instead of simple quantities such as the norm or the scalar product of vectors. An equation
A*Y = BMY satisfied in a given frame is Lorentz covariant if it holds in any other frame:

(AM) = AP oA AP = AP AY B*P = (B .

Lorentz and CPT symmetries

I have already introduced P and T operators in §1.2.3: P is the parity transformation, the
simultaneous flip in the sign of all three spatial coordinates, and T is the time-reversal transfor-
mation. In “CPT”, C corresponds to the charge conjugation operation, the transformation that
allows to flip the sign of all charges (not only the electrical charge but also e.g. the color charge
of quarks, etc.) in the theory. Combining the discrete ' symmetries C, P and T, one gets the
CPT symmetry. Until now, CPT has always been found to be an exact symmetry, whereas C, P
and T as well as the pairs CP, CT, PT have all been found to be violated in some conditions. Very
accurate tests of CPT symmetry can be achieved using neutral mesons (see e.g. [100, 133]).

Charge conjugation is not related to the Lorentz group of spacetime symmetries in any
obvious way. However, it is possible to understand that they are linked together considering that
for a given theory, (i) C is an internal symmetry of the theory itself and (ii) Lorentz symmetry is
bounded to the structure of spacetime and any theory has to be settled in a given spacetime.

As a result, CPT symmetry is tightly connected to Lorentz symmetry since “every relativistic
quantum field theory has a symmetry that simultaneously reverses charge (C), reverses the orien-
tation of space (or parity, P), and reverses the direction of time (T).” (quoted from [75], another
similar formulation can be found in [155]). This is the so-called CPT theorem. Now of course,
since every relativistic Quantum Field Theory (QFT) has Lorentz symmetry, the theorem can be
reduced to “Lorentz symmetry implies CPT symmetry”.

It is then no surprise if CPT symmetry violation and Lorentz violation are considered together
in theoretical frameworks such as the Standard Model Extension (SME, see §1.2.4).

Section Summary

In this section, I have tried to introduce as carefully as possible several important notions:
Minkowski spacetime, Lorentz Transformations, Lorentz Invariance and Lorentz Invariance Vi-
olation. In the process, I have shown that Lorentz Transformations and therefore also Lorentz
Invariance are emanations of the fundamental structure of spacetime. Therefore it is not really
surprising if different approaches of Quantum Gravity, where spacetime is supposed to become
a quantum medium, have questioned the fate of Lorentz Invariance.

Before introducing tests of Lorentz Invariance with photons from astrophysical sources in the
context of Quantum Gravity phenomenology in the next chapter, I will discuss two test theories
used for LI tests, and I will comment on some “classical” optical tests of Lorentz Invariance,
designed and conducted out of Quantum Gravity phenomenology.

18A symmetry can be discrete or continuous. C is a discrete symmetry since, e.g. considering the electrical charge,
positrons and electrons have a charge +e. Lorentz symmetry is continuous since, e.g. considering rotations, the angle
of the rotation can take any value between o and 2.
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1.3 Test theories for Lorentz Invariance

When a theory needs to be tested, it cannot be considered as true. Therefore another
framework has to be used. This framework usually has a broader scope and is designed so that
it includes free parameters which allow to recover the theory to be tested when they are equal
to specific values, e.g. zero. I will now briefly discuss two test theories of interest in the context
of LI tests. The first one, the Robertson-Mansouri-Sexl (RMS) framework is purely kinematical:
it is all about the relations between different observers. The second one, the Standard Model
Extension (SME) is a dynamical test theory: it is based on a generalization of the equations
of motion. As its name can suggest, the scope of SME is very broad: it is an extension of the
Standard Model of particle physics including gravity and all possible terms for Lorentz and CPT
violation. A third test theory will be introduced when I will discuss modified photon dispersion
relations in the context of QG (Chapter 2). The reader should be aware that other frameworks
exist: e.g. the ¢ framework [169], the THey framework [112], etc. I will not discuss them here.

1.3.1 The Robertson-Mansouri-Sexl framework

In his paper of 1949 [147], H. P. Robertson purposely replaced Einstein twin postulates by
some other hypotheses:

* There exist a reference frame % in which light is propagated rectilinearly and isotropically
with a constant speed c. R is the preferred frame, usually considered to be the rest frame
of the CMB;

* There exist another frame %’ which is moving with a constant velocity ¥ with respect
to R;

* Space is euclidian, and cartesian coordinates are used.

Then he proceeds to determine the coefficients of the matrix he notes a allowing to change from
the coordinates of an event in R, x* = (t, x,y, z), to its coordinates in R’, x"* = (t',x",y’, z’):

x* = abx". (1.49)

Using appropriate choices for clock synchronization, spatial axes and noticing the only important
vector to describe the kinematics of the system is ¥ = vey, most of the sixteen coefficients a*
vanish and only three free parameters remain '°, which a priori depend on v:

ag va%/c2 0O O
" val a% 0 O
v 0 0 a 0
0 0 0 d

(1.50)

SR is recovered when a) = a] = y and a3 = 1.

Reza Mansouri and Roman U. Sexl introduced a very similar framework in 1977 [118, 119, 120].
Even if they discussed the issue of clock synchronization in much more depth than Robertson
and used different notations, the similarities between the two approaches justify the fact they
are usually considered together under the name Robertson-Mansouri-SexI (RMS) framework.

As all papers discussing experiments in the RMS framework use Mansouri and Sexl notations,
I will close this section by describing very quickly their formalism.

19Note that only boosts are considered here.
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Mansouri and Sexl transformation laws are given by 2°

"= a(v)t+e(v)x’

x" = b(v)(x —vt)

y'= dy sy
Z' = d(v)z.

The new parameter €(v) is entirely determined by chosing a synchronization procedure, whereas
a(v), b(v) and d(v) are the free parameters of the model.

Considering the Galilean transformations should be obtained in the limit of small speeds 21,
a, b, and d are expanded to leading order in v?/c?:

a(v) ~ 1+av?/c?
b(v) ~ 1+ Bov?/c? (1.52)
dv) ~ 1+ 80%/c?,

where «, f and § are the new parameters to be determined. The fact that a, b, and d are even
functions can be viewed as a consequence of isotropy in the preferred frame of reference. From
Egs. 1.51 and 1.52, we can notice that «, f and § are related respectively to time, length in the
direction of motion, and length perpendicular to the direction of motion.

The parameters «, f and § are used by Mansouri & Sexl to express the speed of light ¢’ in
R’ as a function of the angle 6 between the direction of light propagation and the direction of
7 (magnitude v), the velocity of the reference frame %’ in the preferred frame & :

/9 2 2
OO v @-pr L+ (p-5-1/2) % sin?. (1.53)
~———C ~———C
A B

Experimental searches for LIV in the RMS framework usually provide limits on the terms A =
a—-p+1,B=pf-56-1/2and C = a + 1/2. Special Relativity is recovered for « = -1/2, f = 1/2
and § = 0. In that case, lengths are contracted (f = 1/2) in the direction of motion (§ = 0),
time is dilated (¢ = —1/2), ¢’(8,v)/c ~ 1 and Lorentz Invariance holds.

Some remarks on RMS framework RMS framework is not used in the context of QG phe-
nomenology where a framework like the one I will introduce in Chapter 2 is generally preferred.
However, because it is very simple, it is still widely used in addition to SME for optical experi-
ments. RMS framework is fully contained into the SME.

1.3.2 Standard Model Extension

In this section, natural units are used: ¢ = h = 1.

The Standard Model Extension (SME), developed by V. A. Kostelecky and his collaborators
is a dynamical framework based on Lagrangian formalism including the Standard Model (SM),
General Relativity (GR) and all possible terms accounting for CPT and LI violation 22 (CPTV+LIV)
[101, 48, 49]:

Lsme = Lsm + Lor + LeprvLiv (1.54)

In such a framework, both SM and GR are considered as low energy effective field theories
(EFTs) of a full theory beyond the Sandard Model (e.g. Quantum Gravity): SM and GR are

20Note the parameter x” in the expression of ¢t’. This is not a typo.

21Galilean transformations are obtained for a(v) = b(v) = d(v) = 1. Time is universal, so there is no need for a
synchronization procedure. Hence, €(v) = 0.

22The violation involves only particle transformations. The symmetry under observer transformations is preserved.
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low-energy limits of the underlying theory of QG and additional terms (here for LIV, which is not
observed at low energies) are assumed to be suppressed by some energy scale M:

[s¢]

n
LLv = Z Cn%, (1.55)
n
where coefficients ¢, have to be constrained by experiments. In pratice, the series expansion is
limited to some finite value for n considering that high order terms are usually negligible and
impossible to constrain experimentally. For more details on EFTs, readers are kindly invited to
have a look at reference [97].
Let me now give an explicit example, focusing on the photon sector of the full SME [103]
which is of particular interest for astrophysical tests of modified photon dispersion relations [102].
The Lagrangian is given by

1 1 A 1 A
Z= _ZF”VFW * EGKAWAA(kAF)KFPV 2 cAkp) MV, (1.56)

where A, is the four-potential and F,, = d,A, — d,A, the field strength. Series expansions
appear in the definition of the two parameters (kar), and (kp)<**V:

A d aj...q(d-3)
(karye = > (K3) Oy Deg ) (1.57)
d is odd
A KApvay...oqg-
(kpy = >0 (k) 0y B (1.58)
d is even

In the previous expressions, d > 4 is the dimension of the tensor operator controlling the amount
of LIV. Since we are going to mention linear and quadratic LIV effects in the next chapter, it is
worth to mention now that linear (resp. quadratic) effects correspond to d = 5 (resp. d = 6)
operators.

(IQAF)K and (IQF)K’“’V terms involve CPT-odd and CPT-even violations respectively 23. In the
case there is no LIV, (I%AF),c = (I%F)"A”V = 0 and the Lagrangian is reduced to its “standard”

well-known expression:

1
£ = _ZF’”FW' (1.59)

As it is possible to derive classical Maxwell equations from the electromagnetic Lagrangian of
Eq. 1.59, it is possible to obtain a modified version of Maxwell equations including LIV starting
from Eq. 1.56. I will not go into the details on this and I will go directly to what is really
interesting for the rest of this memoir: dispersion relation.

In SME, the dispersion relation is obtained when considering a special model of vacuum,
where electromagnetic fields are approximated by plane waves. The dispersion relation is given
by

(P”Pp - (6F)lwpﬂp1/)2 - 2()?w)aﬂy§ X ()?w)ayyvpﬁp5pﬂpv - 4(pﬂ(]€AF)y)2 =~ 0, (1.60)

where (Y )apuyv and (¢p)*” are new coefficients obtained from IQAF and I%F in a rather complex
way I will not detail. It is enough to remember that ({.)qu,+ is related to birefringence, a
property of vacuum which result in the fact that the speed of photons can depend on their
polarization. (Cg)*V term is related to nonbirefringent effects, namely the dependance of the
speed of the photons with their energy. Note that the standard dispersion relation p#p, = 0
(Eq. 1.42) is recovered when all SME coefficients are set to zero.

23CPT-odd(-even) because the number of indices is odd (even).
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Figure 1.10: The Sun-centered equatorial frame as used in SME. The origin of the frame is the center of the Sun
and the time T = o is taken at the Vernal Equinox of year 2000. The X axis cross Earth’s orbit in A (Vernal Equinox)
and B (Autumnal Equinox). Axis Z is parallel to the Earth’s rotation axis at T = o and directed North. The Y axis
completes a right-handed system.

Table 1.1: Summary of the SME coefficients in the photon sector and the possible ranges of the indices d and j. The
last column gives the total number of coefficients.

Coeff. d J Number of coefficients
Ef))jm even, >4 0,1,...,d-2 (d—-1)?
(d) )
kﬁﬁif’" even, >4 2,3,...,d -2 d-1)2-4
2
kﬁf,?f’" even, >4 2,3,....d—-2 (d-1)2 -4
- _ 12
k(V)jm odd,>3 0,1,...,d-2 d-1)

Eq. 1.60 has two solutions at leading order:

k@) = | 1460 £ () + (62 + (2| 0 (161

where k is the wave number and o the frequency (remember that we use natural units: ¢ = 1).
Considering that propagation in vacuum is studied using photons from astrophysical sources, it is
natural to introduce decompositions using spin-weighted spherical harmonics in the expressions
of ¢ parameters:

0 d-4 oy (d)
S Z W Oij(n)c(I)jm’

djm
) _ R d _ ..
gl + lgz = Z a)d 4 iZij(n) (kEE;jm + lkEB;jm) ’
djm
_ Ay (d
g3 = Z a)d 4 Oij(n)k((V))jm’ (1.62)
djm

where fi is a unit vector pointing to the astrophysical source under study, where j varies in a
range depending on d (See Table 1.1) and where m satisfies the condition —j < m < j. The

L (d) (d) (d) (d) .
new coefficients Cryjm? k(E)jm, k(B)jm and k(v)].m can of course be expressed as functions of

“initial” parameters (k) and (kp)**¥. fi is expressed in the Sun-centered equatorial frame
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[290] (Fig. 1.10), considered as inertial 24. Its coordinates are directly related to the equatorial
coordinates of the source (see Section V of reference [103]): 1(90° — §, «) where § is the
declination and « the right ascension. Remember that if LI is violated, then rotation invariance
is violated, therefore the speed of the photons on their way to Earth is allowed to vary with
the coordinates of the source, i.e. with the direction of photon propagation. On the contrary, if
rotation invariance is assumed (isotropic case), then j = m = 0.

In the context of LIV studies with astrophysical sources, only the cases whered =5ord = 6
are considered. Higher order terms are out of reach for present experiments. If we forget about
birefringence for a while, the dispersion relation is simply given by

k(o) ~ [1+¢°] (1.63)

where ¢ will account for either linear or quadratic effects in energy for d = 5 or d = 6
respectively. The velocity defect §v for a photon of energy E is then given by

- Ay (d
Sv = —¢%=- Z g4 onm(n)CEI))jm (1.64)

djm

taking into account anisotropies. For the isotropic case,

Ed4 @) (1.65)

1
where the fact that (Yoo = Yoo = 1/V4xr has been taken into account. Note that the speed
of photons can increase or decrease with increasing energies, depending on the sign of the
(d) (d)
(jm 204 €(py00-

The terms in the summations on d are usually considered separately. Going back to the
general case where birefringence is allowed, the coefficients that are constrained by experiments
(finally!) appear in Eq. 1.62:

coefficients ¢

D oYim(@)e(y > (1.66)

jm
for non-birefringent CPT-even operators,
A d=5,6) __ ., (d=5,6
D=2 Ym(®) (kg ® = ik ) (1.67)
jm
for CPT-even operators leading to birefringence, and
A\ (d=5,
Z onm(n)kEV)jSm@ (1.68)
jm

for CPT-odd birefringence. An up-to-date list of all constraints on SME parameters obtained by
all possible kinds of experiments can be found on the arXiv [104].

Some remarks on SME By construction, SME is firmly rooted in a hard ground (the standard
model of particle physics) and its scope is very wide. It is indeed a very powerful tool. However,
as the reader may have noticed, it is rather difficult to introduce SME in a simple way and as a
result, it is rather difficult to fully understand it. In my opinion, the fact that its scope is wide
can also be a drawback. In addition, on the contrary to what is sometimes claimed, SME is not
really helpful when comparing different kinds of experiments, since each kind of experiment

24As we have seen earlier, the Sun can be considered to have a rectilinear motion and a constant velocity in the
CMB reference frame.
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will constrain different SME parameters. For example, astrophysical tests of modified dispersion
relations constrain parameters listed in Table 1.1 while Michelson-Morley experiments constrain
other parameters, K.~ and K,+, related to the isotropy of the speed of light. That is probably why
people working on astrophysical tests of LI have been quite reluctant to use the SME framework
for a long time, and why they would never use it alone, but in addition to a simpler test theory
as the one I will introduce in Chapter 2.

1.4 Classical optical tests of Lorentz Invariance

Historically, LI was first tested using optical experiments. The first one was of course due
to Michelson, first alone in 1881 [126] and then in collaboration with Morley in 1887 [127].
Since then, this experiment has been redone numerous times bringing significant technical
improvements allowing better and better sensitivities. These “classical optical experiments” have
been designed and conducted with no connexion with Quantum Gravity phenomenology 25.

1.4.1 Two kinds of experiments

The Michelson-Morley (noted MM in the following) experiment is a test of the isotropy of the
speed of light, i.e. a test of the invariance of ¢ through rotations (as a particle transformation).
The other pioneering experiment by Kennedy & Thorndike [99] (KT), which is a test of boost
invariance, was also improved continuously up to now. In the following sections, I will focus on
these two kinds of experiments, which are, still today, two major ways to test LI. Because of their
historical importance I will for each one of them present the original experiment in addition to
the modern setups.

As we have seen, in the RMS framework, the speed of light ¢’ in the reference frame of the
experiment is given by

¢ (0(1),v(1)
c

A 4 (- 5-1/2 2 sin? 000 (1:69)

1+(@-p+1) 2 .

u(t)?
2

where ¢ is the speed of light in the preferred frame, v(t) = |[7(t)|| is the speed of the experiment
as measured from the preferred frame and 6(t) is the angle between the direction of light
propagation and ¥ (t). Remember that «, f and § are related respectively to time, length in the
direction of motion, and length perpendicular to the direction of motion.

The MM and KT experiments are done on Earth, which is spinning around its axis and
orbiting around the Sun. As we have seen earlier, the Sun has approximately a rectilinear motion
as respect to the CMB rest frame, considered as the preferred frame, but the rotation of the Earth
around the Sun and around its own axis results in the fact that the speed of the experiment v as
measured in the preferred frame shows yearly and daily modulations. The search for a possible
modulation is therefore a key element of the analysis of experimental data.

As a summary,

* MM experiments compare the speed of light in two different directions, corresponding
to two different values of sin? 8(t) for a given time. In the RMS framework, they allow
to constrain parameter B = (f — § — 1/2). Since B is multiplied in Eq. 1.69 by a factor
v(t)?/c?, a modulation is expected in the results due to the movement of the apparatus in
the preferred frame;

* KT experiments test a combined modulation of the speed of light and of the rate of a
clock due to their movement in the preferred frame. They allow to constrain parameter
A=(a—-p+1).

251t is worth mentioning however that QG phenomenology recently revived the interest in these classical experiments.
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(a) The Michelson & Morley apparatus as seen from
the top. Figure taken from [127]. Measurements are
made using white light emitted in a and splitin b. The
mirror e; (bottom right) can be adjusted to tune the
apparatus. Fringes are observed using the telescope
f. The whole apparatus is allowed to rotate around a
vertical axis.

(b) Setup used by Miiller et al. [131]. The two arms
of the MM interferometer are replaced by two cryo-
genic optical resonators (CORE 1 and 2). The cavities
are used to stabilize the frequencies of the two laser
beams. The beams coming out in “vy to beat” and “vx
to beat” are sent to a frequency mixer which is used
to measure the beat frequency vy —vy. The apparatus

cannot be rotated so only the rotation of the Earth is
used.

Figure 1.11: The original Michelson & Morley experiment, and a modern version of it. 116 years separate these
two setups.

MM and KT experiments constrain only combinations of parameters «, f and §. In order to
find the values of the three parameters, a third experiment is needed, the one first performed by
Ives & Stilwell in the late 30s. This beautiful experiment allows to measure directly parameter
a by comparing the rates of moving clocks, i.e. the frequencies of atomic electron transitions of
moving atoms. I will not discuss it further. The interested reader may refer to the original papers
[91, 92] and have a look at the results of one of the latest versions of the Ives-Stilwell experiment,
described in [33], which allow to obtain the limit || < 2.0 x 1078,

Before discussing in more details MM and KT experiments, let me mention that LI can be
tested with other particles than photons, and with a great deal of different experiments. These
tests are beyond the scope of this monograph. A detailed review on “modern” searches for LIV
is available [123], although it is ten years old already.

1.4.2 From Michelson & Morley to Hermann et al.

The Michelson & Morley interferometer is shown on Fig. 1.11a. The light, produced by an
oil lamp, is split into two beams. The two arms of the interferometer have the same length.
Each beam is reflected 15 times before crossing the beam splitter again, where they interfere.
This corresponds to a total length of the arms of ~11 m. The interference fringes are observed
(by eye) using a telescope precise enough so that a displacement of 1/100 of a fringe could
be detected. This sensitivity made necessary to protect the device against strong temperature
variations, vibrations, etc. The entire interferometer was revolved at the slow speed of one turn
every 6 minutes and several readings were done for each turn. The measurements were repeated
at the same times (so that T (¢) and v(t)?/c? is kept constant from one measurement to the
other), twice per day for three days (a duration small enough to neglect the rotation of the Earth
around the Sun).
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The expected result was a displacement of 0.4 fringe amplitude, modulated with the rotation
of the interferometer. The result of Michelson & Morley was a displacement <o.o1 fringe. So,
they concluded that “[...] if there be any relative motion between the earth and the luminiferous
ether; it must be small [...]”. As expressed in the RMS framework, this result leads to |B| ~ 1073,
Another parameter is commonly used to express the results of MM experiments: the relative
variation of the speed of light for different propagation directions, noted Agc/cg, where ¢ is the
speed of light in the preferred frame of reference. The MM experiment leads to Agc/co ~ 107°.

The null result of the MM experiment was soon explained using the Fitzgerald-Lorentz
contraction hypothesis, a contraction of length in the direction parallel to the direction of motion
[68, 113]. However, Lorentz understood [114] that if the proper lengths of the two arms of the
interferometer are the same (L] = L7), then the lengths as seen from a moving frame (L1, L>)

just need to verify the relation

Ly le/ @
L~ Lijye '
to explain MM null result, where ¢ can be any function of the velocity.

Fig. 1.11b shows a modern version of the MM experiment, used by Miiller et al. in 2003 to test
isotropy of the speed of light [131]. Two cryogenic optical resonators (noted CORE 1 and CORE
2 on the figure) are used to compare the speed of light in two perpendicular directions. On the
contrary to MM experiment, the device cannot be rotated so only the rotation of the Earth is
used to search for a modulation of the speed of light.

An optical resonator, also called “cavity”, is an optical device made of two facing mirrors
separated by a transparent material with index of refraction n, in which standing light waves are
formed for certain resonance frequencies. These frequencies are given by

kc
Veav = onl

where L is the optical path length between the mirrors and k = 1, 2, 3... the mode number.

From this formula, it can be noticed that the frequency of each mode depends on the ratio
c/nL. For a constant L, any variation of the speed of light in the cavity c/n will lead to a shift of its
resonance frequencies. Cavities are usually made of extremely stable materials such as sapphire
so that variations of L and n due to any possible cause are negligible compared to the change in
¢ due to LL That is why cryogenic optical cavities are sometimes considered as length standards.

Optical resonators have also some drawbacks. Cavities have to be cooled down to ~4 K using
liquid Helium, and the temperature has to be controlled precisely since the frequency of cavities,
heated by the laser beam, can vary by ~10 Hz/uW.

In modern MM experiments, cryogenic optical cavities are used to stabilize the wavelength
of two lasers using the Pound-Drever-Hall (PDH) technique [27, 51] so that a variation of the
speed of light in a cavity results in a variation of the frequency of the corresponding laser 2¢. The
accuracy of the frequency tuning is extreme: the spectral line at 1064 nm obtained with a Nd:YAG
laser, corresponding to a frequency of ~280 THz can have a width of 50 kHz to 100 kHz only.
The frequencies of the two cavities (v, and v, on the figure) are compared using a frequency
mixer that allows to compute the difference v, — v, (beat frequency). A non zero value of this
difference, together with daily and yearly modulations would indicate a LIV effect. As each
beam of light is reflected ~10° times in each cavity, and since the cavities are 3 cm long, the
light travels ~3 km in each resonator. This fact, together with the extreme accuracy achievable
for frequency tuning, explains why resonators are used in MM-type experiments since the 50s in
place of old-style optical interferometer experiments.

26The PDH technique uses a feedback loop architecture. A photodiode (PD on Fig. 1.11b) measures the frequency
of the laser beam, a servomechanism (servo) computes a correction that is sent back to the laser for frequency
adjustment.
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Figure 1.12: A selection of measured values of Agc/c from various MM-like optical experiments. Figure from [78],
updated to include Hermann et al. 2009 data point. Note that the points correspond to measurements, and not to
upper limits. List of references: Michelson 1881 [126], Michelson & Morley 1887 [127], Morley & Miller 1904 [130],
Tomaschek 1924 [159], Illingworth 1927 [89], Joos 1930 [95], Kennedy 1926 [98], Essen 1955 [64], Cederholm &
Townes 1958 [40], Jaseja et al. 1964 [94], Brillet & Hall 1979 [35], Wolf et al. 2003 [170], Miiller et al. 2003 [131],
Hermann et al. 2009 [79].

Miiller et al., using 3461 hours of data taking, obtained a value of B = (2.2 + 1.5) x 1072,
which corresponds to Agc/co = (2.6 + 1.7) x 107>, The latest result of a MM experiment was
obtained by Hermann et al. [79] using two cryogenic optical resonators mounted on a rotating
table. It is of course a real challenge to design such an experiment where the whole apparatus,
including a very stable cryostat, has to rotate. As an example, the position of the rotation axis
has to be carefully controlled to minimize systematics: Hermann et al. manage to reduce the
tilt variations to < 1 prad using active stabilization. These technical difficulties lead to different
sources of systematics that need to be carefully understood and studied. Cumulating data over
more than a year and ~130000 rotations of the device, Hermann et al. obtained the most
stringent results to date: B = (4 + 8) x 107!2, corresponding to Ayc/co ~ 10717, These last two
results as well as many older ones are presented in Fig. 1.12 (next page).

1.4.3 From Kennedy & Thorndike to Tobar et al.

The goal of the Kennedy-Thorndike (KT) experiment [99] was to test whether the frequency
of light depend on the velocity of the Earth in the preferred frame: “The principle on which this
experiment is based is the simple proposition that if a beam of homogeneous light is split [...] into
two beams which after traversing paths of different lengths are brought together again, then the
relative phases of the superposed beams will depend upon the velocity of the apparatus unless the
frequency of the light depends upon the velocity in the way required by relativity.”. Therefore KT
experiment is a test of time dilation.

The two assumptions used by Kennedy & Thorndike are: (i) the existence of a preferred
frame where the speed of light is isotropic, and (ii) the fact that, following MM experiment,
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lengths are contracted in the direction of motion by a factor y = (1 — v%/¢?)~1/2. Starting from
these hypotheses, Kennedy & Thorndike used a MM-like interferometer, but with unequal arms
and calculated the fringe shift to be (Eq. 4 in [99]):

_ AL
n= 7)/,
where AL is the difference between the lengths of the interferometer arms and A the wavelength
of the light source. A variation of speed, due to a change of the orientation of @ or of its modulus
v would lead to a fringe shift, because of factor y, unless A is modified by a factor y as well.

From the previous equation, it can be seen that in addition to using interferometer arms of
unequal lengths so that AL # 0, the use of monochromatic light is essential. In contrast to MM
experiment where polychromatic (yellowish) light was used, the use by Kennedy & Thorndike
of an emission line of mercury allows to detect a change in the frequency of light due to the
movement of the apparatus in the preferred frame. As the mercury radiation frequency only
depends on electronic energy levels, it is considered as a standard of time.

The original KT experiment is shown in Fig. 1.13a. A prism allows to select the spectral
line of mercury at wavelength 546.1 nm. The lamp was carefully designed to minimize the
average speed of mercury vapor molecules that would result in a Doppler shift of the spectral
lines. Its temperature is also controlled precisely. The interferometer is placed in a vacuum
chamber, which is itself surrounded by a water tank. These two improvements as compared
to MM experiment allows to reduce temperature variations (to less than 0.001°C) and other
environmental changes to minimize modifications of light paths. The difference of the arms
lengths is 318 mm. Finally, the interference patterns (rings) are not observed directly but are
photographed using plates. Each plate can be used to record several images taken at different
times. This facilitates the comparison of the different images, which is done following a rigorous
procedure allowing the measurement of tiny variations of rings radii of ~10™ fringe. The device
cannot be rotated but the expected LIV effect due to daily Earth rotation is a variation of rings
radii by a few thousandths fringe.

After several months of data taking, Kennedy & Thorndike did not measure any significant
effect. They concluded that “[...] the frequency of a spectral line varies in the way predicted by
relativity”. That is, time is dilated and length is contracted by the same factor. In the RMS
framework, the original KT experiment allows to put the constraint2” A < 2 x 1072,

After the original KT experiment performed in 1932, it is necessary to wait 1990 to find a
second attempt to perform the same kind of measurement. The experiment designed by Hils &
Hall [80] is of course quite different from the original one. They start from the statement that
“The KT experiment can be viewed as a differential comparison between a standard of time defined by
a mercury lamp and a standard of length in the form of an unequal-arm Michelson interferometer.”
and use the best standards available at this time. The length standard is given by an optical
resonator while the time standard is obtained from an atomic clock. This kind of setup has been
used continuously up to now to constrain RMS framework parameter A. Hils & Hall obtain an
upper limit on A < 6.6 X 107

As an example, I describe the experiment performed by Braxmaier et al. in 2002 [34]
(Fig. 1.13b). The left part of the figure (labelled “Length Standard: CORE”) is similar to the
setup discussed in the section concerning MM tests: a cryogenic optical resonator (CORE) is
used to stabilize the frequency of a Nd:YAG laser. Any variation of the speed of light in the cavity
translates into a variation of the frequency. The goal of the right part (labelled “Time Standard:
Iodine transition”) is to translate a possible LIV-induced fluctuation of the rate of an atomic clock,

27Due to the similarities of MM and KT experiments, it is fairly easy to realize that KT experiments can also be used
to constrain parameter B. This is done for example in [170]. Some other authors (see e.g. [34]) neglect B to give
constraints on A only.
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(a) The Kennedy & Thorndike apparatus (b) A modern version of the KT experiment, performed by Braxmaier
as seen from the top. Figure taken from et al. [34]. On the left, a cryogenic optical resonator (CORE) is used
[99]. A mercury line at A = 546.1 nm  as a length standard (as explained in the paragraph concerning MM
is selected using the prism P and slits. experiments) to stabilize the frequency of a first laser. On the right, an
The interferometer itself is placed into a  atomic clock is used as a time standard and stabilize the frequency of a
vacuum chamber V. The temperature is  second laser. The frequency outputs of the cavity and the atomic clock
kept constant to within less than 0.001°C  are compared to each other in order to detect a correlated variation of
thanks to a tank of water B. The inter-  length and time standards.

ference pattern is photographed using a

plate H.

Figure 1.13: The original Kennedy & Thorndike experiment, and a modern version of it. 70 years separate these
two setups.

that is the frequency of a transition of molecular iodine, into a variation of the frequency of a
second laser. This is done through a technique called “Modulation Transfer Spectroscopy” (MTS,
see the first chapter of [82] and references therein). By comparing the frequencies of the two
lasers through the beat frequency, it is possible to look for possible daily and yearly modulations
that would indicate a violation of LI.

Cumulating 190 days of data taking, Braxmaier et al. obtain the result A = (1.9+2.1)x107°.
This result, as well as several others, is shown on Fig. 1.14. The most recent result to date was
obtained by M. E. Tobar and collaborators in 2010 [158].

Section summary

When a theory has to be tested, it has to be considered as wrong. Another theory (a test
theory) has to be constructed instead to introduce free parameters, which will be constrained
by experiments. To test Special Relativity, and therefore Lorentz Invariance (LI), several test
theories have been introduced, including the two I have discussed: the Robertson-Mansouri-Sexl
(RMS) framework, and the Standar Model Extension (SME). The RMS framework is purely
kinematical and is widely used for all terrestrial optical experiments. The SME is a dynamical
framework, which can be used to test Lorentz Invariance in numerous contexts. It is used
in particular in Quantum Gravity phenomenology. Since my interest lies in tests of modified
dispersion of photons from astrophysical sources (see the next chapter), I focused my description
of the SME on this particular espect.

After discussing test theories, I briefly mentioned two classes of experiments that are used
today to test LI with photons: Michelson-Morley experiments are used to probe rotational
invariance, while Kennedy-Thorndike experiments test boost invariance.

Because my interest lies in tests of LI with photons, I focused on this particular aspect. The
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Figure 1.14: A selection of measured values of RMS parameter |A| from various KT optical experiments. Note that
except for Kennedy & Thorndike 1932 and Hils & Hall 1990, the points correspond to measurements, and not to upper
limits. List of references: Kennedy & Thorndike 1932 [99], Hils & Hall 1990 [80], Braxmaier et al. 2002 [34], Wolf et
al. 2003 [170], Tobar et al. 2010 [158].

reader should be aware that LI can be tested with other particles such as electrons, protons,
neutrinos, etc. For more on this, see [104] and [123].
Now, let see what astrophysical photons can tell us about Lorentz Invariance.
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Chapter 2

Searching for Quantum Gravity
signatures with high-energy
gamma-ray sources

‘ ‘It is a task for the nearest future to identify the ties between
quantum mechanics and the theory of gravitation , ’

— M. P. Bronstein, The Structure of Atom (1930)

As discussed in the previous chapter, first tests of Lorentz Invariance (LI) were performed
with the goal of testing Special Relativity (SR). At the end of the gos, the situation changed:
LI violation (LIV) appeared for the first time as an outcome of a model of String Theory, one of
the most popular paths to a full theory of Quantum Gravity (QG). The prediction of this model
is that the refraction index of vacuum depends linearly with energy, resulting in the fact the
speed of photons in vacuum varies with energy as well. Soon after, G. Amelino-Camelia and
collaborators proposed that since QG deals with fundamental (quantum) nature of spacetime,
QG effects should have a higher amplitude if photons propagate on a long distance. At that
time, LI tests with distant astrophysical sources appeared as a major (and quite unique) way to
constrain QG models and hopefuly to reject some of them.

I will start this chapter (Section 2.1) by discussing some key points about QG. As an ex-
perimentalist, I could not pretend to give a full overview of all existing models or even fully
understand them. I will focus on some QG models which lead to modified dispersion relations
(MDR) for photons in vacuum.

Then, I will focus on tests of LIV with high energy photons produced by astrophysical sources.
In particular, I will focus on tests of MDR with transient or variable sources: gamma-ray bursts
(GRB), flaring active galactic nuclei (AGN) and pulsars (PSR). In Section 2.2, I will come to
my main topic of interest: the search for energy dependant time lags. I will first explain what
exactly we want to measure. The gamma-ray sources play the role of particle accelerators. I will
comment on these accelerators. Then, I will give the current status of experimental searches
for MDR with photons from astrophysical sources (Section 2.3). By doing this, I will have the
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opportunity to comment on some of my publications. To conclude this chapter (Section 2.4), I
will quickly review the other QG effects that could be detected with high energy gamma-rays.

2.1 LIV in Quantum Gravity models

2.1.1 The need for a quantum theory of gravity

The aim of QG is to describe quantum properties of the gravitational interaction. And since
gravitation is understood in General Relativity as a curvature of spacetime, QG has to describe
quantum properties of spacetime.

General Relativity, introduced by Einstein in 1915 [54], is a classical and not a quantum theory.
On the other hand, the other three interactions (weak, strong, electromagnetic) are described
in the framework of quantum mechanics through Quantum Field Theory (QFT), the field theory
underlying the Standard Model (SM) of particle physics. Both GR and QFT/SM are tested to a
remarkable precision. A review concerning experimental tests of GR is given in [169], while the
success of SM was lately illustrated again by the discovery of a new particle that is most probably
the Higgs boson [42], more than 50 years after its prediction.

Einstein himself commented (for the first time in 1916 and several times after that) on the
possible connexion between quantum mechanics and GR. His argument was basically that an
electron moving around an atom following quantum mechanics laws should produce gravita-
tional waves in addition to electromagnetic radiation. He considered this fact as “hardly true in
nature” [55], therefore concluding: “It seems that a more complete quantum theory would also
have to bring about a modification of the theory of gravitation” [56].

At the very end of his book about GR, “Report on Relativity Theory of Gravitation” [52],
Arthur S. Eddington (1882-1944) notes that “the relativity theory is indifferent to hypotheses as to
the nature of gravitation”. He proceeds by noting that a length scale obtained from the speed of
light, the constant of Newton gravitation and what he called the “quantum” should be of some
importance to understand the deepest nature of gravitation: “[...] it is evident that this length
must be the key to some essential structure”. The “quantum” Eddington is refering to is now called
the Planck constant. The length he mentions is the Planck length.

The Planck scale

In the last paragraph of a paper published in 1899, thirty years before Eddington’s book,
Mazx Planck (1858-1947) introduced a new system of units based on four constants ! he qualified
as “universal”: the Boltzmann constant kg, the Planck constant h (or & = h/2x), the speed of
light in vacuum ¢, and the Newton gravitational constant G [144]. The current values of these
constants are given in Table 2.1. Planck used the adjective “universal” because his system of units
was based on universal phenomena such as gravitation and black body heat radiation, his main
topic of interest at that time. Actually, Planck pointed out that from the four constants ¢, G, h
and kg, it is impossible to get a dimensionless quantity, and that, on the contrary, it is possible
to obtain a length (the Planck length, noted Ip), a time (the Planck time tp), a mass (the Planck

1Here I use the modern notations of these constants. In addition, Planck used h and not .
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Table 2.1: Current (late 2015) accepted values of some fundamental constants. All values from http://physics.
nist.gov.

Constant Value Uncertainty

Newtonian constant of gravitation (G) 6.67408(31) x 10" ! m3kg?s? 4.7x107
Speed of light in vacuum (c) 299792458 m s™* exact

Planck constant over 27 (k) 6.582119514(40) x 1071 eVs 6.1 x 107

Boltzmann constant (kg) 8.6173303(50) x 107> eVK*  5.7x 1077

mass, mp) and a temperature (the Planck temperature Tp) through the following relations 2:

hG

lp = /= =1.616229(38) x 107>° m, (2.1)
C
hG 1
tp = /= = — =5.39116(13) x 107, (2.2)
[ Cc
hce _8
mp = 5 =2176470(51) x 10~ kg, (2.3)
hcs 2
Tp = I 1.416808(33) x 1032 K. (2.4)
Gkz kg

From the Planck mass, it is possible to deduce the Planck energy Ep, which will be of particular
interest in the rest of this chapter:

Ep = mpc? =1.220910(29) x 10'° GeV. (2.5)

The role of the Planck mass as a limit of quantum relativistic theory was first pointed out
by Matvei P. Bronstein 3 (1906-1938) [36]. In 1955, John A. Wheeler (1911-2008) proved that
the Planck length is the quantum limit of GR [167]. Following these seminal contributions, the
search for a quantum theory of gravity was on its way in late 50s “.

Since then, more and more arguments were found to support the Planck scale, not only as the
characteristic scale for QG but also as a minimum length scale. Thought experiments played an
important role in that process. As an example, and following [9], I will focus on one in particular,
consisting in shrinking a volume of matter and examine its fate from quantum mechanics and
GR perspectives.

The thought experiment is illustrated by Fig. 2.1. We consider a three-dimensional volume of
mass M and size €. From the GR point of view, the volume can be shrunk until its size reach the

Schwarzschild radius
GM
f ~ —2 (2.6)
c

At this point, the volume reaches a minimum size: it collapses and a black hole is created. From
GR perspective, M can be made as small as desired so there is no lower limit for £. Now, we
assume that the volume with mass M contains particles with (average) momentum p. The energy

contained in the volume is then E? = M2 ¢* + p? ¢2. In addition, the uncertainty on p is limited

2Numerical values are from NIST web site http://physics.nist.gov.

3For more on Bronstein remarkable contributions in the early days of Quatum Gravity, see [72].

41 will not go further into the history of QG. Interested readers may refer to [149] for more details. Concerning in
particular the early (1916-1940) developments of QG, have a look at [153].
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Figure 2.1: A volume of size ¢ and containg mass M is shrunk. (a) Point of view of General Relativity. Once the size
of the volume reaches the Schwarzschild radius, it collapses and a black hole is formed. (b) Point of view of quantum
mechanics. The volume can shrink, but only up to the point the energy contained in the volume is high enough to
create a particle anti-particle pair. At that point, localization is ruined and the volume cannot be shrunk anymore.

by Heisenberg principle to Ap ~ h/{. The uncertainty on E is then simply given by

h
AEchpz%.

From the previous expression, we notice that if the volume shrinks, AE increases. At some point,
the energy contained in the volume will exceed 2 M c2, and pairs of particle and anti-particle
will be created in the vicinity of the volume, therefore ruining its localization and forbidding any
further shrinkage. At this point,

AE ~Mc? ~ @,
4
which gives
h
~ —. .
Mo (2.7)

¢ then reaches the Compton wavelength, the distance at which the concept of a single pointlike
particle breaks down. From Egs. 2.6 and 2.7, we can deduce that ¢ reaches a minimum

Cmin = i ~ %
Mc ¢
for
M? ~ % = M3 (2.8)
while

h hG
Cmin & x4 — = Ip. .
Mpe \ 3 (2.9)

Several other thought experiments are described at introductory level in [9]. A more detailed
discussion on minimum length scale in the context of QG can be found in the review [83].

Remark on the definition of the Planck scale The way the Planck scale is defined may seem
questionable since its basic ingredients, in particular the constants ¢ and G are only known in
the low energy regime. We will see in the following that the group velocity of light in vacuum
may depend on the energy of the photons. In addition, Newton’s constant is known only down
to a distance ~1 mm, corresponding to an energy of ~ 103 eV [84]. So, it is important to keep
in mind that the Planck scale only provides an order of magnitude for QG phenomena.
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The limits of General Relativity

The theory of General Relativity> (GR) is a metric theory of gravitation where spacetime
geometry is directly related to its energy-momentum content. There is no force anymore.
Spacetime is curved by energy-momentum, in particular by mass, and particles follow geodesics
of spacetime.

Within GR, gravitation is described by a set of ten equations, the Einstein field equations

(EFE):
871G

1
RI‘V - 5 RgIJV + AgHV = C—4Tuv, (2.10)

where R, is the Ricci curvature tensor, R = R, is the Ricci scalar, g,, is the metric tensor,
A the cosmological constant, G the Newton’s gravitational constant, and T, the stress-energy
tensor. As the Ricci tensor is itself obtained from the metric tensor, we can state that the left side
of Eq. 2.10 is related to geometry of spacetime, while the right side of is related to matter and
energy. Solving Einstein field equations consists in computing the coefficients of the metric g,,,,
for a given mass distribution given by coefficients T, .

Since the first publication by Einstein in 1915, GR has proven to be extremely successful ©.
However, there are strong indications that it is incomplete. A striking illustration of this is the
fact GR allows the existence of singularities, spacetime points where curvature becomes infinite.
As an example, let me consider a particular solution of EFE, the Schwarzschild metric, obtained
for a static and spherically symmetric spacetime, and neglecting the cosmological constant A:

-1
ds® = (1 - 5) 2di? - (1 - r—s) dr? — 12 (sin? 0 dg? + d6?), (2.11)
r r
where rg is the Schwarzschild radius
2GM
rs = —5—. (2.12)
c

In Eq. 2.11, two singularities appear: one for r = rg, and the other for r = 0.

The case r = r; is called a coordinate singularity: it can be avoided by chosing another system
of coordinates. As an example, the use of Lemaitre coordinates (z, p) instead of Schwarzschild
coordinates (¢, r) leads to the following expression:

2M
ds® = dr® - poz —r?(sin® 0 do* + d6?), (2.13)

with
3 2/3 13
r= [E(p - T)] re!.

From Eq. 2.13, we can see that the singularity at the Schwarzschild radius has disappeared.
However, the singularity at » = 0 (p — ¢ = 0) still remains.

The singularity at r = 0 corresponds to a true physical singularity, a gravitational singularity.
To see this, it is common to use a particular contraction of the Riemann tensor, sometimes called
the Kretschmann 7 invariant, which measures the curvature. For the Schwarzschild metric, it is
given by
48G*M?

_ 5 _
K = Rapys RV = pw;

Then, the curvature becomes infinite when r tends to zero.
This established, we are now ready to enounce the first reason why QG seems to be needed:

SVarious textbooks were consulted to write this section. In particular, [22, 115, 160, 129, 142, 166].
6The recent discovery of gravitational waves [1] is yet another stricking evidence of GR validity.
7After Erich Justus Kretschmann (1887-1973), German physicist.
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1. Gravitational singularities
General Relativity indicates the existence of spacetime singularities. A quantum
theory of gravity should avoid singularities, e.g. by introducing a minimum length
scale.

Another important feature of GR is that it provide the tools to describe the Universe as a
whole. The ACDM model, presently considered as the standard model of cosmology, which
contains a cosmological constant A (dark energy) and Cold Dark Matter (CDM) rely on the
Friedman-Lemaitre-Robertson-Walker (FLRW) metric. Dark energy is currently estimated to
represent about 68% of the universe total energy density, while dark matter acounts for about
25%. While the accelerating expansion of the universe favors the existence of dark energy, its
exact nature is still unknown and its extremely low density (~ 10727 kg/m®) will probably
prevent its detection before long anywhere else than in cosmology [121]. As far as dark matter is
concerned, even if there are solid evidences for its existence, it has not been detected so far and
its exact nature remains mysterious 8 [24]. These facts suggest a second argument in support of
QG, which is more a hope:

2. Dark Energy/Dark Matter
QG could help understanding the true nature of dark matter and dark energy.

The FLRW metric is a particular solution of EFE describing a homogeneous, isotropic ex-
panding universe. The fact that the universe is not static imply that the metric will depend on
time, through the scale factor a(t). This parameter is a measurement of the expansion of the
universe, achieved e.g. by a measurement of the distance between two galaxies. The expansion
translates in the fact a = da(t)/dt > 0. That means a should tend to zero in the past. This is in
contradiction with quantum mechanics, where a particle cannot occupy a volume of size smaller
than its Compton wavelength.

The FLRW metric is given by:

do?
2_ 5,2 2 2 (2 2 2
ds* = dt* — a*(t) (—1—k02 +0° (sin® 0de® +d6?%) |, (2.14)

where o = r/a(t) and k is a parameter defining geometry: k = +1 for a 3-sphere, k = O for
flat space and k = —1 for an hyperboloid. From the definition of ¢, the primordial singularity
appears clearly. This leads to the third reason in support of QG:

3. Quantum Cosmology
The ACDM model, through the use of FLRW metric, indicates the universe began
from a singularity. This initial singularity results in the breakdown of classical
physics. Quantum Gravity should be able to describe the origin of the universe,
possibly as some sort of quantum state.

Black holes evaporation

In the classical picture, no radiation can escape a black hole. However, by quantizing matter
fields on a classical, fixed gravitational background, Stephen Hawking has shown that radiation
can escape a black hole [77]. This radiation (Hawking radiation) decreases the mass of the black

8Some authors have proposed modified theories of gravity (e.g. MOND [66]) which could explain the shape of
rotation curves of galaxies without the need for CDM. However, all these theories have numerous problems. In
particular, they cannot explain some observations of colliding clusters [47].
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hole which will ultimately disappear. The corresponding temperature of a black hole of mass M
is given by the expression
hc®
T=—0——.
871Gk BM

As M decreases, T increases, and so Hawking radiation becomes more and more intense, which
in turn induce a decrease of the mass. As a result, the mass will decrease faster and faster. The
temperature will finally diverge when M tends to zero. However, since the Planck length can
be considered as a minimum length, the size of the black hole will ultimately reach it. At that
point, its mass will reach the Planck mass °. That limit is also the limit of validity of Hawking’s
calculation, therefore a theory of QG would be needed to understand further the fate of black
holes:

(2.15)

4. The fate of Black Holes
Due to Hawking’s radiation, Black Holes evaporate. Ultimately, their size ap-
proaches the Planck length and their mass approaches the Planck mass. Quantum
Gravity is therefore needed to fully describe the fate of Black Holes.

The limit of the Standard Model of particle physics

As already mentionned above, the SM of particle physics has been extremely successful.
Its biggest success is probably the prediction of the Higgs boson, discovered in 2012 1°. Other
successes include the predictions of the W and Z bosons, of the gluon, of the top and charm
quarks, of the anomalous magnetic dipole moment of the electron.

However, SM suffers from some failures. Three of them are : (i) it predicts that neutrinos
should be massless, while they oscillates indicating they have a non-zero mass; (ii) it cannot
explain the hierarchy problem, namely why the weak nuclear force is 10%* times weaker than
gravity; and, (iii) more importantly:

5. SM does not include Gravitation

SM is formulated using the Minkowski metric, i.e. for a flat spacetime, meaning
that gravitation is altogether neglected. It is then not valid anymore for energies
approaching the Planck scale.

The roads to a single theory of Quantum Gravity

In the previous paragraphs, I gave some of the arguments why a full theory of QG is needed.
Interested readers will find more detailed discussions of this topic in the literature (see e.g. [90]).

The question is now: how could we get to a full theory of QG ? At present, there is no clear
answer to that question, but a lot of different possible answers: it is fair to say that research
on QG is still in a phase of proliferation. String theory, Loop Quantum Gravity, Asymptotic
safety, Horova-Lifshitz gravity, Causal dynamical triangulations, Causal sets, Non-commutative
geometry, etc. are all possible candidates for a full theory of QG.

However, some approaches have gathered a significant fraction of the community. In the next
section, I will discuss two of these most popular approaches to QG, which have the particularity
to predict a breakdown (or a deformation) of Lorentz symmetry: String Theory (ST) and Loop
Quantum Gravity (LQG). The reader should keep in mind however that other approaches can
lead to MDR, e.g. non-commutative geometry [21].

9Such a black hole is called a Planckian Quantum Black Hole, [38].
10Some properties of the new boson have still to be measured to fully ascertain its true nature, but it seems that it
is indeed the Higgs boson.
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Figure 2.2: Model of a D-particle foam. Our universe, represented by a D3-brane, is slowly moving in the bulk.
Do-particles crossing the D3-brane appear as flashing on and off, resulting in a foamy spacetime. This spacetime foam
can have noticeable effects on photon propagation.

These predictions are of course arguable. It seems to me, as an experimentalist, that LIV
never appears naturally in any of these models: more or less questionable assumptions need to
be made that I am not really able to decide if they are really justified or not...

2.1.2 Two models which predict MDR for photons in vacuum

In this section, I will give two examples of models which predict a modified dispersion relation
for photons. For brevity, I will stick to the two main roads followed to get to a full theory of QG:
String Theory and Loop Quantum Gravity.

Stringy spacetime foam

In String Theory (ST), all particles are obtained through different vibration modes of a single
object, a string. ST unifies all known interactions by considering they are due to the exchange
of bosons. For gravity, this boson is the graviton, which ST predict to be massless, with a spin
2. As a result, ST allows to unify all interactions and is a natural candidate theory for Quantum
Gravity.

One of the striking feature of ST is that it requires extra spatial dimensions to be mathe-
matically consistent. These extra dimensions could be compactified: they could “close up” on
themselves to form circles. These circles would be only observable at very high energies, while at
lower energies they would be seen as points, resulting in the classical four-dimensional spacetime.

There are five string theories. They are named type I, type IIA, type IIB, SO(32) and
EgxEg. Each type allows different types of strings (opened or closed), different versions of
supersymmetry, different kinds of gauge symmerties. In 1995, E. Witten proposed that these five
theories are the limiting cases of a single broader theory he named “M-theory”, M standing for
“Magic”, “Mysterious” or “Membrane”.

As we are interested in the connexions between ST and Lorentz Invariance, it is important to
note that ST is formulated in a flat (classical) background spacetime. As such, ST is not a theory
of quantum spacetime but only a quantization of the gravitational interaction, and it naturally
preserves Lorentz Invariance.

However, G. Amelino-Camelia, J. Ellis and collaborators proposed, at the end of the gos, a
particular version of ST where they found that vacuum has a non-trivial refractive index: the
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refractive index of vacuum is not equal to one, but depends linearly on the energy of the photons
[19, 59, 60]. I will now give some details about this particular model, following [124].

Interestingly, the model includes a cosmology. Our universe is a 8-dimensional D-brane
(compactified to our three spatial dimensions so it is noted “D3-brane”) in a 10-dimensional bulk
(Fig. 2.2). In the past, our D3-brane collided with another one: this collision corresponds to
the Big Bang. Since the collision, the two D3-branes have been slowly moving away from each
other. Photons (open strings) are propagating in our universe, while the bulk is punctured by
point-like, electrically neutral and massive Do-particles. The mass of Do-particles is related to
the string mass scale Mg, which is in general different from the Planck scale, and which could
be as low as a few TeV. Do-particles crossing the D3-brane appear as flashing on and off as seen
from our universe, resulting in a foamy spacetime.

The question is now how this D-particle spacetime foam can affect the propagation of photons.
In Fig. 2.3, a D-particle is represented crossing our universe D-brane while a photon of energy
p? is propagating on it. The speed of the photon is c, the conventional speed of light in vacuum.
When the photon reach the D-particle, because of energy conservation, an intermediate string
state is produced (the thick string on the figure). This string will stretch and oscillates, with
decreasing amplitude, re-emitting a wave at each oscillation. The re-emitting of the first wave,
the one with the maximum energy, is delayed by

At ~ a’po, (2.16)

where «’ is the string scale (o’ ~ 1073% m). This delay is the result of one interaction between
the photon and the D-particle. If we imagine now that there is a foam of D-particles, with a
density n* per string length, the total delay for a propagation on a distance D is

pO
Attotal ~ ﬁ n* D. (2'17)

N
As we shall see later (Section 2.2.1), if the gamma-ray source is located at cosmological distance,
the expansion of the universe has to be taken into account. This leads to the final expression of
the delay between two photons emitted at the same time, with an energy difference AE:

P+

W z, (2.18)

AE (L
Atobserved M, \[(; n (Z )
where H(z) is the Hubble parameter.

The effect implied by Eq. 2.18 is deterministic. Note however that the foamy spacetime (D-
particles randomly popping in and out of our universe) can also introduce a stochastic spread
of the velocities of the photons of the same energy [60]. This phenomena is sometimes called
spacetime fuzziness.

After this quick description, we can make two comments on this model.

* The effect can only be subluminal;

* The energy scale is not related to the Planck scale but to the string mass scale M. If
considering a source nearby, or alternatively considering the distribution of D-particles in
the bulk is homogeneous, the energy scale is M;/n*.

As we will see later in Section 2.3, the satellite Fermi 1, in particular with GRB 090510, has
allowed to obtain a limit on the QG energy scale above the Planck scale for a linear effect with
the energy. As a result, it was argued that a linear model like the one I just discussed should be

http://fermi.gsfc.nasa.gov/
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Figure 2.3: Capture and re-emission process of a photon by a D-particle. The thick string corresponds to an
intermediate state, which can stretch to a maximal length of order a’p®, where p? is the energy of the incident photon
and a’ is the string scale.

ruled out. However, it is not really the case since My do not have a priori to be related with the
(4-dimensional) Planck scale. Actually, the scale involved by such a model is given by

M;

m, (2.19)

EQG—D—f oam ~
where g; is the string coupling, a free parameter of the model. The result of Fermi on GRB ogos10
could be explained in the stringy spacetime foam model by invoking inhomogeneous density of
D-particles. Anyway, the search for a linear effect should not stop because of the results Fermi
obtained with only one GRB.

Another common belief is that string theory only predict linear effects. However, it is possible
to construct string theory models where the effect is quadratic [67].

The kind of model I discussed in this section was responsible for the first attempts to look for
MDR with observations of gamma-ray bursts. For that reason, I spent some time to describe it
in some (non-technical) detail. T will now turn to a much shorter discussion of Loop Quantum
Gravity.

Loops

On the contrary to ST, which aims to a unification of the four interactions, Loop Quantum
Gravity (LQG) [150] is a description of quantum spacetime. Its starting point is a Hamiltonian
formulation of GR, and its striking outcome is a discretization of volume and area operators:
spacetime is discrete. It was argued that this discretization could lead to a departure from
Lorentz symmetry at the Planck scale.

LQG is a very complex theory and my understanding of it is very limited beyond what I wrote
in the previous paragraph. In the folowing, I will only point to the two publications of interest
concerning MDR.

In particular, Gambini & Pullin [69] obtained the following MDR considering a semiclassical
regime in which the electromagnetic field is a classical object whereas space is described by LQG:

w+(k) = ck(1 ¥ 2&lpk), (2.20)

where ¢ is a constant giving the amplitude of the effect and Ip is the Planck length. An important
feature of this MDR is that the speed of the photons can depend on their polarization, hence the
sign + in the equation. This violates parity and leads to birefringence of vacuum. In addition,
superluminal propagation is allowed.

In [15], Alfaro and collaborators extended the work of Gambini & Pullin and obtained the
following MDR:

2+2Y
wi(k) ~ ck (1 + 6 (g) - 293(klp)2 =+ Zeg(klp)) , (2.21)

where 07, 03, 03 and Y are parameters of the model and & is the characteristic size of discrete
cells of spacetime. Depending on the value of parameter Y, it can be noticed that a quadratic
effect is possible.
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2.1.3 A common consequence

In the two approaches to QG discussed above, the outcome is the same: the speed of photons
in vacuum depends on their energies, which breaks LI. This motivates the introduction of a simple
model-independent test theory in which the speed of photons can depend on their energy 12. As
we have discussed already, a test theory can be kinematic (like the RMS framework) or dynamic
(for example, SME). In the present case, the test theory is purely kinematic. However, it can be
anyway related to the SME framework, as we will see later in Section 2.2.1.

Considering the fact that classical dispersion relation E2 = p?c? is found to be exact at low
energies, and the fact that the characteristic energy for LIV effect is probably related in some
way to the Planck scale Ep, modified dispersion relation (MDR) can be expressed the following

way:
[} En
E2~p?c®>x |1+ ) k, |[—
pc [ Z{ o

where c is the low energy limit of the speed of light, and k, coefficients to be measured, or
constrained. The sign =+ in this equation takes into acount the possibility to have subluminal or
superluminal effects. Alternatively, it is also possible to write the dispersion relation as

1 iik; (E%)n

n=1

, (2.22)

p2c? ~ E* x , (2.23)

where k;, are new coefficients. The form of Eq. 2.22 is more suited to situations where the
group velocity of photons needs to be calculated while the form of Eq. 2.23 is prefered when the
dispersion relation is interpreted as the result of a non-zero effective mass for the photon, as we
shall see later.

A MDR of the form given above was first proposed by G. Amelino-Camelia and collaborators
[20] in 1998. In this seminal article, published one year after the first redshift of a GRB was
measured, the authors also suggested the use of gamma-ray bursts as a way to probe the quantum
nature of spacetime. 1998 can then be considered as the year of birth of LIV searches with
gamma-ray sources.

2.2 Time of flight studies with high energy gamma-ray sources

2.2.1 From modified dispersion relation to time-lag

From Eq. 2.22, it is possible to obtain the group velocity of photons as a function of their
energies:

vy(E) = OE/dp =~ ¢ X [1 - sin +1 (i) ] . (2.24)
2 EQG

A few remarks can be made at this point:

* Here we consider only the lowest order dominant term 3. As I will show later, only the first
order (n = 1) is within our reach with present day experiments, while the second order
term (n = 2) could be within reach of the next generation of ground-based Cherenkov
telescopes.

12The test theory used here is noted “PKVo” in [17].
13Either the term n = 1 dominates and the other terms are neglected, either the term n = 2 dominates and the
others are neglected, etc.
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e Itis important to note here that the fact that the group velocity is still given by v, = 0E/dp
in the Planck regime was assumed. There is no guarantee it is really the case.

* Both subluminal (s = +1) and superluminal (s, = —1) LIV effects are allowed. The
possibility of a superluminal group velocity can be disturbing but it does not bring any
problem with the principle of causality .

¢ The parameter to be constrained has been redefined and noted Epg, indicating it is ex-
pected to be related to some Quantum Gravity energy scale, presumably not too far from
the Planck scale Ep. As already mentioned in the first item, this scale is not constrained
with the same sensitivity for n = 1 and n = 2. Therefore, different notations are used:
Egg,1 or Eég ; for the linear effect, and Egg,2 or EqQ ¢ for the quadratic effect 1.

From Eq. 2.22, it is now necessary to calculate the time lag, measured at Earth (z = 0),
between two photons with different energies and emitted at the same time at redshift z > 0. As
the photons have different speeds, they do not take the same time to travel between the source
and the Earth. Meanwhile, the Universe is expanding so the two photons do not travel the
same proper distance ¢ [142]. This difference of proper distances results in the fact the time lag
between the two photons when they reach Earth will depend on the redshift of the source and
on cosmological parameters, as we shall see now.

The redshift is defined by the relation

142z= Aobservation=now _ &’ (2.25)
Aemission a(t)
where a is the cosmological scale factor. Deriving this expression, we get
ap . aop a(t)
dz = ———a(t)dt = — — —= dt, 2.26
2220 =T W (226)
N——— ——
1+z  H(t)
where
. da(t)
t) = s 2.2
a(t) I (2.27)
and where
a(t)
H(t) = —= 2.28

is the Hubble parameter, which can be expressed indifferently as a function of time or as a
function of redshift, and which depends on the Hubble constant Hy and parameters Q,, (matter
density), Qg (curvature parameter) and Q, (dark energy density), all three evaluated at present
time:

H(z) = Hoy[ @ (1+2)% + Qi (1 +2)? + Q.

14Causality is guaranteed by the fact that a signal (a sudden change in amplitude, frequency, etc.) has a speed
always lower than c¢. Experiments have shown that it is possible to have superluminal group velocities while signal
velocity is always subluminal. See e.g. [37] for a description of such an experiment.

15The notation M is also used sometimes (MIQG, MZG), or (Mgpg,1, Mga,2)-

16Proper distance is affected by the expansion, while comoving distance is not. Both are equal at present time (for
z=0).
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The values of cosmological parameters, as measured by the Planck satellite [146] are 17:

Hy = 67.74+0.46 km/s/Mpc = (2.20 +0.02) x 10718 571, (2.29)
Q, = 0.3089 +0.0062, (2.30)
Qg = 0.0008 = 0.004, (2.31)
Qpx = 0.6911 +0.0062. (2.32)

Qg is neglected in all LIV studies and I will do the same in the following. I will simply use the
definition

H(z) = Ho\/Qm (1+2)%+Q,. (2.33)
From Eq. 2.26, we get the time-redshift relation:

dz

dt = m (234)

The time defined here is the lookback time: it corresponds to the difference between the age of
the Universe when the photon was emitted and when it was received. During this time, a photon

with speed v travels a distance

vdz
dl = ’Udt = m (235)

The corresponding comoving distance is simply given by

vdz

dy=dl(1+2z2)= ")

(2.36)

If we now consider two photons with energies E; and E;, measured at reshift z = 0, with
Ey > E;, we can express the difference of velocities from Eq. 2.24:

n+1 EZ —E?
S+ m
2 EQG

1+2)"

Av ~c¢ , (2.37)

where we have blue-shifted energies Ej, and E; (factor (1 + z)) to express them in the rest frame
of the source.
As a result, the two photons have proper distances which differs by

“Avdz n+1E —E' r*1+z2)"

Ayo = ~cCsy - z', (2.38)
o H(z) 2 Ejg Jo  H(Z)
and they will be detected with a time difference At = A yo/c. Thus,
+1Ey—E r#(1+2)"
At, ~ s, n h — ! f ( Z/) dz’|. (2.39)
2 EQG 0 H(Z )

As the time and the energy are both measured, it is usual to put them on the same side of
the previous expression, defining a “time-lag over energy difference” parameter 7, as

Aty n+1 1 z 1+z)"

~

S
Ef—E " 2Ho Epg Jo JQn(1+2)% +Qp

’

dz’ |, (2.40)

Tn

17These values are taken from Tables 4 and 5 of [146] with the so called “TT, TE, EE+lowP+lensing+ext” likelihood
combination for Q,, and Q and “TT, TE, EE+lensing+ext” for Q. These likelihoods are used to fit the ACDM
model to Planck data.
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Figure 2.4: Function k,(z) as defined by Eq. 2.41 for n = 1 (solid line) and n = 2 (dashed line) using Planck data.
The grey dashed line corresponds to the condition k,(z) = z.

where the Hubble parameter was replaced by its expression (Eq. 2.33). It is also usual to define
a distance parameter kp: .
"\n
Kn = d+z) dz’. (2.41)
0 VQm(1+2)3+Q,

Fig. 2.4 shows the evolution of parameter x, as a function of redshift using Planck data. From
this figure, and from Eq. 2.41, we can also point out that for low redshifts, x,(z) ~ z.

It is worth mentioning that the calculation above was not done correctly in all papers published
before 2008 dealing with MDR searches with astrophysical sources, leading to a missing factor
(1 + z) in the integral. This mistake was pointed out in references [93, 32] and corrected in
all subsequent papers. In addition, it was recently pointed out that this calculation may be too
simplistic [148]: it implicitly assumes that translations are not affected by Planck-scale effects.
Work is still needed though to fully understand the implications of this asumption and eventually
get rid of it.

Going back to the time lag expression of Eq. 2.39, it can be noticed that:

* The time lag At,, is proportional to x,,. Distant sources will produce higher time lags, easier
to measure. This is in agreement with the idea that if the lag is introduced by quantum
nature of space time, the more space there is between the detector and the source, the
higher the lag should be. Obviously, in order to be able to measure a time lag, sources also
have to show significant variability.

* The time lag is proportional to the energy difference AE" = E} — EJ, often referred to as
the energy lever arm. In principle, this favors multiwavelength observations. We will see
however in the next section that such observations can also bring some issues: different
emission mechanisms, with different intrinsic temporal properties come into play at different
wavelengths, which prevent any safe interpretation of data.

* The value of the time lag is deterministic: once the two energies Ej and E; and the redshift
z are set, the value of the lag is set. We will see later (Section 2.4) that quantum spacetime
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Figure 2.5: Parameter 7, as a function of redshift for n = 1 and n = 2, assuming Egg = Ep and for a subluminal
propagation. Note that the curve for n = 2 was multiplied by 1018.

could also involve stochastic effects.

Fig. 2.5 shows the evolution of parameter 7, as a function of redshift for n = 1 and n = 2
assuming Eog = Ep. It appears from this plot that the gap between linear and quadratic effects
is quite large! Any effect with n > 2, regardless of its theoretical relevance, will most probably
stay forever out of experimental reach. To have a rough idea of the values of the time lags, the
reader can consider AE" ~ E; and take E; ~ 100 GeV for the Fermi-LAT, and E, ~ 1 TeV for
Imaging Atmospheric Cherenkov Telescopes (IACT). It is important to note that in practice, the
measured value of the time lag will depend on several environmental parameters, such as:

* The flux of the source as well as its spectral index. For a given integrated flux, AE" will be
greater for a harder spectrum.

* The distance of the source: especially in the TeV regime, high energy photons can be ab-
sorbed due to their interaction with Extragalactic Background Light (EBL, see Section 2.4),
decreasing the maximum detectable energy and thus reducing the energy lever arm.

* Observation conditions, especially for IACTs, for which the energy threshold depends on
the zenith angle of the source and on atmospheric conditions.

I need now to comment a little further on Egs. 2.39 and 2.40 in the case the source is nearby;,
which is the case for pulsars. As of today, all the pulsars detected are located in our galaxy,
except one, PSR Jo540-6919, which is located in the Large Magellanic Cloud, at 5o kpc. For a
source nearby, the redshift is approximated by z ~ v/¢ = d/Dy, where v is the radial velocity of
the source, due to the expansion of the universe, d is the euclidian distance and Dy = c¢/Hy is the
Hubble distance [81]. So, since k,(z) ~ z when z — 0, we have

n+1 1
_z’
2 Hyp EEG

Tn = S+
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and

n+l 1 d
2 EEGC

(2.42)

To close this section, I would like to relate parameter 7, with the SME parameters I introduced
in Section 1.3 (Eq. 1.66). For the anisotropic case, 7, is given by:

- K_n (A .(nt4)
Tn = S+ Hy Z OY]m(n)c(I)jm . (2.43)

jm

This expression corresponds to Eq. 6 in reference [102]. For the isotropic case, this expression
simplifies to
- kn 1 (n+4)
n = Siﬁo\/ﬁcu)oo .
I need to remind now that Egs. 2.39 and 2.40 were obtained assuming that photons of different
energies are emitted at the same time. It is certainly a questionable assumption, on which I will
further comment in the following section.

(2.44)

2.2.2 High energy gamma-ray sources for LIV searches and their intrinsic time
properties

As compared to particle accelerators, astrophysical sources have two advantages: they come
for free and they produce photons with much higher energies than achievable in ground-based
facilities. As regard their use in time of flight studies, they have also a major drawback: on the
contrary to ground-based accelerators, we cannot be sure of how sources work exactly. Through
energy spectra, we can have a good indication of which mechanisms are at play, but the details
are hidden to us. In particular, the possible correlations between the energies of photons and
the times when they are emitted remain mysterious. As a result, there is no way to guarantee
that photons of different energies are emitted at the same time.

There is much evidence, which will be quickly reviewed in the following, of these intrinsic
delays. Such intrinsic delays add with LIV-induced delay to give the total measured time-lag:

Aty (total) = Aty vy At(source)’ (2.45)

or
Tn (total) = Tn (LIV) T T(source)- (2.46)

In this section, I comment on the different sources used for LIV searches: gamma-ray bursts
(GRB), active galactic nuclei (AGN) and pulsars (PSR), focusing on what is known about their
intrinsic temporal properties and giving their advantages and drawbacks for LIV studies.

The different possible solutions to minimize the impact of intrinsic delays in LIV searches
will be discussed in Section 2.2.4.

Gamma-Ray Bursts

GRB are random, short and extremely powerful emissions of gamma-rays [165, 143]. They
are actually the brightest explosions observed in the Universe with an energy typically released
of ~ 10°175% ergs in few tens of seconds ', assuming an isotropic emission. This prompt emission,
observed in the gamma-ray regime up to tens of GeV, is followed by a longer afterglow in X-ray,
UV, optical, IR, microwave and radio, during which the flux decreases rapidly in time.

181 erg = 1077 J = 624.15 MeV.
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GRB are located at cosmological distances. The first redshift of a GRB has been measured
in 1997 (for GRB 970508, z = 0.835, [125]). The possibility to measure the distance of GRB
greatly depend on the conditions of the detection, namely the possibility to have a quick and
precise localization of the burst allowing the detection of the afterglow by ground based optical
telescopes. In some cases, it is possible to estimate the redshift (see e.g. [140] where this
is done from the peak energy and the bolometric luminosity). Between 1997 and 2004, only
398 redshifts were measured or estimated for 1418 bursts detected !°. The closest burst ever
observed is GRB 980425 (z = 0.0085) while the furthest is GRB 090429B (z = 9.4).

GRB show a high diversity. They are spread in two populations of durations 2° and hardness:
short and hard bursts (T90 < 2 s) and long and soft bursts (T90 > 2 s). Their lightcurves are
very different from a burst to another. The fact the bursts are distributed in two populations with
different durations suggests they have at least two different types of progenitors. It seems now
established that long bursts are due to the collapse of massive stars (collapsar model). Several
observations of a supernova immediatly following a GRB support this hypothesis. Short bursts
are more difficult to explain. It is possible they are due to merger events in compact binary
systems involving two neutron stars or a neutron star and a stellar-mass black hole. In both
cases, the progenitor results in the creation of a black hole while a collimated relativistic jet is
emitted. The ejecta within the jets is not homogeneous: multiple layers with higher densities
propagate with different velocities. The gamma-ray emission occurs through Synchrotron Self
Compton (SSC) and Inverse Compton (IC) processes when a fast layer catch up and collide with
a slower one (internal shocks). The observed variability in gamma is explained in this model by
the presence of multiple layers in the jet. The afterglow emission is due to the jet interaction
with the inter-stellar medium further from the progenitor (external shocks). Despite the successes
of this model, some observations indicate the details of the origin of gamma-ray emission still
remain unclear.

The presence of intrinsic time-lags is well established. For the first time in the late gos,
J. P. Norris and his collaborators pointed out that short bursts give relatively small lags [134, 135].
On the contrary, they found a correlation between the time-lags and luminosities for long GRB
[137, 136]. Expressing the luminosity L in units of 10°3 ergs/s, they find the relation

r \-l14
Ls3~ 1.3 ( ) s
>3 0.01s

where 7 is the time lag. This result was later confirmed with increased statistics (see [161]
and references therein). This effect results in the fact that higher-energy photons arrive before
lower-energy ones. Considering in addition the fact that only very bright bursts (small lag)
are observed at high redshifts while both high and low luminosity bursts are observed at closer
distances, the lag-luminosity relation tends to compensate a LIV propagation effect.

In addition to this effect, a recent key result of Fermi is that the onset of GeV emission seems
to be systematically delayed as compared to the onset of emission at hundreds of keV. It is shown
on Fig. 2.7, where the onset time is compared in the LAT and in the GBM for 18 GRB [143].

A study of the intrinsic lags of five Fermi bursts can be found in [39]. The interpretation of
these lags is difficult. However, one explanation could be that different spectral components do
not evolve in temporal coincidence. Spectral evolution during the burst could also play a role
and be misinterpreted as a QG-induced effect. However, this spectral evolution is very fast and
affects only a very small fraction of the events.

As a summary of this very quick discussion, allow me to give the main pros (+) and cons (-)
of GRB for LIV searches:

Yhttp://www.mpe.mpg.de/~jcg/grbgen.html
20Tt is usual to define the duration of the burst as the time elapsed between the detection of 5% and 95% of the
total number of detected photons. This duration is noted T90.
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+ GRB are located at high redshifts;
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Figure 2.7: Onset time (T05) in the LAT as a func-
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first Fermi/LAT Catalog. The onset time is measured as
the time where 5% of the photons have been detected.
Long bursts are displayed in blue, short GRB in red.
The dashed green line corresponds to the condition
x = y. Figure from [143].

+ Some GRB are very short and/or show high variability. This turns into a very good precision

of time-lag measurement;

— GRB are random events;

— GRB are detected only with satellites. This implies that the energy lever arm is limited to
tens of GeV (with Fermi). The Cherenkov Telescope Array 2! (CTA) may change the picture

in the future;

— The redshift cannot be measured or estimated for all bursts;

— The details of gamma-ray emission are poorly understood;

— There is evidence of various intrinsic temporal effects. In particular, a lag-luminosity
correlation is observed for long bursts but not for short bursts.

Despite these drawbacks, the best limits on the QG energy scale have been obtained with
GRB. This is due to the fact that once a GRB is detected and its redshift measured, the high
distance and fast variability dominate over all the listed drawbacks.

Flaring Active Galactic Nuclei

About 10% of the observed galaxies have a compact and extremely luminous region at their
center. These Active Galactic Nuclei (AGN) [23, 50], are powered by a supermassive black hole
(10° to 10" My,), spinning and/or accreting material (mainly gas and dust). Infalling gas onto
the black hole powers a relativistic magnetized plasma which is ejected in an outflow, where
particles are accelerated following mechanisms which are partly unknown.

2lhttps://www.cta-observatory.org/
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A number of different types of AGN have been observed. The unified model of AGN [162]
explains these differences by distinct orientations of the accretion disk symmetry axis with respect
to the line-of-sight. About 10% of AGN are strong radio emitters (radio-loud) while the other
90% are radio-quiet. Radio-quiet AGN include Seyfert galaxies and quasi-stellar objects (QSO,
or Quasars). Radio-loud AGN include radio galaxies and blazars. For blazars, the relativistic jets
are oriented close to the line-of-sight with the observer. Blazars can be of two types: BL Lac
Objects (named after the first object of this kind ever detected, BL Lacertae) and FSRQ (Flat
Spectrum Radio Quasars). The main difference between these two subclasses is that BL Lac
objects show almost featureless non-thermal spectra while FSRQ show strong emission lines due
to the accretion disk and the host galaxy. Therefore, redshift measurement is often difficult or
even impossible for BL Lac objects. It is however possible to estimate the distance of an AGN
using the high-energy cut-off induced by the EBL (such a method is used e.g. in [6]).

Both BL Lac objects and FSRQ are of particular interest for LIV searches since from time to
time, they can leave a normal “quiet state” and show higher luminosity and variability. Time-lags
can be measured only during these high-activity phases, called flares.

Up to now, only hints of time-lags between different energy bands have been found for some
blazars (see e.g. [28] where X-ray emission was found to peak days22 after the gamma-ray
emission for a giant flare of Markarian — Mkn or Mrk — 421). In the TeV range, only one flare
of an AGN was detected so far showing a significant lag between high and low energies. This
flare of Mkn 501, recorded on July 9 2005 by MAGIC 23, was found to exhibit a lag of 4 + 1 min
between energy bands <250 GeV and >1.2 TeV (see Fig. 2.8) [13]. This example of a significant
lag points to the fact that intrinsic delays exist in AGN flares, while the fact it is the only one
detected suggests that intrinsic effects are certainly different for each AGN. They could also differ
from one flare to another.

Spectral Energy Distributions (SED) of blazars show a characterisitic “double-bump” shape.
Comparing with models, themselves based on a number of different observational inputs, it
is possible to state that synchrotron and inverse-Compton are the dominant processes which
explain the emission of blazars from the radio to the gamma-ray domains. In simple “one-zone”
models, accelerated electrons in the jet produce photons through synchrotron and these photons
can be further accelerated by the same electrons by inverse Compton diffusion. This process is
called Synchrotron Self-Compton (SSC). Despite the success of this simple model, a number of
questions remain about how the jets are powered by the black hole, or the causes of the short
time-scale variability:.

As a summary, here are the main pros (+) and cons (-) of AGN flares for LIV searches:

+ AGN are located at high redshifts;

+ Some flaring AGN have a high flux and a high variability;

+ The energy range available with IACT allows to probe large values of AE";
— AGN flares are random events;

— Only IACT can be used to study LIV with AGN flares. Due to their limited effective area,
satellites cannot access the required short variability;

— High energy gamma-rays produced by distant AGN can be absorbed by low energy photons
of the EBL (see Section 2.4). This limits the highest distance for which flares can be
observed by IACT;

22The interpretation of this kind of observations is difficult. Is it really the same flare that is seen? Simultaneous
multiwavelength observations are not always available to answer that question.
23https://magic.mpp.mpg.de/
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Figure 2.8: Light curves of Mkn 501 for the flare of the night of July 9 2005, in four energy bands, from
top to bottom, 0.15-0.25, 0.25-0.6, 0.6-2.1 and 1.2-10 TeV. The horizontal dashed line shows the average of the
stable emission, while the dotted line shows the level of the Crab emission. The curves are fitted by a function
F(t) = a + bj(2~(t=t)/c 4 2(t=to)/¢) Figure from [13].
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— The redshift cannot be measured or estimated for all AGN;
— Emission mechanisms are poorly understood;

— There is evidence of intrinsic lags, at least for some flares. This suggests that every AGN is
different in this regard.

It is important to note here that observation strategies can be optimized to maximize the
number of flares detected. In particular, multiwavelength monitoring campaigns and swift
reactions to take data when an alert is issued play an important role in flare detections.

Pulsars

A pulsar is a highly magnetised rotating neutron star [116, 76]. The neutron star is the result
of the death of a massive star (4-8 M) in a supernova. The explosion blows off the outer layers
of the star into a Supernova Remnant (SNR). The central region of the star collapses under
gravity so that protons and electrons combine to form neutrons. In the process, the angular
momentum as well as the magnetic flux are conserved. As a result, the neutron star has a very
short rotation period (noted P, as low as a few milliseconds), and a very high magnetic flux
(108 to 10'* G). A part of the rotational energy is lost through electromagnetic radiation or
because charged particles escape along magnetic field lines. Then, the period slowly increases in
time, with P = dP/dt values ranging from 1073 to 1072 s/s.

The Fermi satellite greatly improved the understanding of the mechanisms at play in pulsar
high energy gamma-ray emission. It seems now established that polar regions of the neutron
star cannot be involved in the GeV emission [41]. However, several other possibilities can still be
invoked.

A very interesting feature of pulsar is that their light curves show very sharp peaks (Fig. 2.9).
Their emission is periodic, with a slowly increasing period. This is a key point to distinguish
between propagation and intrinsic effects. Indeed, any intrinsic lag when expressed in rotational
phase will not vary in time as the period increases. On the contrary, a propagation effect will
show up in the phasogram as slowly increasing with time [138].

As a summary, here are the main pros (+) and cons (-) of pulsars for LIV searches:

+ Pulsars are pulsating all the time;
+ The spikes in the phasogram can have a width of a few milliseconds. This turns into a very

good precision on time-lag measurement and a possibility to probe spacetime fuzziness
(see Section 2.4);

H=740453
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Figure 2.9: Comparison of Fermi y-ray (black) and radio (red) light curves of the Vela pulsar for two rotation
periods (P= 89 ms). Figure from [4].
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Emission processes for the pulsed signal at GeV energies are poorly understood, but it is in
possible to distinguish between source and propagation effects;

— Pulsars are located at short distances. This can be considered as an advantage only to test

the dependance of LIV time-lags with distance: PSR can provide the low redshift points
while GRB and AGN give the high redshift points;

— Only two pulsars were detected by IACT at O(100 GeV) energies, the Crab and Vela. These

pulsars are probably very peculiar and only a few other known pulsars could have the same
properties.

From this list, we can notice that PSR have more advantages than drawbacks. Unfortunately,
the two drawbacks totally dominate over the few advantages. The furthest pulsar detected by the
Fermi-LAT is PSR Jo540-6919, located in the Large Magellanic Cloud (LMC) at 51 kpc. Despite its
brightness (~20xCrab), more than 5 years of data taking were necessary to detect this object [7].
It could be detected with CTA if a significant amount of time is allocated for the observation of
the LMC.

2.2.3 Complementarity of GRB, AGN and PSR

Since we have listed all the advantages and drawbacks of each kind of source, it is interesting
now to summarize what we have seen, emphasizing on how the complementary of AGN, GRB
and PSR could be used to obtain the best constraints on MDR.

In my view, four comments can be made:

For GRB, a large amount of data is available from satellites. No GRB has been seen at TeV
energies by ground-based experiments so far. Satellites can detect photons up to a few
hundred GeVs. At these energies, very distant GRB can be detected, since the photons are
only weakly absorbed by the EBL;

For AGN observed by ground-based experiments, not only a detection is necessary, but
also a significant variability is needed. This condition, added to the fact that a redshift
measurement is also needed, has led to the fact that only four AGN were analyzed so far
to search for LIV. AGN are seen by space-based experiments, but with low statistics due
to their limited effective area. Ground-based Cherenkov telescopes have an energy range
going from a few hundred GeVs to a few TeVs. At these energies, only nearby sources can
be detected because of the EBL absorption;

PSR are observed at GeV energies by satellites and a few are seen at TeV energies by IACT.
The precision of time-lag measurement is extreme as compared to other sources. They are
located at short distances, so they are essential to test the dependance of LIV time-lags
with distance;

GRB, PSR and AGN have different origins and therefore do not have the same intrinsic
effects. For the moment, there is no fully accepted model, either for GRB or for AGN. The
situation is a little better for pulsars, where it is possible to distinguish between intrinsic
and extrinsic lags.

For these reasons, it is necessary to study GRB, AGN and PSR to look for LIV, not only
separately but also in joined analyses. This is an important task for the close future, in particular
when CTA will start to operate.
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2.2.4 How to deal with source effects ?

Observations of GRB, AGN and PSR show that these ojects have intrinsic temporal properties
that could compensate or amplify LIV effects. The question is now how to deal with these
intrinsic effects in LIV searches ? Several strategies can be followed.

Full modeling — The best solution to manage intrinsic effects would be to precisely model
the emission mechanisms. In an ideal world, the value of 7(source) could be computed for each
particular source under study and this value could be subtracted to the measured lag to deduce
the lag due to LIV. Unfortunatly, we are far from this ideal picture. As we have seen, PSR
are probably the sources for which the emission mechanisms are understood the best. This is
probably due to the fact a rotating neutron star is a much simpler system to study than a black
hole accreting gas and dust.

Conservative modeling — In [164], Vasileiou et al. introduce a conservative modeling of source
effects for the first time. First, a Confidence Interval (CI) is obtained on 7, (tota)) (see Eq. 2.46)
assuming there is no intrinsic effect. Then, considering that the CI of 7(source) is not likely larger
than the width of the CI on 7, a1, it is assumed that the CI on 7(source) has the same width as
the CI on 7, (toal) and that 7(source) is zero on average. In principle, there are infinite choices for
a particular value of 7(source) given the constraints for its width and (zero) mean value. Then,
Vasileiou et al. choose the one that produces the least stringent (the most conservative) overall
constraints on 7, (11yv), by modeling 7(source) SO that it reproduces the allowed range of possibilities
of Ty, (total). See [164] for further details.

Neglect intrinsic effects — Since it is not possible to model the sources with enough details yet,
a possibility is to neglect source effects altogether. There are several reasons why it is usually
reasonable to do that:

* Up to know, the measured lags have always been found to be compatible with zero 24.
This suggest that either there is no LIV and no intrinsic effect, either the intrinsic effects
compensate LIV effects exactly. The latter conspiracy scenario is highly improbable, of
course;

* It is reasonable to state that source effects are maximized when several mechanisms are
involved in photon emission. This can have an impact on LIV analyses when the data is
spread over a wide energy range. By reducing the energy range, it is possible to ensure
that the photons are emitted by one process in particular. Using more stringent energy
selections, it is then possible to minimize source effects, at the expense of statistics. This
criteria forbid the use of multi-wavelength observations to measure a time-lag;

* To measure time-lags, we have seen it is necessary that the light curves show variability. If
the flux is high enough, it is common that light curves show multiple substructures (spikes).
It is reasonable to assume that a given spike is the result of a single event at the source.
Therefore, for a given spike, one could expect that intrinsic effects are the same for all
photons. Selecting photons in a narrow time interval around a spike would minimize the
intrinsic lag, at the expense of statistics. Note however that for AGN and GRB, intrinsic
lags could be different for different spikes and that a particular spike could be made of
several un-resolved sub-spikes with different intrinsic properties.

24We have seen however a notable exception with the flare of Mkn 501 detected by MAGIC in 2005. This is the only
exception I know of.
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Use population studies — With a high number of PSR, GRB or flaring AGN detected, population
studies would be possible. The goal of these studies would be to extract average common
properties for each of the three kinds of sources. Here again, several cases have to be considered:

* Source effects are universal. In that case, all sources of a given kind would have about the
same intrinsic delays. At least, the dispersion of intrinsic lags oy, would be minimized
to experimental uncertainties. With a high number of sources detected, it could be possible
in principle to derive the averages intrinsic delay 7(source) to deduce an averaged LIV induced
time-lag;

* Each source has its own intrinsic properties. In that case, which is certainly more likely
than the previous one, we can only hope that values of o, would be bounded to some
limit, imposed by the inner engine of the sources.

In any case, as only the LIV delay is supposed to vary with distance, study of time-lags as a
function of the distance of the sources will be essential. It is worth mentionning that population
studies would anyway be of great interest to improve our understanding of sources and their
modelization.

In the future, as there will be more and more sources observed, modelization and population
studies will certainly progress drastically. As there will be more sources observed, the probability
to observe a significant lag will also increase, which will forbid the possibility to neglect intrinsic
lags.

2.2.5 How to measure the time-lags ?

A number of different methods can be used to measure the lags, from the simplest to the
most elaborated. Some of these methods use the distributions of detection times (DDT) or the
lightcurves 25 as basic ingredients. Some others do not.

The simplest method which does not use DDT was used by the Fermi collaboration to derive
limits with GRB 080916C and GRB 090510 [2, 3]. In these papers, the authors simply compare
the detection time of the highest energy photon detected by the LAT with the trigger time given
by the GBM. Assuming that the highest energy photon cannot be emitted before the photons
which triggered the GBM, they are able to derive very stringent limits. However, these limits,
obtained with only one photon, cannot be considered as robust.

Another method which doe not use lightcurves is called PairView (PV), used by Vasileiou et
al. [164]. The PV method calculates the spectral lags between all pairs of photons in a data set
and uses the distribution of their values to estimate the LIV parameter.

For all the other analyses which were done until now, the first step starting from the raw data
is always the same: split the data sample in two sub-sets to build lightcurves in two different
energy bands. The energy selection used to split the initial sample in two energy ranges is
chosen on a compromise: maximizing the energy lever arm (AE) while keeping statistics as high
as possible in the two ranges. The methods differ in the next steps.

The simplest one is certainly a direct comparison of spike positions in the two energy bands.
Boggs et al. fit the two light curves and compute the difference between the fitted maxima
positions in the two energy ranges [30]. Kaaret et al. [96] directly use the average of the main
peak in the phasogram of the Crab pulsar in six energy bands. They also fit it with a Lorentzian.

Another very simple method is to use the Cross Correlation Function (CCF), a standard
signal processing method which is used to measure the time shift between two signals. In the

25Strictly speaking, a DDT is not the same as a lightcurve: lightcurves give the flux as a function of time, while DDT
give only a number of photons (actually gamma-like events) as a function of time.
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first paper published by the H.E.S.S. collaboration 2¢ on the giant flare of PKS 2155-304 of 2006
[11], the authors use a standard cross correlation function modified (hence the acronym MCCEF,
for Modified CCF) to be applied to oversampled light curves [110]. The lag is obtained by fitting
the position of the maximum of the MCCF, usually with a Gaussian function.

The Sharpness-Maximization Method (SMM) used by Vasileiou et al. [164] is based on the
fact that the application of any form of spectral dispersion to the data (e.g., by LIV) will smear the
lightcurve decreasing its sharpness. Based on this, SMM tries to identify the degree of dispersion
that when removed from the data maximizes its sharpness. This approach is similar to the
Dispersion Cancellation (DisCan) technique [152] and the Energy Cost Function (ECF) method
[14]. The most important difference between these approaches is the way the sharpness of the
light curve is measured.

The next method I need to discuss is based on the use of wavelet transforms (WT) [117]. As
CCEF, this method is a well-known signal processing technique. However, WT does not provide
the value of the time lag. It is used instead in two steps: to denoise the lightcurve and to localize
the extrema. The result of this procedure is a list of extrema. Extrema, one in the low energy
band and the other in the high energy band, need to be associated in pairs. Once this is done,
the time lag can be computed for each pair of extrema, and averaged over all pairs.

Finally, the method which is commonly used in the most recent papers is a maximum-
likelihood technique. Proposed by Martinez & Errando [122], this technique allows to study
the correlations between the arrival time and the energy of the photons. A template lightcurve
needs to be constructed first. This is done by parameterizing the (binned) lightcurve at low
energies, which is less influenced by LIV dispersion. The high energy photons are then shifted
in time depending on their energy and following a given model (either linear or quadratic) and
“compared” to the template. The resulting probability density function is then used to compute
the likelihood, which peaks at the preferred value of the time-lag.

To end this section, let me emphasize that each method has its advantages and drawbacks. As
an example, CCF and PV are undoubtedly very simple to implement, while WT requires complex
algorithms and a good understanding of the underlying mathematics. Different methods could
be more or less sensitive to probe different aspects of the lightcurves. The choice of a method in
particular should result from a detailed comparison involving the analyses of the same simulated
data sets (as done in [164]). Such a comparison is anyway needed to evaluate the systematic
uncertainties introduced by the time-lag measurement method.

2.3 Recent results

In this section, I will review the latest results obtained on MDR with astrophysical sources.
Table 2.2 gives a summary of these results. I will first give some general comments and then I
will focus in particular on my own work.

2.3.1 Overview

Looking at Table 2.2, we notice immediately that the best limit obtained so far is above
the Planck scale. This limit, obtained with GRB o9os10 by Fermi, is Egg,1 > 7.6 Ep, for a
subluminal propagation. The same GRB is also the record holder for quadratic effects with
Egg,2 > 1.3 X 10!! GeV. Even taking into acount possible source intrinsic effects with a conser-
vative modeling (as discussed in Section 2.2.4), the linear limit is still above the Planck scale:
EQG,l z 2Ep.

26https://www.mpi-hd.mpg.de/hfm/HESS/
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Table 2.2: A selection of limits obtained with various instruments and methods for GRBs AGNs, and the Crab and Vela pulsars. Limits obtained for linear (Egg,1) and quadratic
(EQg,2) corrections and for a subluminal effect, at 95% CL. The results are split in four categories: “Individual GRB”, “Several GRB”, “Individual flaring AGN” and “Individual PSR”.
By “individual”, I mean that only one source was analyzed to derive the limit. On the contrary, for the second category, “Several GRB”, a global fit was done to look for a dependance
of the time-lags with redshift.

Source(s) Experiment Method Results? Reference  Note
GRB 021206 RHESSI Fit + mean arrival time in a spike Epg,1 > 1.8x% 1017 Gev [30] be
m GRB 080916C  Fermi GBM + LAT associating a 13 GeV photon with the Epc,1 > 1.3X% 1018 Gev Epg,2 > 0.8 % 1010 Gev  [3]
El trigger time
m GRB 090510 Fermi GBM + LAT associating a 31 GeV photon with the Epg,1 > 1.5% 10'° Gev Epg,2 > 3.0 1010 Gev  [2] d
E start of any observed emission, DisCan
Fermi LAT PairView, SMM, likelihood EpG,1 > 9.3x101% GeV  Epga > 1.3x 10! GeV  [164] I, *
5 9GRBs BATSE + OSSE Fit EoG,1 > 107 Gev [58] b
S 9GRBs BATSE + OSSE wavelets EoG1 > 0.7x10°GeV  Epg,z > 2.9%x10%Gev  [63] b
8  15GRBs HETE-2 wavelets EpG,1 > 0.4 % 10'° Gev [32] € x
% 17 GRBs INTEGRAL likelihood Eoc.a1 > 3.2x 10! Gev [106] f
35 GRBs BATSE + HETE-2 + Swift  wavelets EoG,1 > 1.4x10'° Gev [61, 62] g-h
>  Mrk 421 Whipple likelihood Epg,1 > 0.4X% 1017 Gev [25] b,i
€ Mrkso1 MAGIC ECEF, likelihood EpG,1 > 0.2x 108 GeV  Egg,2 > 2.6x101° Gev [14]
) likelihood EpG,1 > 0.3%x108 GeV  Egg 2 >5.7x1010 GeV  [122]
=  PKS2155-304 HESS. MCCF EpG,1 >7.2%x10Y GeV  Egg2 > 0.1x10%0 Gev  [11]
m wavelets EpG,1 > 5.2% 107 Gev
5 likelihood EpG > 2.1x108GeV  Egga > 6.4%x 1010 GeV  [5] *
" PGissz+uz  HESS. likelihood EpG,1 > 4.1x107 GeV  Egga > 2.1x101° Gev  [6] k x
~  Crab pulsar EGRET average time of the main pulse in different Epg,1 > 0.2x101° Gev [96]
& energy bands, fit of main pulse
E VERITAS DisCan Egg,1 > 1.9%x10Y Gev [171]
m MAGIC likelihood Egg,1 > 7x10'7 Gev EQG,2 > 4.6x101°Gev  [157]
~  Vela pulsar H.E.S.S. likelihood Epg,1 >3.5% 1015 Gev Epg,2 > 6.4 X 108 Gev [43] *

@ Results can be expressed in the SME framework using Egs. 2.43 and 2.44.

b Limit obtained not taking into account the factor (1 + z) in the integral of Eq. 2.40.

¢ The pseudo-redshift estimator [140] was used. This estimator can be wrong by a factor of 2.
4 Only the most conservative limit is given here.
¢ Photon tagged data was used.

f The pseudo-redshift estimator [140] was used for 6 GRB out of 11.
9 For HETE-2, fixed energy bands were used.
" The limits of [61] were corrected in [62] taking into account the factor (1 + z) in the integral of Eq. 2.40. Only the limit obtained for a linear correction is given.
i A likelihood procedure was used, but not on an event-by-event basis.

J In this study, four bursts were analyzed. Only the best limits are given here, obtained for GRB 09os10 with the PairView (n = 1) and SMM (n = 2) methods.

k The redshift of this source was not measured but only estimated.
* Analyses in which I've been involved.
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It is necessary to note that this burst is very bright and very short, with a very simple
lightcurve showing only one spike of width < 1 s. Its redshift is moderate: z = 0.903 + 0.15.
The characterististics resulting in this very stringent limit are its short duration, and the fact the
highest energy photon is detected at ~30 GeV, resulting in the highest energy lever arm ever
obtained with a GRB. This result can certainly be considered exciting. However, it is necessary
to stress that no conclusion on LIV at the Planck scale should be drawn on only one source. In
addition, as we have seen earlier when discussing a model of stringy spacetime foam, the relevant
energy scale could be different from the Planck scale.

In Table 2.2, two results have been obtained using a population of GRB detected by different
experiments. In [63], data from BATSE and OSSE are used, while in [61, 62] the data of three
experiments are combined. Because each experiment introduces different systematics, this kind
of combination must be done with caution. In my opinion, this problem was overlooked in these
papers.

The next result I need to comment is the one obtained with a flare of Mkn 501 observed by
MAGIC. This flare is particularly interesting since, as we have seen already, Mkn 501 is the only
AGN showing time-lag between high and low energies for a linear LIV. Using ECF, Albert et al.
[14] find delay parameters of 7; = (0.030 + 0.012) s/GeV and 7; = (3.71 + 2.57) s/GeV?. These
values were cross-checked with a likelihood technique and compatible values were found.

The corresponding values of Egg,1 and Egg,2 can still be found in the first version of the
paper available on the arXiv: Egg,1 = (0.47%3-31)x10'® GeVand Egg,2 = (0.6173-19)x 10! GeV.
These results did not make it to the final version of the paper where only the limits quoted in
table Table 2.2 are given. Of course, the authors carefully discussed the possible interpretation
of these results. They exclude in particular the possibility that the measured delay is due to a
conventional QED plasma refraction effect [108] as photons propagate through the source (see
Section 2.5.2). However, they cannot exclude an intrinsic lag.

Finally, it is interesting I think to comment on the results currently obtained from observations
of the Crab and Vela pulsars at TeV energies. These pulsars are the only two detected by ground
based experiments. The Crab pulsar is located at a distance of 2.2 kpc and its period is P = 33 ms.
The Vela pulsar’s distance is 294 pc and its period is P = 89 ms. The other main difference between
these two sources is the time spent to observe them. MAGIC and VERITAS 27 have published their
limits for the Crab with 300 hours and 107 hours of data, respectively. The H.E.S.S. result for the
Vela pulsar was obtained with 24 hours of data taking. All these differences explain the fact that
the limits on LIV with the Vela pulsar are two orders of magnitude below the ones obtained with
the Crab pulsar.

It is worth pointing out the limit obtained on the quadratic LIV effect with the Crab pulsar
by MAGIC. This limit at 4.6 x 10'? GeV is more stringent than some results obtained with flaring
AGN. It is a clear indication that pulsars, as soon as a significant observation time is allocated
for them are valuable candidates for LIV searches, despite their small distance. This is another
argument to support an increased effort to detect more pulsars at TeV energies.

I turn now to a discussion about my own contributions.

2.3.2 Comments on my contributions

I have been working on MDR tests with photons for about 13 years. I had the opportunity to
work with GRB, AGN and PSR and to use different methods for time-lag measurement. In this
section, I will comment on my different publications.

In chronological order, I have been involved in the analyses of:

27http://veritas.sao.arizona.edu/
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* 15 GRB detected by the satellite HETE-2 [32]. A global fit was done to look for a dependance
of the time-lag with the redshift;

* The giant flare of PKS 2155-304, recorded by H.E.S.S. in 2006 [5];
* 4 GRB detected by the Fermi-LAT [164]. A limit was obtained for each individual GRB;
* A flare of PG 1553+113, recorded by H.E.S.S. in 2012 [6];

* The Vela pulsar, observed during 24 hours by the fifth telescope of H.E.S.S. in 2013 [43, 44].
The analysis was done by my first PhD student, M. Chretien.

In addition, I also wrote (together with A. Jacholkowska) a review article [31], which gives a
broad picture, as of 2011, of LIV searches with astrophysical sources. I will discuss all the papers
and the PhD listed above in the following paragraphs. I will not give the limits, which are already
listed in Table 2.2.

Gamma-Ray Bursts: comments on Bolmont et al. (2008) and Vasileiou et al. (2013)

Bolmont et al. (2008) — My first paper concerning MDR was about the analysis of 15 GRB
detected by the satellite HETE-2 between 2001 and 2006, with redshifts ranging from 0.16 to
3.37. Source intrinsic effects were assumed to be the same for all bursts, and I looked for a
dependance of the average At; as a function of z:

(At1) = ak1(z) +b(1 + 2),

where a and b parameters represent extrinsic (QG) and intrinsic effects, respectively.
The analysis of the 15 GRB was done with Wavelet Transforms and involved the following
steps:

* De-noising of the light curves by a Discrete Wavelet Transform (DWT);

*» Search for spikes in the light curves using a Continuous Wavelet Transform (CWT). The
result of this step is a list of maxima candidates, along with a coefficient characterizing
their regularity (Lipschitz coefficient);

* Association in pairs of the maxima, one maximum of the low-energy light curve and one
at high energies. A criterium on the Lipschitz coefficients was used to ensure that the two
maxima really belong to the same pair.

The result of this (complex) procedure is a set of associated pairs of extrema, one per GRB,
from which the averaged time-lag (At;) is calculated. The next step consists in studying the
variation of {At;) as a function of the redshift. This was done using a likelihood fit (different
from the procedure described above).

The limit obtained in this study is of course quite low as compared to the results obtained
later with Fermi or with H.E.S.S. This is due to the limited energy range available with HETE,
which translates into a mean energy lever arm of AE ~ 130 keV. This is about five orders of
magnitude below the one obtained by Fermi and seven orders of magnitude below the lever
arm typically reached with IACT. Nonetheless, this analysis is still valuable considering it is a
prototype of the population studies which will have to be performed in the future.

As an aside, let me mention that a full toy Monte Carlo calibration of the WT method has
never been done and should have been included in this paper.
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Vasileiou et al. (2013) - Before the work on this paper began, the Large Area Telescope (LAT)
on board the Fermi satellite had already provided the most constraining limits on Egg using
GRB 080916C [3] and GRB og9os10 [2]. These past results were derived studying the highest
energy photon detected in coincidence with the bursts or using the DisCan method in the case
of GRB 090510.

In this new paper, four GRB were analyzed. All have a bright GeV prompt emission and a
measured redshift. These GRB are 080916C, 090510, 090902B and 090926A, located respectively
at z = 4.35+0.15, 0.903 + 0.003, 1.822 and 2.107. Three different statistical methods were
used to measure the time-lags: SMM, PV and a likelihood procedure. All these methods are
discussed earlier in this monograph.

All measured lags were found to be compatible with zero and the three methods are in good
agreement with each other. No evidence was seen for a variation of 7 with x, as would be
expected for a LIV effect. An in-depth study of systematics showed that the intrinsic effects are
the main source of systematics. Other systematics, due to the instrument response, the errors on
redshift and cosmological parameters, were found to be negligible.

I have already commented on the obtained limits. A major breakthrough, in addition to the
limits themselves, is the statistical treatment of source intrinsic effects (that I discussed too). It
is certainly the reasonable thing to do in the lack of a full modelization of emission mechanisms.

Active Galactic Nuclei: comments on Abramowski et al. (2011) and Abramowski et al.
(2015)

Abramowski et al. (2011) — On July 28, 2006, H.E.S.S. observed an extreme flare of the BL
Lac object PKS 2155-304 (z = 0.116) [12]. More than 8ooo photons were detected above ~120
GeV in ~85 minutes of data taking and negligible background. This high statistics allowed
the observation of variability at the minute time scale. This data was first analyzed using CCF
and wavelets [11] and I was involved in a second analysis based on the likelihood procedure
introduced in [122].

In my opinion, an important added value of [5], in addition to the good limits on Epg, , is
the amount of work done to check the accuracy of the likelihood fit and to evaluate the effect of
different factors on the results. This was done with toy Monte Carlo simulations. These checks
had not been fully reported in [122]. The main systematics were found to be related to the
parameterization of the low energy lightcurve. This can be easily explained since the lightcurve
shows five different spikes with a significant overlap.

The limits obtained in this study are still the most constraining ever obtained with an AGN.
They are almost ten times better than those obtained with the flare of Mrk 501 recorded by
MAGIC. They are also a factor of ~3 higher than the previous H.E.S.S. result [11].

The increase in sensitivity as compared to the MAGIC result is mainly due to excellent
parameters of the data taken on July 28, 2006: low zenith angle (~ 10°) which leads to a
low energy threshold, high statistics, high variability and negligible background. On the other
hand, the softness of the PKS 2155-304 energy spectrum (the spectral index is ~3) was the main
penalizing factor in this study.

Abramowski et al. (2015) — During the nights of 2012 April 26 and 27, H.E.S.S. detected a
flare of the high-frequency peaked BL Lac object PG 15534113 [6]. The spectrum is softer as the
one of PKS 2155-304 with an index of ~5. This is in part due to the fact that PG 15534113 is
much further than PKS 2155-304: although the redshift is not known precisely, it was estimated
to be z = 0.49 + 0.04 [6]. Another big difference with the flare of PKS 2155-304 is the much
lower statistics: ~300 signal events were recorded and the signal-to-background ratio was ~2.
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Figure 2.10: Spectral lags (left) and corresponding lower limits on Egg, 1 obtained in [164] (red crosses) and in
previous works (black dots) using AGN high energy gamma-ray observations: 1. Whipple observation of Mkn 421 [25];
2. MAGIC observation of Mkn 501 [122]; 3. H.E.S.S. observation of PKS 2155-304 [5]. See the text for comments.

These low statistics required a modification of the likelihood procedure used for the analysis of
PKS 2155-304 in order to properly take into account the effect of background events.

Due to the poor statistics, the limit on the linear LIV cannot compete with the one obtained
with PKS 2155-304. However, the quadratic LIV effect is constrained at about the same level, due
to the larger distance of PG 1553+113. This lead to two important lessons for future studies: (i) it
is possible to get constraining limits even in case of background contamination, and (ii) distance
can compensate low statistics to constrain quadratic effects.

Fig. 2.10 allows to compare the results obtained with GRB and AGN in the GeV-TeV domain.
All these results were obtained using a likelihood method and all correspond to a subluminal
propagation. The furthest AGN in this plot is PG 15534113, with z = 0.49 while the most distant
GRB is 080916C (z = 4.35). On the left plot, the error bars are smaller for AGN than for GRB.
It is a direct consequence of the fact the energy lever arm (related to the energy coverage of
the instruments) is much larger in ground-based observations. On the plot on the left, one can
see that the limits obtained with AGN are on average less constraining than those obtained with
GRB. However, a giant flare as the one of PKS 2155-304 in 2006 gives a constraint which is at the
level of some GRB with higher redshifts. Finally, we have to point out again that GRB 090510
can be considered as peculiar in a sense that it is very short, very bright and very energetic.

Pulsars: comments on M. Chretien’s PhD (2015)

From March 2013 to April 2014, the 28-meter H.E.S.S. telescope collected 24 hours of good
quality data from the Vela pulsar. About 9000 pulsed events were recorded between ~20 GeV
and 100 GeV at low zenith angles. The detection was confirmed using two independent analysis
pipelines. The signal-to-noise ratio was estimated to be ~0.025.

The likelihood procedure described earlier and used in [6] (including a proper treatment of
the background) has been slightly modified to be more suited to the case of periodic sources. In
particular, a phase-lag A¢ is used instead of the time-lag At. A¢ is given by A¢ = At X fo, where
fo is the pulsar rotational frequency.

Asin [5, 6, 164], a toy Monte Carlo procedure was used to control the accuracy of the method
and to evaluate the different systematics. The obtained limits were already discussed earlier.
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Figure 2.11: Upper limits obtained on the time-lag parameter 71 as a function of the period (left) and lower limits
obtained on the QG energy scale (linear effect) as a function of the distance for the two pulsars ever observed at
TeV energies. Full arrows correspond to a subluminal LIV effect while open arrows correspond to a superluminal
propagation. The plots are taken from [43]. Data points are taken from [43, 157, 171].

Of course, the work of M. Chretien during the three years of his PhD was not limited to this
particular analysis.

Fig. 2.11 summarize the results presently available with pulsars observed at TeV energies. The
differences between these results were already commented in Section 2.3.1: Vela is penalized by
its smaller distance and by the fact the limits were obtained with only 24 hours of data taking.

2.4 Other possible QG-induced effects on gamma-rays

Until now, I focused on MDR searches because they are my main topic of interest. However,
a modification of dispersion relations is not the only possible effect that could be the result of the
quantum nature of spacetime.

In the last section of this chapter, I would like to quickly go back to three other possibilities,
that I have already mentioned earlier: (i) spacetime fuzziness (mentioned in Section 2.1.2 as a
possible result of a stringy spacetime foam), (ii) vacuum birefringence (mentioned in the same
section as a possible result of LQG-inspired models) and (iii) LIV-induced modification of photon-
photon interaction cross section (mentioned in Section 1.2.4 as a result of MDR if the photon is
considered to have an effective mass).

2.4.1 Fuzziness and foaminess

When discussing the stringy spacetime foam model in Section 2.1.2, we have seen that
D-particles popping in and out of our universe can introduce a stochastic spread of the velocities
of the photons of the same energy. This phenomenon would result in an energy-dependent
broadening of the sharp emission spikes of variable or transient astrophysical sources. Quantum
fluctuations of spacetime could also have an effect on macroscopic distances. These distances
could fluctuate randomly so that light waves emitted coherently at the source would lose their
coherence while they propagate. I will now discuss briefly these two kind of effects, which are
usually referred to respectively as fuzziness and foaminess (of spacetime).

When searching for a broadening of emission spikes, the speed of the photons is expressed
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as [163]:

v(E) = ¢ + Su(E), (2.47)
where §v(E) is a normally distributed and zero average random variable, with a standard devia-
tion

1+n( E \"
E) = . .48
on(E) = — (EQG,n) c (2.48)

In this last equation, n gives the leading-order energy dependence of the effect and Egg, ,, is the
energy scale of stochastic LIV. Using the very short burst GRB og9os10, which has a lightcurve
showing substructures as short as ~10 ms, Vasileiou et al. were able to obtain constraints above
the Planck scale, at 2.8 Ep (95% CL). Due to their very short spikes, distant pulsars could be very
interesting to probe this kind of fuzziness.
When looking for a loss of coherence of light waves, the path-length fluctuations are usually
expressed as
Sl =12 (2.49)

where Ip is the Planck length, [ is the line-of-sight comoving distance of the source and where «
allows to consider different types of quantum foams [132]. The corresponding phase fluctuation
is then simply
27
T
where A is the observed wavelength. Since the phase shift is different for different wavelengths,
all the light waves emitted by a distant sources would ultimately cancel out. As a result, an
observer would not be able to observe a distant source at arbitrary high energies. In [141], this
approach is used to constrain parameter « with distant quasars observed by Chandra 28 and AGN
observed by Fermi and IACT. Observations at TeV energies of objects as far as z = 0.9 allow to
obtain the best limit on « to date: a > 0.72. See also [154, 46, 45] for more details.

5S¢ ~ 117o1% (2.50)

2.4.2 Vacuum birefringence

We have seen earlier that the MDR obtained from a LQG perspective introduces vacuum
birefringence. Following [73], the dispersion relation is approximated as

ws(k) ~ [k (1 + Ai—';) , (2.51)

where ¢ is a constant giving the amplitude of the effect and Mp is the Planck mass. If photons are
initially linearly polarized, this MDR leads to a rotation of the polarization during propagation.
The polarization plane rotates by an angle

w4 (k) — a)_(k)d N k%d

AB(p) = 2 oM,

, (2.52)

where d is the distance of the source. From this equation, we see that the angle increase with
the distance of the source. If this distance is large enough, polarization will ultimately vanish.

Using INTEGRAL-IBIS data for GRB 140206A (z = 2.739) in the range 200-400 keV, Gotz et al.
[73] found a polarization angle of 80+25 at the 90% CL. They derived the best constraint available
today: £ < 1x 10716, This kind of constraint disfavor the LQG-inspired model I discussed earlier
while stringy spacetime foam model forbids birefringence.

28http://chandra.si.edu
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Figure 2.12: Expected spectrum of the blazar Mkn 501 for different valeus of the QG energy scale. Two sensitivity
curves are plotted. The continuous grey line correpsonds to a nominal 5-o detection for 50 hours of observations with
0.2 in log(E) bins and a minimum of 10 signal events required in each bin. The dashed line correspond to a relaxed
criterium without the requirement for 10 signal events per bin, and wider bins of 0.6 in log(E). Figure from [65].

2.4.3 Energy threshold of gamma-gamma interaction

If the photon is allowed to have a non-zero mass m,, it will naturally obey a dispersion
relation of the form

pzc2 =E% - m)2,c4. (2.53)

By comparing Egs. 2.23 and Eq. 2.53, considering only the lowest order dominant term in the
expansion and a subluminal effect, we obtain the effective mass

’ n+2
mi o~ ]Z_Z EE—n (2.54)
P

As a result, kinematic constraints from energy-momentum conservation will be different from
the usual Lorentz invariant case: reactions involving photons which are normally forbidden will
take place, and thresholds for other reactions will be modified. For example, photon decay
(y — e*e”) and vacuum Tcherenkov radiation (e~ — ye™) will be allowed and the threshold
for photon-photon interaction (yy — e*e™) will be modified. I focus in the following on this last
interaction.

Because high energy gamma-rays can interact during their propagation with photons of the
Extragalactic Background Light (EBL), a modification of photon-photon interaction dynamics
should lead to modifications in the measured spectra of very high energy gamma-ray sources. In
particular, the threshold of pair-creation would become (following notations of [26]):

mfzgc4 E n+2
Ethr = x [1+ , (2.55)
E Ey v
where
Eoc.1 1/3
Ey,LIV = 29.6 TeV X (E—’) (2.56)
P

forn=1.
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These relations result in the fact the optical depth of the EBL would be reduced above 10 TeV.
This would in turn change the shape of the spectra of distant sources. Analyzing a sample of 86
AGN spectra, Biteau & Williams [26] were able to set a limit at Egg,1 > 0.6 Ep. Note however
that a few AGN certainly dominate in this result, because of their higher brighness (in particular
PKS 2155-304 and Mkn 501). In addition, the results strongly depend on the considered EBL
model.

More recently, using the data recorded in 1997 by HEGRA 2° during a flare of Mn 501,
Tavecchio & Bonnoli [156] set a limit at Egg,1 2 2.5 Ep.

As discussed in [65, 156], CTA will be a great tool to look for this effect. Fig. 2.12 shows the
result of a simulation of the spectrum of Mkn 501 for different values of the QG energy scale. The
reduction of the optical path appears as a dip in the spectra around 10 TeV.

2.5 Some possible non-QG-induced photon delays

To close this chapter, I would like to mention some (hypothetic or real) phenomena, not
related to QG phenomenology, which could induce delays in photon propagation. The delays
described here are energy-dependent, but we will see that their magnitude is either so small or
so big than they do not compete at all with the delays expected in QG appoaches with MDR. This
list is not exhaustive !

2.5.1 Non-zero mass of the photon

Several methods can be used to constrain the mass of the photon. According to the review
article [71], the best “safe” limit on the photon mass was obtained by studying the solar wind
plasma as far as Pluto’s orbit. The solar wind plasma would indeed have very different density,
velocity and pressure in the case the photon would have a mass. Using Voyager-13° data, the
limit m, < 1078 eV is derived in [151].

If we now consider Eq. 2.54, assuming n = 1, k] = 1 (this sets the QG energy scale at the
Planck scale), and E = 100 TeV (a rough estimate of the highest energy CTA will be able to
detect), we get m, ~ 3 X 107> eV. We then can conclude that the expected QG-induced LIV
effects are much higher in magnitude than those resulting from a possible non-zero mass of the
photon.

2.5.2 Plasma effects

Right after their emission, the photons produced by an astrophysical source can cross a rather
complex medium, namely a QED plasma, where the refraction index is non-trivial [108]. This
non-trivial refractive index leads to a delay between high and low energy photons. This delay is
of the form (expressed in natural units ¢ = i = 1):

272 T
At =D 1p? (q—) , (2.57)

64> m?2

where « is the fine structure constant, g the photon momentum, T the plasma temperature, m,
the mass of the electron and D the size of the plasma.

Considering photons of ¢ = 1 TeV and possible values of T ~ 1072 MeV and D = 10° km
(values taken from [14]), we obtain a delay At ~ 1 ps, which is much smaller than the temporal
resolution reached by present day experiments.

2%https://en.wikipedia.org/wiki/HEGRA
30http://voyager.jpl.nasa.gov
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2.5.3 Interaction of photons with dark matter particles

About 27% of the mass and energy of the observable universe is composed of dark matter
(DM). This matter is dark because it does not emit or interact with electromagnetic radiation.
However, it has observable effects, e.g. on the motion of visible matter (rotation of galaxies) or
on the path of light rays through the universe (gravitational lensing).

Since DM is present everywhere in the universe, photons emitted by distant sources do not
truly propagate in vacuum. In [70, 107], the authors claim that photons could actually scatter
on DM particles which would result in an energy-dependent refractive index. The effect is very
weak, however. For a DM candidate of mass ~100 GeV, the DM effect on photon propagation
would compete with quadratic LIV effects only at energies above 10%° GeV. No DM effect is found
that could mimic a linear LIV.
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Chapter 3

Conclusions and outlook

‘ ‘ We shall have the basic framework of the quantum theory
of gravity by 2010, 2015 at the outside. , ’

— L. Smolin, Three Roads to Quantum Gravity (2001)

‘ ‘I propose as a hypothesis, [...] that single gravitons may
be unobservable by any conceivable apparatus.

If this hypothesis were true, it would imply that theories

of quantum gravity are untestable and scientifically
meaningless.The classical universe and the quantum

universe could then live together in peaceful coexistence.

No incompatibility between the two pictures could ever be
demonstrated. Both pictures of the universe could be true,
and the search for a unified theory could turn out to be

an illusion. , ,

—F. Dyson, “The Edge annual question” (2012), www.edge.org

Summary

In this monograph, I started by introducing in some detail what is Lorentz Invariance and
Lorentz Invariance Violation (LIV). This allowed me to discuss the tests of Lorentz Invariance
which are not primarily related to Quantum Gravity (QG) phenomenology. Then I came to my
main topic of interest: the search for modified dispersion relations (MDR) for photons in vacuum.
These MDR imply a violation of Lorentz Invariance and are predicted in some models of QG. I
explained how these MDR can be tested with astrophysical gamma-ray sources: Active Galactic
Nuclei, Gamma-Ray Bursts and pulsars. I discussed each of these sources and explained that their
emission mechanisms are not fully understood at present. Then, I answered the question of the
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title: yes, as of today, the speed of light in vacuum is really constant! Finally, I reviewed in detail
the limits available in the litterature on the QG energy scale as well as my own contributions.
I would like to conclude this memoir by some additional comments.

Uncertainties on a theory

None of the proposed approaches to QG (ST, LQG, Causal sets, Non-commutative geometry,
etc.) is fully understood at present. The fact that the number of different possible ways to QG
has increased a lot these last years is at the same time a good and a bad thing. It is a good
thing since it proves the dynamism of the community in that field, and it is a bad thing since
we are ultimately looking for a unique theory. At this point, we can only hope that one day, a
common picture will emerge in the different appraoches, and that this picture will help to unveil
the underlying truly fundamental theory of QG. This point of view, advocated by L. Smolin (see
the optimistic quotation above) and many others, is not shared by all (see e.g. the pessimistic
claim by F. Dyson).

In any case, a lot remains to be done on our way to a full theory of Quantum Gravity.

We need to explore all possible ways to Quantum Gravity

Experimentalists have a very important role to play on that way looking for deviations in
standard physics. Any such deviation could be a good hint for theorists so that they can tune
their models, or even reject some ideas. In the few cases where approaches to QG are able to
predict some effects, all these effects must be tested. As experimentatlists, we need to explore all
possible ways to Quantum Gravity.

As explained in this monograph, I have followed one way in particular: the possibility that
the speed of photons would depend on their energy in vacuum, because of the fundamental
quantum nature of spacetime. QG phenomenology is not restricted to this effect in particular
and other particles than photons can be affected by various QG-related effects. Since I mainly
focused on MDR, I did not mention all these tests. Review articles exist where they are discussed
in detail (see in particular [17]).

Furthermore, we need to keep in mind that some other experimental directions could have
a profound impact on our understanding of QG. These other ways include the search for micro-
scopic black-holes at the LHC, the search for B-modes in the polarization of the CMB, the search
for Supergravity, etc.

For the following points, I focus again on tests of MDR with high energy gamma-ray sources.

Progress is needed on emission models

CTA, the Cherenkov Telescope Array [8], with a larger energy range (10 GeV - 100 TeV), a
higher sensitivity (x10 with respect to the present generation of IACT) and observation strategies
to optimize the number of transient or variable objects detections, is expected to allow significant
progress. PSR observations will also be favored by the energy threshold of ~10 GeV.

With better and better instrumental performance and with the increasing number of obser-
vations of PSR, GRB, AGN flares, it can be expected that more and more significant lags will be
measured. One of the main drawback I mentioned in the previous chapter about astrophysical
sources is that in general we do not know exactly how they work. It will be necessary to interpret
these lags, either as propagation delays, or as effects intrinsic to the sources, or as a superposition
of the two effects.
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Therefore it is crucial that some progress is made on emission models. With that goal in mind,
I decided in 2015 to appoint a PhD student (C. Pérennes) who is currently working both on MDR
searches with the AGN flares observed by H.E.S.S., and on AGN modelization. I direct this PhD
together with a specialist of AGN, H. Sol of the Laboratoire Univers Théorie in Meudon. The goal
of this PhD is twofold: gain knowledge about intrinsic effects on the modelization side, and use
this knowledge to get more robust constraints on MDR.

Population studies

Another important step forward expected with CTA is the possibility to achieve population
studies. These population studies will help on the modelization side. They will be also of great
importance for LIV studies. In particular, it will be necessary in the future to study the possile
variation of time-lags as a function of the distance of sources. As discussed in Chapter 2, this
has already been done, but only with ten to twenty GRB, and only with soft gamma-rays. If a
high number of sources is used, maybe it will be possible to dicriminate between source intrinsic
effects and propagation effects.

Pulsars will be also very important targets for CTA. As permanent variable sources, they have
a decisive advantage over AGN or GRB. Due to their very short spikes, they could be used to test
spacetime fuzziness.

Before CTA starts to operate !, to evaluate how the data of different sources could be com-
bined, a collaboration started in late 2016 between a few members of the three major IACT
experiments: VERITAS, MAGIC and H.E.S.S. The goal of this group, in which I participate to-
gether with A. Jacholkowska, M. Martinez, N. Otte and some others, is to re-analyze all data
(flaring AGN, pulsars, GRB if one is detected soon) available in the three experiments and to
perform a global fit including the redshift dependance. A dedicated likelihood method will have
to be designed in order to achieve that goal with the best possible sensitivity. It is expected that
the obtained results will be more performant and robust than the limits available presently.

The story is not over

Before 20009, all published limits on MDR were below the Planck scale. The picture drastically
changed when the paper by Fermi [2] was published with the first limit ever obtained above Ep.
Due to the fact only one photon was used in the analysis, this result was judged as quite weak.
But then it was confirmed later using other methods [164].

At that point, some people claimed that all models predicting LIV at the Planck scale should
be discarded. Some others claimed it was pointless to keep looking for modifications in dispersion
relations.

Of course, I cannot agree with any of these claims. Focusing on GeV energies at which
the energy lever arm is larger, only four GRB, four flaring AGN and two pulsars were analyzed.
Certainly it is far from being enough to draw any firm conclusion. Population studies are needed.
Progress on emission models for AGN and GRB is needed. Limits on the quadratic effect can be
improved. I will pursue these goals in the coming years.

A lot remains to be done.

Paris, 2016/10/26

1Probably around 2018, but only with a part of the array.
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Is the speed of light in vacuum really constant?

A challenge of modern physics is to develop a theory of Quatum Gravity. Some models
elaborated with this purpose predict measurable effects on photon propagation in vacuum. In
particular, the quantum nature of spacetime at the Planck scale could result in a modified
dispersion relation: the velocity of photons could depend on their energies. This would break
Lorentz invariance. This effect can be tested, and the models can be constrained with energetic,
variable and distant astrophysical sources.

I start this monograph by explaining in detail what Lorentz Invariance is: the fundamental
symmetry of all relativistic theories. I quickly review the results of the optical experiments
designed to test Lorentz invariance out of Quantum Gravity phenomenology.

The second part deals in particular with my contributions on the tests of modified dispersion
relation of photons in vacuum. I begin by describing two models of Quantum Gravity which
predict a violation of Lorentz invariance. I then comment on the use of astrophysical sources to
test this prediction. These sources (gamma-ray bursts, pulsars, active galactic nuclei) all have
advantages and drawbacks for this kind of studies. Finally, I review the results available in the
litterature, commenting in particular on my personal contributions.

To conclude, I give the possible ways which, in my opinion, will have to be followed to
improve the current constraints.

La vitesse de la lumieére dans le vide est-elle vraiment constante ?

Lélaboration d’'une théorie quantique de la gravitation est un des enjeux majeurs de la
physique moderne. Certains modeles proposés pour aboutir a une telle théorie prédisent des
effets mesurables sur la propagation des photons dans le vide. En particulier, la nature quantique
de I'espace-temps a I’échelle de Planck pourrait entrainer une modification de la relation de
dispersion des photons : la vitesse des photons dans le vide pourrait dépendre de leur énergie.
Cela violerait I'invariance de Lorentz. Cet effet peut étre testé et les modeéles contraints avec les
sources astrophysiques, trés énergétiques, variables et lointaines.

Je commence ce mémoire par expliquer en détail ce qu’est I'invariance de Lorentz, la sym-
métrie fondamentale de toutes les théories relativistes. Je passe rapidement en revue les résultats
des expériences optiques congues dans le but de tester cette symmétrie hors du cadre de la grav-
itation quantique.

La deuxieme partie aborde plus particulierement mes contributions sur les tests de la relation
de dispersion modifée pour les photons dans le vide. Je commence par décrire deux modéles de
gravitation quantique qui prédisent la violation de 'invariance de Lorentz. Je commente ensuite
sur l'utilisation des sources astrophysiques pour tester cette prédiction. Ces sources (sursauts
gamma, pulsars et noyaux actifs de galaxies) ont tous des avantages et des inconvénients pour
ce type d’études. Enfin, je passe en revue les différents résultats disponibles dans la littérature,
en commenttant en particulier mes contributions personnelles.

Pour conclure, je donne les différentes pistes qui, selon moi, devront étre suivies pour
améliorer les contraintes actuelles.

LPNHE

PARIS



	Introduction
	Context: Lorentz Invariance and its violation
	Symmetry, symmetry breaking and some other definitions
	Observer transformations, particle transformations, invariance and symmetry
	Invariance violation and symmetry breaking

	Lorentz Invariance and Lorentz Invariance Violation
	Minkowski spacetime
	The invariance of the speed of light as a consequence of the structure of Minkowski spacetime
	Lorentz transformation
	Lorentz Invariance and Lorentz Invariance Violation

	Test theories for Lorentz Invariance
	The Robertson-Mansouri-Sexl framework
	Standard Model Extension

	Classical optical tests of Lorentz Invariance
	Two kinds of experiments
	From Michelson & Morley to Hermann et al.
	From Kennedy & Thorndike to Tobar et al.


	Searching for Quantum Gravity signatures with high-energy gamma-ray sources
	LIV in Quantum Gravity models
	The need for a quantum theory of gravity
	Two models which predict MDR for photons in vacuum
	A common consequence

	Time of flight studies with high energy gamma-ray sources
	From modified dispersion relation to time-lag
	High energy gamma-ray sources for LIV searches and their intrinsic time properties
	Complementarity of GRB, AGN and PSR
	How to deal with source effects ?
	How to measure the time-lags ?

	Recent results
	Overview
	Comments on my contributions

	Other possible QG-induced effects on gamma-rays
	Fuzziness and foaminess
	Vacuum birefringence
	Energy threshold of gamma-gamma interaction

	Some possible non-QG-induced photon delays
	Non-zero mass of the photon
	Plasma effects
	Interaction of photons with dark matter particles


	Conclusions and outlook
	References

