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Abstract
There is by now compelling evidence that most of the matter in the Universe is in the
form of dark matter, a form of matter quite different from the matter we experience
in every day life. The gravitational effects of this dark matter have been observed
in many different ways but its true nature is still unknown. In most models, dark
matter particles can annihilate with each other into standard model particles; the
direct or indirect observation of such annihilation products could give important
clues for the dark matter puzzle. For signals from dark matter annihilations to be
detectable, typically high dark matter densities are required. Massive objects, such
as stars, can increase the local dark matter density both via scattering off nucleons
and by pulling in dark matter gravitationally as a star forms. Annihilations within
this kind of dark matter population gravitationally bound to a star, like the Sun,
give rise to a gamma ray flux. For a star which has a planetary system, dark matter can become gravitationally bound also through gravitational interactions with
the planets. The interplay between the different dark matter populations in the
solar system is analyzed, shedding new light on dark matter annihilations inside
celestial bodies and improving the predicted experimental reach. Dark matter annihilations inside a star would also deposit energy in the star which, if abundant
enough, could alter the stellar evolution. This is investigated for the very first stars
in the Universe. Finally, there is a possibility for abundant small scale dark matter
overdensities to have formed in the early Universe. Prospects of detecting gamma
rays from such minihalos, which have survived until the present day, are discussed.
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Sammanfattning
Kosmologiska observationer har visat att större delen av materian i universum
består av mörk materia, en form av materia med helt andra egenskaper än den vi
upplever i vardagslivet. Effekterna av denna mörka materia har observerats gravitationellt på många olika sätt men vad den egentligen består av är fortfarande
okänt. I de flesta modeller kan mörk materia-partiklar annihilera med varandra
till standardmodellpartiklar. Att direkt eller indirekt observera sådana annihilationsprodukter kan ge viktiga ledtrådar om vad den mörka materian består av.
För att kunna detektera sådana signaler fordras typiskt höga densiteter av mörk
materia. Stjärnor kan lokalt öka densiteten av mörk materia, både via spridning
mot atomkärnor i stjärnan och genom den ökande gravitationskraften i samband
med att en stjärna föds. Annihilationer inom en sådan mörk materia-population
gravitationellt bunden till en stjärna, till exempel solen, ger upphov till ett flöde av
gammastrålning, som beräknas. För en stjärna som har ett planetsystem kan mörk
materia även bli infångad genom gravitationell växelverkan med planeterna. Samspelet mellan de två mörk materia-populationerna i solsystemet analyseras, vilket
ger nya insikter om mörk materia-annihilationer inuti himlakroppar och förbättrar
de experimentella möjligheterna att detektera dem. Mörk materia-annihilationer
inuti en stjärna utgör också en extra energikälla för stjärnan, vilket kan påverka
stjärnans utveckling om mörk materia-densiteten blir tillräckligt stor. Denna effekt
undersöks för de allra första stjärnorna i universum. Slutligen finns det också en
möjlighet att det i det tidiga universum skapades mörk materia-ansamlingar som
fortfarande finns kvar idag. Utsikterna att upptäcka dessa genom mätning av gammastrålning diskuteras.
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Preface
This PhD thesis consists of two separate parts. The first part is an introduction
and overview of the field of dark matter and related cosmological subjects. This
part overviews the motivations for dark matter, dark matter candidates and ways
to search for dark matter. The early Universe and the first stars are also discussed,
as well as the potential impact of dark matter upon them. Indirect detection of
dark matter in the solar system is also discussed in more detail. The second part
of the thesis consists of four scientific papers listed below:
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Chapter 1

Introduction
1.1

The need for dark matter

The first observation of missing mass, which is now ascribed to dark matter, dates
all the way back to Zwicky [1] and his observations of the Coma galaxy cluster
in 1933. He found, based on observations of velocity dispersions and the virial
theorem, that the average mass of the galaxies in the cluster was much larger than
expected from their luminosity; some extra unseen mass was needed to keep the
cluster together.
In the late 1960s and early 1970s, the effect of dark matter was also seen in
the rotation curves of spiral galaxies [3]. It was found that the orbital velocities of
the stars in spiral galaxies are constant out to very large radii, in stark contrast to
what was predicted from the expectation that most of the mass is in the central
bulge and galactic disc, see Fig. 1.1. The observations instead imply that most of
the mass of the galaxies are in a more evenly distributed component stretching out
to large radii, as seen in Fig. 1.1. The source of this mass component could not be
directly observed and was subsequently referred to as dark.
The conclusion that the existence of some dark matter is needed is based on the
assumption that our understanding of gravity is correct. The measured rotation
curves could also be achieved by modifying Newtonian gravity over galactic scales.
Theories modifying gravity instead of introducing dark matter are usually referred
to as Modified Newtonian Dynamics (MOND), see e.g. [4].
With time there have been other observational signals of dark matter. One of
the more spectacular ones is the merging galaxy cluster 1E 0657-56, also referred to
as the Bullet Cluster. Observations of this cluster merger are shown in Fig. 1.2. In
this image, the non-interacting dark matter and stars of the colliding clusters have
just passed through each other, while the gas collided and was heated. The heated
gas emits X-rays which have been observed by the Chandra X-ray space telescope.
The mass distribution of the merging cluster was found by its gravitational impact
5
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Figure 1.1. Measured rotation curve for the galaxy NGC 3198. The measured
rotation curve is fitted by adding contributions from the disc and from a surrounding
dark matter halo. From [2].

on the passing light from more distant objects, through weak lensing. The finding
was that the mass distribution does not follow the gas distribution as would be
expected in a world without dark matter [5]. In contrast to galactic rotation curves,
this is very difficult to explain by modifying gravity, since one has to dislocate the
gravitational impact from the source. To explain the mass attributed to dark matter
by only modifying gravity becomes even more difficult when taking into account
the observations which we are about to discuss.
The imprints from dark matter have also been observed in the Cosmic Microwave
Background (CMB) radiation. In the early hot Universe, the atoms were completely
ionized. As the Universe expanded, it eventually cooled enough for the electrons
and ions to recombine, making the Universe transparent to light. This happened
when the Universe was a few hundred thousand years old and the light released
then can still be observed today as the CMB. The density fluctuations present then
left imprints in the CMB, yielding a snapshot of the Universe at that time, which
has been accurately measured by e.g. the WMAP satellite [6].
The properties of these density fluctuations depend on the nature of the dark
matter. Overdensities gravitationally attract matter, making them grow. On the
other hand, the increased temperature and density also increases the radiation
pressure, forcing the baryons apart and diluting the overdensity. These competing
processes give oscillations in the baryon-photon fluid. Since the dark matter is not
expected to interact with photons, it can form structures also before the electrons
and protons recombined. Because of this, the CMB observations of the density
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Figure 1.2. Composite image showing the galaxy cluster 1E 0657-56, also known
as the Bullet Cluster. The gas (pink) as seen in X-ray by Chandra is clearly
separated from the dominant mass distribution (blue) found by weak lensing.
Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

fluctuations give information about the baryon fraction, i.e. the fraction of the
mass exposed to radiation pressure. The smaller scale density fluctuations also
give information on the nature of the dark matter. If the dark matter is hot,
meaning that it moves with relativistic speed, it tends to “free-stream” out of small
density enhancements and hence suppresses small scale density fluctuations. This
suppression is not found in the CMB data, implying that the dark matter must be
cold, i.e. non-relativistic at recombination [7].
The overdensities seen in the CMB are the seeds for the large scale structure of
galaxies and galaxy clusters around us today. In structure formation, dark matter
and baryons act quite differently. Particle species interacting with light can emit
energy via radiation, allowing it to contract much more than dark matter. The
growth of dark matter structures have been simulated in N-body simulations and
the results are overall in good agreement with observations of the Universe we live
in. For this success, the majority of dark matter needs to be cold and have very
weak particle physics interactions [8]. There is also some discussion on structure
formation with dark matter which is neither hot nor cold, referred to as warm dark
matter. The warm dark matter scenario mildly impacts structure formation but it
is too early for observations to tell them apart.
The concordance model of cosmology, the ΛCDM model, fits large sets of data
remarkably well given its rather few parameters. The ΛCDM model tells us that
the matter of the Universe is dominated by cold dark matter (CDM) and includes

8
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baryons as well as small amounts of photons and neutrinos. To this, to fit the
expansion of the Universe, it must be added a cosmological constant (Λ) or observationally equivalently a vacuum energy density, referred to as dark energy. Combining measurements of the acceleration of the Universe from observing type Ia
supernova, observation of the baryon acoustic oscillations from the distribution of
galaxies, and the seven year data of the CMB from WMAP the energy content is
by now well constrained. The current best fit to the data is: dark energy content
of ΩΛ = 0.728, baryonic content of Ωb = 0.0455 and cold dark matter content
ΩDM = 0.226 [6]. All observations support the notion that the Universe is very
flat, meaning that ΩΛ + ΩDM + Ωb ' 1.

1.2

What is this dark matter?

As many gravitational observations of the abundant existence of some unknown
type of matter have been made, the outstanding task is to find out what this dark
matter really is.
One early suggestion was that the dark matter could consist of “normal” baryonic matter in the form of MACHOs, MAssive Compact Halo Objects. Examples
of MACHOs include dark planet-like objects and black holes from dead stars. Dark
matter in the form of MACHOs does manage to explain the observed rotation curves
of galaxies; however all baryonic matter (excluding primordial black holes) was part
of the plasma and interacted with light at the time of recombination, and hence
does not qualify as dark matter in the CMB context. Baryonic dark matter also
does not match our understanding of how structures form in the Universe. Finally,
MACHOs in our galaxy have been searched for in weak lensing surveys: excluding
a large range of MACHO masses for MACHOs dominating the dark matter [9].
Another discussed possibility is for the dark matter to be in the form of primordial black holes. These would have been created by density fluctuations in the
very early Universe and would, even though their original content might be baryonic, look like non-baryonic dark matter to the CMB. However, with increasing
observations, primordial black holes have become a quite constrained dark matter candidate. Heavy black holes interact enough gravitationally to be probed by
lensing surveys looking for MACHOs. Light black holes emit Hawking radiation
and eventually evaporate in a particle burst [10]. To be a dark matter candidate
the bulk of the primordial black holes must be massive enough to have lifetimes
longer than the age of the Universe. Also, the Hawking radiation of light primordial
black holes has not been observed and could interfere with early well-understood
processes like Big Bang nucleosynthesis [11, 12].
A better solution to the dark matter problem seems to be for the dark matter
to consist of some fundamental particle(s). To be a valid dark matter candidate
the particle must be massive, it must be stable over cosmological time scales, it
cannot interact with light and to avoid detection it must not interact via the strong
force. Such a particle actually exists within the standard model: the neutrino.

1.2. What is this dark matter?
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Neutrinos were not too long ago found to be massive from their observed flavor
oscillations [13]; they also do not interact with light and are in that sense dark.
It was however found that neutrinos can only account for a vanishing fraction of
the dark matter. Cosmological neutrinos are created in the hot early Universe and
their relic abundance depends strongly on their mass. The absolute masses of the
neutrino mass eigenstates are unknown but experimental results show that they
need to be very small, giving a very low relic abundance of neutrinos [14]. Also,
neutrinos being so light make them relativistic at recombination, i.e. hot dark
matter. If abundant, they would free stream out of, and obstruct the formation of
small scale structures. The imprint of a high abundance of hot dark matter is also
not observed in the CMB.
The overall conclusion is that the dark matter most likely consists of some unknown type(s) of subatomic particles. Since the standard model does not have
any suitable candidate, our understanding of its particle physics nature is somewhat limited. There are however many extensions of the standard model which
contain a viable dark matter candidate, the most popular and well studied being
supersymmetry.
Of the suggested classes of dark matter particles the most popular candidate,
for reasons that will be discussed later, is a heavy analogue to the neutrino. This
particle must however also be more weakly interacting than the neutrino to have
escaped detection. Such a dark matter particle is therefore a Weakly Interacting
Massive Particle, i.e. a WIMP.
To conclude the dark matter seems to consist of subatomic particles rather than
massive objects. There are no MACHOs, only WIMPs!

1.2.1

Supersymmetry

Supersymmetry is a symmetry between fermions and bosons, where every fermion
has a bosonic superpartner and vice versa. In unbroken supersymmetry, the superpartners have the same properties, except spin, and hence also the same mass.
However, no superpartners have been observed and therefore, if supersymmetry is a
true symmetry of Nature, it must be broken at the energy scales probed by our experiments. Supersymmetry cannot be broken in such a straightforward way as the
familiar Higgs mechanism for electroweak symmetry breaking. In supersymmetric
models, supersymmetry is typically broken in some unknown hidden sector which
does not interact directly with the standard model particles and the supersymmetry
breaking is then mediated to the visible sector via some mediator. In constructing
an effective low-energy theory of broken supersymmetry our ignorance of supersymmetry breaking leaves us with a high number of free parameters encoding this
uncertainty.
One motivation for supersymmetry is that, at the energies where supersymmetry
is restored, particle loop corrections to the Higgs mass are cancelled by the corrections of the superpartners. In the standard model there is no symmetry protecting
the Higgs boson mass from loop corrections, giving corrections proportional to the

10
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masses of the particles producing the loops. Since more massive particle states are
expected to be found, these corrections are expected to be quite large, much larger
than the Higgs mass range expected on the basis of existing experimental data. In
light of this, the relative smallness of the Higgs mass seems very unnatural, see
e.g. [15]. It requires the loop corrections of not yet discovered particle states to
cancel to very high precision which, without being governed by some symmetry, is
very unlikely, or fine-tuned. This is called the hierarchy problem and is really the
question of why the electroweak scale is so much lower than the Planck scale. In a
supersymmetric world, the Higgs mass is protected as these loop corrections cancel.
To gain this naturalness, supersymmetry needs to be broken at a reasonably low
scale, reachable by laboratory accelerators in the near future.
In the same way, loop corrections also give energy to the vacuum. The value of
this vacuum energy density cannot be probed in particle physics experiments but
is noticed by gravity. Something that can be interpreted as vacuum energy density is the cosmologically observed dark energy, driving an accelerated expansion
of the Universe. The problem is that the vacuum energy density corresponding to
the observed dark energy is immensely small compared to the range expected in
particle physics theories. In Einstein’s equations of gravity, there is also a cosmological constant which from a gravitational point of view looks the same as vacuum
energy density. However, that the cosmological constant should cancel the vacuum
energy to such high precision without canceling it completely seems very unlikely,
or fine-tuned. Supersymmetry would somewhat reduce this tension as also broken
supersymmetry reduces the expected vacuum energy density. This is not enough to
solve the discrepancy but supersymmetry might play a role in relieving this tension
in the future.
Another attractive feature is that supersymmetry, if broken at low enough energies, unifies the strengths of the standard model interactions at high energies.
This is attractive in the search for a unified theory but one should maybe note
that unified theories imply new physics below the unification scale, which in turn
affect the unification of the coupling strengths. Supersymmetry is also generally
present in string theory, but in this case need not be restored anywhere near energies reachable by experiments. The interest of supersymmetry here is however
mainly because it naturally provides a dark matter candidate.
Supersymmetric dark matter
Without additional restrictions supersymmetry contains baryon and lepton number
violating interactions. Such interactions are severely constrained by for example
strong experimental limits on the proton decay rate. This is prohibited by Rparity which is a discrete multiplicative symmetry R = (−1)3(B−L)+2S , where B
and L are the baryon and lepton number and S is the spin. Hence, R = 1 for
ordinary particles and R = −1 for the superpartners, prohibiting the decay of the
lightest supersymmetric particle (LSP). Since the LSP is stable, it is a potential
dark matter candidate if it is electrically neutral. The most popular choice is the
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lightest neutralino, which is the lightest mass eigenstate of the linear combination
of the neutral Higgs bosons and the neutral bosons of unified electroweak theory.
In the literature on WIMP dark matter, as in Chapter 2, the neutralino is often
regarded as the generic example.
One should also not forget that from a supersymmetric point of view the LSP
could equally well be charged and in such case not a candidate for dark matter. Another dark matter candidate studied in the past is the superpartner of the neutrino,
the sneutrino. Sneutrino dark matter is essentially ruled out by direct detection
searches, due to its high nuclear scattering cross section [16].
A less detectable, and hence less appealing, dark matter candidate in local
supersymmetry is the superpartner of the graviton, the gravitino. The properties
of the gravitino depend strongly on how supersymmetry is broken. The gravitino
mass can be comparable to the mass of the other supersymmetric particles, i.e. of
the order of 100 GeV or more. If the gravitino is the LSP, it is a possible dark matter
candidate. Unfortunately, the interactions of these gravitinos are of gravitational
strength, making them more or less impossible to detect directly if R-parity is fully
conserved.
The gravitino can also be far lighter than this. In this case, the gravitino is
most likely the LSP and higher mass sparticles will decay to it. Naively, one would
expect this decay to be very slow, but this need not be the case. The gravitino
inherits the interactions of the goldstino, whose degrees of freedom it “eats” during
the symmetry breakdown to become massive. This allows the gravitino to have
non-negligible couplings besides gravity [15]. However, since the dark matter needs
to be cold, the gravitino needs to be heavy to match cosmological data, if it accounts
for the bulk of the dark matter [17].
Also, gravitinos are typically overproduced in the early Universe. This can be
avoided if the reheating temperature after inflation is low, which is a problem if the
mechanism of leptogenesis is the source of the baryon asymmetry in the Universe
[18].

1.2.2

Other particle dark matter candidates

Another popular source of dark matter comes from the possibility of having extra
spatial dimensions, one motivation being that string theory requires extra dimensions. Since these extra dimensions have not been observed, they either have to
be curled up to be small or be constrained, e.g. only gravity can propagate in the
extra dimensions. The idea of having a small, universal extra dimension was originally discussed by Kaluza and Klein as an attempt to unify electromagnetism and
gravity [19, 20], this idea has since then been studied for other purposes. For small
universal extra dimensions, the particles’ momenta along the extra dimension are
conserved at tree-level, depending on model. The momentum along the curled up
small extra dimension is quantized, leading to a tower of distinct Kaluza–Klein
mass modes corresponding to different momenta in the extra dimension. These
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momenta are conserved in the four-dimensional effective theory, making them appear as distinct particles. Even though momentum conservation is broken at loop
level in the high-dimensional theory a remnant of this, called KK-parity, renders
the lightest Kaluza–Klein excited state to be stable. If the lightest Kaluza–Klein
excited state is neutral, like for a photon, this gives a viable dark matter candidate
[21]. Kaluza–Klein dark matter is a weakly interacting massive particle, much like
the neutralino, but with different particle physics properties.
Another dark matter candidate is the axion, which is a consequence of a suggested solution to the strong CP problem. CP violation has not been observed in
the strong sector, but to conserve CP in this sector a very special choice of parameters is required. It was shown in [22] that the lack of CP violation becomes
natural if an extra scalar field is introduced. It was then realized that this extra
scalar provided a dark matter candidate. However, the original axion construction
was soon experimentally ruled out, and the invisible axion was constructed with
extremely small mass and coupling. The axion couples to the photon and in the
presence of a magnetic field an axion can be converted into a photon and vice versa,
which can be searched for e.g. by “shining light through a wall” experiments [23].
The axion photon coupling also gives a new mechanism for cooling of stars and
supernovae, with the non-observation of this also putting limits on the axion mass.
The combination of astrophysical and laboratory data constrains the axion to be
lighter than ∼ 3 × 10−3 eV [24]. If the dark matter is in the form of axions it
was created by some other mechanism than thermal production. Also, axion dark
matter is cold despite the low axion mass [25].
The list of dark matter candidates can be made much longer but those discussed
here are some of the more popular ones. The dark matter could, of course, also
turn out to be of an origin that no one have thought of so far.
For a dark matter candidate to be a viable source for the bulk of the dark matter,
the correct relic abundance must have been created in the early Universe. From a
philosophical point of view, a candidate that (given our present knowledge) is more
likely to create the correct abundance can be perceived as more appealing. As will
be discussed in Section 2.1, heavy and weakly interacting particles are thermally
produced at the right abundance in the early Universe to be a natural candidate
for the dark matter.

Chapter 2

WIMP dark matter
WIMPs are weakly interacting massive particles which are stable, or at least have
lifetimes comparable to the age of the Universe. Neutralinos and neutral Kaluza–
Klein excited states are examples of WIMPs. The WIMPs, here denoted χ, would
have been created thermally in the early Universe leaving a, possibly substantial,
relic abundance of these particles. We will in general assume the WIMP to be its
own antiparticle, the other scenario will also be somewhat discussed.

2.1

Thermal production of WIMPs

In the early hot Universe, the abundance of WIMPs was given by the process
χχ̄ ↔ N N̄ , where N denotes all the particles χ can annihilate into. When the
temperature and densities were high, both directions of this process were equally
probable and this exotic particle species was in chemical equilibrium with the surrounding plasma. When the temperature dropped below the mass of χ, the process
N N̄ → χχ̄ became heavily suppressed, since χ is assumed to be much heavier than
N . WIMP annihilations continuing after this reduced the dark matter abundance
as long as the WIMP number density nχ was high enough, given the annihilation
cross section, for the WIMP annihilation to be efficient. The annihilation rate per
particle is given by Γ = nχ hσA vi, where σA is the annihilation cross section, v is
the velocity and the brackets h...i denote thermal average. The expansion of the
Universe diluted the plasma, reducing nχ , and roughly when the annihilation rate
per particle dropped below the Hubble rate, i.e. Γ . H, the particle species decoupled from the plasma; this is referred to as freeze out [16,26]. If freeze out occurred
when the temperature was still comparable with the mass of the particle M , i.e.
M/T not much larger than one, the relic abundance can be substantial.
The larger the annihilation rate hσA vi, the more efficient the process χχ̄ → N N̄
reduces the abundance of χ after the temperature has dropped below M , leaving a
lower relic abundance. The dark matter relic abundance is found to be independent
13
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of the WIMP mass (except for logarithmic corrections) and is approximately given
by [16]
3 × 10−26 cm3 s−1
Ωχ ' 0.2
,
(2.1)
hσA vi
where Ωχ is the present day dark matter fraction of the critical density and 0.2 is
its measured value as quoted in Section 1.1.
If a heavy particle species with weak scale interactions, i.e. a WIMP, exists
its estimated annihilation cross section would give a relic density remarkably close
to the measured dark matter density. Hence, if WIMPs exist they are naturally
produced with the correct relic abundance to be the dark matter. This is often
referred to as the WIMP miracle and is really the take home message from this
discussion.
From Eq. 2.1 it follows that a higher annihilation cross section gives a lower relic
abundance. However, the types of matter that we are made of have a much larger
annihilation cross section than the WIMPs, hence one would expect essentially all
baryons to have annihilated away in the early Universe. The reason that we are
here despite this is that for some reason the early Universe created more baryons
than antibaryons, leaving some of the baryons without antibaryons to annihilate
with. Hence, it is the baryon asymmetry and not the annihilation cross section
that sets the baryon relic abundance. How the baryon asymmetry happened is not
known and is a research topic of its own, see e.g. [26].
The result of Eq. 2.1 is also very useful for indirect detection of WIMPs as
it gives a handle on the annihilation rate. One should however remember that
the annihilation rate quoted in Eq. 2.1 was calculated for the conditions at the
era of WIMP freeze out, which is a completely different energy scale than that
of today’s very non-relativistic WIMPs. In the standard scenario the difference
between hσA vi today and at freeze out is not expected to be huge but there are
scenarios where the two could be very different. One such example is Sommerfeld
enhancement where hσA vi increases substantially for low velocities. This is due to
a force mediator allowing WIMPs of low relative velocity to form metastable bound
states, substantially increasing the annihilation probability for low velocities [27].
The discussion has so far assumed the simple standard scenario also in other
aspects. Below we will state a few of the other complications which alter the
conclusion of Eq. 2.1.
One example is coannihilations. These can occur if there exists a particle only
slightly more massive than the WIMP, which shares the WIMP quantum number so
that a scatter with a WIMP and a standard model particle can create this heavier
particle. If the annihilation cross section is larger for this heavier particle than for
the WIMP, the annihilation of the heavier particle can reduce also the number of
WIMPs, reducing the WIMP relic abundance. The WIMP could also annihilate
with this heavier particle, adding a channel for WIMP annihilation [28].
The relation between hσA vi and the present day dark matter relic abundance
can also be altered by non-standard cosmological scenarios. For example, entropy
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production after freeze out can dilute the produced WIMP relic abundance. An
example of such entropy production is if some other massive particle, decoupled
from the plasma, decayed after WIMP freeze out [16,26]. Dilution of the WIMP relic
abundance requires a higher WIMP production from freeze out, giving a smaller
annihilation cross section and hence makes the WIMP more difficult to detect.
As seen in Eq. 2.1, the relic abundance of dark matter is mainly controlled by
hσA vi but σA has in itself a dependence on the WIMP mass. Demanding unitarity
of the partial wave expansion gives, for a given WIMP mass M , an upper limit on
the annihilation cross section, which is ∝ 1/M 2 [29]. Hence, the annihilation cross
section decreases with particle mass but as seen in Eq. 2.1 this gives a higher relic
abundance. This tendency for stable massive particles to become very abundant is
in [26] referred to as the “Hitler syndrome”, i.e. the urge to dominate the Universe.
Together with the relic abundance limit, this gives an upper limit on the mass of any
stable thermal relic of approximately 300 TeV [29]. Model dependent statements
generically have substantially lower upper limit on the WIMP mass, for example in
supersymmetric models, the upper limit on the neutralino mass is roughly 3 TeV
[16].
That a new stable particle at the electroweak scale would naturally explain the
dark matter is quite striking. From a philosophical point of view, one can regard
the WIMP miracle as a coincidence or a sign that we are on the right track. If
the dark matter does not consist of WIMPs, there is a priori no reason for weak
scale cross sections to have anything to do with the cosmological abundance of
matter. On the other hand, the present day abundance of dark matter is similar to
the abundance of baryons, even though the abundance of baryons is related to the
baryon asymmetry and not to freeze out. These processes are not expected to be
connected and hence there is a priori no reason for the abundance of dark matter
and ordinary matter to be the same either. This could in some sense be regarded
as the “real” coincidence.
One could also imagine scenarios where the dark matter particles were not produced thermally. For example, the dark matter particles could have been produced
by out-of-equilibrium decay of a heavier particle species. These metastable heavier
particles would then have been produced thermally and be long lived enough to decay out of equilibrium but not long lived enough to be abundant today. The decay
is also limited by not injecting too much energy in well understood processes, such
as nucleosynthesis. This kind of mechanism for dark matter production opens the
possibility for the nightmare scenario since it could result in dark matter consisting of extremely weakly interacting particles. If we are unlucky this could make
detection of the nature of the dark matter particle essentially impossible.
Finally, the WIMP scenario is very appealing in its simplicity also because it
is a hypothesis where the underlying physics of the dark sector is simple, in stark
contrast to the visible sector. Of course, as our knowledge of the dark sector is very
limited, a more complicated dark sector lacks predictive power and is therefore
hard to test. For a thermally produced WIMP, we have some clues regarding its
properties and hence what to search for. Returning to the WIMP paradigm, the
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WIMPs must couple to ordinary matter to be thermally produced in the early
Universe. The attempts to detect WIMPs use this coupling in various ways.

2.2

Direct detection

It is expected that the elastic scatter cross section with nuclei does not vanish for
a thermally produced WIMPs. Galactic WIMPs passing through a detector can
scatter in the detector material and deposit energy which can be detected in various
ways. The optimal way to design such a detector depends on how the dark matter
particles couple to nuclei.

2.2.1

WIMP scatter cross section with nuclei

If the WIMP is a Majorana fermion, such as the neutralino, the only two operators that need to be considered for WIMPs of galactic velocities are scalar and
pseudo-vector interactions. All others are typically heavily suppressed [30]. The
results from direct detection searches are generally presented as limits on these two
couplings; usually given in terms of the respective coupling’s scatter cross section
between a WIMP and a proton.
In the pseudo-vector interaction, the WIMP couples to the spin of the nucleus
and this interaction is hence referred to as spin-dependent. In the scalar interaction,
the WIMP couples to the mass of the nucleus and is referred to as spin-independent.
The spin-independent interaction couples to the number of nucleons in the nucleus and for this interaction one typically expects the coupling to be the same for
protons and neutrons. In the limit of low momentum transfers, the wave functions
of the different nucleons in the nucleus may be viewed as coherent, making the cross
section increase as the square of the number of nucleons in the nucleus, A2 [16].
In the total scatter cross section also the kinematics is important. If the WIMP
and the target nucleus are similar in mass the range of the possible energy loss, and
hence the available phase space, is larger, making the total scatter cross section
larger (by another factor of A2 when M  m). In the limit of low momentum
transfers the total scatter cross section can be written as

2 
−2
M mp
Mm
2
σ = (σsi A + λσsd )
,
(2.2)
M +m
M + mp
where M , m and mp are the mass of the WIMP, the target nucleus and the proton, respectively. Here σsd and σsi refers to the spin-dependent and the spinindependent scatter cross section for the proton, respectively, and hence the kinematic term is normalized to unity for proton scatters. The λ factor encodes the
effect of the nucleus’ spin distribution on the scatter cross section; λ does not grow
with nuclear mass and not all nuclei have spin-dependent interaction, i.e. many
have λ = 0. Because of the A2 term in Eq. (2.2), the spin-independent scatter cross
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section grows more with atomic mass, affecting the relative strength of the interactions. This is the basic reason why the experimental limits on spin-independent
scatter are stronger than those of spin-dependent scatter, cf. Fig. 2.1 and 2.2.
For spin-independent interaction, the WIMP typically couples equally to protons
and neutrons but this is not the case for spin-dependent interaction. Therefore
one should for spin-dependent interaction present limits for protons and neutrons
separately as different experiments are more sensitive to either one, depending on
type of nuclei constituting the detector material. Here we are more interested in
limits on the proton coupling which is more important for indirect detection, since
the dominant element in the Sun is hydrogen, i.e. protons. Finally, there are nuclear
physics uncertainties in translating the WIMP-quark couplings to WIMP-nucleon
scatter cross section, affecting the relative size of σsi and σsd [31, 32].
For higher momentum transfers, the coherence breaks down, reducing the interaction and introducing a velocity dependence. This suppression is taken into
account by introducing a form factor, suppressing high-energy transfers, ∆E. For
WIMPs of low velocity, the form factor suppression for spin-independent scatter
can be approximated by an exponential


−∆E
3~2
exp
, where E0 =
E0
2mR2


 m 1/3
and R ' 0.91
+ 0.3 × 10−15 m,
GeV

(2.3)

where R is an estimate of the radius of the nucleus [16]. For higher momentum transfers, the form factor dependence on ∆E becomes more complicated than
this simple exponential. For indirect detection the expression (2.3) is often used,
whereas for direct detection one typically pays more attention to the more spectacular events of high momentum transfer. Form factors are important also for
spin-dependent scatter off nuclei with A 6= 1; however, these are more complicated
as they depend on the structure of the individual nucleus type [31].
The above discussion refers to elastic scatters. Depending on the nature of the
dark matter particle and if one allows for some fine-tuning, there is a possibility
of having inelastic scatters also at the low galactic WIMP velocities. This was
suggested in [33] to reconcile the claimed DAMA WIMP detection with the null
result of CDMS. In the inelastic dark matter scenario, the WIMP has two states
χ+ and χ− with the former being slightly heavier than the latter. For vanishing
elastic scatter cross section, the only available scatter is inelastic scatter making
the transition from χ− to χ+ . Different direct detection experiments use nuclei of
different masses and if the mass splitting between the two WIMP states is tuned
accordingly, this can disfavor the relative reach of some of the experiments. Inelastic
scatter can also have implications for indirect detection, which will be discussed in
Section 4.1.
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Figure 2.1. Limits on the spin-dependent scatter cross section from indirect detection search with the neutrino telescope IceCube [35]. Also shown are limits on
the spin-independent scatter cross section from direct detection experiments, such as
COUPP. The blue shaded area represents a (incomplete) part of the allowed MSSM
parameter space taking other experimental constraints into account. The red curve
shows the expected sensitivity of the completed IceCube detector.

2.2.2

Experimental status

The WIMP scatter rate in a detector is low and easily swamped by background,
making background rejection and understanding very important for dark matter
direct detection. Important sources of background are cosmic rays and radioactive
decays, where the former is shielded by putting the direct detection experiments
deep under ground. To reduce contamination from radioactive decay the materials
of the experiment must be chosen with great care but some radioactive background
will always remain. The detectors are also designed to be able to distinguish between different particles producing the recoil. The problem is neutrons since they
produce the same recoil signature as WIMPs. The neutron scatter rate can however be inferred statistically by using that the relative scatter cross section for
WIMPs and neutrons are different for different detector materials. Furthermore,
a neutron can scatter multiple times in the detector, which is extremely unlikely
for a WIMP, and so the fraction of multiple scatters gives information about the
neutron background [34]. Even though the neutron background can be analyzed
it still implies that a larger number of WIMP scatter events are required to reach
statistical significance, making it more difficult to reach lower WIMP scatter cross
sections.
Current limits on the spin-dependent and spin-independent scatter cross sections
are shown in Fig. 2.1 and 2.2, respectively. The limits on spin-dependent scatter
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Figure 2.2. Limits on the spin-independent scatter cross section from XENON100
and other direct detection experiments. Also shown are the parameter regions of
claimed WIMP detection by the DAMA and CoGeNT collaborations, which are all
in the excluded region. From [36].

in Fig. 2.1 also include indirect limits from the non-observation of neutrinos from
WIMPs in the Sun with IceCube. Indirect detection will be discussed in more detail
later, here we just make the point that for heavy WIMPs the strongest bound on
the spin-dependent scatter cross section comes from indirect detection.
The direct detection experiments sensitivity depends on the velocity distribution of the WIMPs in the Milky Way halo. The fiducial assumption is that the
WIMP velocities follow a Maxwell–Boltzmann distribution, as in [37], and changing this will of course alter the result. One should however note that direct and
indirect detection probe different parts of the velocity distribution and so altering
the velocity distribution alters their relative strength. This also somewhat true for
different direct detection experiments.
Note that while the annihilation cross section is constrained by the relic density
this is not the case for the scatter cross section. The latter is highly model dependent and the model predictions vary by many orders of magnitude, unfortunately
including also scenarios with very low scatter cross sections.

2.3

Accelerator searches

Another way to detect dark matter particles is to create them in accelerator experiments, such as the Large Hadron Collider (LHC). Since WIMPs are so weakly
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interacting, they will typically escape the detector undetected even if they are produced. However, if the event creating the WIMPs also produced more strongly
interacting particles, the detector will be able to detect those, signaling the presence of the elusive WIMPs. As the WIMPs leave the detector, they carry away
momentum and if the total momentum in the transverse direction does not add
up to zero, this is a sign that momentum must have been carried away by some
particle escaping the detector.
If for example the WIMP is a neutralino, i.e. of supersymmetric origin, the
LHC collisions might be able to also create superparticles heavier than the neutralino which subsequently decay with standard model particles and neutralinos as
end products. One of the signs for such an event is the missing momentum in the
transverse direction carried away by the escaping neutralinos, discussed in e.g. [15].
Furthermore, the heavier superparticles and their decay products themselves typically give detectable signatures. This kind of analysis is very powerful in detecting
new physics but it also makes the detectability of WIMP dark matter very model
dependent, since the more strongly interacting new physics connected to the WIMP
is crucial.
Even if the WIMP is part of a high-energy completion of the standard model,
it could very well be the case that the WIMP is the only new particle light enough
to be produced at the LHC. The LHC proton collisions could then pair produce
WIMPs but as they escape the detector undetected their creation typically remain
unnoticed to the detector. In particular, light WIMP states can be produced at
very high rates but to detect this the detector needs something to trigger on.
In the collision, the initial state quark and gluon can radiate away a photon or a
gluon which deposits energy in the detector. This allows the experiment to detect
the missing transverse energy carried away by the WIMPs [38]. Bounds from the
non-detection of this process limits the coupling between WIMPs and quarks which,
taken to low velocities, can be translated into bounds on WIMP direct detection
scatter cross sections.
Accelerator limits are stronger for low mass WIMPs as the production rate
would be higher. This is complimentary to direct detection searches where low
mass WIMPs are difficult to detect and distinguish from background, since they
produce small recoils in the detector. The limits on the scatter cross section from
ATLAS with 1 fb−1 of data from [39] is shown in Fig. 2.3, giving very competitive
limits for low mass WIMPs. However, the model independence of this kind of LHC
limits should be taken with caution.
The calculation of the limits in Fig. 2.3 is made using effective field theory
which assumes that the particle mediating the interaction is heavy enough to be
integrated out from the theory. If the mediator particle is light, the presented
bounds are considerably weakened and things are again more model dependent.
Depending on the nature of a reasonably light particle mediating the interaction,
the LHC might be able to detect the mediator itself. The bounds shown here
also assume the WIMP to be a Dirac fermion, for a Majorana fermion things look
similar, except that the vector operator vanishes [39].
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Figure 2.3. Examples of bounds on spin-dependent respective spin-independent
scatter cross sections from LHC searches for initial state radiation in WIMP pair
production [39]. The weaker (stronger) spin-independent bound corresponds to interaction mediated by vector (scalar) effective operator. The spin-independent bound
corresponds to pseudo-vector effective operator.

Finally, since the non-observation of this process sets limits on the pair production of WIMPs from quark interactions at accelerators, it also sets limits on the
inverse process, i.e. WIMP annihilation into quarks. With the above assumptions
and assuming that WIMPs decay solely into quarks, one can obtain limits excluding
the thermal annihilation rate hσA vi = 3 × 10−26 cm3 s−1 (for low velocities) for low
mass WIMPs [39].
This kind of accelerator results are very interesting as they are quite model independent and exclude parameter space for a large set of models. Unfortunately they
are not as model independent as one would wish. One should however remember
that the ultimate goal is to detect WIMPs, not to set limits.

2.4

Indirect detection

WIMPs in the Universe can meet and annihilate with each other, producing stable
standard model particles as end products. Indirect detection searches are almost
exclusively aimed at searching for such annihilation products; either looking for the
particles created, directly or indirectly, or for the heat they deposit in for example
stars. An advantage of indirect searches is that the annihilation cross section is set
by the relic density calculation, hence for the standard scenario the dark matter
density directly predicts the annihilation rate. This does however not contain the
branching fractions of the elements the WIMP annihilates to. A disadvantage
of indirect searches is that the astrophysics can be quite complicated, making it
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hard to disentangle a possible WIMP annihilation signal from the astrophysical
background.
Even though we require the WIMPs to be stable on cosmological time scales,
there is still a possibility that the WIMPs are unstable with very long decay times.
If this is the case, one could possibly detect the decay products, often in a similar
manner to the annihilation products. One difference is that the decay rate scales
as the WIMP density, while the annihilation rate scales as the density squared.
Decaying dark matter will not be discussed further.
The discussion on WIMP annihilations implicitly assumes the WIMP to be its
own antiparticle. This is the generic assumption, but in principle there is nothing
stopping the WIMP from carrying a quantum number, making it distinct from the
anti-WIMP. If WIMPs and anti-WIMPs are equally abundant, things would not
drastically change as there would still be plenty of anti-WIMPs for the WIMPs to
annihilate with. One could also imagine a scenario where there is a strong asymmetry in the dark sector, similar to the baryon asymmetry, making the WIMPs much
more abundant than the anti-WIMPs, like for the baryons. If essentially all the
anti-WIMPs annihilated away in the early Universe, the present dark matter would
be virtually non-annihilating, which is bad for most indirect searches. However, for
such strong asymmetry in the dark sector, the relic abundance of WIMPs is set by
the asymmetry and not the annihilation cross section. Therefore the WIMP miracle, which is a corner stone for the WIMP hypothesis, does not apply anymore.
Finally, for the anti-WIMPs to annihilate away efficiently in the early Universe,
the annihilation cross section must be large enough to give a low relic abundance
without the asymmetry.
Here we will discuss indirect detection strategies looking for particles from
WIMPs annihilating in space, far from compact objects. WIMP annihilations inside stars will be discussed in Chapter 3 and neutrinos from WIMP annihilations
in the Sun and Earth in Chapter 4. Promising strategies to search for WIMP annihilations in space are to look for gamma rays or particles which are otherwise not
very common, like positrons, antiprotons and antideuterons. Gamma rays have the
advantage of pointing to the source, while charged particles are deflected by the
galactic magnetic fields.

2.4.1

Charged cosmic rays

The measurements of the antiproton flux fit well with the conventional astrophysical
prediction from cosmic ray collisions. The requirement for WIMP annihilations not
to overproduce antiprotons gives useful constraints on WIMP models. Furthermore
light, ∼ 10 GeV, WIMPs annihilating predominantly to quarks seems to be at
tension with the antiproton data [40]. For positrons the story is rather different.
In the past years the Pamela satellite experiment has observed an unexpected
rise with energy in the positron fraction of the flux of electrons plus positrons [41].
As annihilating WIMPs are expected to produce positrons, the Pamela result attracted a lot of attention in the dark matter community but as we will see, the
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Pamela excess turned out to not fit so well with dark matter prediction. The
galactic WIMPs are non-relativistic and so its annihilations cannot produce particles more energetic than the WIMP mass. If the Pamela excess is due to dark
matter, the spectrum must fall when passing the WIMP mass, which, if observed,
would give an intriguing hint for dark matter. This spectral fall has not been observed, implying that the WIMP must be significantly heavier than ∼ 100 GeV [42].
The predicted positron flux from WIMP annihilations is much lower than required
to generate the Pamela positron excess, partly because a high WIMP mass gives a
lower annihilation rate, since the annihilation rate proportional to M −2 . To fit the
Pamela data with dark matter, the annihilation rate needs to be boosted by a factor
of around 1000 or more [42]. One way to achieve this is if we happen to be in a local
dark matter overdensity but our understanding of the dark matter structure makes
this extremely unlikely [43]. The other option is to alter the particle physics to
boost the annihilation rate for low velocities, such as Sommerfeld enhancement discussed in Section 2.1, which can significantly increase the present annihilation rate
without altering the relic density prediction. This boosted annihilation rate must
obey the limits of other measurements, such as the antiproton flux, requiring the
dark matter particles to annihilate almost exclusively into leptons. However, even
annihilation solely into leptons still produces gamma rays from bremsstrahlung.
The non-observation of this from the galactic center by the HESS Čerenkov telescope and from the Milky Way dwarf satellite galaxies by Fermi severely constrains
dark matter models tailored to explain the Pamela excess [44]. We also mention
that a WIMP annihilation rate boosted at low velocities would significantly boost
the WIMP annihilation rate in the Earth, with the high WIMP mass needed to
fit the Pamela excess being in favor of detection at the IceCube neutrino telescope
[45].
The Pamela excess was not expected and dark matter does not seem to be a
very good explanation, what is it then? Since high-energy positrons lose energy
fast, the signal must come from a nearby source. This makes the signal hard to
predict beforehand as one then has to model local sources. One possible source
put forward to explain the measurement is the acceleration of particles in nearby
pulsars. See [46] for a review on dark matter and astrophysical sources for the
Pamela excess. The discussion on the Pamela excess is an illustration on how hard
it can be to claim a dark matter detection from an astrophysical signal. Even if an
observation is unexpected, this does not necessarily mean that the explanation is
not due to known astrophysical processes.
Antideuterons
A seemingly more promising channel is to look for composite anti-nuclei, i.e. to look
for antideuterons from WIMP annihilations. The main conventional astrophysical
background comes from antideuterons produced by interactions of high-energy cosmic ray protons with the galactic interstellar gas. The antideuteron itself forms by
the fusion of an antiproton and an antineutron and for the fusion to be successful
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the fusing particles must have a very low relative velocity. Cosmic ray spallation
creates very few low-energy particles, and low-energy antideuterons are even more
suppressed.
Antinucleons from WIMP annihilations are on the other hand created at low
velocities relative to the galaxy. The required fusion to create the antideuterons
further shifts the spectrum to low energies. As a consequence, antideuterons from
WIMP annihilations will have a fairly flat spectrum at low energies, while the flux
of antideuterons of cosmic ray origin tends to fall off fast at low energies. For low
antideuteron energies, the signal can significantly exceed the background, making
antideuterons a promising channel to search for signatures of dark matter [47].
The downside is that the rate of cosmic antideuterons is very low, making detection challenging and as of last year not a single cosmic antideuteron had been
detected by any experiment [48]. The GAPS experiment will start high-altitude
ultra-long ballon flights in Antarctica in 2014, searching for antideuterons [48]. The
AMS-02 experiment, searching for antinuclei, was launched on 16 May 2011 and
installed on the International Space Station three days later [49].
The signal is also influenced by the solar magnetic field and the solar wind,
decelerating incoming charged particles and blocking those of the lowest energy to
reach the Earth. This reduces the antideuteron signal from WIMP annihilations and
also somewhat increases the background of low-energy antideuterons by reducing
the energy of the more abundant higher energy antideuterons from cosmic ray
interactions. This effect depends on the solar cycle and is more prominent at solar
maximum [47].

2.4.2

Gamma rays

A WIMP annihilation signal in gamma rays can be searched for either by analyzing the diffuse gamma ray background or by looking at some known dark matter
overdensity. As the WIMP annihilation rate depends on the square of the WIMP
number density, regions of higher dark matter density could significantly boost the
WIMP annihilation rate.
Diffuse gamma ray emission
The gamma ray spectrum from WIMP annihilations is very model dependent and
can be hard to disentangle from astrophysical backgrounds. However, WIMP annihilations cannot produce gamma rays with more energy than the WIMP mass and
if a high fraction of the gamma rays produced have energies close to the cutoff, the
spectrum will have a sharp drop at the mass of the WIMP. Such a spectral feature
would have the possibility to be disentangled from the astrophysical background.
The launch of the Fermi satellite gave measurements of the gamma ray sky in the
interesting energy range for dark matter annihilations with unprecedented accuracy. However, the measured spectrum is in good agreement with a single power
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law and shows no signature of a dominant contribution from dark matter anywhere
in the measured spectrum [50].
Galactic center and dwarf spheroidals
Gamma ray signals from dark matter can also be looked for where one expects the
dark matter density to be higher. The Milky Way center is expected to have a very
high dark matter density, potentially giving a high gamma ray flux from WIMP
annihilations. On the other hand, the galactic center has a very high astrophysical
background in gamma rays which is poorly understood. Another suggestion is
to look slightly off-center where the astrophysical background is lower, giving an
increased signal-to-noise ratio even though the expected signal is smaller.
A more promising target for dark matter searches are the dwarf spheroidal satellite galaxies of the Milky Way. Measurements of the rotation curves of the member
stars show that these systems are dominated by dark matter, with the rotation
curves giving a handle on the dark matter distribution. Also the dwarf spheroidals
have small expected backgrounds from astrophysical sources as they have no active
star formation and no detected gas content. No gamma ray signal is detected, setting limits on the annihilation of WIMPs. Statistically combining limits from the
Fermi measurements of 10 satellite galaxies rule out WIMPs mass less than ∼27
GeV with the generic thermal cross section (hσA vi = 3×10−26 cm3 s−1 , see Eq. 2.1),
assuming annihilation exclusively into bb̄ quarks [51]. For the τ + τ − channel, the
constraints are slightly stronger.
Gamma ray telescopes
Apart from the Fermi satellite, gamma rays can also be observed by ground-based
Čerenkov telescopes. The most common are air Čerenkov telescopes which look
at the Čerenkov light produced by the particle shower created when a high-energy
particle hits the atmosphere. The more energetic the gamma ray is, the larger
the produced particle shower becomes, making it easier to detect with a Čerenkov
telescope. Compared to Fermi, air Čerenkov telescopes have the advantage of
having a larger detector area but are on the other hand mostly sensitive to highenergy gamma rays, which for dark matter searches implies large WIMP masses.
The technique is however developing with for example the upcoming Čerenkov
Telescope Array, CTA, improving sensitivity and accessible energy range [52]. A
large advantage for Fermi is also that is has a very large field of view; it need not
be pointed to the source of interest but instead have long exposure times for the
whole sky.
Air Čerenkov telescopes can only operate on Moonless nights since the sky
must be dark for the Čerenkov signal from the atmosphere to be detectable. Water
Čerenkov telescopes, such as the previous telescope Milagro and the upcoming
HAWC, instead look at Čerenkov light as particles pass through a water tank [53].
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Therefore these telescopes can take data also when the Sun and Moon are up,
allowing water Čerenkov telescopes to look for gamma rays from the Sun.

2.5

Dark matter subhalos

At the end of inflation, the different parts of what is today our observable Universe
were not in causal contact. As the Universe evolved, larger and larger regions came
inside the horizon, i.e. into causal contact, allowing gravity to act on the density
perturbations created during the inflationary era. Our observations indicate that
the Universe is flat and in the early Universe dark energy is not important, resulting
in Ωmatter = 1. When an overdense region enters the horizon, this region will behave
as a ‘mini-Universe’ with Ωmatter > 1 and will, under the assumption that photon
pressure can be neglected, continue to expand with a slowing expansion rate, followed by a turn-around and a gravitational collapse [7]. Smaller scale overdensities
came inside the horizon earlier and as a consequence started gravitational collapse
earlier, making structure formation a bottom-up process with smaller bound structures forming first. Larger, later formed bound structures then end up containing
the earlier formed halos as subhalos and subhalos of subhalos etc. in a complex
structure, see e.g. [26].
After merging, a large fraction of the subhalos will be tidally stripped and
destroyed by interactions with the structures of the parent halo; this is especially
true in the central region of the dark matter halo, where the galactic disc is [54].
Some of the subhalos will however survive, giving regions of higher dark matter
density to the parent halo. The WIMP annihilation rate scales as the square of the
density, boosting the annihilation rate within the subhalos, and hence the overall
annihilation rate in the galactic halo. Especially the cores of the subhalos are
important for the annihilation rate and this is also the part of the subhalo which
is not as easily destroyed by tidal interactions.
The importance of substructures for the WIMP annihilation rate is a subject
which has been highly debated. Our understanding of structure formation largely
comes from numerical simulations and as the number of simulated particles is limited, so is the resolution. For the WIMP annihilation rate, subhalos on scales much
smaller than that of the host halo are important, making things challenging as it
is difficult for simulations to resolve so small scales. One of the more optimistic
predictions is that of [55] which, using the Via Lactea II simulation, predicts substructures to boost the gamma ray flux by a factor 4–15. However, this kind of
simulation does not contain any baryons, as the baryonic physics is difficult to simulate, and so it neglects the importance of baryonic structures on the destruction
of subhalos.
To be able to pin down the Milky Way dark matter distribution one would,
apart from computational difficulties, need to pin down the details of galaxy formation and especially the formation of the Milky Way galaxy as the dark matter
distribution depends on the formation history of the individual galaxy.
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Ultracompact minihalos

The expected present abundance of dark matter subhalos also depends on the initial
conditions, i.e. the structure of density perturbations in the early Universe. The
general prediction from inflation is that the density fluctuations are nearly scale
invariant. These primordial density fluctuations gave the density perturbations
encoded in the Cosmic Microwave Background (CMB) radiation, supporting the
predicted scale invariant behavior of the primordial fluctuations in the density, ρ,
with δρ/ρ ' 10−5 [7]. However, the CMB only gives information on the density
perturbations in a limited part of the spectrum; the possibility of having larger
amplitude density perturbations on smaller scales still exists, see e.g. [56]. Such
a departure from scale invariance opens the possibility for having additional small
scale dark matter subhalos, i.e. ultracompact minihalos, potentially making dark
matter substructure much more important than predicted by the standard scenario.
Such structures, smaller than the previously discussed subhalos, are more tightly
bound and less sensitive to tidal destruction [57].
Small scale density perturbations of larger amplitude than predicted by scale invariance could, for example, have been created by an inflationary phase significantly
departing from the scale invariance on small scales. Another possibility for larger
small scale density perturbations is phase transitions in the early Universe, for example if the QCD phase transition (i.e. the transition from quark-gluon plasma to
hadrons) were of first order. A first order phase transition occurs by bubbles of the
new phase (e.g. hadrons) nucleating and spreading in the surrounding medium still
in the old phase (e.g. quark-gluon plasma). For a first order QCD phase transition,
the separation between the bubbles of true vacuum is much smaller than the Hubble radius at that time; for length scales much larger than the bubble separation,
the sound speed vanishes during the phase transition. As a consequence the preexisting density perturbations inside the horizon go into free fall during the phase
transition, increasing the density peaks at those scales [58]. We recall that in the
classical case the Jean’s mass vanishes for vanishing speed of sound.
The small scale densify fluctuations of interest here will enter the horizon during
the era of radiation domination, hence the growth of these small scale upward fluctuations will before recombination only be in the dark matter. For the gravitational
collapse to be successful, i.e. not to be destroyed, it must be completed before the
“normal” structures starts to grow efficiently. The time, i.e. redshift, for when
the collapse is completed depends on the magnitude of the dark matter density
fluctuation and for roughly δρ/ρ & 10−3 the gravitational collapse happens before
redshift z = 1000 [59]. For the density perturbation scales discussed here, the time
of gravitational collapse depends only weakly on the scale of the perturbation, i.e.
when the perturbation enters the horizon [56]; the “standard” density fluctuations
of δρ/ρ ' 10−5 collapse much later.
As discussed in Section 1.1, the dark matter can form structures earlier than
baryons since it does not feel the photon pressure and interacts weakly enough
to form structures on its own. However, for this to difference to be manifest,
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the dark matter must be kinetically decoupled from the baryons, i.e. the rate of
elastic scatterings between dark matter particles and baryons must have become low
enough for the two populations to evolve separately. After kinetic decoupling, the
not yet cold dark matter will also free stream out of and dilute overdense regions.
These two effects erase the very early, small scale density perturbations, giving a
lower limit on the mass of the dark matter minihalos. The precise value of the
minimal mass for dark matter minihalos is highly uncertain as it depends on the
particle physics properties of the WIMP, an often used value for the minimal mass
is 10−6 M [60, 61]. For comparison the Via Lactea II simulation in [55] has a mass
resolution of 4100M .
A more extreme, but much more investigated, remnant of early density perturbations is primordial black holes, which form by density fluctuations fulfilling
δρ/ρ & 0.3, collapsing into black holes [59]. As discussed in Section 1.2, primordial
black holes are in themselves a dark matter candidate. The density fluctuations
required to seed the formation of ultracompact dark matter minihalos is much lower
than that of black hole formation, which in some sense makes the latter less likely to
form. On the other hand, particles cannot escape the black hole event horizon and
so primordial black holes are not affected by the lower limit from kinetic decoupling
as ultracompact minihalos are.
In [59] ultracompact minihalos was suggested as giving interesting signals for
microlensing, since they can potentially be distinguished from point masses. For the
dark matter consisting of self-annihilating WIMPs, these minihalos would also emit
gamma rays from WIMP annihilations. In Paper III, we investigated the gamma ray
flux from ultracompact minihalos originating in either one of the phase transitions
(listed in the order they appear in the early Universe) of electroweak symmetry
breaking, QCD confinement and e+ e− annihilation. As seen in Paper III, the e+ e−
annihilation happened last and, for a fixed amplitude of the density fluctuations,
gave the ultracompact minihalos with the highest gamma ray flux. On the other
hand, since the earlier phase transitions would have given smaller ultracompact
minihalos, one would statistically expect these to be found more close by under the
assumption that they constitute the same fraction of the dark matter abundance.
For the different types of ultracompact minihalos investigated, their detectability in
Fermi, Egret, HESS and MAGIC was evaluated. Fermi surveys the whole sky which
is optimal for detecting or setting limits on ultracompact dark matter minihalos;
unless extremely close, all ultracompact minihalos appear as point sources to Fermi.

Chapter 3

The first stars and
annihilating dark matter
The first stars formed from gas condensing in the central regions of dark matter
halos. After recombination the Universe was dark until the first stars formed,
referred to as the dark ages; during this time the dark matters structures grew.
As discussed in Section 2.5, in the cold dark matter paradigm structures form in a
bottom-up process with small structures forming first followed by larger and larger
structures. The first stars are predicted to have formed by gas condensing in dark
matter halos of mass ∼ 106 M at redshift z ' 20 − 30 [62–64]. The dark matter
halo provides the initial gravitational potential for the collapsing baryons; only the
baryonic component can form dense objects since it can dissipate away energy via
radiation, which the dark matter cannot.

3.1

The massive first stars

The evolution of the first stars as discussed here does not take into account the
possibility that the evolution could be affected by annihilations of dark matter
particles. This possible effect will be discussed in Section 3.4.
Before the formation of the first stars, all the elements of the Universe were
created by Big Bang nucleosynthesis, giving only of hydrogen, helium and trace
amounts of lithium and other heavier elements [7]. In astronomy all elements
heavier than helium are referred to as ‘metals’ and as the first stars do not contain
any metals, they have zero metallicity. Since the higher metallicity stars around
us today were discovered first, they are referred to as population I stars, while the
first stars are referred to as population III stars. The presence of metals is very
important; it allows for the gas to cool much more efficiently and it increases mass
loss through stellar winds.
29
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The non-enriched gas forming zero metallicity stars only existed in the early
Universe and no zero metallicity star has been observed; the lack of direct observations makes the study of population III stars a more theoretical subject. The first
stars are however still important. Their light ended the dark ages and contributed
to the reionization of the Universe; their deaths injected metals into the interstellar
medium, affecting later formed stars, and gave black hole remnants which could
maybe be the seeds for large black holes powering distant quasars.

3.1.1

Formation

The lack of metals makes it harder for the collapsing cloud to cool and lose its
gravitational energy. For the very first stars, the most important coolant is molecular hydrogen, H2 . However, even the light from the first stars is enough to change
things as molecular hydrogen is fragile and easily destroyed by radiation from stars.
If the gas has a chance to recombine, atomic hydrogen and deuterium can form HD
molecules which dramatically enhances subsequent cooling. The changed hydrogen
chemistry makes the cooling more efficient for the almost first stars, even if the
metallicity is essentially unchanged. As a consequence the almost first stars are
lighter than the very first stars and estimates indicate that the former do not reach
the masses required to form pair instability supernovae [65]. We are here mostly
interested in the very first stars, those not influenced by any other star in their
neighborhood lit before them. With knowledge of the cooling mechanisms, one can
use the Jean’s criterion to estimate the typical mass of the very first stars.
The mass of the first stars
The lowest excited rotational level of H2 has an energy corresponding to 512 K. As
the temperature drops below roughly 100 K, collisions cannot make this excitation
which disables H2 cooling, making further cooling much less efficient. Without efficient cooling the collapse halts until enough mass has been accumulated to trigger
runaway gravitational collapse, i.e. accumulate enough mass to fulfill the Jean’s
criterion M > MJ , where [62]

MJ ' 700M

T
200K

3/2 

−1/2
n
.
104 cm−3

(3.1)

This clump is the direct progenitor of the star forming in it, setting an upper limit
of the final stellar mass. For the formation of modern stars, the presence of metals
allows for more efficient cooling, reducing the Jean’s mass, and hence reducing their
typical masses.
The formation process of the first stars has been investigated using simulations
and the consensus until very recently has been that fragmentation of the collapsing
cloud is not important, i.e. typically only one star is formed per dark matter halo.
More recent work finds that the collapsing cloud could fragment and instead form
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a system of more than one star. If this is the case, the motion of the stars pick up
angular momentum; if only a single star forms, it must somehow shed its angular
momentum. This possibility that the collapsing cloud fragments will be discussed
in Section 3.3, here we will assume that the cloud does not fragment.
The final mass of a population III star forming in a collapsing clump depends on
how large fraction of the gas the star can assimilate as it forms. The initial protostar
acts as the seed which accretes mass from its surrounding halo, growing to form
the final star. The star stops growing when the accretion process is terminated
by radiative feedback from the star. When the protostar is older than roughly its
Kelvin–Helmholz time (time required to radiate away its gravitational energy) the
star contracts towards the main sequence, greatly increasing its ionizing luminosity.
This reduces the accretion efficiency, and hence sets the mass of the final star
[65]. For the first stars the cooling is less efficient, giving a longer accretion time
and numerical simulations find that the first stars were very massive, with typical
masses M? & 100M [62]. As will be discussed in Section 3.4, energy injected
in the protostar through WIMP annihilations can delay the protostars contraction
and subsequent heating. This allows more time for accretion, making the star more
massive.

3.1.2

Life and death

Mass loss
The radiation produced by the star applies an outward force on the outer layers of
the star; for massive stars this effect is especially strong as they are more luminous.
If the outward radiation pressure exceeds the inward gravitational force, the outer
layer of the star is pushed away as intense stellar wind, which can make the star
lose a substantial fraction of its mass. Stellar mass loss can be very important for
massive modern, high metallicity, stars. The ultimate fate of an aging star depends
on the mass of its helium core. For solar metallicities, the increase of the mass loss
with stellar mass, gives an estimated maximal mass of the helium core at the star’s
death of ∼ 12M , corresponding to an initial main-sequence mass of ∼ 35M .
Modern stars initially heavier than this end up with smaller helium cores [66].
Zero metallicity stars are not affected by this limit since the lack of metals
reduces the mass loss down to the point of negligibility. This allows for the first
stars to sustain their high mass until the final stages of their lives; for stars of mass
. 500M , mass loss is negligible [62, 67]. This is shown in Fig. 3.1 by the stellar
mass being the same just before its death as the initial mass, except for at the very
high mass end. Since mass loss is not important for metal free stars; population
III stars can die as very massive stars, making them fundamentally different from
modern, higher metallicity, stars.
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Pair instability and black holes
Zero metallicity stars of mass less than ∼ 35M roughly share the fate of modern
stars of the same mass. Single modern stars of mass below ∼ 8M form white
dwarfs as their fuel runs out and those with higher mass explode as supernovae,
forming neutron stars or black holes [68].
A zero metallicity star with an initial mass of roughly 100M or more encounters
the electron-positron pair creation instability at the end of its life. As the central
hydrogen fuel in the star runs out, the central temperature increases and the star
starts to burn heavier elements. For stars with this high mass, the radiation of the
core eventually becomes energetic enough to pair create electrons and positrons.
The pair creation increases the opacity and makes energy transport out of the
core less efficient, increasing the central temperature, which in turn makes the
pair creation more efficient. Eventually the energy released is enough to reverse
the collapse into an explosion. For stars in the mass range of ∼ 140 − 260M ,
enough energy is released in the turn-around to completely disrupt the star; the
pair instability supernova ejects all the stellar material and no black hole remnant is
formed. Pair instability supernovae strongly underproduce elements of odd atomic
number, leaving a peculiar imprint of metals in the interstellar medium [67].
If the star encountering the pair instability has an initial mass of less than ∼
140M (see Fig. 3.1), the explosion energy is not enough to completely disrupt the
star. The star ejects mass and then falls back; it may encounter several subsequent
pulses until enough mass has been lost for the star to collapse to directly form a
black hole [68].
For stars more massive than ∼ 260M , the core heats up enough to produce
gamma rays energetic enough to photo-disintegrate nuclei. This endothermic process reduces the pressure enough for the collapse not to turn around. The star then
collapses directly into a black hole, probably without ejecting any metals [68]. For
masses of several hundred solar masses, also metal free stars become unstable to
pulsations but the mass loss still remains negligible compared to the stellar mass
[69, 70].
Very energetic supernova explosions with the characteristics of a pair instability
supernova have actually been observed at low redshift [71]. Pair instability supernovae at low redshift are not expected and if one has truly been observed, it is
difficult to explain how so massive stars can form so late. The small number of
such supernovae observed indicates that their progenitors are however very rare.
As seen in Fig. 3.1, massive stars outside the pair instability regime collapse
directly to black holes, swallowing the entire helium core. As a consequence, the
metallicity imprint from the pair instability supernovae is not polluted by other
types of supernovae from very massive stars. Even if there were also population
III stars of lower masses, exploding as supernovae not encountering the pair instability, lower mass stars have longer lifetimes, and hence contribute metals to the
interstellar medium later than the more massive stars. This leaves a time window
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Figure 3.1. The fate and final mass of non-rotating population III stars as a
function of initial mass. The thick black line is the mass of the collapsed remnant
and the thick gray line is the mass of the star just before its death [67].

for new stars to form under an era where all the metals come from pair instability
supernovae [67].
Stars of sufficiently low mass have lifetimes exceeding the age of the Universe.
Very old, extremely low metallicity stars in the halo of our galaxy trace the chemical
composition of the Universe not much after the population III star era. The relative
abundance of metals in these old stars matches the signature of low modern corecollapse supernovae and not the distinct signature of pair instability supernovae
from the first stars [72]. This indicates that the first stars did not give rise to an
era dominated by pair instability supernovae. As will be discussed in Section 3.4,
some have argued that the influence of annihilating dark matter particles could
make the first stars even more massive, reducing the number of pair instability
supernovae. Another explanation could be that the first stars were maybe not so
massive after all.
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Observations

The conclusion that the first stars were very massive implies that they have all died
long ago, making direct observations very difficult. However, the lives of the first
stars did leave imprints affecting observable quantities.

3.2.1

Reionization

When the plasma of the early Universe cooled enough the free electrons and protons
recombined, generating the CMB, and making the medium electrically neutral and
transparent to photons. This was preserved until the first stars ignited, and their
ultraviolet light started splitting up the atoms into ions. This process eventually
led to the Universe becoming ionized again and is hence referred to as reionization.
When the medium becomes ionized it can no longer absorb but scatter photons,
giving observational effects of the ionization history of the Universe. Observations
of light from distant quasars show that the optical depth increased rapidly at a
redshift of z ∼ 5.5 − 6.0 [73]. The WMAP data however imply that the Universe
was mostly ionized at redshift z ∼ 11; hence the combination of these data suggest
that reionization was an extended process rather than a sudden transition and
that the reionization process started quite early [74]. Since the radiation from the
first stars contribute to reionization, our increasing knowledge of the reionization
process can give information about the first stars. Constraints from reionization on
the dark star scenario have been discussed in [75].

3.2.2

Quasars and gamma ray bursts

Some of the most distant objects observed are quasars, which are active galactic
nuclei powered by the accretion disc of a central supermassive black hole. For
example in [76], the masses of the central black holes have been estimated for 15
very distant quasars of redshift 3.3 ≤ z ≤ 5.1, corresponding to the Universe being
only between 8 % and 14 % of its present age. The black holes were found to have a
mass range of 2×108 M ≤ Mbh ≤ 4×1010 M . How such massive black holes could
have been created so fast in the early Universe is still an open question. If the first
stars were very massive they would, upon their death, create quite massive black
holes early, which could maybe act as early seeds for the observed supermassive
black holes in high redshift quasars.
Another probe of the high redshift Universe is gamma ray bursts (GRBs), which
have been observed with redshifts as high as 8.2 [77]. Some of the GRBs are believed
to be exploding massive stars sending out their released energy as relativistic jets.
This makes them observable over very large distances if we happen to be in the
direction of one of the jets. Observations of distant GRBs give a tool to probe the
ionization state as well as the metal enrichment of the intergalactic medium. GRBs
also open a possibility to detect individual population III stars, if these stars were
able to trigger GRBs [78].
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The not so massive first stars

The consensus that the gas in the first star-forming minihalos typically do not
fragment, has been challenged in recent years, e.g. [79]. More recent simulations
find that the collapsing zero metallicity gas form disc-like structures which fragment
continuously, forming protostars with a wide range of masses [80]. A difficulty
in performing such simulations is that one needs to treat the system from the
sparse initial gas cloud to the protostars many orders of magnitude more dense; in
[80] the protostars are treated as purely gravitationally interacting sink particles,
which does not properly address merging between protostars. The final mass of
population III stars after merging, fragmentation and accretion is still an open
question. Irrespective of the details of the mass distribution of the first stars, this
seriously challenges the very massive population III stars paradigm.
If the flat, broad distribution of stellar masses predicted in [80] persists for the
formed population III stars a number of low mass stars will have formed, and those
with masses below ∼ 0.8M will have survived to the present day. Observationally,
stars of very low metallicity have been observed but no zero metallicity star have so
far been detected. This constrains very low mass first stars, suggesting that they
were typically more massive than stars created today [81].

3.4

How WIMP annihilations could affect the
first stars

In the discussion so far the dark matter was assumed to only provide a background gravitational potential for the gas collapse; only the behavior of the gas
was discussed. It was however found in [82] that WIMP annihilations can affect
the formation and evolution of the first stars. In [82] and most of the subsequent
literature on the effect of dark matter annihilation in the first stars, the first stars
are assumed to have formed alone in the centers of the early dark matter halos,
as in Section 3.1; we will here mainly discuss this case and then comment on the
effects if the star-forming gas cloud fragments.
If WIMPs annihilate inside a star or protostar, they will inject energy into the
plasma or gas. If the energy injected by WIMP annihilation is comparable to or
larger than the other energy sources, this could have large effects. WIMP annihilations could prolong the accretion phase and make the star more massive; it could
also decrease the rate of nuclear burning, prolonging the lifetime and changing the
appearance of the star. Changing the mass of the first stars can change the way the
stars die which could potentially have far reaching consequences. The effect of dark
matter annihilations on the formation of the first stars has primarily been investigated by the group of [83] and by the authors of [84]. There are two mechanisms
to generate high dark matter densities inside population III stars: gravitational
contraction and WIMP-nucleon scattering.
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Gravitational contraction of the dark matter

The gas of the halo contracts towards the minimum of the gravitational potential in
the center of the halo, since it can dissipate away energy by emitting radiation. The
dark matter cannot do this and hence does not form compact objects. However,
as the gas of the halo contracts the dark matter is also dragged in gravitationally,
since the potential well is deepened by the contraction of the gas. This increases
the dark matter density inside the forming star, increasing the WIMP annihilation
rate. As the WIMPs annihilate, their energy is released as high-energy standard
model particles. Only neutrinos are able to escape the forming star, the rest stay
and locally heat the gas. For the very first stars, the WIMP abundance might
become high enough for WIMP annihilations to become the main energy source for
the forming star; the name dark stars was coined for such objects, even though they
are not actually dark. The energy injected by the dark matter slows the collapse
of the star and delays the onset of nuclear burning in the star. This allows the
star to accrete gas for a longer period, making the final star more massive, more
luminous and its lifetime shorter [83]. The increased mass affects the way the star
dies; determining if it leaves a black hole remnant or not, and if it explodes as a
pair instability supernova or not.
As the star keeps growing more dark matter is pulled in but the gravitational
contraction of the dark matter depends on the relative increase of the star’s mass,
not the absolute mass increase. The protostar, on the other hand, needs more and
more energy injected to sustain its increased mass and avoid gravitational collapse.
Hence, the gravitationally supplied dark matter can only support the star for a
limited period of time. Once the star contracts towards the main sequence, it will
leave some of the annihilating envelope behind, and hence benefit less from the
dark matter. This can be seen in the left plot in Fig. 3.2; the gravitational energy
increases rapidly as the star contracts, followed by a rapid fall in the energy injected
by the gravitationally contracted WIMPs (labelled “annihil.”). As seen in Fig. 3.2,
the contraction marks the onset of nuclear fusion.

3.4.2

WIMP capture via scattering

If the dark matter is not replenished by some mechanism other than just gravity, the
star is from this point on effectively a “normal”, albeit more massive, population
III star. A source of replenishment is that passing WIMPs can scatter on nuclei
in the star and lose energy, giving the bound WIMP a smaller orbit; after multiple
scatters, the WIMP will eventually sink to the core of the star and thermalize.
This process will generally be labelled as capture. For scattering to be important,
the forming star has to have reached high enough densities and so capture is only
important once the star has started to contract. This is seen in Fig. 3.2 when
capture starts to become important at around 0.3 Myr.
It has been argued, based on estimates using the formulas of Gould [37], that
WIMP scattering could replenish the high abundance of dark matter inside the star,
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Figure 3.2. Luminosity evolution (in solar luminosities) of the star as a function of
time. Left: The top solid curve is the total luminosity and the lower curves show the
partial contributions. Of these “annihil.” refers to annihilations of WIMPs pulled
into the protostar by adiabatic contraction and “capture” refers to annihilations
of WIMPs which anded up in the center of the star by WIMP-nucleon scatters.
Figure from [83]. Right: The blue dotted line labelled “without scattering” shows
the equivalent of “annihil.” in the left figure and the red solid line labelled “with
scattering” the equivalent of the sum of “annihil.” and “capture”. Note that the
“without scattering” and “annihil.” lines match well, while the “with scattering”
line does not match the sum of the “annihil.” and “capture” lines. From Paper II.
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and keep the abundance high over long time scales. Taking the formula in [37] “off
the shelf” and just plugging in the high densities in the central region of the dark
matter halo, assuming a reasonably low WIMP velocity, does indeed give a very
large capture rate. This is the formalism used in [83] to derive the “capture” curve
in the left plot in Fig. 3.2. In this plot, the capture rate has been tuned to exactly
match that of nuclear burning but there is no reason for them to be connected and
in later papers (some by the same authors) significantly higher capture rates are
assumed.
Sufficient energy injection from WIMPs would slow down or turn off nuclear
burning inside the star. If the energy injection is stable over time, this could prolong the lifetime of the star significantly. Also a star, whose main energy source is
dark matter (i.e. a dark star), becomes larger, giving a cooler surface, and hence
has a different color. The unusual color makes the dark stars distinguishable observationally. If the dark star would have a continuous inflow of dark matter over
cosmological time scales they would still be alive at lower redshift, potentially making them observable in upcoming telescopes. The observability of very long lived
dark stars is investigated in Paper V.
However, the formulas of Gould [37] do not well reflect the physics of the WIMP
capture process for the first stars. The study of [37] deals with the capture of
WIMPs by celestial bodies moving through the Milky Way halo; the capture is
from a WIMP population not bound to the solar system and the effect of depleting
the Milky Way halo of WIMPs is not important. For the population III dark stars,
on the other hand, the high dark matter density in the vicinity of the star comes
from WIMPs already gravitationally bound to the star before they are captured
(i.e. before they scatter in the star). Since there is no mechanism to efficiently
replenish the population of WIMPs bound to the star once it has formed, depletion
is an important issue. Finally, since the WIMP population subject to gravitational
contraction and the population important for capture via scattering is really the
same population, one cannot completely separate the two processes. This is why
the red line in the right plot of Fig. 3.2 shows the total contribution from WIMP
annihilations and not as individual components as in the left plot.
To investigate the WIMP capture rate for population III stars we, in Paper II, made a Monte Carlo simulation following the WIMPs from the original
halo throughout the formation of the star. We assumed spherical symmetry and
that the mass growth of the forming star was slow enough to assume the contraction of the dark matter to be adiabatic. The machinery of adiabatic contraction is
described in Appendix A. Note that we followed the orbits fully; we did not assume
circular orbits as some implicitly do when they refer to adiabatic contraction. We
also took into account the gravitational potential inside the star. See Paper II for
details.
As seen in Fig. 3.2, we find in Paper II that WIMP capture via scattering
becomes important when the star contracts but that it is an important energy
source for a very short period of time. The reason for this is that the WIMPs
that are on orbits crossing the star are fast depleted and not refilled, since the
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Figure 3.3. The dark matter density profile for for the times just before and just
after capture via WIMP scatter is important, see Fig. 3.2. The vertical straight line
marks the radius of the star at t = 0.4 Myr; at t = 0.28 Myr the radius is 4.2 × 1013
cm, and hence outside the graph. From Paper II.

WIMPs responsible for the high central density are tightly bound to the star from
the beginning. To illustrate this, the dark matter density is shown for two different
points in time in Fig. 3.3. The WIMPs with large contributions to the dark matter
density inside the star are those which pass through the star at low velocities, i.e.
those on small orbits, not stretching very far from the star. Since the orbital time
scale for such orbits is small, the star will be able to capture these WIMPs very
fast, benefiting from their annihilations but at the same time dig a hole in the dark
matter density. The time scale statement of course depends on the scatter cross
section and for a lower scatter cross section the depletion is slower but then the
capture induced annihilation rate is also lower.

3.4.3

Spherical symmetry assumption

The case studied in Paper II is in some sense a bit pessimistic as it assumes spherical
symmetry, i.e. angular momentum conservation. If the star-forming gas has a more
complicated structure, for example with gas overdensities orbiting the star, one has
a mechanism to alter the angular momentum of the WIMPs in the region close to
the star. On the other hand, such a system is very efficient at eroding the WIMP
overdensity in the central region by gravitationally diffusing WIMPs to the lower
density outer regions, this is also seen in [85]. The bottom line is that the central
cusp of the dark matter halo can potentially sustain a dark star for a limited period
of time but nowhere near long enough for the dark stars to be detectable.
For WIMPs on orbits stretching far out in the dark matter halo, the gravitational
potential of the star will become subdominant and so these WIMPs will probe the
triaxial nature of the dark matter halo. For these WIMPs, angular momentum

40

Chapter 3. The first stars and annihilating dark matter

is not a preserved quantity and so they are not depleted by the star’s capture of
WIMPs, allowing WIMP capture for a very long period of time. However, as shown
in Paper II, the star’s capture rate of WIMPs spending time so far out in the halo
is nowhere near the capture rate required to sustain a dark star.
This outcome is quite sad since it virtually makes the possible effect of WIMP
annihilation on the first stars undetectable. The conclusion of Paper II is not very
appealing and the authors of [86] advocated that the just discussed triaxiality can
still give high enough capture rate to sustain the dark star. They also went one
step further and let the dark stars grow even more massive; making them easier to
detect and hence more appealing but also much harder to sustain as they require
a much higher capture rate. The paper [86] sparked a lot of attention but their
conclusion that the triaxiality of the halo gives a high enough capture rate is not
supported by any calculations. They support their claim by referring to that one
can make similar simulations for dark matter capture as for the growth of central
black holes in galaxies. No result of such a simulation has been published. On the
contrary, the triaxiality of the halo is only felt by the WIMPs on orbits reaching
far out enough to leave the region where the central star completely dominates
the gravitational potential; at such distances the dark matter densities are much
lower than in the central region. This was used in Paper II to estimate the capture
rate induced by the triaxiality of the dark matter halo by calculating the WIMP
capture rate from this sphere of stellar influence. This resulted in a capture rate
many orders of magnitude below what is required to sustain a “normal” dark star,
the case is even worse for a supermassive dark star. The estimate from Paper II
can be somewhat increased by assuming the dark matter velocity distribution to
be very anisotropic, i.e. centrophilic, but this can for a realistic halo not explain
the many orders of magnitude discrepancy.
In [86] they furthermore argue that the WIMP capture rate is high enough to
sustain a long lived supermassive dark star even without capture (via scattering)
by simply assuming the central adiabatically contracted cusp to somehow be regenerated by the triaxiality of the halo. This is completely unreasonable and there
is no mechanism to do this. For example, no one has advocated such a mechanism
to sustain a central cusp in the Milky Way dwarf satellites by constantly refilling
it with dark matter, preventing it from annihilating away over time. If that were
the case we would have detected or excluded WIMP dark matter by now.
The long lived supermassive dark stars of [86] are very luminous and survive
to lower redshifts, giving them good prospects of being observable, if they would
have existed. The observability of such supermassive long lived dark stars has been
evaluated in e.g. Paper VI.

3.4.4

Final remarks

The conclusion that the energy injection from annihilation of gravitationally contracted WIMPs completely stalls the contraction of the forming protostar is not
universally agreed upon. The gravitational contraction of the dark matter results
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in an overdensity also in the outer region of the collapsing cloud, giving WIMP
annihilations also outside the central region. WIMP annihilations heat the gas but
also produce free electrons which in turn ionize the medium, making cooling more
efficient as discussed in Section 3.1.1. In other words, WIMP annihilations both
heat and cool the gas. In [87] they found that with this effect taken into account
the energy injected from WIMP annihilations is not enough to significantly stall the
star-forming collapse. As a consequence, the accretion phase is not substantially
prolonged and hence the dramatic change in stellar mass is not found.
As discussed in Section 3.3, recent simulations indicate that the first stars form
in multiple stellar systems, rather than in solitude. If this is the case, the motion
of the stars alters the angular momenta of the orbiting WIMPs, but it also quickly
reduces the central dark matter overdensity by throwing out central WIMPs. In
the language of Chapter 4, the gravitational diffusion, caused by the motion of the
stars, mixes the higher phase space density of the central region with the lower
phase space density further out in the halo. The dark matter effect for dark stars
not forming in solitude has been investigated in [85]; not surprisingly they found
that, in this case, the dark matter effect is reduced and that the motion of the stars
quickly destroys the dark matter cusp.
The overall conclusion on the first stars being dark stars is that there is a possibility that WIMP annihilations could have had a limited effect on the formation
of the first stars. However, the era of forming the first stars is not directly observable and it seems that the effects on indirectly observable parameters, such as the
mass and lifetime, are much smaller than the astrophysical uncertainties and the
modeling of the collapsing star-forming gas.
We finally mention that the heating of dark matter annihilations has also been
investigated for modern day stars close to the Milky Way center [88,89]. Close to the
central supermassive black hole, the dark matter density is potentially quite high,
giving a high capture rate for the stars there; in [89] it was found that the capture
rate can be high enough for a low mass star to become a dark star. Given that the
WIMP annihilation rate inside the star is large enough, the effect on modern stars
is similar to that of the first stars; a difference being that stars are not expected to
form so close to a black hole and hence the modern stars encounter the high dark
matter densities after formation. The WIMP capture rate is however very sensitive
to the WIMP velocity distribution and the WIMPs orbiting so close to the black
hole will have high velocities, similar to those of the stars living there, reducing
the WIMP capture rate. In [89] the WIMPs close to the black hole were however
assumed to have the much lower velocity distribution of the galactic WIMPs at the
solar location, giving a too high capture rate. To evaluate the prospects of having
dark stars at the Milky Way center the WIMP capture rate should be evaluated
with a more realistic WIMP velocity distribution.
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Searching for WIMP
annihilations in the solar
system
One can also search for WIMP annihilation products more close by, i.e. in the
solar system. A WIMP passing through a celestial body, like the Sun or the Earth,
can elastically scatter off a nucleus and possibly lose enough energy to become
gravitationally bound to the body. If not disturbed, the bound WIMP will with
time scatter again, lose more energy and eventually sink to the core. As in Chapter 3
we will also here refer to this process as capture. Once the WIMPs have reached
the core, they will with time annihilate into standard model particles, of which only
neutrinos are able to escape and reach our detectors. Here we will first discuss the
WIMPs that have been gravitationally bound to the Sun through elastic scatter
but have not yet lost enough energy to be hidden inside the Sun. The original
motivation to analyze this population was to investigate the possibility to observe
it in gamma rays; we will however later see that its effect is more important for
the WIMP capture rate by the Sun and the Earth through its effect on the WIMP
population bound to the solar system. The influence on the WIMP capture rate
by the baryonic disc imprinting a disc like structure on the galactic dark matter
distribution will also be discussed.

4.1

Gamma rays from WIMPs in the solar loss
cone

The WIMPs which are in the process of being captured by the Sun build up a
density of dark matter in the solar neighborhood, or in other words a dark matter
halo around the Sun. It was suggested in [90] that this WIMP overdensity is large
43
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enough to be detectable in gamma rays. WIMPs on bound solar crossing orbits
will, unless disturbed, eventually end up completely inside the Sun; we refer to this
part of phase space representing solar crossing bound orbits as the solar loss cone.
Since the WIMP-nucleus scatter cross section must be quite low to have avoided
detection, it will typically take a gravitationally bound WIMP many passages
through the Sun to scatter once. Also, the WIMP is likely to be much heavier
than the nuclei in the Sun which it scatters off, only allowing the WIMP to lose
a small fraction of its energy per scatter, and hence require many scatters to lose
enough energy for its orbit to be completely hidden inside the Sun. As a consequence, the Sun’s capture of WIMPs from the Milky Way halo can be quite lengthy,
making the captured WIMPs contribute to the dark matter density in the solar loss
cone for a long period of time.
Annihilations within this WIMP population would produce gamma rays which
have been claimed in [90] to be detectable. If so, this could be a quite distinct
dark matter signal since the Sun does not shine in so energetic gamma rays. The
Sun also shields from the diffuse gamma ray background. However, interactions of
cosmic rays in the solar atmosphere [91], as well as cosmic rays upscattering solar
photons [92], can generate gamma rays, and hence a background to the dark matter
signal.
The Milagro water Čerenkov detector has without success searched for this
gamma ray signal from WIMP annihilations close to the Sun [93]. As discussed in
Section 2.4.2, air Čerenkov telescopes cannot observe gamma rays from the direction
of the Sun, while the Fermi satellite and water Čerenkov telescopes can.
A low scatter cross section and a high WIMP mass will, as discussed, make
the captured WIMPs contribute to the density in the solar loss cone for a long
period of time. On the other hand, this will also make the capture rate from the
galactic halo lower in the first place, and hence reduce the number of WIMPs in the
solar loss cone. These two effects exactly cancel, except for the velocity dependence
introduced by the form factor in Eq. (2.3), making the magnitude of the WIMPnucleus scatter cross section unimportant. What does matter is what elements
in the Sun the WIMP scatters off, i.e. if the WIMPs scatter predominantly spindependently or spin-independently, cf Section 2.2.1. All this essentially boils down
to that the WIMP density around the Sun only depends on the ratio of the WIMP
mass, M , and the typical mass, m, of the nuclei in the Sun the WIMPs scatter off.
The WIMP density in the solar loss cone was calculated in great detail in Paper I
and the result is shown as the red curves in Fig. 4.1. From this we also see that
the WIMP density in the solar loss cone is more or less independent of the ratio of
the WIMP mass and the typical mass of target nucleus; except for when they are
similar, i.e. when M ∼ m, which is the case when the WIMP is light and scatter
predominantly spin-independently in the Sun.
From Fig. 4.1 one can unfortunately also conclude that the WIMP density in
the solar loss cone, i.e. the halo of bound WIMPs around the Sun, is too low to be
detectable from the Earth by many orders of magnitude. As seen in Paper I, the flux
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Figure 4.1. The WIMP line number density (4πr2 nχ (r)) in the solar loss cone. The
line labelled “Monte Carlo, SE 2009” is the line number density calculated through
numerical simulation in Paper I. The “Maximal density” and “Reduced density” lines
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at Earth of gamma photons with energies above 1 GeV is, assuming annihilation
to bb̄, at best around 10−18 m−2 s−1 , i.e. hopeless to detect.
Solar loss cone and inelastic dark matter
As mentioned in Section 2.2, there is also a possibility that the dark matter consists
of WIMPs which scatter predominantly inelastically. If this is the case, and the
parameters are chosen to our advantage, one could have a scenario where scatter
effectively only happens for WIMPs of velocities higher than some threshold similar
to the local escape velocity in the Sun. The reason is that for a WIMP to scatter
inelastically, it must be energetic enough to be able to reach the exited state. If the
WIMP velocity is too low for inelastic scatter, it can only scatter elastically with
a scatter cross section which can potentially be many orders of magnitude lower.
As the scatter cross section then is much larger for WIMPs going into the solar
loss cone than for those leaving it, the dark matter density in the solar loss cone
becomes much higher [94].
The key ingredient for inelastic dark matter to render a higher dark matter density in the solar system is that the scatter cross section is highly velocity dependent.
As we will see, this is what allows the density to be much larger because it is a
strong violation of the approximate usage of Liouville’s theorem for the solar loss
cone that we will motivate later.

4.2

WIMP annihilation in the Sun and the Earth

As previously discussed, some of the WIMPs in the Milky Way halo passing through
the Sun and Earth will scatter and lose enough energy to become gravitationally
bound to the Sun/Earth. With time the captured WIMPs will continue to scatter
in the Sun/Earth and sink to the core where they will thermalize, i.e. take the
thermal velocity distribution corresponding to the temperature of the nuclei in the
core. As the density of thermalized WIMPs in the core increases, the annihilation
rate increases until equilibrium has been reached and the annihilation rate equals
the capture rate. If equilibrium has been reached or not over the lifetime of the
solar system depends on the properties of the WIMPs; however, for detectable
scatter cross sections, equilibrium between capture and annihilation has typically
been reached in the Sun but not in the Earth.
The annihilation of WIMPs in the Sun and Earth produce neutrinos which can
be detected by neutrino telescopes such as IceCube. The IceCube non-observation
of neutrinos from WIMP annihilations in the Sun set limits on the spin-dependent
scatter cross section which, for high WIMP masses, are more stringent than those
from indirect detection experiments, see Fig. 2.1 [35].
The simple treatment discussed so far assumes that all WIMPs which are captured, i.e. elastically scatter to bound orbits, also thermalize in the Sun/Earth.
This would be the case if the Sun and Earth were both alone in the Milky Way
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halo, not influenced by each other or the other planets. In reality, WIMPs from the
galactic halo passing the Earth are also accelerated by the gravitational potential
of the Sun; furthermore the WIMPs in the solar loss cone can be gravitationally
disturbed by the planets. WIMPs from the galactic halo are also diffused in and
out of the solar system by gravitational interactions from the planets.

4.2.1

Gravitational diffusion and WIMP capture by the
Earth

If the mass of the WIMP, M , is very different from the mass of the nucleus it
scatters off, m, the WIMP can only lose a small fraction of its velocity in the
scatter. From Eq. (1) in Paper IV one can derive the maximal velocity, ucut , a
WIMP can have far from the celestial body and still lose enough energy in the
scatter to be gravitationally bound, i.e. scatter to a velocity less than the local
escape velocity v,
√
Mm
ucut = 2
v.
(4.1)
|M − m|
For the Earth v . 15 km/s, with the upper limit being the escape velocity from
the center [95]. The escape velocity from the solar system at the location of the
Earth is v ⊕ ' 42 km/s, which is also the minimal velocity a WIMP not bound to
the solar system can have at that location. Comparing this with v shows that it
can indeed be hard for the Earth to capture WIMPs directly from the galactic halo
unless the masses M and m are quite similar. This is however
somewhat alleviated
√
by the Earth’s motion around the Sun at velocity v ⊕ / 2 but for this to be helpful
the WIMP and Earth velocities must be aligned, reducing the flux of WIMPs that
can be captured. The heaviest element in the Earth important for WIMP capture
is iron, giving a maximal WIMP mass of 410 GeV for the Earth to be able capture
WIMPs directly from the galactic halo [95]. For WIMPs heavier than this the Earth
can only capture WIMPs already bound to the solar system.
Gravitational diffusion in the solar system
It was however realized in [96] that the planets give rise to a gravitational diffusion
of WIMPs in the Milky Way halo into the solar system, rendering a bound WIMP
population that the Earth can capture WIMPs from. The mechanism is that when a
galactic halo WIMP passes close to a planet, especially Jupiter, its orbit is deflected
somewhat by the gravitational pull of the planet. In the frame of the planet, this
alters the WIMP direction of motion but not its absolute velocity. However, since
the planets move relative to the Sun, the WIMP velocity is no longer the same in
the frame of the Sun, giving a possibility that the WIMP will end up with a velocity
lower than the local escape velocity from the solar system. The WIMP will in such
case end up being bound to the solar system. The bound WIMP will experience
further gravitational perturbations by the planets which can again throw it out of
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Figure 4.2. Bound and unbound low velocity WIMPs in the frame of the Earth.
The solid semicircle encircles the bound WIMP population which by the other solid
line is divided into a region “filled bound orbits” where the gravitational diffusion has
reached equilibrium over the lifetime of the solar system and a region “unfilled bound
orbits” where equilibrium has not yet been reached. The region where equilibrium
has not been reached will be referred to as a hole. The dashed semicircles are curves
of constant speed relative to the Earth. The solar loss cone WIMPs populate a
vertical strip around −30 km/s. Figure from [96].

the solar system or reduce its energy further, making it more bound to the solar
system. For example, when the WIMP trajectory is bent by a close encounter with
the Earth, the WIMP velocity moves along the dashed curves of Fig. 4.2, altering
the velocity relative to the Sun but not the Earth. This random process leads to a
gravitational diffusion of WIMPs in the solar system with the galactic halo as an
infinite dark matter reservoir which, given enough time, will have settled in some
equilibrium configuration.
The gravitational diffusion equilibrium configuration is given by Liouville’s theorem. Liouville’s theorem itself is discussed in more detail in Appendix B. By
Liouville’s theorem, gravitational interactions cannot alter the dark matter phase
space density; in other words, the phase space volume occupied by a WIMP remains
the same. This statement reflects a symmetry in that the gravitational diffusion
between two parts of phase space is equally efficient as the diffusion in the opposite
direction, not allowing any phase space under- or over-densities to form. As a consequence, the equilibrium configuration is that the phase space density of WIMPs
bound to the solar system is the same as that of the WIMPs in the galactic halo.
This is the “detailed balance” argumentation of [96]. However, the WIMP phase
space density in the galactic halo is a velocity dependent quantity and so one has
to also determine which galactic phase space density the bound WIMP phase space
density should be equal to.
How much the galactic halo WIMPs are gravitationally deflected when passing
a planet increases with the time they spend close to the planet, making the WIMPs
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of very low relative velocity the most important for gravitational diffusion into the
solar system [96]. The standard assumption for the Milky Way dark matter halo is
that the WIMPs follow a Maxwell–Boltzmann distribution parametrized by the local WIMP number density nχ and the local 3-dimensional velocity dispersion v̄. In
the frame of an observer,
i.e. the Sun, orbiting the Milky Way center with the cirp
cular velocity v = 2/3v̄, the Maxwell–Boltzmann distribution in 3-dimensional
velocity space, i.e. the phase space density becomes [37]
1
F (u) = nχ 3/2
eπ

√
 3/2


3
1
3u2 sinh( 6u/v̄)
√
exp − 2
,
2
v̄ 3
2v̄
6u/v̄

(4.2)

where u = |u| is the WIMP velocity relative the Sun, far away from the Sun.
From this expression we see that F (u) maximizes as u → 0 and is approximately
constant for low velocities, i.e. for u  v̄. This vastly simplifies things as it implies
that the WIMPs which gravitationally diffuse into the solar system are of constant
phase space density. That the phase space density, F (u), maximizes for u → 0
also implies that the planetary gravitational diffusion maximizes the phase space
density of WIMPs bound to the solar system; no other process obeying Liouville’s
theorem can render a higher bound phase space density.
So far we have only discussed the equilibrium configuration but the solar system
is not old enough for the bound dark matter population to have reached equilibrium
for all parts of phase space; the bound phase space region where equilibrium has
been reached is shown in Fig. 4.2 [96]. Jupiter is with its mass of 318 Earth masses
the by far most massive planet in the solar system and also the only planet whose
gravitational diffusion of WIMPs is efficient enough to have reached equilibrium in
all parts of phase space. In the frame of the Sun, at the Earth location, it is the
high velocity WIMPs of the bound population that reach out to Jupiter. This is
the reason for the arch-like structure for the region having reached equilibrium in
Fig. 4.2; the arch is the part of phase space corresponding to WIMP orbits reaching
out to Jupiter. The rest of the phase space that has reached equilibrium in Fig. 4.2
is populated by further gravitational diffusion of the Jupiter WIMP population
by the inner planets. The planets interior of Jupiter are far less massive, with
the Earth being the heaviest, making their gravitational diffusion much slower.
Gravitational diffusion is more efficient the longer the WIMP and the planet are
close to each other, i.e. for low relative velocities. This is why, as seen in Fig. 4.2, the
gravitational diffusion by the inner planets has only managed to reach equilibrium
for WIMPs orbiting in the same direction as the planets, i.e. have low velocities
relative the Earth.
The generic assumption is that the solar system is born empty, i.e. without any
bound WIMP population; giving the region in Fig. 4.2 where equilibrium has not yet
been reached a lower phase space density than the equilibrium value. However, as
seen in Fig. 4.2, all shells of constant velocity relative to the Earth are mostly filled
when also taking into account the unbound WIMP population. This is especially
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true for the important low velocity WIMPs, making the reduction due to the hole
on the Earth’s WIMP capture rate small [96].
The solar system is born from the gravitational collapse of a star-forming molecular cloud. Some of the low velocity WIMPs passing the collapsing region will be
gravitationally pulled in, making the solar system born with a bound population of
WIMPs. Also this mechanism to gravitationally pull in WIMPs in the star-forming
region must obey Liouville’s theorem and so the question to ask is how full the
bound WIMP phase space is at the birth of the solar system. If it is born full,
all of Fig. 4.2 has the equilibrium configuration. Also, an initially bound WIMP
population increases the Sun’s capture rate for low scatter cross sections (especially
for heavy WIMPs), since the solar capture process can then be as lengthy as the
age of the solar system, see [97].

4.2.2

Solar depletion of the gravitationally bound WIMPs

The conclusion of [96] is that the capture in the Earth can essentially be treated as
if the Earth were in free space in the galaxy. It was however found in [98] that near
Earth asteroids are systematically driven into the Sun by solar system resonances.
If this is true also for the dark matter, it could largely remove the bound WIMP
population, dubbed solar depletion, making it very difficult for the Earth to capture
heavy WIMPs [99]. This was studied by numerical simulations in [95] finding a
reduction of the Earth’s capture rate by almost an order of magnitude for heavy
WIMPs, see the “‘Best’ from LE 2004 curve” in Fig. 4.3. Furthermore the Earth
has typically not reached equilibrium between WIMP capture and annihilation,
making the annihilation rate proportional to the square of the capture rate (see
e.g. [95]), reducing the annihilation signal by almost two orders of magnitude.
In [96] the gravitational diffusion of WIMPs in the solar system was viewed
as a random process dominated by close encounters with the planets. With only
this kind of diffusion, one cannot explain the fast diffusion into the solar loss cone
required for the large solar depletion in [95]; WIMPs of low velocity relative to the
Earth would have to pass regions of very long equilibrium time scales in Fig. 4.2,
or pass Jupiter where they would typically be ejected. Solar system resonances are
in Fig. 4.2 to be viewed as fast tracks in phase space, for example transporting
WIMPs from the low velocity relative Earth region, along a semicircle path of
constant velocity relative to the Sun, to the solar loss cone close to Jupiter without
leaving the region of short equilibrium time scale.
One should also note that the bound WIMP population and asteroid population
are quite different in that there is no galactic asteroid reservoir which can diffuse
asteroids into the solar system, like for dark matter. This is what makes the solar
system so empty; objects thrown out are not replaced and so essentially only object
configurations which are stable on long time scales are left. Also, since the asteroids
originate from the solar system, they typically orbit the Sun in the same direction
as the planets, while WIMPs also orbit in the reverse direction; as seen in Fig. 4.2,
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it is typically the WIMPs orbiting in the reverse direction which are stable on long
time scales.

4.2.3

Jupiter depletion and the Sun’s capture rate

It was shown in [97] that the WIMPs in the solar loss cone on orbits reaching out
to the orbit of Jupiter, at rX , will be thrown out of the solar loss cone by Jupiter’s
gravitational disturbance before having time to scatter again in the Sun. WIMPs
heavier than ∼ 1 TeV, which scatter predominantly spin-dependently, can only lose
a small fraction of its energy when captured from the galactic halo and hence a large
fraction of the captured WIMPs will reach rX . As concluded in [97], the presence
of Jupiter significantly affects the capture rate in this case, i.e. gives a Jupiter
depletion, which is included in Fig. 2.1, reducing the IceCube limits for the most
massive WIMPs. In Paper IV the effect of Jupiter depletion was investigated using
Liouville’s theorem. Here we will discuss a different approach, briefly mentioned in
Paper IV, to reach the same conclusion.
Since Jupiter is efficient enough to throw out essentially all WIMPs reaching
rX , it is Jupiter and not the capture process that sets the phase space density for
the solar loss cone at rX . The gravitational diffusion has reached equilibrium for all
parts of phase space at rX as seen in Fig. 4.2 and by Liouville’s theorem the bound
phase space density at rX is then the same as that of the galactic halo. Together
with the unbound WIMPs, the total phase space density at rX is then the same
as that of the galactic halo, i.e. given by Eq. (4.2). Using this we can investigate
the effect of Jupiter on the solar capture rate by comparing the solar capture rate
from rX with the usual from r → ∞ without Jupiter depletion. For the “normal”
capture rate, without the influence of Jupiter, one looks at the probability for a
WIMP from far away, i.e. from r → ∞ to scatter in the Sun to an orbit with
the maximal distance rmax < ∞. To calculate the capture rate from rX , we want
to make sure that the captured WIMP is not thrown away again by Jupiter and
hence we only accept WIMP orbits with rmax < rX as captured. This difference
can be incorporated by an “effective” escape velocity vX which is the minimal
velocity required at the location of the scatter to reach rX . Comparing vX with
the “normal” escape velocity v gives
s
vX
1R
Ψ (r)
= 1−
where
k≡
≥ 1,
(4.3)
v
k rX
Ψ (R )
R and r are the radius of the Sun and the point of scatter, respectively, (r < R )
and Ψ is the magnitude of the Sun’s gravitational potential. As R /rX ' 0.0009
we see that vX ' v and hence the Sun’s capture rate from rX is essentially the
same as that from r → ∞ without Jupiter depletion. Therefore, there is no Jupiter
depletion.
This observation has however more consequences. That the capture rate from
rX is the same as that from r → ∞ implies that Jupiter gravitationally diffuses
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WIMPs into and out of the solar loss cone at essentially the same rate. As the
gravitational disturbance of Jupiter is a process which obeys Liouville’s theorem
this means that the phase space density inside and outside the solar loss cone must
be essentially equal at rX . One should however note that this conclusion is valid for
the type of WIMPs (heavy with spin-dependent scatter dominating) where Jupiter
depletion was argued to be important in the first place. For a WIMP configuration
where this is not the case, only a low fraction of the captured WIMPs reaches rX ;
hence the bound population at rX is anyway not important for the capture rate,
and as a consequence, the capture rate calculation does not necessarily tell us all
that much about the solar loss cone density at rX .
The phase space density of WIMPs bound to the solar system through gravitational diffusion is set by Liouville’s theorem but as discussed in Appendix B
this does not apply to WIMP-nucleon scatterings. From this perspective, it seems
odd that we have found the solar loss cone phase space density to be the same at
r  R as the one given by Liouville’s theorem. The resolution is that, contrary
to the existing literature, one can use Liouville’s theorem approximately for solar
capture (with equality in the limit vX → v). This is shown in Paper IV through
analyzing the conditions for Liouville’s theorem, coming to the same conclusion
as we did here: that the effect of Jupiter depletion is not relevant for solar WIMP
capture. Therefore the IceCube limits should be slightly stronger for heavy WIMPs
than shown in Fig. 2.1.
Does solar depletion still exist?
The previously discussed effect of Jupiter depletion is really gravitational diffusion
of WIMPs out of the solar loss cone, while solar depletion is the diffusion of bound
WIMPs into the solar loss cone. Given our previous conclusion that also the solar
loss cone phase space density is significant, the effect of solar depletion should be
cancelled by WIMP diffusion out of the solar loss cone. As found in Paper IV, this
is true for the type of WIMPs where Jupiter depletion was argued to be important,
and almost true for the rest. The almost does not mainly come from the approximate usage of Liouville’s theorem but from that WIMPs more similar in mass to
the nuclei they scatter off in the Sun probe a slightly different part of phase space
in the galactic halo. When the WIMP and target nucleus are similar in mass, the
Sun can also capture WIMPs of high velocities u in the galactic halo, making u  v̄
in Eq. (4.2) a bad approximation and hence the phase space density a velocity dependent quantity. As F (u) in Eq. (4.2) decreases with u, the part of the galactic
phase space with a higher u has a lower phase space density which is then inherited by the solar loss cone. Hence, for such WIMP configurations, the solar loss
cone phase space density is slightly lower than the equilibrium configuration for the
WIMPs bound through gravitational diffusion. This is the reason for the difference
between the “Maximal density” and the “Reduces density” lines in Fig. 4.1. When
investigating the effect of this reduction on the Earth’s capture rate in Paper IV we
assumed the worst case scenario, i.e. that the phase space density of all the bound
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Figure 4.3. The Earth’s WIMP capture rate, from Paper IV. The line labelled “Total (with hole)” is adapted from [96] and does not take into account solar depletion
while the “‘Best’ from LE 2004” line from [95] does, using numerical simulations.
The lines “Total (with hole) red. SD” and “Total (with hole) red. SI” are the
conservative estimates in Paper IV for the capture rate with solar depletion for spindependent and spin-independent scattering dominating in the Sun, respectively. The
“Gauss (free space)” line is for the Earth orbiting the Milky Way center alone, i.e.
without the solar system. In the inset, the capture rates are divided with the free
space capture rate to better show the smaller differences.

WIMPs was reduced to that of the solar loss cone. However, as seen in Fig. 4.3,
this maximal effect is still quite small. The effect of solar depletion was found in
[95] to be substantial which means that the WIMP diffusion between the solar loss
cone and the bound population relevant for the Earth’s capture rate must be very
efficient. Hence the two phase space densities must be similar and which one it
ends up being closest to depends on if it is solar capture or gravitational diffusion
that is the most efficient at bringing in WIMPs to the bound population from the
galactic halo.
Final remarks
The capture of WIMPs in the Sun and Earth has been investigated in the literature
but Paper IV is the first to realize that the WIMP population bound to the solar
system through scattering in the Sun is an important part of the overall bound
WIMP population, since it is very similar to the population bound through gravitational diffusion. With this insight, what previously had to be investigated with
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numerical simulations can now be done with simple calculations. Also, it can be
hard to reach a high level of understanding from numerical simulations alone. The
ideal case would be to simulate the solar system and all WIMPs in it individually,
but as this is not possible it can easily happen that a simulation misses features
below the resolution limit or important processes not known beforehand.
Neutrinos from WIMP annihilations in the solar system is an important channel
for hopefully detecting particle properties of the dark matter, especially so if the
signal is boosted by a co-rotating component of the dark matter halo. The existence
of a co-rotating component, in the form of a dark matter disc, enhances the neutrino
signal and potentially makes also the Earth a viable target in searching for neutrinos
from dark matter.

4.3

WIMP velocity distribution and the dark
matter disc

We have seen that with a process fulfilling Liouville’s theorem one cannot increase
the bound WIMP density in the solar system to more than the “Maximal density”
line in Fig. 4.1, since it is not possible to obtain a phase space density higher than
the maximal low velocity phase space density of the galactic halo. There is however
also a possibility of having a higher low velocity (in the frame of the Sun) phase
space density in the galactic halo in the first place. One way this happens is if the
Milky Way dark matter halo has a component co-rotating with the stars, i.e. the
Sun.
Most simulations of the dark matter phase space distribution for a Milky Way
type object have been simulations of dark matter alone, i.e. contained no baryonic
physics. The result of such simulations agree reasonably well with the standard
assumption of the local dark matter following a Maxwell–Boltzmann distribution
even though the Maxwell–Boltzmann distribution appears to underpredict both
the high and low velocity tails of the real distribution [100]. For indirect detection
through capture the high velocity tail is not important. Furthermore, since the Sun
moves through the Milky way halo on its orbit around the galactic center, the low
velocity WIMP distribution in the frame of the Sun does not directly probe the low
velocity distribution in the non-rotating galactic frame. Hence, in this context, the
Maxwell–Boltzmann distribution seems to be a reasonably good, but not perfect,
assumption on the velocity distribution of the dark matter for a Milky Way sized
dark matter only halo. On top of the smooth component one could of course also
have dark matter substructure, locally increasing the phase space density, which
by accident happen to be at the solar location now. The probability for us to by
accident be inside a dark matter clump is very low. Also, the WIMPs annihilating
inside the Sun and Earth result from capture of dark matter over large time scales,
reducing the importance of effects local in time.
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However, by neglecting the baryonic component, the simulations of only dark
matter do not cover all the dynamics. First of all, the condensation of baryons
towards the central region of the halo deepens the gravitational potential, somewhat pulling the dark matter with it and increasing the overall dark matter density.
More importantly, the baryons of the Milky Way form a disc which affects merging
satellites in the hierarchical formation of galactic halos. The baryonic disc causes
merging smaller dark matter haloes to be dragged preferentially towards the disc
plane, where they are torn apart by tides. This results in an accreted, co-rotating
dark matter disc with a density ∼0.25-1.25 times that of the non-rotating component, at the solar location, with kinematics similar to that of the thick disc of stars
[101].
Since the dark disc co-rotates with the stars, its velocity relative to the Sun is
small and hence the important phase space density for low velocities relative the
Sun is substantially larger. For the parametrization of the dark disc in [102], the
WIMP phase space density in this low velocity limit is 50 times that of the standard
Maxwell–Boltzmann halo model. This implies that for WIMP capture which only
probes the low relative velocity part of phase space, i.e. when the WIMP is much
heavier than the target nucleus, the capture rate increases by a factor of 50. For
the Sun, equilibrium between capture and annihilation has typically been reached,
and hence for this kind of WIMPs, also the annihilation rate increases by a factor
50.
For the Earth, equilibrium between WIMP capture and annihilation has typically not been reached, making the effect even more dramatic; if equilibrium is far
from being reached, the annihilation rate goes as the square of the capture rate.
For reasonably heavy WIMPs, such a dark disc then enhances the annihilation rate
of WIMPs in the Earth by a factor 502 = 2500, as found in [102].
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Outlook
Despite large efforts, the nature of the dark matter particle has still eluded detection. If the dark matter truly consists of WIMPs, it is possible that it will very
soon be within our reach as the experimental situation is constantly improving.
On the astrophysical side, the Fermi satellite is giving us excellent data on
the gamma ray sky and there is fast progress on its ground-based counterpart:
Čerenkov telescopes. The data is closing in on the thermal annihilation cross section for WIMPs, and for light WIMPs it is partly excluded; future progress in this
direction is however limited by our understanding of the background from conventional astrophysics. The direct detection experiments are also improving fast with
fierce competition between the different groups. Furthermore, the IceCube neutrino telescope has just been completed by deploying its final strings, allowing it to
search for neutrinos from WIMP annihilations at full capacity.
From the particle physics perspective, the Large Hadron Collider is taking data
and is performing excellently. Aside from the potential to detect the dark matter
particle, there is also a possibility for the collider to reveal parts of the high-energy
completion of the standard model, of which a WIMP could very well have a central
role.
Meanwhile, the phenomenologists have been searching for new ways to find
astrophysical signs of WIMPs; dark stars is such an example. To come up with new
promising ideas is however very difficult and it seems that even if the first estimates
are promising, further analysis tends make things less appealing. Dark stars formed
in the early Universe have been predicted to give a very strong signal for WIMP
annihilation and has hence received a lot of attention. However, a closer look on
the star’s capture of WIMPs, reveals that the effect of WIMP annihilations on the
first stars is much more limited; the consequences of a potential dark star phase
are well hidden in the general uncertainties regarding the formation and evolution
of the first stars. But as always, negative conclusions are a lot less appealing than
positive ones.
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For the possible detection of neutrinos from WIMP annihilations in the Sun
and the Earth by the IceCube telescope, the capture rate of WIMPs by the Sun
and the Earth is crucial. The fact that both the Sun and the Earth are part of the
solar system makes the capture process quite complicated, since the contribution
from WIMPs gravitationally bound to the solar system is important. The bound
WIMP population mainly comes from, and is depleted by, gravitational interactions
with the planets and WIMP-nucleon scattering inside the Sun. Quite amazingly
one however finds that all these effects cancel so that the WIMP capture rate by
the Sun and Earth are essentially the same as for the Sun and Earth both being
solitude objects in the Milky Way halo. The mathematical reason is that, as we
have previously shown, all the listed processes are well approximated by Liouville’s
theorem.
The experimental situation is improving but since we do not know the nature
of the dark matter particle it is very difficult, even if the dark matter consists of
WIMPs, to tell how far away we are from detection. Our prospects do however not
only depend on the particle properties of the WIMP, but also on the distribution
of dark matter. For example, if the Milky Way has a significant dark matter disc,
this would substantially enhance the dark matter reach for neutrino telescopes like
IceCube. How substantial this dark disc is depends on the merging history of the
individual galaxy, making it very difficult to determine its detailed structure for an
individual galaxy, like the Milky Way.
The abundance of small scale substructure is also not known as it depends on the
structure of density perturbations created in the very early Universe. The range of
the abundance of such small scale substructure is very large and one could therefore
from a “statistical” point of view argue that it is unlikely that such substructure is
abundant enough to be detectable in the near future but not abundant enough to
have already been detected.
Something that is highly improbable but would be very appealing is if a dark
matter subhalo would have been involved in the creation of the solar system. In
such a scenario, the solar system could have been born with a significant dark
matter halo. A significant remnant of this halo could then still remain in the
solar system, harbored in the parts of phase where the time scales for gravitational
diffusion are longer than the age of the solar system. Except from the long lived
bound WIMP population, the Earth would also benefit from the initial halo since
the initial capture would bring the Earth closer to equilibrium between capture and
annihilation.
To conclude, we continue our search for the elusive dark matter particle; hoping
that Nature organized things to our advantage.

Appendix A

Adiabatic contraction
In Paper II we investigated the dark matter annihilation rate in the first stars
by following the dark matter response to the formation of the star, this was also
discussed in Section 3.4.1. The formation of the star is slow enough to be assumed to
be adiabatic and here we will go through the basic mathematics used for adiabatic
contraction.
The stars that we analyzed form in the centers of dark matter halos and locally
dominate the gravitational potential. The forming star is assumed to be spherically
symmetric and the velocity of a WIMP moving in its potential is, in spherical
coordinates:
v 2 = ṙ2 + r2 θ̇2 + r2 sin2 (θ)φ̇2 .

(A.1)

Since the WIMP moves in a spherically symmetric potential, its orbit is confined to
a plane. Choosing this to be a plane of constant φ, the expression simplifies since
φ̇ = 0. This gives the Hamiltonian
H(r, θ, pr , pθ , t) =

mv 2
1
+ V (r, t) =
2
2m



p2
p2r + 2θ + V (r, t),
r

(A.2)

where pi refers to conjugate momentum: pi = ∂∂L
q̇i . Since H does not depend
explicitly on θ, neither does the Lagrangian. Using the Euler–Lagrange equations
we have
d ∂L
∂L
=
= 0,
(A.3)
dt ∂ θ̇
∂θ
and hence, the conjugate momentum, pθ , is a constant of motion for the orbit,
usually referred to as the angular momentum, J.
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H
The action variables, defined as Ji = pi dqi , are adiabatic invariants, i.e. unchanged during an adiabatic contraction [103]. With pθ being a constant, we immediately have
I
I
Jθ =

pθ dqθ = pθ

dqθ = 2πpθ = 2πJ.

(A.4)

Hence, the angular momentum of the WIMP’s orbit remains unchanged during the
contraction.
In Eq. (A.2) the Hamiltonian depends on time explicitly but the contraction process is assumed to be adiabatic and hence the time dependence can be neglected
on orbital time scales. When neglecting the explicit time dependence of the Hamiltonian, the energy becomes conserved and the Hamiltonian is constant, H = E.
Using this, Eq. (A.2) can be rewritten as


l2
1
2
pr + 2 = E − V (r).
(A.5)
2m
r
Solving for pr the radial action now becomes
I
Z rmax p
Jr = pr dr = 2
2m(E − V (r)) − J 2 /r2 dr.

(A.6)

rmin

For a Keplerian potential, this integral can be performed analytically but for an
orbit in an NFW potential or an orbit passing through the forming star this is not
the case and the integral has to be evaluated numerically.

Appendix B

Liouville’s theorem
Liouville’s theorem is a corner stone in our understanding of WIMP diffusion in
the solar system as well as in other areas of astrophysics. The basic statement
of Liouville’s theorem is that under certain conditions the phase space density of
particles stays constant as the system of particles evolves over time. Here we will
discuss Liouville’s theorem in more detail.
A system of many particles, such as stars in a galaxy or dark mater particles
in the solar system, can be described by the phase space density f (x, p, t), where
x and p are vectors in coordinate space and momentum space, respectively. The
phase space density tells us how many particles we expect to find in a region d3 xd3 p
in the six-dimensional phase space and so it encodes all the information about the
system of particles.
In a system where particles are neither created nor destroyed, the conservation
of particle number is governed by the continuity equation in phase space [104]
∂f
= −∇ · (f v) − ∇p · (f F),
(B.1)
∂t
where F is the force on the particle, v is the velocity and ∇p is the equivalent of
∇ in momentum space (instead of coordinate space). Expanding df /dt in partial
derivatives gives
X ∂f dxi X ∂f dpi
∂f
∂f
df
=
+
+
= v · ∇f + F · ∇p f +
.
(B.2)
dt
∂x
dt
∂p
dt
∂t
∂t
i
i
i
i
Inserting Eq. (B.1) and using that ∇ · v = 0 (since coordinate space partial derivatives vanish when used on a momentum space quantity) one finds that Eq. (B.2)
simplifies to
df
df
= −f ∇p · F,
i.e. that
= 0 if ∇p · F = 0,
(B.3)
dt
dt
which is Liouville’s theorem. Except for some special cases, like magnetism, the requirement ∇p · F = 0 translates into demanding that the force must be independent
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of the particle’s momentum [104]. Hence, Liouville’s theorem is useful for forces
which only depend on the location of the particles and not their velocities, such as
gravity. We have also implicitly assumed that the forces acting upon the particles
are differentiable, i.e. that the forces are “smooth”. This is true for gravity but not
for abrupt forces such as collisions.
An equivalent way of viewing Liouville’s theorem is that the phase space volume
d3 xd3 p taken up by a phase space point (i.e. ∼ a particle) remains constant as
the system evolves with time. Hence phase space regions d3 xd3 p, corresponding
to some fraction of the probability mass, move around in phase space with time,
keeping their phase space volume. Two such regions cannot cross since if they do
they will from then on travel together, violating Liouville’s theorem [103]. In the
context of our previous discussion on WIMPs in the solar system, this means that
a WIMP becoming bound to the solar system through a gravitational interaction
with a planet cannot just “squeeze in” if the available bound phase space is full
already. The process throwing in a galactic WIMP must then also make room for the
newcomer by moving some of the already bound WIMPs. Gravitational diffusion
of WIMPs in the solar system can be viewed as a mixing of an incompressible fluid
in phase space; if the solar system were full of this WIMP fluid from the start it
still is and if it was born empty of WIMPs, some regions would have been filled by
now depending on how efficient the mixing is.
Remember that the phase space density being conserved does not mean that
the (coordinate space) density is preserved. Liouville’s theorem does not prevent
the density in coordinate space to increase but doing so will always result in an
expansion in velocity space. Also, it does not state which phase space regions
that have the same phase space density when looking at a system before and after
its evolution. For example, in the solar system case Liouville’s theorem by itself
does not state the bound WIMP phase space density, since it does not specify
which galactic halo phase space density it corresponds to. As seen in Eq. (4.2), the
galactic WIMP phase space density is a velocity dependent quantity.
However, gravitational diffusion of WIMPs by the planets into the solar system
is only efficient for low WIMP velocities and, as discussed under Eq. (4.2), the
phase space density is approximately constant for low halo velocities (assuming a
Maxwell–Boltzmann velocity distribution). This vastly simplifies the analysis of the
bound WIMP density in the solar system as the galactic halo phase space density
can then be assumed to be constant.

B.1

Adiabatic contraction – an illustration of
Liouville’s theorem

Adiabatic contraction is discussed in Appendix A and in Section 3.4.1. There we
were mostly interested in the dark matter density increase due to the contraction,
but adiabatic contraction is a purely gravitational process and must hence obey
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Liouville’s theorem. We will here, for a central point mass, explicitly show that the
phase space density is preserved by the WIMP velocities increasing, canceling the
effect on the phase space density from the increase of the (spatial) density.
Consider a system of particles orbiting a spherically symmetric mass distribution. If the gravitational potential deepens the orbiting particles become more
bound, i.e. they lose energy. If the deepening of the gravitational is slow compared
to the orbit time scale of the particles, the contraction is adiabatic. An adiabatic
contraction preserves the adiabatic invariants J and Jr , where J is the angular momentum over particle mass and Jr is the integral over the orbit of the magnitude of
the radial velocity. The calculation simplifies if the particle’s orbits are Keplerian,
i.e. orbiting a point mass M? , then the magnitude of the total energy of the particle
(over particle mass) is [103]
2π 2 G2 M?2
,
(B.4)
E=
(Jr + 2πJ)2
describing the increase in E as the point mass M? grows.
Keplerian orbits are described by their size and their eccentricity, e, where the
latter is given by
2EJ 2
4πJ 2
e2 = 1 − 2 2 = 1 −
.
(B.5)
G M?
(Jr + 2πJ)2
Hence the eccentricity depends only on the adiabatic invariants J and Jr and so
also the eccentricity is an adiabatic invariant, meaning that the shape of the orbits
are independent on the growth of the point mass.
In the same way one finds that when the point mass increases adiabatically from
M? to M̃? , the minimal and maximal distances to the central mass, both labelled
rm , decrease to r̃m given by
r̃m =

1
rm
k

where

k≡

M̃?
.
M?

(B.6)

So all the adiabatic contraction is doing to the orbit is shrinking it. The shrinking
of the orbit increases the density (in coordinate space) by a factor (r̃/r)−3 = k 3 .
In this smaller orbit the particles obtain new velocities ũ which one finds to be
given by the relation ũ = ku. The adiabatic contraction then decrease the density in
velocity space by a factor (ũ/u)−3 = k −3 , leaving the phase space density invariant
as stated by Liouville’s theorem.
An explicit example of this is for particles described by a Maxwell–Boltzmann
velocity distribution; the phase space density is then [37]


1
3 u2
F0 (u)du ∝ 3 exp − 2 du.
(B.7)
v̄
2 v̄
The velocity increase due to the adiabatic contraction is simply described by a
change in the 3-dimensional velocity dispersion v̄ to v̄˜ = kv̄. With this one finds
that F (ũ) = k −3 F (u) and so the density in velocity space decreases by a factor
1/k 3 , as expected.
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The WIMP density in the solar system – an
example of what can not be done

WIMPs captured in the Sun onto bound orbits only passing the outskirts of the
Sun are sensitive to gravitational planetary interactions perturbing them into orbits
no longer crossing the Sun. It was argued in [105] that once the WIMP orbit no
longer crosses the Sun it is very long lived, resulting in this mechanism to over the
lifetime of the solar system locally accumulate a phase space density much higher
than that of the galactic halo. Such a phase space increase would boost the Earth’s
WIMP capture rate, since it increases the WIMP population bound to the solar
system, giving [105] some attention.
The observant reader might already have realized that there is something strange
with the mechanism of [105]; it uses gravitational interaction to locally increase the
phase space density. As we have seen, gravitational interactions cannot increase
the phase space density, since it must obey Liouville’s theorem. Concluding that
the phase space overdensity of [105] cannot exist.
What happens is that the planetary interaction is equally efficient at perturbing
solar crossing WIMP orbits into orbits no longer crossing the Sun as it is efficient
at perturbing the non-solar crossning orbits, either back into solar-crossing orbits
or further out in the solar system. Note that the “equally efficient” is per volume,
it is not absolute probability. The maximal phase space density (and density)
achieved by such a mechanism is that of the solar loss cone, which we in Section
4.2.3 concluded to be similar to the phase space density of the galactic halo. This
discussion is briefly summarized in Paper IV.
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