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Summary

When I tell people I study dark matter and ask them if they have heard about
this, the majority of the answers are along the lines of ”something with black holes,
right?”. My answer usually is that this is indeed partially correct. There are theories
in which so-called primordial black holes make up the dark matter in our Universe.
However, dark matter need not consist of black holes.

The full answer to the question what dark matter is could be ”we do not know”,
but that is too simple. Although we do not know the nature of dark matter, we
do know quite a few things about it. However, all the things we know manifest
themselves through the gravitational force on cosmological scales. That is, scales
that are either the size of our Milky-Way Galaxy or larger. To give you a flavour
of these scales, this is at least 10 thousand light years. The simplest, and arguably
most illustrative evidence for dark matter comes from the orbits of stars around the
centers of galaxies, like our Milky-Way. Classical physics tells us how matter a↵ects
the speed at which stars orbit their host galaxy. Consequently, if we measure the
rotational speed of stars we can tell how much matter is in the Galaxy. Another
way of measuring the matter content is by just counting stars, gas clouds and such.
These we can all see because they emit light. However, if we do both we find a
discrepancy. The galaxy mass derived using the orbital speeds from stars is much
larger than that derived when just counting ordinary, light-emitting, matter. In fact,
it turns out that the fraction of matter not emitting light, i.e. dark matter, needed
to explain the orbital velocities is about 5 times larger than the amount of ordinary
matter.

Since the 1970s people slowly started to realize that, in order to explain the dark
matter abundance and the observed large-scale structure, this dark matter probably
is something unlike any of the material we, the Earth or the Sun are made of.
Rather, it must be something new. We call it dark matter because we cannot, yet,
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see it. Alternatively, dark matter could also be an emergent phenomenon arising
because we misunderstand Einstein’s laws of gravity on the largest scales and we
apply the wrong model to calculate the orbital speed of stars in galaxies. At this
point in time the most plausible explanations for the dark matter phenomenon are:
(1) a new fundamental particle; (2) primordial black holes or (3) a modification of
gravity on cosmological scales. My favourite option is number 1, that dark matter
is a new type of fundamental particle. Arguably, this holds for most of the physics
community, since primordial black holes and modified gravity solutions face serious
observational constraints. In my opinion, the particle dark matter solution is also
the most appealing because it can explain all the dark matter phenomena on the
largest cosmological scales, whereas at the same time particle physics models of dark
matter can also solve existing problems in the standard model of particle physics,
the model describing the smallest known scales. In Chapter 1 I provide a more
extensive introduction into the field of dark matter research.

In my research I assume that dark matter is a new type of particle. If it is, there
are three main ways in which we may try to detect it. The first option is to try and
produce dark matter at colliders such as the large-hadron collider (LHC) at CERN.
Since dark matter interacts so feebly it would just escape the detector without
interacting if it gets produced. So if we measure the energy in- and output: what
was put in, did not come out. If dark matter gets produced we will miss some
energy. Option two is to try and detect it in experiments deep underground. Not
only does the Earth orbit the Sun, but the Sun also orbits around the center of our
Milky-Way. As such we are constantly moving through the so-called dark matter
halo. Dark matter does not interact much with known materials, so most of the time
it will just fly straight through us and the planet. However, maybe it interacts every
so often. In that case, you can try and detect it in an underground mine, shielded
from all other sources of radiation, such that the only thing that can pass through
the rocks and reach the detector is dark matter 13. Finally, dark matter owes its
name because we do not see it. But that does not mean that it does not produce any
light at all. It might just be too dim for our eyes, or in this case our telescopes, to
see. However, one might hope that at some point, maybe already now, our detectors
will become sensitive enough to detect dark matter. Many theories suggest that
dark matter could be its own anti-particle, in which case two dark matter particles
can annihilate and potentially produce light. In that case, you can look at regions in
space where the dark matter density is highest and hope to see a signal there. This
we call dark matter indirect detection with photons, because you detect the dark
matter indirectly through the photons it produces. This is also my field of research
and I’ll explain a bit more about it below.

13Actually, neutrinos also fly straight through the Earth and could interact in your detector.
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This thesis is called ”All the Light we Cannot See”. I find this an appropriate name
for a thesis related to dark matter indirect detection because maybe dark matter
produces light and our current telescopes are not sensitive enough to detect it. So
there is all this light we cannot see, yet. Alternatively, there is a possibility that
dark matter is a particle that does not produce light. In this case the light does not
exist and there is nothing to be seen. Finally, also astrophysical objects, like stars
or gas clouds, emit light and this typically is much brighter than what we expect
from dark matter. Therefore, looking for dark matter is like looking for a needle in a
haystack, it is very di�cult to isolate the dark matter signal from the astrophysical
emission and maybe that is why we do not see it. In Part I of the thesis we address
in part the question how bright a signal from dark matter can be and what types of
dark matter could possibly be detected now or in the near future. In particular,

Chapter 2 discusses the annihilation boost. According to theories of structure for-
mation in the Universe, the smallest dark matter halos formed first and then merged
into larger ones. As such, our Milky-Way, like other galaxies, contains smaller halos
inside (see Figure 8.10). These subhalos are density spikes on top of the smooth
Milky-Way halo and since dark matter annihilation scales with the density squared,
the presence of subhalos will boost the annihilation of dark matter. In other words,
it will make the dim light from dark matter a little brighter. In our work we discuss
how the boost factor has likely been underestimated in previous studies because the
e↵ect of tidal stripping was not accounted for. Taking this e↵ect into account will
make the light slightly brighter still: a small boost of the boost factor.

In Chapter 3 we discuss the prospects of detecting dark matter with Mega-electronvolt
(MeV) photons, a waveband in the electromagnetic spectrum which has remained
largely unexplored because currently there are no sensitive telescopes operational.
Therefore, we cannot see light from dark matter in this waveband. We make pre-
dictions for the types of dark matter that could be detected with instruments that
are being proposed. If approved, such an instrument might become operational in
the next ≥ 15 years. Understanding the potential of such instruments is beneficial
for making a strong science case to get the experiment funded.

As said, looking for dark matter is like looking for a needle in a haystack. It could
be that a dark matter signal is already hiding in the data. In fact, there are a
few anomalies which can be explained with dark matter. For instance, there is a
bright signal from the Galactic Center which is still unexplained and has all the
characteristics expected from a dark matter signal. It has been detected with the
Fermi Large-Area Telescope (LAT) and is known as the Giga-electronvolt (GeV)
Galactic Center excess (GCE). Part II of this thesis is fully dedicated to this GCE
anomaly.
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Figure 8.10 Schematic overview of a spiral Galaxy like our Milky-Way (not to scale).
The disk of the Galaxy, which in from a top view would show the characteristic spiral
arms, is shown in orange. The disk contains most of the visible mass in the form
of gas clouds and stars. For the Milky-Way, its total mass is ≥ 5 ◊ 10

10
M§, or

50 billion times the mass of the sun. Our sun (yellow star) is located in the disk,
at about 25 thousand light years from the center. At the center is the bulge (red).
The stellar mass of the bulge is about 10 billion solar masses, mostly containing old
stars. What we cannot see are the much larger dark matter halo (grey) and the dark
matter subhalos (black). The total dark matter mass of our Milky-Way is about a
trillion solar masses.

I provide a detailed introduction into the discovery, characterization and interpre-
tation of the GCE in Chapter 4. Other than dark matter, the most promising
interpretation of the GCE is a large population of millisecond pulsars (MSPs) in the
Bulge of our Galaxy. Spiral galaxies, like our Milky Way, are characterised by a disk
and a central bulge (see Figure 8.10). The bulge is expected to contain many old
stars. MSPs are very old and dense stars. Their radius is only about 10 km. They
spin very rapidly around their own axis, about once every millisecond or so. Which
means that if you would stand on the surface of the star, you would spin round with
a velocity of 2fi 10 km

1 ms ≥ 2 ◊ 10
8

km h
≠1

≥ 0.2c. About 20% of the speed of light,
or a quarter billion kilometers per hour. Interestingly, their gamma-ray signal is
very similar to what is expected for a typical dark matter candidate. So for certain
types of indirect detection searches MSPs can be considered the arch enemy of dark
matter. The results of my research support the MSP interpretation of the GCE.
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In Chapter 5 we study the anomalous signal from the inner Galaxy. The dark matter
distribution is very smooth whereas stars are distributed discretely. As such, if the
GCE is due to dark matter we would expect the light to be distributed smoothly on
the celestial sphere. Whereas for stars we would expect dim regions where no stars
are and bright regions if a star is present. Because the GCE is not very well resolved
by our instruments it is not easy to tell the two scenarios apart. In Chapter 5 we
analyze the data of the signal with a novel analysis technique designed to enhance
small clusters of bright light indicative of stars. We find more clusters than expected
in the dark matter scenario, meaning that the signal is more likely due to stars.

Chapter 6 reanalizes the shape of the GCE on the celestial sphere. In the past it was
argued that the GCE is spherical, as expected for a dark matter signal. Instead, we
show that the GCE likely is more box-shaped. This is also the shape of the Galactic
bulge, the place where the stars reside. This thus strengthens the interpretation
that the GCE is due to MSPs. Our analysis di↵ers from previous studies in that we
use a new tool that can better account for uncertainties in the astrophysical fore-
and backgrounds that have to be subtracted from the data in order to obtain the
GCE.

The millisecond pulsar interpretation has not remained undisputed either. Several
papers in the literature claimed that, based on the features of individual MSPs we
have detected in the neighbourhood of our Sun, we should have already seen a few
dozen of sources in the bulge if they are to explain the GCE. However, since we did
not observe these sources MSPs appear to be ruled out as the source of the GCE. In
Chapter 7 we revisit the characteristics of the gamma-ray millisecond pulsars in our
Galaxy by performing a comprehensive analysis using Bayesian statistics. Contrary
to earlier claims, we conclude that at most a handful of sources should have been
detected from the bulge. There is no discrepancy and the MSP interpretation is
thus still very much alive.

Finally, we end on a speculative note. In Chapter 8 we explore a potential connection
between the Fermi -LAT Galactic Center excess and another anomalous emission
component in the inner Galaxy, namely the 511 keV emission. 511 keV is the mass
of an electron and this signal corresponds to the annihilation of an electron with
its anti-particle, the positron. Electrons are omnipresent in the gas between stars
(the interstellar medium), but positrons are less so. There thus must be a source
of positrons in the bulge. The shape of the 511 keV signal is very similar to that of
the GCE and hints at a common origin. We show that low-mass X-ray binaries, a
system of two stars consisting of a black-hole or neutron star that is slowly eating
its companion star, can explain the 511 keV emission. Intriguingly, low-mass X-ray
binaries containing a neutron star are able to develop into millisecond pulsars which
can explain the GCE. Therefore, a single family of sources can potentially be at the
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origin of both the Galactic Center excess and the 511 keV emission.

***
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