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To mysterious Dark Matter.





Abstract
The Standard Model (SM) of particle physics is extremely successful experimentally – it
has passed countless tests at accelerators, all its main predictions have been confirmed to
very high precision. The last prediction of the SM, the Higgs boson, was discovered at the
Large Hadron Collider (LHC) in 2012 [1, 2].

Yet we know now that it is not complete. The main reason to believe so is based on
the existence of several observed phenomena that cannot be incorporated into the Standard
Model. These phenomena include:
• Neutrino masses: Why do neutrinos have mass?
• Dark Matter: What is the prevalent kind of matter in the Universe?
• Baryon asymmetry of the Universe: What mechanism had created a tiny matter-

antimatter imbalance in the Early Universe?
The research described in this thesis is motivated by the necessity to find resolutions to
these problems. We concentrate on the problem of Dark Matter (DM), however, the other
problems, as well as deep theoretical questions raised by the properties of the SM, are used
as a source of motivation for the models of new physics containing DM candidates.

We start by presenting the evidence for the existence of DM and stress that these evi-
dence come both from the observed properties of a large number of astrophysical objects
of different sizes and nature and from the properties of our Universe as a whole. These ev-
idence are also obtained using several very different and independent observational meth-
ods. This makes the existence of DM as a phenomenon solidly confirmed. The hypothesis
that DM is made of particles is less established but seems to be rather plausible. Alterna-
tive models either have difficulties to explain the whole body of evidence in favor of DM,
or are strongly constrained experimentally. If the assumption of DM particle appears to be
true, this particle cannot be a part of the Standard Model.

We briefly describe what is known about possible properties of DM particle and give
examples of potential particle physics candidates. We proceed discussing in details one
particular scenario for DM – self-interacting DM. We have reviewed astrophysical con-
straints on the cross-section of the self-interacting DM using data from observed objects of
different sizes (over 7 orders of magnitude in the total mass, from dwarf galaxies to galaxy
clusters). We systematically tested semi-analytic models used in the literature to make
predictions for the DM density cores and concluded that to obtain reliable bounds it is im-
portant to use directly the data produced by realistic Self-interacting Dark Matter (SIDM)
simulations. To demonstrate this we have collected ensembles of haloes of all observed
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sizes simulated with the velocity-independent SIDM. These simulations were performed
including many effects of baryonic matter that can affect the properties of DM haloes and
observable quantities. This allows making robust predictions that can be directly com-
pared with observations. The robust constraints obtained here provide important input
for the particle physics models of SIDM. We later discuss how these constraints can be
combined (for a particular model) with the constraints from particle physics experiments.

Another aspect of Dark Matter physics is its indirect detection. To this end, we have
analyzed the sensitivity of Cherenkov Telescope Array (CTA) for the signal from the an-
nihilation of DM particles. We have tested the software package ctools adopted by the
CTA collaboration for the detection of a signal with corresponding morphology. Although
the treatment of systematic errors is not yet implemented in ctools, they can be taken into
account adopting a simple physical approach that does not require code modifications. We
demonstrate that assuming an optimistic Einasto profile for the DM density distribution
in the Milky Way and WW annihilation channel, with 500 hours of the Galactic Center
observations CTA can probe the annihilation cross-section below its thermal value.

Finally, we considered in details an example of combinations of different constraints,
coming both from particle physics on one side and from cosmology and astrophysics on
the other side. We have considered a simple model that contains a neutral fermion playing
the role of DM and a scalar that mixes with the Higgs boson and mediates the interaction of
DM with the Standard Model. We concentrated on the case of light DM fermion, such that
traditional direct detection approaches are difficult to apply as the recoil of nuclei becomes
weak. We also assumed that the mediator is lighter than DM, such that it can decay visibly
at the accelerators and give rise to an interesting astrophysical phenomenology. We have
shown that the constraints from accelerator searches for light scalars, when combined with
the astrophysical constraints on DM self-interaction (or with the requirement of the correct
DM abundance assuming thermal production) appear to be very strong. Future intensity
frontier experiments (such as e.g. SHiP) may improve this even further and allow to probe
the part of the parameter space of the model that, in terms of direct detection experiments,
reaches the irreducible neutrino background.

In this thesis, our main motivation originated from the DM problem. Model-independent
or widely applicable results remain a necessary ingredient for identifying a successful
complete extension of the Standard Model. Of course, it is very important to apply the
astroparticle approach, combining model-independent constraints of different nature, to
more realistic models that can explain not only DM but also neutrino masses and matter-
antimatter asymmetry of the Universe. This ambitious goal, however, can be achieved
only for very specific models. Steven Weinberg wrote in his famous paper of 1967: “Of
course our model has too many arbitrary features for these predictions to be taken very
seriously...”. However, his theory appeared to be the correct model of elementary particles
that is definitely a great victory of human Science!
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Chapter 1

Introduction
The Standard Model of particle physics. The long development of particle physics in
the previous century resulted in the construction of the SM of particle physics. Starting
from a phenomenological description of radioactivity and nuclear interactions, particle
physics predicted and discovered many new particles. Some of the new discoveries came
instead completely unexpectedly – the existence of three generations that in many aspects
simply repeat each other, the parity and then CP violation.

The SM, that takes into account all these phenomenologies in a minimal and consistent
way, is an extremely successful theory. It has passed a very large number of experimen-
tal checks and cross-checks. The Standard Model has also performed very well in the
precision tests where its predictions were tested not only to the leading order but also to
next or to next-to-next leading order. The last prediction of the SM, the Higgs boson, was
discovered at the LHC in 2012 [1, 2]. In the period from 2012 till 2018 LHC was success-
fully exploring all the production and decay products of the Higgs boson that exist in the
Standard Model [3]. These results have confirmed that the discovered particle is indeed
the SM Higgs boson, not just a Higgs-like particle.

This means that the Standard Model provides a complete and closed description of
particle physics as observed at accelerators. It is also a mathematically consistent theory
that can be valid up to very high energies, probably up to the Planck scale (see e.g. [4] and
references therein).

Nevertheless, we know today that the SM is not the final model of Nature and some
new physics should exist.

The main reason to believe so is based on the existence of several observed phenomena
that can not be incorporated into the Standard Model. These phenomena include:

• Neutrino masses: Why do neutrinos have mass which is prohibited within the Stan-
dard Model?

• Dark Matter: What is the prevalent kind of matter in the Universe?
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• Baryon asymmetry of the Universe: What mechanism had created a tiny matter-
antimatter imbalance in the Early Universe?

This list may turn out to be incomplete – there are more experimental anomalies which,
if confirmed, will not be consistent with the Standard Model. There are deep questions in
cosmology that may require new physics for their understanding, as well as theoretical
questions and the peculiar features of the Standard Model that may point out to some
physics beyond it. However, first of all, physics is an experimental science. Let us first
concentrate therefore on the confirmed observational phenomena listed above.

Neutrino masses. The neutrino was initially discovered as a very light particle [5]. Ex-
perimentally, the mass of neutrinos was consistent with zero for many decays. These data
were consistent with the Standard Model until numerous observations of neutrino flavor
oscillations have put a lower bound on the masses of at least two neutrinos [6, 7]. Cur-
rently, we can say that it is already very well established experimentally that at least two
neutrino species are massive.

Indeed, in the SM the number of leptons is independently conserved for each flavor.
This property is confirmed in all processes observed at accelerators. However, numerous
experiments demonstrate that neutrinos propagating from the Sun to Earth (for a review see
e.g. [8]), from higher layers of the atmosphere to the ground (for a review see e.g. [9]) and
from nuclear reactors to remote detectors (for a review see e.g. [10, 11]) can “oscillate” –
i.e. can change their flavour with a probability that periodically changes with the distance
from the source. This phenomenon can be easily explained for all three flavors if neutri-
nos have different masses (for a review see e.g.[12]). The period of oscillations between
neutrinos of two flavors is proportional to the squares of difference in their masses [13].
Experimentally two mass differences are observed [14]

∆m2
solar = (7.53± 0.18) · 10−5 eV2, (1.1)

∆m2
atm = (2.51± 0.05) · 10−3 eV2. (1.2)

This means that at least two of the three neutrinos are massive (the lightest one is still
allowed to be massless by the data). These three masses can also be organized into the
so-called normal and inverse mass hierarchies, see Fig. 1.1.

On the other hand, it is not possible to incorporate neutrino masses into the Standard
Model without adding some new physics that has not been observed yet. This is related to
the gauge symmetries of the SM. Indeed, the usual Dirac mass is defined for a fermion as

Lm = mdψ̄LψR + h.c. (1.3)

For neutrinos, only the left-handed states were experimentally discovered [16]. To
write the Dirac mass we need to assume the existence of right-handed neutrinos. By
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Figure 1.1: Normal and inverse mass hierarchies for neutrinos. Colours indicate neutrino
flavours. Taken from [15].

the structure of the Standard Model, these particles should be gauge singlets and naively
would not interact with the SM. However, as neutrinos are massive, they can interact
via mixing with the usual left-handed counterparts and their phenomenology can be quite
rich, especially in the Early Universe (see e.g [17]). In any case, right-handed neutrinos
are already new physics and we do not know for sure if they exist and if they do, what are
their masses, couplings and other properties?

In the absence of right-handed neutrinos, we can write a Majorana mass term for left-
handed neutrinos. Experimentally, it is not known whether neutrinos are Dirac or Majo-
rana particles (see [18] for a recent overview of the corresponding experimental activities).
Theoretically, a Majorana mass for left-handed SM neutrinos also requires new physics.
Indeed, fermions in the SM are organized in left-handed doublets and right-handed sin-
glets:

L =

(
νL
eL

)
, R = eR. (1.4)

For the Higgs field vacuum expectation value in the form

H0 =

(
0

v/
√

2

)
(1.5)

one gets

eL =

√
2

v
(H†0L), νL = −

√
2

v
(H†0iσyL). (1.6)

We can use this to build a gauge invariant Majorana mass for the left-handed neutrinos:

Lm,ν = mν ν̄L(νL)c ≡ 1

Λ
(L̄σyH0)(H†0σyL)c, (1.7)
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where νL is given by Eq. (1.6).
It is easy to see that this operator has mass dimension 5 and, therefore, Λ has the

dimension of energy. Dimensionful coupling constants (like e.g. the Fermi constant GF )
give rise to unphysical cross-sections that unlimitedly grow with energy and hence indicate
the existence of new physics.

We conclude that neutrino masses and flavor oscillations indicate the existence of new
physics beyond the Standard Model.

Dark Matter. Dark Matter is another well-established phenomenon that currently has
no confirmed explanations. Many experts are convinced that the existence of DM implies
some new particle physics beyond the Standard Model. This would give an example of
how astronomy and cosmology provide crucial input for particle physics. However, there
are attempts to explain DM by e.g. modified Newtonian dynamics or primordial black
holes. Such explanations also require some new physics, but not necessarily in terms of
particles. DM is the main subject of this thesis, therefore we review the evidence for its
existence, its known properties and potential resolutions of the DM puzzle in details in
Section 2.

Baryon asymmetry of the Universe. It was already Dirac who predicted in 1928 that
charged fermions should have antiparticles [19]. As a particle and an antiparticle anni-
hilate when they meet each other, it is not surprising that we see around us only a very
little amount of antiparticles (mainly coming from cosmic rays or created at accelerators).
We can see that the Universe as a whole is also very asymmetric in favor of matter over
anti-matter. The fraction of antiparticles in cosmic rays is at the level of 10−1 − 10−5 (see
e.g. [20]). Theoretically, it could be possible that somewhere in the Universe there are
regions dominated by anti-matter. However, if such regions existed, then at the boundary
between matter and anti-matter dominated regions we would have a huge area of active an-
nihilation. Such a macroscopic source can only remain unnoticed if it is located extremely
far away from us, effectively close to the cosmological horizon [21].

Observations show that our Universe does not contain any significant amount of anti-
matter.

When the Universe was hot, particles and antiparticles could be easily created in pairs.
Then, the Universe cooled down, the pairs had to annihilate and we would be left only
with photons. To have the state that we observe now, with matter, without antimatter and
with baryon to photon ration at the level of 10−10, we need to assume that the numbers of
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particles and antiparticles were not exactly equal in the hot Universe, before annihilation.
For this to happen the so-called Sakharov’s conditions have to satisfy [22]:

• Violation of baryon number conservation;

• Breaking of the C and CP symmetries;

• Deviation from thermal equilibrium.

However, as it was firmly established after long studies, in the Standard Model this is not
possible. There is no mechanism to generate such an asymmetry in the high-temperature
Universe (see e.g. [23] for a review). Therefore, the baryon asymmetry of the Universe
was either present in the initial conditions, or was generated later, during the evolution of
the hot Universe. In the latter case, some new physics should exist.

The possibility that the asymmetry was present in the initial conditions is very difficult
to exclude. However, if the initial conditions for structure formation were generated during
the stage of accelerated expansion (cosmic inflation), the asymmetry that existed before
inflation would be diluted by at least 60 e-foldings. To give the observed value of the
baryon asymmetry of the Universe such a pre-inflationary asymmetry should be huge. We
will assume that this did not happen.

This means that the matter-antimatter asymmetry of the Universe also requires some
new physics.

Apart from these puzzles, there are other unresolved problems in particle physics
and cosmology. It is well established observationally that currently the Universe expands
with acceleration [24]. It is not exactly known what drives this accelerated expansion.
This is often referred to as the problem of “Dark Energy”. However, the current data are
consistent with a very minimalistic explanation of Dark Energy – a cosmological constant
added to Einstein equations. In this case, no new particles of fields are required to explain
“Dark Energy”.

In any case, the three experimental problems of the Standard Model listed above
strongly suggest that some new physics should exist. Of course, it is possible that each of
the above-mentioned challenges has its own explanation, unrelated to the other problems.
However, the goal of physics is to build testable theories of nature. It is therefore very at-
tractive to propose a complete theory that could explain all three puzzles within the same
framework.

At the same time, we have no firm knowledge about the masses, interaction strength,
spin and charges of the new particles responsible for neutrino masses, Dark Matter and
generation of the baryon asymmetry in the Universe. After the discovery of the Higgs
boson [1, 2] the era of “guaranteed discoveries” of particles with predicted properties has
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finished. The main science goal of Tevatron [25, 26] and then LHC [27] was to search for
the Higgs boson. Of course, in this situation, it was motivated to search for new physics
that could be found together with the Higgs boson, at the same machine. After the results
of the LHC Run I and Run II [14], that did not reveal any confirmed signatures of the new
physics, it has become even more important to search for new physics in a wider context.
A special role is played in this respect by the data from cosmology and astrophysics.

In this thesis, we will mainly concentrate on the problem of Dark Matter. In Section 2
we present the evidence for the existence of Dark Matter, explain why it can not be made
of Standard Model particles, discuss its possible properties and several potential particle
physics candidates. In Section 3 (based on papers I and II [28, 29]) we discuss in details
one particular scenario for Dark Matter – self-interacting DM and possible ways to con-
strain it from astronomical data. Section 4 (based on paper IV [30]) is devoted to indirect
detection of Dark Matter. Section 5 (partially based on paper III [31]) introduces how to
search for DM at accelerators and discusses how different ways to constrain the properties
of DM particles can be combined together for a particular model.
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Chapter 2

Dark matter: Cold Dark Matter and its
alternatives

2.1 Evidence of Dark Matter
Starting from the first observations by Fritz Zwicky in 1933 [32], who discovered that the
mass of the Coma cluster, deduced from its dynamics, was hundred times larger than its
luminous mass, the nature of DM remains a mystery. The conclusion that there exists a
form of matter which manifests itself only via gravitational interaction was later confirmed
by many other observations of various nature.

How do we know that DM exists? Currently, the evidence for the existence of DM
consists of two main parts – the astrophysical and the cosmological arguments.

The astrophysical evidence are:

• Rotation curves in spiral galaxies: spiral galaxies (see Fig. 2.1) form in a thin disk
of stars and interstellar gas that rotate around its center. One can measure a Doppler
shift of some emission or absorption spectral lines from a part of a galaxy and find
the velocity of this source with respect to Earth,

∆λ

λ
=
V

c
≡ v + U

c
, (2.1)

where V is the velocity of the emitter/absorber along the line of sight. This velocity
has to be spitted into a local velocity v with respect to the center of the galaxy and the
velocity of the galaxy movement as a whole, U . Averaging this data from different
regions of a galaxy we can find U as

〈∆λ〉
λ

=
〈v + U〉

c
=
U

c
, (2.2)

where 〈∆λ〉 is the average of ∆λ by different parts of the galaxy. Subtracting the
average velocityU we find the rotational velocity as a function of radius, v(r). Using
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Figure 2.1: A spiral galaxy (M 106) in the constellation Canes Venatici. CRedit: NASA,
ESO, NAOJ, Giovanni Paglioli.

Figure 2.2: The rotation curve for a galaxy M33. Credit: NOAO, AURA, NSF, T.A.Rector.

the rotation velocity one can calculate the total mass

M(r) =
v2(r)r

GN

, (2.3)

whereGN is the Newtonian constant of gravitation. At large radii, where the density
of gas and stars is small, the rotation velocity should behave as v ∼ 1/

√
r. However,

we do not observe such behavior. Instead, rotation curves of galaxies at large radii
typically becomes flat, see an example in Fig. 2.2. At the same time, in the outer
part of the galaxy, we do not observe any significant emission or absorption of light,
at any wavelength. Therefore, using rotation curves one can conclude that some ad-
ditional dark (i.e. not interacting with light) mass is needed to explain observational
data at large radii.
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Figure 2.3: The Fornax dwarf galaxy, one of the satellites of the Milky Way. Credit:
ESO/Digitized Sky Survey 2.

• Velocity dispersion of stars in dwarf galaxies: Some galaxies do not form disks.
Therefore, the rotation velocity cannot be measured and the observable quantity for
such objects is the velocity dispersion along the line of sight, σv. To reconstruct
the mass profile, one needs to solve the Jeans equation that connects the velocity
dispersion and density of stars to the total gravitational potential (see Appendix A).
The main uncertainty in this method comes from the fact that only the component
of the velocity dispersion along the line of sight is directly measured. To reconstruct
the full velocity dispersion that is needed for the Jeans equation, we need to assume
some anisotropy profile which is unknown. One can marginalize over this unknown
anisotropy when fitting the data. It is interesting to note that the cosmic telescope
Gaia [33] is measuring the 3D velocities, see an example in Ref. [34]. This will
significantly improve the mass measurements for many objects, including the Milky
Way, its dwarfs spheroidal satellites and other objects from local volume.

Dwarf galaxies are small galaxies with masses from 107M� to 1010M�. There are
two types of dwarf galaxies: those that gravitationaly bound to a bigger galaxy
(satellites) and galaxies, that are not bound to any larger halo (field galaxies). An
example of a dwarf galaxy is shown in Fig. 2.3. Dwarf galaxies are extremely Dark
Matter dominated among all known astrophysical objects with the largest mass-to-
light (M/L)� ratios that can be 100 and larger (e.g. [35, 36] and references therein).
It is known that the best mass measurement is at the half-light radius, see the discus-
sion in Section 3.3.1. These measurements show that the stellar mass is not enough
to explain the total mass.

• Temperature of gas in galaxy clusters and elliptical galaxies: A cluster consists
of hundreds of galaxies that look more or less like point sources inside the cluster
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Figure 2.4: The distribution of X-ray gas (left) and galaxies (right) in the cluster of galaxies
Abell2029. Credit: DSS.

(see right panel of Fig. 2.4). X-ray observations (see left panel of Fig 2.4) show that
the intergalactic medium inside a cluster is filled with a diffuse source of thermal
X-ray emission with temperatures in the range of 1-10 keV. Modeling shows that
the mass of the gas is ∼ 15 times larger than the mass of the member galaxies (e.g.
[37] and references therein).

In clusters one can therefore apply several methods of mass measurements: recon-
struct mass (with some uncertainty) from the motion of galaxies; using the temper-
ature of the X-ray emitting gas; using weak and sometimes also strong gravitational
lensing.

The most common method for galaxy clusters is based on X-ray observations. X-ray
surface brightness and spectrum allow reconstructing the gas temperature. The av-
erage temperature (i.e. the average kinetic energy) is roughly related to the potential
energy, i.e. the total mass. As the mean free path of the gas particles is much smaller
than the size of the cluster, the thermal equilibrium and the temperature of the gas
are local. We can measure the temperature profile T (r) and use it for more detailed
mass modeling reproducing M(r) by solving the hydrostatic equilibrium equation

dp

dr
= ngas(r)

dT (r)

dr
+ T (r)

dngas(r)

dr
= −GM(r)ngas(r)

r2
. (2.4)

Mass measurements in clusters reveal the same picture: only 1 % of the total mass
is given by galaxies, 15 % by X-ray gas and 84 % by Dark Matter, see e.g. [38] and
references therein. At large enough distances from the center clusters are very much
DM dominated. It was observed long ago [39] that the ratio between DM density
and the density of normal matter in clusters is very close the the average value of
this ratio in the whole Universe (see below).

• Gravitational lensing: Masses of astronomical objects can be measured with weak
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Figure 2.5: An illustration of the effect of weak gravitational lensing. Credit: TallJimbo
[CC BY-SA 3.0].

gravitational lensing, see an example in Fig. 2.5. Massive objects act as lenses that
distort the light that comes from distant objects, see [40] for a review. This results in
overall shear and magnification of the lensed objects. Measuring an average shear
one can reconstruct the projected mass of the lens. Applying this method to galaxies
and clusters we see once again that the baryonic mass is not enough to explain the
lensing effects.

Summarizing these sets of different astronomical observations, we can conclude that
astrophysical objects at all scales (from dwarf galaxies with masses from 108M� to
huge clusters of galaxies with masses ∼ 1015M�) indicate the presence of much dark
mass that dominates over the mass of normal luminous matter by factors from several
to hundreds. These results are obtained using 3 observationally independent tech-
niques.

The analysis of the evolution of the whole Universe at large provides other, cosmolog-
ical evidence for the existence of Dark Matter and allows to measure it average density.

• Structure formation: The Cosmic microwave background (CMB) is the earliest
light that we detect from our Universe. The CMB is isotropic to a very high preci-
sion (δT/T ∼ 10−5 [41]). Together with the fact that the number of photons in the
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Universe is many orders of magnitude larger than the number of protons and elec-
trons, this means that until recombination, when matter was very tightly coupled
with light, matter was also homogeneous at the same level as light, δρ/ρ ∼ 10−5. If
there were only Standard Model (or baryonic) matter in the Universe, the overden-
sities could begin to grow only after recombination, when CMB photons decoupled
from charged particles.

As long as δρ/ρ < 1, the overdensities of a decoupled, non-relativistic component
grow linearly with the scale factor in the matter-dominated epoch, so we would
naively expect today to have

δρ/ρ = 10−5 ·
(

1 + zCMB

1 + z0

)
≈ 10−2 zCMB ≈ 103 (2.5)

which means that there would be no structures today. This is clearly not what we
see today. To solve the problem, a matter component that does not interact with
light is needed. This substance, Dark Matter, could start clustering much before
recombination (it would grow with a scale factor logarithmically in the radiation
dominated epoch and linearly in the matter dominated epoch) and prepare well-
formed gravitational wells for ordinary matter to fall in.

• Anisotropies of the Cosmic Microwave Background: While approximate (to very
high precision) isotropy of the CMB provides strong evidence of the existence of
Dark Matter. The spectrum of its tiny anisotropies contains a lot of information
about the evolution of the Early Universe and allows to measure the abundance of
Dark Matter with impressively high precision [41]. This spectrum is very sensitive
to the cosmological parameters and, in particular, to the densities of various com-
ponents of matter and radiation. Namely, the position of several observed peaks in
the CMB spectrum is defined by the total amount of matter in the Universe and the
ratio between odd and even picks gives information about the amount of baryonic
component. The latest results from Planck show that the abundance of baryonic
matter should be more than 5 times smaller [41] than the total amount of matter.
The unknown component we associate with Dark Matter. According to Planck, the
abundance of DM is ΩDMh

2 = 0.120± 0.001.

In summary, DM is necessary for our understanding of the formation and evolution of
the Universe as a whole as well as the dynamics of various galaxies and clusters (see
e.g. [42–45]).
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2.2 The Nature of Dark Matter
Having so strong and independent evidence that DM exists, what can we say about its
nature?

If DM is made of particles, this particle should be massive and electrically neutral.
Also, the DM particle should be stable or have a cosmologically long lifetime. Do we
have any such a candidate in the SM? The only possible candidate is the neutrino.
However, as we discuss below, this particle can contribute at most a few percents of
the total DM density.

Neutrino DM. There are two arguments ruling out ν as DM candidate:

• Tremaine-Gunn bound [46–50]

If the DM particle is a fermion, there exists a very robust lower bound on its mass.
Indeed, let us consider a DM dominated object, for example, a dwarf spheroidal satellite of
the Milky Way. With all possible astronomical uncertainties, one can put an upper bound
on the size of this object, a lower bound on its mass and an upper bound on the velocity
of the particles that are gravitationally bound inside this halo. Combined together, this
allows putting a lower bound on the phase-space density. On the other hand, the phase-
space number density should not exceed that of the completely degenerate Fermi gas, the
maximal phase-space number density given by the Pauli exclusion principle. This means
that there exists a smallest mass that is possible for any fermionic DM particle:

M
4π

3
r3

1
4π

3
v3

≤ 2m4
DM

(2π~)3
. (2.6)

Let us apply this bound to a so-called classical Dwarf Spheroidal Galaxies (dSphs) of the
Milky Way, where velocities of many stars are measured. For example, for Sculptor dwarf
galaxy [36] we can take as a proxy of the object size its half-light-radius rh = 283 pc,
the mass inside this radius Mh = 1.4 · 107M� and as a characteristic velocity we take the
velocity dispersion v = σv = 9.2 km/s. Substituting these values into Eq. (2.6) we get
mDM > 460 eV. Other dSphs give similar constraints.

Of course, this simple estimate can be made more precise in many aspects. One could
discuss the uncertainties in the parameters of dSphs, take into account a more detailed
description of the self-gravitating Fermi gas (see e.g. [51]). However, the dependence of
the mass lower bound on the actual value of phase-space density is rather weak as mDM

enters in the fourth power in Eq. (2.6). Therefore, one can say that

mDM & 300− 400 eV. (2.7)
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Even if this bound is relaxed to 100 eV, as some papers claim (see e.g. [51]), it still
would be in drastic contradiction to the cosmological requirement on neutrinos masses
if neutrinos would make up all of Dark Matter.

Indeed, interactions of neutrinos are well studied and, therefore, the number density
of the SM relic neutrinos can be predicted also quite robustly. In the Early Universe,
for temperatures above Tν ' 1 MeV, neutrinos remain in thermal equilibrium with the
SM particles due to weak interactions. Below Tν the rate of weak reactions drops below
the expansion rate of the Universe and the number density of neutrinos does not change
anymore in the co-moving volume. This allows estimating the number density of one relic
neutrino species today,

nν,0 ∼ T 3
ν (t0) ' 112 cm−3, (2.8)

with Tν(t0) ≈ 1.95 K. The mass density is therefore

ΩνDMh
2 =

1

ρc,100

∑
mνnν,0 =

∑
mν eV

94 eV
, (2.9)

where ρc,100 =
3H2

100

8πG
with H100 = 100 km/s/Mpc. Using DM abundance ΩDMh

2 = 0.12

(Planck 2018 [41]) we conclude that the SM neutrinos could constitute 100% of DM only
if the sum of their masses was ∑

mν ' 11 eV. (2.10)

A larger value would overclose the Universe and be ruled out, a smaller value means that
there exists another component of Dark Matter.

We conclude that cosmological and astrophysical requirements for neutrinos DM con-
tradict each other and therefore neutrinos cannot be the dominant component of DM.

• Top-down structure formation

There exists yet another, independent argument, excluding the Standard Model neutrino
as a dominant DM candidate. In short, as first shown by [52] in a Universe with the
SM neutrino Dark Matter structure formation would happen in the top-down direction,
i.e. large objects, like clusters of galaxies, would form before the smaller objects, e.g.
galaxies. This happens because neutrinos have velocities close to the speed of light at the
beginning of the matter dominated epoch that prevents the growth of small structures and
only large structures can be formed. This directly contradicts observations, as at the largest
accessible redshifts some galaxies have already formed and clusters have not [38].
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As the Standard Model neutrino cannot fully explain the nature of Dark Matter, we
can say that DM is a Beyond the Standard Model phenomenon.

Many efforts in unraveling the mystery of DM were made in recent decades. However,
we still know very little about what is DM. There are at least three main possibilities:

• Is it a new fundamental particle? This is one of the most widely studied hypotheses
and we will discuss it in more detail below.

• Can DM be made of Massive Astrophysical Compact Halo Objects (MACHOs)?
MACHOs as dominant DM candidates are strongly constrained by e.g. microlens-
ing data [53, 54]. Another potential problem is that we need to explain where these
compact objects come from – we need really a large amount of MACHOs to explain
all DM. For macroscopic compact objects, it may not be a simple task to propose
a creation mechanism. Also, for example, we do not know how to explain the exis-
tence of planets or neutron stars at the time of the CMB decoupling.

Nevertheless, such candidates are considered and perhaps the most interesting one
is Primordial Black Holes (PBHs) [55]. PBHs can be created during inflation
in a class of inflation models [56]. In these models PBHs have a distribution of
masses and can partially escape the current constraints on MACHOs. However,
there are many other ways to constrain PBHs - various versions of micro-, femto-,
milli-lensing of sources of different nature; interaction of PBHs with neutron stars
or white-dwarfs; stability of star clusters; constraints on γ-rays from the evapora-
tion of small-mass PBHs, etc (for a recent review see [57]). Essentially, there are
only two mass windows still open for PBHs Dark Matter – relatively small masses
≥ 1015 g and another in a mass range compatible with LIGO observation of grav-
itational waves from a binary black hole system. A recent paper [58] argues that
the latter window is disfavoured (see also [59] for discussion). Ongoing and future
micro-lensing surveys will be able to probe the remaining parameter space of PBHs
relatively soon.

• Another alternative explanation of the DM phenomena in astrophysical objects could
be Modified Gravity or Modified Newtonian dynamics (MOND).

This potential explanation has even more difficulties and is considered by many
research as excluded (at least as the only explanation of DM phenomena). This
class of models, often successful in describing galactic rotation curves [60], start to
have difficulties already when the clusters of galaxies are included in the analysis.
Even more, problems appear when one includes in the analysis of merging systems,
like the famous Bullet cluster [61]. MOND and modified gravity models also can
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not provide a clear picture for the cosmological evidence for DM based on structure
formation. Most probably, even if MOND or modified gravity theories do describe
correctly some physics of gravitationally bound systems, they still require some new
particle to explain all the Dark Matter phenomenology.

Below we will assume therefore that DM is made of some new particles.

2.3 Properties of Dark Matter particles
There are many candidates for DM particles in the literature. The masses of these hypo-
thetical particles differ by many orders of magnitude, they have different spins and other
transformation properties, they can be stable or have finite (but cosmologically long) life-
time. Leaving sociological bias aside, we can say the particle physics properties of DM
are largely unconstrained, see Fig. 2.6. Below we will briefly review some of the sug-
gested candidates. But let us first try to classify possible DM particles in several different
model-independent ways:

• According to their primordial velocities: cold, warm and hot Dark Matter.

• Stable or decaying.

• Completely ballistic or self-interacting.

Cold and Warm Dark Matter and their observational difference. An important prop-
erty of DM particles is their primordial velocities. If DM particles are created non-
relativistic we call them Cold Dark Matter (CDM). These particles can be confined even
by very small-sized over-densities and form haloes of all sizes down to a very small cut-off.

Warm Dark Matter (WDM) and Hot Dark Matter (HDM) are particles that are created
relativistic. They cannot be confined by an over-density as long as they remain relativistic
and their velocities are still close to the speed of light. Momenta get smaller, because of
the expansion of the Universe p ∝ 1/a. DM particles become non-relativistic and start to
be gravitationally bound by the attraction of over-densities (future haloes).

We can divide all DM candidates into three different groups:

• particles that were created non-relativistic (CDM);

• particles that were created relativistic but became non-relativistic before the mat-
ter dominated epoch (WDM);
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Figure 2.6: Interaction cross-sections and masses of various DM candidates discussed in
the literature. Figure is adapted from [62].

Figure 2.7: Simulation of the large scale structure for the cases of CDM, WDM and HDM
(from left to right) cosmologies [63].

• particles that stay relativistic during matter-dominated epoch (HDM).

From the structure formation point of view, the difference between these 3 types of
DM is vivid. The distance that a particle travels from the place where it was created to the
place where it was gravitationally bound is called free streaming length. Any overdensity
that is smaller than the free streaming length is washed out, as particles have random
initial velocities, they move chaotically, overdensities and under-densities mix and the
distribution becomes homogeneous at the scales equal to the free streaming length and
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below. Larger overdensities do not feel this. The resulting picture is presented in Fig. 2.7,
i.e. CDM forms structures of almost any size, WDM washes out small structures and
HDM creates only large structures.

The model of cold, collisionless Dark Matter has been so far very successful in de-
scribing the observed Universe at large scales: it is fully consistent with the CMB, the dis-
tribution of galaxies, the properties of galaxies clusters and filaments [64, 65]. However,
Cold and Warm DM are indistinguishable at large scales and therefore are both allowed
and equally good. The difference between them appears only at small scales.

In CDM there are clumps of DM of all sizes (down to some small-scale cut-off much
below one solar mass [66]), galaxies like the Milky Way have more and more substructures
of smaller and smaller sizes. In WDM the number of structures that are smaller than the
free streaming length quickly drops to zero. The main difficulty is that small haloes may
be very difficult to observe. Indeed, for a halo to be visible now it is important that at
the early stage of the halo evolution it confines gas and eventually stars are formed. At
the same time, if primordial hydrogen is already hot at the time of halo formation, it can
fall into a halo only if this halo is massive enough. Primordial hydrogen is heated during
reionization by the light of first stars. We do not know exactly to what temperature it is
heated. But in simulations, this temperature can be large enough such that we can expect
that small haloes cannot confine the gas and today they are made only of DM.

However, these relatively small, DM-only haloes can only be observed via gravita-
tional lensing. Currently there are two methods to use strong lensing for detecting or
excluding such small DM-only haloes: perturbations in Einstein rings [67] which should
be perfectly circular in absence of small haloes, and flux ratios of multiply imaged sources
[68–70], which should be order-1 ratios in absence of small haloes. The new cosmic tele-
scope Euclid (which will be launched in 2021) will be able to observe enough gravitational
lenses for proving or excluding the existence of small DM-only haloes, and either exclude
CDM or very severely constrain WDM [71, 72].

In the literature the so called “small-scale problems” of CDM are often discussed (for
a review see [73]).

• I. Fewer dwarf galaxies are observed in the Milky Way and M31 than CDM pre-
dicts. For smaller haloes, the discrepancy is large between observations and CDM
simulations (missing satellites problem) [74–76].

• II. Let us define the slope of the DM density distribution as ρ ∼ r−γ in the central
part of haloes. Pure CDM simulations predict γ close to 1 (cusps), but in many
objects it is claimed γ < 1 describes observational data much better (cores) (core-
cusp problem) [77, 78].

• III. Over-prediction of large satellites. The Galaxy has only 3 satellites with the
maximum-circular velocity Vmax > 30 km/s. But naively CDM predicts ∼ 10 sub-
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haloes with Vmax > 30 km/s for a Milky Way size galaxy. These objects are too
large to say that they have no stars in them. Why we do not see these 10 sub-haloes?
(too-big-to-fail problem) [79, 80].

Some other potential discrepancies between the data and the predictions of ΛCDM
model are also discussed in the literature, including e.g. the underabundance of the field
dwarf galaxies or the diversity problem (see e.g. [81, 82] or [83] for a review and refer-
ences therein).

All these phenomena can, however, be accommodated in CDM if one takes into ac-
count all possible observational uncertainties, variance in the initial conditions or baryonic
effects [82, 84–87]. Therefore, to choose between CDM and WDM models observation-
ally we need to look at other observables, like Lyman-α forest [88, 89] or gravitational
lensing [67, 90] (see the discussion above).

Stable, decaying or annihilating DM. DM particles should be stable or have a lifetime
longer than the age of the Universe. An important part of a DM model is a production
mechanism – we have to specify in what way this particle is produced in the Early Universe
and check that it has the correct abundance to account for all of the observed Dark Matter.
Of course, DM particles can be produced from some other new particles or fields, for
example, they can be produced via direct interaction with an inflaton field. However, in a
somewhat more minimalistic scenario, DM particles are produced from interactions with
the Standard Model matter. In this case, the same interactions can be responsible for DM
annihilation or decay.

If a DM particle decays or annihilates into SM particles, we can in principle detect a
signal from these processes. If the DM particle is relatively light (e.g. a fermion with its
mass just above the Treiman-Gunn bound, i.e. in the keV range) it can decay only into
neutrinos and photons. Such decays often result in a monochromatic line in the spectra of
photons, a signal that is relatively easy to identify. Heavier particles can decay also into
charged SM particles producing a more complicated signature in the spectra of photons
of various energies and in cosmic rays. Even if the lifetime is very long or annihilation
cross-section is small, the amount the Dark Matter is so large that we can expect a very
significant signal from such processes.

For example, in the case of decaying Dark Matter non-observation of such signal puts
a bound on the DM lifetime to be orders of magnitude longer than the age of the Universe.
We will discuss the difference between the cases of decaying and annihilating DM and
corresponding detection strategies in Section 2.5.

DM self-interactions. Many observations show that any interactions of DM with the
Standard Model particles are very strongly constrained (see e.g. [91, 92]). At the same
time, the constraints on the cross-section of the DM self-interaction are many orders of
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magnitude less stringent. This cross-section can be as large as the strong interaction be-
tween nucleons (for a recent review, see [83]).

There are many reasons that make SIDM an interesting and well-motivated scenario.

• For astrophysics, SIDM is interesting as it changes the picture of structure formation
at small scales (as compared to CDM) [93]. It was pointed out in the literature [94–
101] that SIDM could provide a resolution of the above-mentioned small-scale prob-
lems of ΛCDM. 1

• For particle physics SIDM models have a very interesting phenomenology that al-
lows bringing together the data from cosmology, astrophysics, accelerators, indirect
and direct DM searches (see below). Of course, any strong indication of the exis-
tence of DM self-interaction would give invaluable input for the development of the
particle physics beyond its Standard Model by suggesting a preferred class of mod-
els. Cosmological and astrophysical data would then provide unique information for
particle physics (see e.g. [104–106]).

Constraining the cross-section of SIDM from astronomical data is very important.
Recently a lot of work has been done in this direction (see e.g. [94, 95, 98–100, 103,
107–122] or see [83] for a review). For this reason SIDM is now supported by the
public numerical code DarkSUSY [123].

There are two types of questions that can be addressed here. First, we would like to
know what kind of upper bound on DM self-interaction can be derived from the data.
Second, we can ask ourselves, what self-interaction cross-section is required to explain,
for example, the sizes of the observed cores? We can ask these questions assuming that the
cores are caused by the properties of the DM particle, even if there could be other possible
mechanisms to explain DM density cores and other small-scale challenges of CDM (see
the discussion above).

According to the current opinion in the literature, it is probably required to have DM
self-interaction cross-section σ/m & 0.1 cm2/ g to produce potentially observable cores
in the central parts of DM dominated objects (see e.g. [73, 83, 97, 105, 124–126]). The
upper bounds on the cross-section are reported to be around 1−2 cm2/ g, see the detailed
discussion in Section 3. These constraints are obtained from observations of merging
systems, including the Bullet cluster, as well as ellipticities of the galaxies (see e.g. [96,
127–130]).

1For SIDM to suppress small satellites a scattering with a dark radiation component is needed. Such a
component appears rather naturally only in models where the self-interaction is mediated by a light parti-
cle [102, 103].
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The challenges in constraining SIDM astrophysically are related to: (i) observational
uncertainties and (ii) difficulties in modeling of baryonic effects [105, 131, 132]. Ad-
ditionally, properties of the real observed haloes and, in particular, the sizes of the cores
have significant scatter. This variability is caused by the baryonic content, which is differ-
ent in different objects and by individual initial conditions and histories of the haloes (see
e.g. [133]). To constrain DM self-interaction cross-section and reduce systematic uncer-
tainties, we need therefore to base our analysis not on individual objects, but find a way to
use the whole ensemble of the available observed objects.

In paper I [28] we have introduced an efficient and robust method that implements
such a strategy. This method is discussed in detail in Section 3.2 and further developed
in Section 3.3. In paper II [29] we have systematically checked semi-analytic models of
SIDM haloes that are discussed in the literature [83, 105, 134] by comparing them with
numerical simulations (see the detailed discussion in Section 3.2). We have demonstrated
that the agreement of the model with the simulations is not sufficient to make it possible
to obtain robust observational constraints on DM self-interaction cross-section using this
model. We conclude that a more direct comparison between observations and simulations
is necessary (see Section 3.3 for discussion).

2.4 Examples of models for DM particles
A multitude of DM models have been proposed. Properties of DM candidates in these
models are very different as well as physics behind them. Here we discuss three very
different particle DM models. These models are representative of their classes and many
variations of these particular models could be considered within each class (for more de-
tails see e.g. [38, 135, 136] and references therein).

The first candidate class is Weakly Interacting Massive Particle (WIMP), which has
been proposed in the seminal paper by Lee and Weinberg [137]. WIMPs are stable, but
they could annihilate into SM particles. They are produced thermally in the Early Uni-
verse. Once the annihilation rate becomes lower than the Universe expansion rate, such
particles are effectively decoupled from the SM plasma and their concentration is ‘frozen’.
WIMPs are massive particles with masses from a tenth of GeV to hundreds of TeV. This is
an example of CDM. Quite amazingly, the value of the annihilation cross-section required
for providing the observed DM density is close to that of the weak cross-section. This fact,
known as “WIMP miracle”, is the main driving force of the direct DM detection program.
Indeed, the same interaction that allows producing WIMPs in the Early Universe could be
responsible for their scattering with a nucleus (see the discussion of the direct detection
experiments below).

WIMPs can also be self-interacting e.g. if the dark sector contains not only one single
DM particle but also a mediator of the interaction between DM particles, see e.g. [83] for
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a review. As it was discussed, SIDM could have an interesting impact on astrophysics and
cosmology. Its particle physics phenomenology depends on the spin of the mediator, the
mass ratio between the DM particle and the mediator, etc. One simple (but viable) SIDM
model and its searches at accelerators, direct detection as well as their combination with
astrophysical constraints are discussed in Section 5.

Another candidate is the so-called sterile (right-handed) neutrino, see e.g. [17, 138,
139]. This is an example of Warm DM. Sterile neutrinos naturally arise once one tries to
explain neutrino masses via the so-called see-saw mechanism. 2 This mechanism implies
a mixing between active and sterile neutrinos. One consequence of such mixing is that
sterile neutrinos can decay into active ones and a photon (radiative decay). Therefore,
even though sterile neutrino DM cannot be detected directly, they can be very efficiently
searched astrophysically. From the astrophysical constraints on the mixing angle, it is
known that DM sterile neutrino interacts so feebly with the SM matter that it is never in
thermal equilibrium in the Early Universe. Therefore its primordial velocity spectrum has
a non-thermal shape.

The last example is the axion, or, more broadly, the Axion-like particle (ALP), for a
review see e.g. [143, 144]. Axions were proposed by Peccei and Quinn [145] to solve the
Strong CP problem. In general, it is a very light CDM candidate with the massma � 1 eV.
The axion a interacts with the SM as

Lint = gaaFµνF̃
µν , (2.11)

where F̃ µν = 1
2
εµνσρFσρ. In the original model, the interaction strength ga was propor-

tional to the axion’s mass, but one can consider a more general situation of axion-like
particles (ALPs), that does not solve the Strong CP problem but still are viable DM can-
didates. In ALP models, there is no connection between interaction strength and mass of
the particle.

It is also possible to consider axions as an example of the so-called fuzzy DM [146] –
a very light DM particle with so large quantum wave-length that quantum effects change
the inner structure of DM haloes. In all such models the DM particle is extremely light
(∼ 10−22 eV in the case of fuzzy DM) and the production mechanism – vacuum realign-
ment [147] – is very different from that of cold DM. ALPs are also a subject of a direct
experimental search, but, again, the mechanism is very different.
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Figure 2.8: Illustration of the possible approaches to DM detection, using WIMPs as an
example. Taken from [148]. For other types of Dark Matter candidates some of these
approaches, e.g. accelerator searches or direct detection, may not be available.

2.5 Dark Matter detection
The possible methods of DM detection are:

• Direct detection: find a signal of the interaction of DM with a nucleus in the labo-
ratory.

• Indirect detection: find a signal from decay/annihilation of DM from space.

• Search at accelerators: find events with DM particles at colliders.

Many other efforts exist to search for signatures of Dark Matter particles or their decay
or annihilation via their influence on the CMB, on stellar burning processes [149], in
precision measurements[150], etc.

2.5.1 Direct detection

The goal of direct detection experiments is to detect in laboratories DM particles from the
Milky Way halo around us. For such an experiment we need to know details of the inter-
action of DM particles with the SM. Therefore, this type of searches should be designed
for a concrete type of DM candidates. For this reason, it makes sense to discuss it only for

2In fact, it is enough to add to the SM two sterile neutrinos to explain the data on neutrino flavor oscil-
lations. These two particles interact with the SM too strongly to be Dark Matter. The third right-handed
neutrino can have much more feeble interaction such that it can be a very good DM candidate [140, 141].
Its contribution to neutrino masses is then negligible [142].
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Figure 2.9: Left: Scheme of the operation of the XENON experiment. Credits: Gaudiman
[CC BY-SA 3.0]. Right: Upper limits on spin-independent cross-section σSI with 1σ
(green) and 2σ (yellow) sensitivity bands. Taken from [153].

concrete examples. Below we consider two such examples – direct detection of WIMPs
and direct detection of axions.

Probably the only question relevant for direct detection that can be discussed model-
independently. What do we know about DM halo properties around Earth? The average
DM density is known to be ρ� = 0.4 GeV/cm3 [151] and the average velocity of DM
particles ∼ 200 km/s.

However, even the local DM density may be model-dependent. Indeed, what is relevant
for the direct detection is not the average density in the Milky Way at the distance r� from
the Galactic Center, but the local density that can be encountered by Earth in the process
of its movement around the Sun and, together with the Sun, around the Galactic Center.
This is already model-dependent. Indeed, in the cold DM (e.g. WIMPs) one could expect
small dark clumps, in some cases down to the size of Earth. In the case of axions, the DM
distribution may have the so-called caustics, where the density can be very high [152].

Direct detection of WIMPs. As we discussed above, WIMPs can scatter on nucleons
and electrons via the same interaction that is responsible for the annihilation and produc-
tion in the Early Universe (see Fig. 2.8). For spin-independent scattering, the cross-section
of the scattering on nucleons is much larger than on electrons [38], as the center of mass,
energy is larger. This also means that the materials with a large atomic mass have an
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Figure 2.10: Feynman diagram of the Primakoff conversion.

advantage. The typical kinetic energy of a WIMP is

Eχ,kin ∼
mχv

2

2
∼ 0.02 MeV

( mχ

100 GeV

)
. (2.12)

This means that as a result of such a scattering the nucleon will remain a part of the whole
nucleus, but the atom will be ionized. Therefore, potentially we will have three signatures
of the scattering: a (relatively) high-energy electron, nucleus and, additionally, a phonon.

There are many experiments that aim for direct detection of WIMPs, e.g. XENON [154],
LUX [155], ZEPLIN [156], EDELWEISS [157], CRESST [158, 159] etc. As a charac-
teristic example of such experiments, we can consider the XENON experiment [154] (see
Fig. 2.9) located in the Gran Sasso laboratory in the Italian Alps. The detection volume
is filled with liquid xenon. A galactic WIMP that scatters on a nucleus ionizes its atom.
An ion that propagates in xenon creates 178 nm ultraviolet photons, that are detected by
photo-multipliers PMTs (S1 signal). Electrons in the electric field Ed drift to the detectors
and can be detected (S2 signal). The combination of S1 and S2 signals is sufficient to
distinguish the DM signal from the background.

Direct detection of axion-like particle Dark Matter. ALPs can be searched via a spe-
cific mechanism called the Primakoff conversion, that converts axions into photons in the
external electromagnetic field, see Fig. 2.10. For instance, the ADMX experiment [162]
(see Fig. 2.11) uses microwave cavity to increase axion conversion rate in the presence of
the background microwave photons in the cavity. ADMX measures the power of converted
photons up to the level P ∼ 10−26 W [38].

2.5.2 Indirect detection

DM indirect detection also aims to detect Dark Matter particles that exist in a halo, often
in the Milky Way halo or one of its satellites. The main difference with direct detection
is that the interaction of the DM particle with ordinary matter – decay or annihilation to
SM particles – happens not in a laboratory, but directly in space, sometimes very far from
Earth. If the products of decay or annihilation are charged particles, it is very challenging
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Figure 2.11: Left: Scheme of the ADMX experiment [160]. Right: Sensitivity of the
ADMX experiment for the parameter space that already excluded (blue) and that will be
explored (green) [161].

to know even the direction towards the source, as charged particles change their direction
many times moving in the Galactic magnetic field of the Milky Way that has quite non-
trivial structure. In this case, e.g. a feature in the spectrum of anti-particles can be used
as a possible signature of DM decay [20]. Below we will discuss only the case when the
signal from annihilation (decay) is in photons [163] (so-called “prompt” emission). In the
case of photons, the direction towards the source is known. The main challenge, in this
case, is to distinguish it from the backgrounds.

What signal one should expect? As we know, DM particles are distributed in galaxies
in such a way that in the center of a galaxy there are more DM particles than at the edges.
So we expect the strongest signal from the center.

The differential γ-ray flux, Φγ , for the promt emission integrated over the solid angle
∆Ω can be written as [151]

dΦγ

dEγ
(Eγ,∆Ω) = ΦPP (Eγ)× J/D(∆Ω), (2.13)

where ΦPP (Eγ) is proportional to the annihilation cross-section or the decay width and
depends on particle physics only, while J/D(∆Ω) (factors for annihilation/decay) takes
into account the geometry of the system and the DM density distribution. For the annihi-
lating Dark Matter the J factor depends on ρ2, because for the DM annihilation two DM
particles should interact. The definition of the J factor is:

J(∆Ω) =

∫

∆Ω

∫
ρ2(l,Ω)dldΩ, (2.14)

26



Figure 2.12: Difference between signals from decaying (left panel) and annihilating DM
(right panel) calculated for a simulated Milky Way size galaxy. Brightness represents the
value of J or D factors, correspondingly. Taken from Subinoy’s talk.

where l is the distance along the line of sight and iΩ is the solid angle. For a decaying
particle, only one DM particle is needed to produce a signal, therefore, the D-factor is
linearly proportional to the density,

D(∆Ω) =

∫

∆Ω

∫
ρ(l,Ω)dldΩ. (2.15)

As a result, the signal from annihilating DM is much more concentrated in the center of a
halo, while the signal of decaying DM has a wider distribution, see Fig. 2.12.

Below, we will discuss the case of annihilating DM. Therefore, let us describe the ex-
pected signal in more details for this case. We have discussed the spatial morphology of the
DM annihilating signal (of course this morphology depends also on the DM density profile
in a target, see Section 4 for the detailed discussion for the case of the Milky Way). Also,
we need to describe its spectral properties. These are not unique and depend on a particle
physics model and available annihilation channels. First of all, we have to distinguish two
scenarios of γ photons creation. The first one is the so-called prompt emission, i.e. the
scenario when photons are produced directly in the annihilation (e.g. DM + DM → γγ)
or from a very fast decay of secondary particles (e.g. DM + DM→ π0 + · · · → γγ+ . . . ),
see a review [163] for more details. In this case, the photons are produced in the same
place where the annihilation happens. Another possibility is that there are charged parti-
cles (electrons, protons) that are produced in the initial annihilation. Typically, they travel
some distance from the creation point and produce photons for example via the Inverse
Compton process. We call this secondary photon emission.

Such a γ-ray signal is more diffuse than the prompt one. Below we assume that the
contribution of secondary emission is negligible (see Section 4) and the morphology of the
signal is defined by the J-factor.

This spectral shape of prompt emission of the signal can also be very different. In the
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Figure 2.13: The bounds on the cross-section for the case of annihilation into a monochro-
matic γ-ray line, obtained by the H.E.S.S. observations of the Galactic Center [164] (left)
and Fermi-LAT [165] (right).

simplest case of DM + DM→ γγ the energy of the final photon is fixed Eγ = MDM. Such
a narrow line signal is considered to be a “smoking gun” signature of DM annihilation
(decay) [166]. This case was intensively studied by H.E.S.S., see Fig. 2.13 with bounds
on the annihilation cross-section in such a model. Other examples of “smoking gun”
signatures are discussed e.g. in [163, 167]. Let us consider for example the case of DM +

DM → W+W− annihilation. W boson has pure leptonic and hadronic decay modes,
the hadronic branching ratio is BR(W → hadrons) ≈ 66%. In such a case a number of
pions are created (average number of charged pions is 15.7 [14], only π0 are important
for prompt emission of photons). This is a many-body decay process, so the spectrum of
photons is wide and has the maximum below MDM (see Fig. 2.14).

Backgrounds. In real life the DM annihilation signal should be of course detected
against various backgrounds. The sources of the background are CR and Galactic Diffuse
Emission (GDE), which we describe below. The CR background is especially important
for the Imaging Atmospheric Cherenkov Telescopes (IACTs) (see a detailed discussion
and the description of these instruments in Section 4). The difference in spatial morphol-
ogy between the signal and the background is illustrated in Fig. 2.15.

The first background, CRs, is isotropic as it is produced by charged particles, which
are entangled in the magnetic field of the galaxy and “forget” the direction towards their
place of creation, see Fig. 2.16. CRs are composed mainly of protons with a small fraction
of helium, iron and other nuclei as well as electrons.

The second background is the diffuse emission from the Galactic disk. This back-
ground component consists of two parts – one is the emission from unresolved galactic
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Figure 2.14: The DM spectrum for promt emission for different annihilation channels for
MDM = 2 TeV. Taken from paper IV [30].

Figure 2.15: The simulated signals for an atmospheric Cherenkov telescope from CRs
(left), GDE (middle) and DM (right) (generated with ctools, see Section 4).

point sources and the other one is the “true” Galactic Diffuse Emission.
As for unresolved point sources, for example, a population of galactic millisecond pul-

sars (MSPs) can significantly contribute to the observed GDE. Close to the Galactic Center
region this population is the main candidate for the explanation of the Fermi/LAT “Galac-
tic Center GeV excess” [169]. The parameters of the MSPs distribution that are required
to explain these data seem to be consistent with the models of stellar evolution [170]. At
the same time, the exact form of this distribution as well as its contribution to the GDE
remains quite uncertain.

The true GDE originates from interactions of high-energy CRs with interstellar pho-
tons or interstellar gas (mainly H). There are 2 possible scenarios of producing GDE
photons which depend on the primary CR particle:

• a high energy proton with a photon from the background can create π0 which quickly
decays into a pair of photons (this mechanism is important for the high-energy GDE
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Figure 2.16: The CR spectrum observed by different data. Taken from [168].

background, see Fig. 2.17). Also, protons can be created by Bremsstrahlung;

• high energy electrons can create photons via four different processes: Inverse Comp-
ton; Bremsstrahlung; annihilation of positrons and synchrotron radiation.

Inverse Compton is a process in which a high-energy electron transfers its energy to
a low-energy photon. In the galaxy, there are two main components of the low-energy
photon background: CMB photons and starlight. CMB photons have a constant density,
while diffuse galactic radiation is denser in the center of the galaxy.

Bremsstrahlung and annihilation of positrons give a contribution to the photon spectra
with energies below 1 GeV and below 1 MeV.

To distinguish the DM annihilation signal from CRs and GDE backgrounds we can
use both its spatial morphology (see Fig. 2.15) and its spectral properties. Fig. 2.18
shows an example of a spectrum measured by a γ-ray telescope for the model contain-
ing CRs+GDE+DM.
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Figure 2.17: The contribution to the total flux of GDE photons produced by electronic and
nucleon components [171].

Figure 2.18: An illustration of the contribution to simulated number of events from CRs
(red curve), GDE (blue curve) and DM (green curve) with MDM = 2 TeV for the WW
channel. Black points are the total number of events.

2.5.3 Search at accelerators

DM, if not stable, should be a very long-lived particle. So if it is produced at any accelera-
tor experiment the expected signatures are missing energy and/or missing momentum. For
hadron colliders like the LHC, it is impossible to check the full conservation of energy, as
the particles produced with a small angle fly into the pipe and their properties cannot be
measured. Instead, the total momentum in the transverse direction pT has to be conserved
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Figure 2.19: An example of the Higgs production in vector boson fusion and its decay into
DM particles (a). Diagrams (b) and (c) show the main SM background. Figure is taken
from [172].

and can be measured. Therefore, to search for Dark Matter at the LHC one should search
for missing pT . The main background for such processes is given by evens with SM neu-
trinos (see an example in Fig. 2.19). It is possible to reduce such a background assuming
a certain model. In such a case one can use model dependent signatures, introducing such
cuts on the initial and finale states that reduce significantly the number of SM events and
do not affect the signal, e.g. a high-energy photon + missing pT , a monojet + missing
pT , a high-energy lepton + missing pT , etc. An example of such a search for a model
where the dark sector couples to the Standard Model via mixing with the Higgs boson (the
so-called “scalar portal”) is discussed in details in Section 5.

A different strategy can be adopted in experiments with electronic beam dumps (e.g.
LDMX [173]) and some other non-collider experiments, e.g. experiments that study rare
meson decays (e.g. NA62 [174]). In such experiments, it is possible to measure with high
precision both the initial and final 4-momenta of all SM particles (except neutrinos). This
allows to really search for missing energy rather than missing pT and significantly increase
the sensitivity of DM searches (for small enough masses of DM particles).

32



Chapter 3

Self-interacting Dark Matter1

3.1 Theoretical description of SIDM

3.1.1 Qualitative picture: local equilibrium and rSIDM

When Dark Matter particles scatter they change both directions and absolute values of
their velocities. If DM density grows (e.g. in the center of a halo), collisions become more
frequent and more effectively prevent particles from gathering near the center. One can
expect a number of effects of DM self-interactions [110] including: (i) to isotropize the
DM phase-space distribution f and (ii) to form an region in the inner parts of the halo
where the scatterings give rise to an effective pressure that compensates gravity, stops DM
from further collapsing towards the center and DM density from growing. In this central
region, we may expect the formation of an inner core with almost constant density. As
we will see, this picture is roughly confirmed by simulations. For cross-sections σ/mχ ∼
1 cm2/g the cores observed in simulations have quite noticeable sizes (a fraction of rs of
the Navarro–Frenk–White (NFW) profile that fits the halo at large distances).

It is instructive to compare this behavior of simulated SIDM haloes with the properties
of the hot gas in galaxy clusters. This gas is also a system with collisions, but with a
much larger cross-section. The temperature and the density profile of intergalactic gas are
reconstructed from observations of its X-ray emission. The observed behavior of gas is
very different from what we see in SIDM simulations. Indeed, the temperature (velocity
dispersion) of gas changes with radius. The density of gas does not exhibit a core, it is
close to an isothermal density profile with ρ ∝ r−2 and therefore it is even cuspier than
NFW (see e.g. [175, 176]).

This difference can be understood if we estimate the mean free path of DM particles
between collisions, λ. We can easily check that for the case of SIDM with allowed cross-
sections we are in the weakly interacting regime, in the sense that the mean free path is
large as compared to the size of the system. Let us estimate λ e.g. for a typical dwarf

1In this section we largely follow papers I and II [28, 29]. Section 3.3 contains a new material, to be
published in 2019.
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galaxy,

λ ≡ 1

σnχ
' 4.8 kpc

(
1 cm2/g
σ/mχ

)(
1M�/pc3

ρχ

)
. (3.1)

This is clearly larger than the sub-kpc cores reported in dwarf galaxies, for realistic core
densities ρcore = O(1) M�/pc3 for dwarf galaxies [36] (ρcore = O(0.1) M�/pc3 for
clusters [177]). For galaxies and galaxy clusters the situations are similar. Therefore, for
such cross-sections, a DM particle typically only scatters at most a few times during the
whole halo lifetime tage even if it may pass through the core region much more often.

These scatterings, nevertheless, change the velocity of particles and thus an equilib-
rium can be established in the inner part of the halo. In the outer parts of the halo, on the
other hand, scatterings are so rare that the densities and velocities of DM particles would
be very close to those of the CDM case. At large distances, we may expect therefore that
the standard (NFW) DM profile should describe a SIDM halo well enough.

The simplest model [95–97, 107, 118, 178–180] is to assume that there exists a radius
rSIDM such that:

• for r > rSIDM the density profile is well described by NFW,

• while for r < rSIDM we have an equilibrium.

Typically, scatterings first establish a local equilibrium inside a volume of the scale
of a few mean free paths, establishing a global equilibrium in the whole system may take
longer. Systems with large cross-sections and short (as compared to the size of the system)
λ contain many such volumes and therefore the temperature can be different in different
parts of the system. This is the picture that is observed e.g. in clusters of galaxies (see
Eq. (2.4) and related discussion in Section 2). For SIDM haloes, as we saw the mean
free path is large as compared to the size of the system and there is only one equilibrium
volume, outside this volume the density already drops and no equilibrium is established
there.

The velocity dispersion established as a result of SIDM scatterings does not change
inside rSIDM.

This expectation is in a good agreement with simulations. To estimate the size of
the region of equilibrium, rSIDM, one often assumes [105] that the average number of
collisions per particle ξ is of order one, i.e.

ξ =
L

λ
=
vχtage

λ
=

σ

mχ

〈ρχ〉SIDMvχtage . (3.2)
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Here 〈ρχ〉SIDM is the average density inside this region, vχ = 4/
√
π σv is the average

relative velocity of the DM particles inside r = rSIDM, and ξ & 1 is an unknown number
that we have introduced. This can be understood as a number of collisions that are needed
to achieve the thermal equilibrium inside rSIDM.

For constraining SIDM it is important to relate the observationally accessible core size
of the haloes to the self-interaction cross-section. In particular, we need to find

1. the relation between rcore and rSIDM,

2. the relation between rSIDM and σ/mχ for a given halo.

In the next subsections we will discuss an analytic model of the picture described
above and will test this model using numerical simulations.

3.1.2 Analytic description of SIDM haloes

The dynamics of the self-interacting Dark Matter in the halo is governed by the Boltzmann
equation,

df

dt
≡ ∂f

∂t
+ v · ∇f −∇Φ · ∂f

∂v
= Icoll, (3.3)

where f is a distribution function of DM particles and Icoll is a collision integral that takes
into account collisions between DM particles. To close the system of equations we need
to add Poisson’s equation,

∆Φ = 4πGρ. (3.4)

As discussed above, a SIDM halo can be modeled by two regions (see [83] for a re-
view):

• outside rSIDM collisions are insignificant and the collision integral in the Boltzmann
equation can be neglected;

• inside rSIDM we assume that interactions are efficient enough to establish thermal
equilibrium and the collision integral also vanishes.

The simplest model of the central part of the SIDM halo is to consider an isotropic
steady state in the equilibrium. It is described by the Jeans equation (see Appendix A for
its derivation from the Boltzmann equation),

1

3

∂(σ2
vρχ)

∂r
= −ρχ

∂Φ

∂r
, (3.5)

where σv is the 3D velocity dispersion and ρχ is the density of Dark Matter particles.
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Figure 3.1: Different solutions of the Jeans equation connected to the NFW profile at
radii rSIDM = 0.3rs (left panel) and rSIDM = 3rs (right panel) with fixed mass condition
Miso(rSIDM) = MNFW(rSIDM).

Using Poisson’s equation (3.4) (as well as neglecting the contribution of baryons to the
gravitational potential) the Jeans equation simplifies to

d

dr

(
r2

3ρχ

d(σ2
vρχ)

dr

)
= −4πGr2ρχ . (3.6)

As discussed above, for small cross-sections typical for SIDM, particles move freely
inside rSIDM and the velocity dispersion is approximately constant in that region. With this
condition, the Jeans equation becomes

σ̄2
v

3

d

dr

(
r2

ρχ

dρχ
dr

)
= −4πGr2ρχ, r < rSIDM, (3.7)

where the constant σ̄v describes the average value of the velocity dispersion σv inside
rSIDM.

The Jeans equation has solutions with different asymptotic behaviour in the center, see
examples in Fig. 3.1. We consider the solutions where the density goes to zero as clearly
unphysical. There are two classes of physical solutions: solutions with a constant density
in the center and solutions with a density cusp in the center. For example, it is easy to
check explicitly that ρ(r) = σ2

v/(2πGr
2) satisfies Eq. (3.7). This solution is called in

the literature “the isothermal sphere” [46]. It describes systems where the temperature
is a constant but the mean free path is much smaller than the size of the system. As
discussed above, this is the physical solution for cross-sections much larger than what we
are interested in here. Therefore, we will not consider such solutions2.

2 We note that a solution with a thermalized inner core in SIDM haloes is only a quasi-stable config-
uration. Given enough time, collisions eventually will result in the well-known gravothermal catastrophe,
studied in globular clusters [181]. The collapse of the core leads to a central density profile that is even
cuspier than in CDM haloes [182, 183]. For this process to be relevant within a Hubble time, however, large
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The class of solutions that is relevant for our purposes describes roughly a constant
density at small radii, ρ′χ(0) = 0, and approach the isothermal sphere at larger r. The
so-called pseudo isothermal sphere,

ρISO(r) =
ρ0

1 + r2/r2
0

, (3.8)

is a very good approximation to this class of solutions for the Jeans equation, at least for
r � r0 and r � r0.

As our goal is to build a model for weakly interacting SIDM as observed in simulations,
we will consider only the solutions with constant density in the center and will, therefore,
impose the condition ρ′(0) = 0.

The second-order Jeans equation (3.7) inside rSIDM requires two boundary conditions.
Additionally, we need to fix the free parameter σv that can be done imposing ρ′(0) = 0,
as for SIDM we limit ourselves to the solutions with a core. Below we will discuss
possible boundary conditions and will verify them by direct comparison with simula-
tion data.

Gluing with CDM. 3 Outside rSIDM there is no reason to assume that σv is a constant
as particles do not scatter and do not exchange their velocities. Instead, we assume that
the density profile ρ(r) is the same as for collisionless CDM. When modeling simulated
haloes, we will take this ρ(r) from CDM simulations, for the observed objects this will
be a NFW profile that fits the data at large radii. The Jeans equation (3.5) becomes an
equation for the velocity dispersion σv(r).

Then to build a solution for all radii, we need to glue together a solution of the Jeans
equation for a constant σv for r < rSIDM with e.g. ρNFW(r) for r > rSIDM. Let us as-
sume that scatterings between DM particles do not push them outside rSIDM, but only
re-distribute them inside this radius. This means that we can choose, as the first boundary
condition, the requirement that the mass at rSIDM is the same in the SIDM halo as in the
CDM halo.

Our first assumption is therefore that the radius where the masses are equal roughly
coincides with the radius rSIDM where the velocity dispersion becomes constant

(I). MSIDM(rSIDM) = MCDM(rSIDM) .

cross-sections & 10 cm2/g are required, so this regime is not relevant for the purposes of our work.
3Below, till section 3.2.7, we follow paper II [29]
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In the literature it is often assumed that the second condition at rSIDM is that the density
is continuous ρSIDM(rSIDM) = ρCDM(rSIDM). This condition, however, is not at all obvious.
Indeed, to derive the Jeans equation we need to assume that the collision integral in the
Boltzmann equation is zero. In our model, as discussed above, the collision integral is
equal to zero on both sides of rSIDM (for different reasons on each side). In reality, how-
ever, there exists an intermediate layer around rSIDM where the collisions frequency is not
sufficient to establish an equilibrium, but the collisions cannot be neglected completely.

When we assume that the Jeans equation is valid on both sides of rSIDM, we imply that
the width of this intermediate layer is much smaller than rSIDM.

It is clear that in the approximation that we use we can not demand that all quantities
will be continuous at rSIDM.

There is, therefore, no reason to assume that mass and density will be equal for SIDM
and CDM at the same radius (and, in particular, at rSIDM). We will see in the simulations
that indeed, the densities are not the same at rSIDM. We will assume therefore an alterna-
tive second boundary condition. Namely, let us introduce the total kinetic energy of DM
particles inside radius r defined as

Ekin(r) = 2π

r∫

0

ρCDM(r)σ2
v(r)r2dr. (3.9)

Instead of continuous density, we will assume as the second boundary condition that
the kinetic energies inside rSIDM are equal for CDM and SIDM

(II). ESIDM
kin (rSIDM) = ECDM

kin (rSIDM) .

These two boundary conditions for the Jeans equation are sufficient to choose a unique
solution with a constant density at the center (the value of σ̄v is additionally fixed by the
requirement of ρ(0)′ = 0).

3.2 Testing the theory with simulations
In this section, we use 28 simulations of DM-only galaxy clusters [124]. The mass range
for these cluster-sized haloes is M200 ≈ 0.5 − 1.9 × 1015 M� h−1. All 28 haloes were
simulated in CDM and SIDM cosmologies with cross-sections σ/m = 0.5 cm2/g and
σ/m = 1 cm2/g. Also, 10 haloes were simulated with cross-sections σ/m = 5 cm2/g and
σ/m = 10 cm2/g (see [124] and paper II [29] for details).
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Figure 3.2: The dependence of the SIDM surface density in the core (right panel) and the
core radius (left panel) on the cross-section. Error bars represent the scatter in our suite
of simulated haloes. The data is split into 2 approximately equal mass bins. Taken from
paper II [29].

3.2.1 Main properties of simulated SIDM haloes

The general expectation that SIDM haloes should develop cores is confirmed in all our
simulated SIDM haloes. As shown in the left panel of Fig. 3.2 we also confirm that the
core radius should grow with the interaction strength.

In this work we define the core radius rcore as: ρSIDM(0) = ρCDM(rcore) .

This definition of the core radius does not depend on the parametric model of the core
profile used to fit the data. An observable quantity that allows using in our analysis objects
of very different sizes is the surface density Σ inside the core radius. Σ is defined as in
paper I [28]

Σ(r) =
3M(r)

4πr2
. (3.10)

In the right panel of Fig. 3.2 we show this quantity as a function of the interaction strength.
In Fig. 3.2 we have grouped both rcore(σ/m) and Σ(σ/m) into two mass bins. We see that
both quantities saturate around σ/m ∼ 5 cm2/g and the maximal rcore is larger for haloes
with larger masses.

These plots allow us to make immediately a couple of important observations

• The core radius depends weakly on the interaction strength. This means that a small
error in the measurement of the core radius gives rise to a significant error for the
cross-section.

• It is completely impossible to constrain cross-sections larger than σ/m & 5 cm2/g.

These conclusions are derived from simulation results and do not imply any analytical
model to describe DM self-interactions.
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Figure 3.3: The ratio of the kinetic energies of SIDM and CDM haloes as a function of
halo concentration. Taken from paper II [29].

3.2.2 Testing the model assumptions by N-body simulations

To verify the analytic simple model formulated above, we will explicitly test whether at
the same radius rSIDM

1. masses of CDM and SIDM haloes simulated with the same initial conditions are
equal to each other inside rSIDM;

2. the total kinetic energies of CDM and SIDM particles are the same;

3. for the SIDM case, the velocity dispersion is flat inside rSIDM.

Below we will demonstrate that in our simulations such a radius indeed exists for all
haloes. Then we will solve the Jeans equation (3.7) with the above-mentioned boundary
conditions at rSIDM and compare the results with the density profiles of the simulated SIDM
haloes.

We start by finding the radius rSIDM ≡ rM (radius inside which the masses in SIDM
and CDM are equal) for all simulated haloes.

Next we compare the total kinetic energies inside these radii. The ratio of total kinetic
energies from SIDM and CDM simulations is shown in Fig. 3.3 as a function of the halo
concentration, c = r200/rs (see Section 3.2.8 for details).

In Fig. 3.3 we observe that the kinetic energies of SIDM and CDM profiles inside
radius rM are equal up to . 5% difference for most of the objects.
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Figure 3.4: The average deviation of the total velocity dispersion inside rM from the best
fit constant value σ̄v in SIDM simulations with different cross-sections σ/m, as a function
of halo concentration. Taken from paper II [29].

Next we check that the SIDM velocity dispersion is constant inside rM . Fig. 3.4 shows
the deviation of the velocity dispersion from the best fit constant value σ̄v, averaged inside
rM as 〈δσv〉 = 〈|σ − σ̄v|〉, as a function of halo concentration.

For most of the haloes the velocity dispersion is constant up to a deviation . 5% for
σ/m ≤ 1 and . 1% for σ/m ≥ 1 cm2/g.

The equality of kinetic energies and masses can be used to predict the velocity disper-
sion σ̄v for SIDM haloes. The kinetic energy is given by

ECDM
kin =

∑

particles

mi
v2
i

2
. (3.11)

For CDM we can calculate this quantity directly for all particles inside rM from simu-
lations and obtain ECDM

kin (rM). For SIDM we assume that in average we can substitute
v2
i = σ̄2

v and the kinetic energy becomes

ESIDM
kin =

∑

particles

mi
σ̄2
v

2
=
σ̄2
v

2

∑

particles

mi = M(rM)
σ̄2
v

2
. (3.12)

The equality of kinetic energies and masses inside rM means thatECDM
kin (rM) = MCDM(rM)

σ̄2
v

2
and we can predict

(σ̄pred
v )2 =

2ECDM
kin (rM)

MCDM(rM)
. (3.13)

We test this prediction with the simulation data for σ/m = 1 cm2/g in Fig. 3.5. Again, for
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Figure 3.5: Left panel: An example of the velocity dispersion profile for a SIDM halo
(blue) (σ/m = 1 cm2/g) and CDM (black) simulated for the same initial conditions.
Right panel: The average value of the velocity dispersion inside rM for simulated SIDM
haloes (blue) and the predicted values (gray) obtained from the equality of masses and
kinetic energies (σ/m = 1 cm2/g). Taken from paper II [29].

most of the haloes the predicted value is very close to what we see in simulations.
We can see that the predicted value of the velocity dispersion is quite good for most

haloes.

We conclude that rM is a good proxy for rSIDM and the boundary requirement of equal
kinetic energy, chosen as a second boundary condition provides a good prediction for
the value of constant velocity dispersion of SIDM haloes.

We have all the necessary ingredients that allow us to make predictions for the inner den-
sity profiles of the SIDM haloes and test these predictions with our simulations.

3.2.3 Testing predictions for the cores

Now we will use the Jeans equation with our boundary conditions to predict the inner
density profile for SIDM. An example of a predicted SIDM density profile for σ/m = 1

cm2/g is given in the left panel of Fig. 3.6.
We see that the prediction is not very good – the density in the core is lower than the

real density of the simulated halo. It is convenient to introduce the quantity of κ

κ =
〈ρ〉c
〈ρ〉M

, (3.14)

where 〈ρ〉c and 〈ρ〉M are the average densities inside the core and inside rM respectively.
The comparison between predicted and simulated κ is shown in the right panel of Fig. 3.6
(for the case of σ/m = 1 cm2/g).
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Figure 3.6: Left panel: Density profiles for a SIDM halo with σ/m = 1 cm2/g from
simulations (blue) and the prediction from isotropic Jeans equation (dashed gray line).
Right panel: Ratio between simulated haloes with σ/m = 1 cm2/g (blue) and predicted
with the isotropic Jeans equation (gray) central density as a function of halo concentration.
Taken from paper II [29].
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Figure 3.7: The ratio of simulated and predicted (isotropic Jeans equation) values of κ =
ρ(0)/〈ρ(rM)〉, for different values of self-interaction cross-sections σ/m. Taken from
paper II [29].

The density predicted with the Jeans equation is systematically lower as compared
to the simulations. The average value 〈κ〉sim/〈κ〉pred = 1.6. A similar behaviour is
observed for other cross-sections as well (see Fig. 3.7). We will see in the next section
that the reason for this systematic discrepancy is anisotropy in the velocity dispersion
that appears to be surprisingly large for the simulated SIDM haloes.
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r), cyan, blue and orange for

σ/m = 0.1, 1 and 5 cm2/g, black for CDM. The vertical green dashed line indicates rM ,
left and right panels are two different simulated haloes. Taken from paper II [29].

3.2.4 Anisotropic velocities and improved prediction for the inner den-
sity

In a perfect kinetic equilibrium, the velocities distribution should be isotropic and therefore
the anisotropy of velocity dispersion β

β(r) = 1−
σ2
θ + σ2

φ

2σ2
r

(3.15)

should be equal to zero.
In the SIDM haloes, the equilibrium may not be perfect – it can be established only in

the relatively small inner part and particles from outside that region can enter and leave it.

Indeed, in SIDM simulations, we can see (Fig. 3.8) that the anisotropy for SIDM
haloes is not negligible at rM (and close to its values for CDM), at least for σ/m .
1 cm2/g.

This means that to describe the SIDM density one needs to use the anisotropic Jeans
equation (see [175] and Appendix A)

d

dr

(
r2

ρ

d

dr

(
ρσ2

r

)
+ 2rβσ2

r

)
= −4πGr2ρ , (3.16)

with the radial velocity dispersion σr. Nevertheless, we see that in the simulations the total
velocity dispersion σv is very close to a constant. We can express σr via this constant and
anisotropy β as

σ2
v ≡ σ2

r + σ2
θ + σ2

φ = σ2
r(3− 2β) . (3.17)
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Figure 3.9: Velocity anisotropic profiles for CDM haloes. Error bars represent the standard
deviation. The red line is the best fit with the ansatz (3.18) (see Table 3.1). Taken from
paper II [29].

Best fit values of 〈β〉 = A ln(r/rβ)
σ/m [cm2/g] A rβ[kpc]

CDM 0.067 13.7
0.1 0.074 21.8
0.5 0.089 50.1
1 0.102 76.4
5 0.124 194
10 0.166 387

Table 3.1: The best fit parameters for the anisotropy profile β(r) (Eq. 3.18) from simulated
haloes for different cross-sections.

To solve Eq. (3.16) we need the anisotropy profile β(r) as an input. In our simula-
tions, we know β(r) for each object. However, for the real observed objects, the velocity
anisotropy of DM particles is not directly observable. We tried to use simulations in such
a way that it can be applied to real objects. Namely, we use a simple ansatz

〈β(r)〉 =

{
A ln(r/rβ), for r ≥ rβ

0, for r < rβ
(3.18)

to fit β(r) for all haloes for a given cross-section (see Fig. 3.9). The best fit values of A
and rβ are given in Table 3.1.

Solving Eq. (3.16) with an ansatz 〈β(r)〉 we see that by taking into account anisotropy,
we significantly improve the accuracy of the predictions as compared to what have
been used in the literature (see Fig. 3.10 and Fig. 3.11).
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Figure 3.10: Left panel: Density profiles for a SIDM halo with σ/m = 1 cm2/g.
Blue points - simulations, dashed gray line - prediction of isotropic model, orange line
- anisotropic model. rM is marked by the red dot. Right panel: κ = ρ(0)/〈ρ(rM)〉 for
σ/m = 1 cm2/g as a function of halo concentration from the simulation data (blue), and
the isotropic/anisotropic Jeans equation (gray/orange). Taken from paper II [29].
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Figure 3.11: Left panel: The ratio of the simulated and predicted (anisotropic Jeans
equation) values of κ as a function of halo concentration for different values of the self-
interaction cross-section σ/m. Right panel: The mean values κsim = ρ(0)/〈ρ(rM)〉 with
the standard deviation in simulated SIDM haloes as a function of the self-interaction cross-
section σ/m. Taken from paper II [29].

For σ/m ∼ 0.1 cm2/g the difference between our predictions and the simulations
is a bit larger. This is because for so small cross-sections the equilibrium is even less
established.

3.2.5 Predictions based on NFW fits

For the real objects, we can not make predictions for the inner density profile of SIDM
haloes based on input from CDM simulations. Instead, we have to assume that the halo
shape is the same for CDM and SIDM at large radii. Then we can use NFW fits at large
r in the same way we use CDM simulation data here. At these distances, we usually have
smaller contributions from baryons and can trust our data about the DM density profile.
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Figure 3.12: Left panel: Total velocity dispersion profile for a simulated CDM halo (black
points) and the predictions from the anisotropic Jeans equation with NFW input (blue
line). Right panel: Constant velocity dispersion, σ̄v, of simulated SIDM haloes (σ/m = 1
cm2/g) inside rM as a function of concentration (blue), and predicted values (gray). Taken
from paper II [29].

In this section, we will try this approach using simulated haloes and fitting them by
NFW at large radii. To use the equal kinetic energy boundary conditions at rM we have
to find also the velocity dispersion. For this we solve the anisotropic Jeans equation (see
Appendix B) for σv using our NFW fits as an input. For the anisotropy β(r) we will use the
ansatz (3.18), see Table 3.1. An example of the solution for σv(r) is presented in Fig. 3.12
(left panel).

Then we can calculate the total kinetic energy of CDM inside rM and, therefore, the
constant σSIDM

v for the SIDM hallo, see Fig. 3.12 (right panel).
Then we can repeat the same procedure as above to predict the inner density profile of

SIDM. In Fig. 3.13 we see the comparison between the values of κ predicted as described
here and the values taken from simulations. The results obtained from the NFW fits are as
good as in Fig. 3.11, where CDM simulations were used as an input.

3.2.6 Predicting the radius rM for a given cross-section

So far we used rM as an input for our analysis and took it directly from simulations. If we
want to use our findings to constraint SIDM, we need to find an explicit relation between
rM and the cross-section.

In the literature in order to fix this relation it is often assumed that inside rSIDM the par-
ticles have in average one collision for the halo lifetime tage (see [83, 105] and references
therein):

N(r) ≡ σ

m
ρ(r)v(r)tage , (3.19)
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Figure 3.14: The radius rM (with the standard deviation of the ensemble) as a function of
the self-interaction cross-section. Taken from paper II [29].

and

N(rSIDM) =
σ

m
ρ(rSIDM)v(rSIDM)tage = 1 , (3.20)

where v(r) is the average relative velocity of DM particles at radius r that we estimate
(assuming the Maxwell distribution) as v(r) = (4/

√
3π)σSIDM

v (r), and tage is defined as
the half-mass formation time (see paper I [28]).

In this section, we will explicitly verify this relation using simulations. In Fig. 3.15 we
show the average number of collisions per particle at radius rM and notice that Nsim.(rM)

varies significantly in our simulation suite. In the bottom panel of Fig. 3.16 we show
typical examples of the radial dependence of the number of collisions, N(r), found in the
simulations.
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Figure 3.15: The average number of collisions at radius rM (left panel) as a function of
concentration for σ/m = 1 cm2/g and as a function of the cross-section (right panel),
fitted by N(rM) ∝ (σ/m)0.75. Taken from paper II [29].
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Figure 3.16: The average number of collisions inside (dots) and at radius rM (triangles),
as a function of concentration for σ/m = 1 cm2/g (top left) and 10 cm2/g (top right). The
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Figure 3.17: The mass (left) and the density (right) profiles for Carina [185]. The shaded
regions represent the observational uncertainty. Green, blue and red lines are the profiles
obtained using the approach of Ref. [105] for different cross-sections. The colored dots
represent rSIDM for the corresponding σ/m and the dashed vertical line indicates the half-
light radius. Taken from paper I [28].

We conclude that Eq. (3.19) does not predict the number of collision per particle cor-
rectly.

3.2.7 Connecting rcore and rSIDM by fitting rotation curve or density
profile

Before continuing, let us comment on why it is so challenging to directly relate the core
radius rcore to the cross-section of self-interaction. It has been argued [83, 100, 105,
106, 131, 184] that this question can be fully resolved for each halo by (i) defining the
scale rSIDM using the “one collision per particle” condition; (ii) fitting the solution of the
isotropic Jeans equation inside this rSIDM to the data (rotation curve, velocity dispersion
etc). Let us try to apply this procedure. In this section we follow paper I [28]. As a
reminder of our discussion in Section 3.1.2, the Jeans equation requires two boundary
conditions (plus one more condition to fix the parameter σ̄v). We choose ρ′(0) = 0 (cored
solution) and MCDM(rSIDM) = MSIDM(rSIDM). In this approach an additional boundary
condition of equal density at rSIDM is assumed, ρCDM(rSIDM) = ρSIDM(rSIDM).

The problem of this method is well-illustrated by Figures 3.17 and 3.18 where we
present the results of the application of this procedure to one observed object and one
simulated object. The first figure shows the observed data for the Milky-Way dwarf galaxy
Carina. We applied the method described above three times, for the cross-sections 1, 3 and
100 cm2/g. For this type of objects, the best measurement of the mass with the smallest
uncertainty is at the half-light radius rh. For the sake of the current experiment, we will
assume that the cored solution in the inner part is preferred. We find the best fit cored

50



Figure 3.18: Left panel: The density profile of a simulated cluster with the self-interaction
cross-section 1 cm2/g (black dots). Color lines are the best fits of that correspond to cross-
sections 1, 5 and 10 cm2/g. Right panel: Simulated density profiles of the same cluster
for these cross-sections.

solution of the Jeans equation describing the inner density profile inside rh. Then for each
assumed cross-section we can define rSIDM using the density and velocity profiles of this
best fit solution in the inner part. At this radius we impose the boundary conditions used in
[100, 105, 106, 131, 184], equal mass and density at rSIDM. These conditions allow fixing
the two parameters of the NFW profile for the outer part. Therefore, in this way we solve
the opposite problem, as compared to what we did in the previous sections – reproduce the
outer NFW assuming the core radius and the core density.

We see in Fig. 3.17 that all three NFW profiles obtained in this way are in agreement
with the data. Moreover, the difference between the cross-sections 3 and 100 cm2/g is very
small. We see that it would be difficult therefore to infer the value of the cross-section from
the Carina dwarf, even if we know that the core exists. For the cross-sections > 1 cm2/g
the dependence of the predicted outer NFW on the cross-section is too weak and therefore
not observable. The situation for other dwarfs galaxies is similar. In [106] it is claimed that
the sensitivity of the method to the cross-section improves a bit if one imposes the c-M
relation on the outer NFW profile. However, the scatter of the observed (and simulated)
haloes in the c-M relation can be up to an order of magnitude [186] and therefore we
expect that if the scatter is taken into account the uncertainty in the constraining cross-
section will remain large.

In the left panel of Fig. 3.18 we take the simulated data for a cluster-sized halo with
the cross-section 1 cm2/g. For this object we find the best fit profile for the cross-sections
1 cm2/g, 5 cm2/g and 10 cm2/g using the same method. Again, we see that profiles for
these cross-sections fit simulation data equally well.

Hence, for both objects, we made fits using the method with “one collision per particle”
and assuming different cross-sections. It is easy to see that we cannot distinguish the cross-
section 1 cm2/g from larger cross-sections using these fits.
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The method to connect rSIDM with the cross-section σ/m using “one collision per parti-
cle”, described in the literature, does not allow to infer the value of the self-interaction
cross-section from the observational data.

3.2.8 Surface density and model-dependent constraints on SIDM

In paper I [28] we did not have enough simulated data to compare with. Therefore, we
described the SIDM model using an analytical model. To make this model more realistic,
we introduced in the model unknown parameters describing systematic uncertainties in the
model and tried to fix these parameters from the available simulations. Even if in the next
Section 3.3 we will present an improvement of this method using more direct comparison
between the data and simulations, we will review the methodology and the constraints
from paper I [28] here. We will start introducing the main observable used in that paper
– the DM surface density. The properties of this quantity allow to derive a constraint on
SIDM using the whole ensemble of the observed objects.

Surface density

Let us remind the definition of the mean surface density

Σ(r) ≡ M(r)
4
3
πr2
≡ 〈ρ〉rr, (3.21)

and
M(r) = 4π

∫ r

0

r′
2
ρ(r′)dr′ (3.22)

is the mass inside the radius r.

• For a cored profile:

Σ(r) ' const · r for r < rcore, (3.23)

Σ(r) ' const/r2 · r = const/r, for r > rcore (3.24)

Therefore, Σ(r) is maximized at a radius close to the core radius.

• For the NFW profile

Σ(r) =
const

r
r ≈ 3

2
ρsrs − 2ρsr, r � rs

reaches its maximum for r → 0, with Σ(0) = 1.15 Σ(0.1 rs) = 2.62 Σ(rs). We will
denote this maximal value as Σmax.

52



●
●

●
●

●
●

▼▼
▼

▼▼

▼

▼
▼

▲
▲

▲▲
▲

▲▲

▲

▲
▲▲

▲

▲▲
▲▲

▲

▲

▲

▲▲
▲▲
▲

▲

▲ ▲▲

▲
▲▲▲ ▲

▲

▲
◆
◆◆◆◆

◆

6 8 10 12 14 16
0

1

2

3

4

Log10M200[M⊙]

Lo
g 1
0
S
D
[M

⊙
/p
c2
]

● Dwarf

▼ LSB

▼ GHASP

▲ THINGS

▲ LITTLETHINGS

▲ SPARC

◆ Cluster

Figure 3.19: The surface density inside rs of the best fit NFW profile, as a function of
M200 (see 3.3.1). The data are fitted by Σ ∝Mn

200 as given in Eq. (3.28) (dashed line). The
red solid line represents the best fit of the concentration-mass relation c.f. Eq. (3.36), the
shaded region shows 2σ variation of the slope and normalization. Taken from paper I [28].

It was originally argued in Refs. [187, 188] that Σmax does not depend on the mass and
the type of the galaxy (up to a certain scatter around the constant value) for objects from
dSphs to elliptical galaxies. However, Refs. [189, 190] showed that this conclusion was
based on a limited range of the halo masses. When taking into account all types of DM
haloes, up to massive galaxy clusters, it becomes clear that Σmax increases withM200. This
result has later been confirmed with larger data sets (see e.g. [191–193]) with a scaling
relation given by [193]

Σmax ∝M0.20±0.05
200 . (3.25)

The paper [190] provided a derivation of this scaling law within the CDM picture.

ΛCDM interpretation

The scaling relation for the surface density as a function of M200 finds a very natural
interpretation in ΛCDM cosmology. For an NFW halo, we have

MNFW(r) = 4πρsr
3
s

[
log

(
rs + r

rs

)
− r

r + rs

]
, (3.26)

and hence
ΣNFW(rs) =

3

2
(log 4− 1) ρsrs ≈ 0.579 ρsrs . (3.27)

Fig. 3.19 presents the surface density for the objects in our sample, calculated using
the NFW fits reported in the literature (see papers I and II [28, 29]). The error bars for the
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data points are calculated using uncorrelated 1σ errors on the parameters of the NFW fits
given in the corresponding papers. We then fit these data points with

ΣNFW(rs) = 0.58+0.50
−0.27

(
M200

M�

)0.179±0.024

M�/pc2 . (3.28)

It is instructive to re-express this relation in terms of r200 and the halo concentration.
r200 is defined by the condition that the mean density 〈ρ〉 inside this radius is related to the
critical density ρc = 3H2

0/(8πG) by a factor of 200. Therefore

r200 ≡
(

G

100H2
0

) 1
3

M
1/3
200 = 1.62 · 102

(
M200

1012h2M�

) 1
3

kpc . (3.29)

We remind that the halo concentration is

c ≡ r200

rs
, (3.30)

This definition of the halo concentration is specific for the NFW profile. This implies that
the NFW parameter ρs is

ρs ≡ ρc δ = ρc
200

3

c3

log(1 + c)− c/(1 + c)
, (3.31)

which allows us to exchange the parameters (ρs, rs) for (M200, c).
The halo mass and the concentration are not independent. They are known to be related

by a simple scaling law that is known from numerical simulations [186, 194–199], and is
confirmed by observations [200–208]. Both, the slope and normalization of this scaling
law differ in the literature. One of the more often used results is the one by Macciò et al.
[186]

c = 8.3

(
M200

1012h−1M�

)−0.104

. (3.32)

Of course, this relation is only an average and the concentration of a halo for a given
mass has significant object-to-object scatter. We can use the data for the surface density
inside rs as a function of mass to fix the concentration-mass relation independently. For
this, we calculate the surface density for NFW profile inside the scale radius. We thus find

ΣNFW(rs) =
3(log 4− 1)

8π

(
100H2

0

G

) 2
3

M
1
3

200

c2

log(1 + c)− c/(1 + c)
(3.33)

= 1.74h2

(
M200

1012h2M�

) 1
3 c2

log(1 + c)− c/(1 + c)

M�
pc2

. (3.34)

54



●●
● ●
●

●
▼▼

▼

▼
▼

▼

▼
▼

▲

▲

▲▲▲

▲▲

▲

▲
▲▲

▲

▲
▲

▲▲▲

▲

▲

▲
▲

▲
▲ ▲

▲

▲ ▲▲
▲

▲▲▲ ▲

▲

▲

◆
◆◆◆◆

◆

6 8 10 12 14 16
0

1

2

3

4

Log10M200[M⊙]

Lo
g 1
0
S
D
[M

⊙
/p
c2
]

●●
●●

●

●
▼▼▼

▼
▼

▼

▼
▼

▲
▲

▲▲▲

▲▲

▲

▲
▲▲

▲

▲
▲

▲▲▲

▲

▲

▲
▲

▲
▲ ▲

▲

▲ ▲▲
▲

▲▲▲ ▲

▲

▲
◆◆◆◆ ◆
◆

0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

Log10vc[km/s]

Lo
g 1
0
S
D
[M

⊙
/p
c2
]

● Dwarf

▼ LSB

▼ GHASP

▲ THINGS

▲ LITTLETHINGS

▲ SPARC

◆ Cluster

Figure 3.20: The dependence of the surface density at the experimental core radius rcore,
as function of M200 and the circular velocity vc at this radius, for the objects described in
more detail in Section 3.3.1. Taken from paper I [28].

Then we assume a power law for the concentration-mass relation

c = A

(
M200

1012h−1M�

)β
. (3.35)

We substitute this into Eq. (3.34) and find parameters A and β fitting the data shown in
Fig. 3.19. Finally,

c = (10.8± 0.6)

(
M200

1012h−1M�

)−0.103±0.015

. (3.36)

In Fig. 3.19 we show the resulting surface density as the solid red line with the shaded red
region indicating the uncertainty in the concentration-mass relation that we derived.

3.2.9 DM surface density in SIDM halo: semi-analytic predictions

The core radius rcore is defined by Eq. (3.2.1) in a way that is relatively independent of
which cored profile is used for the fit, and typically more robustly constrained observa-
tionally. The “observed” surface density at this core radius is then simply given by

Σc, obs = 〈ρcored〉c rcore , (3.37)

where we note that 〈ρcored〉c ≈ ρcored(0) = ρNFW(rcore) because the DM density inside rcore

is almost a constant. We plot Σc, obs in Fig. 3.20, for the same objects that we used in
Fig. 3.19, as a function of both the virial mass and the circular velocity at the core radius.

We can obtain the theoretically expected surface density as

Σc, theo = 〈ρ〉crcore = κrcore〈ρ〉SIDM , (3.38)

where κ is given by Eq. (3.14). As we argued in Section 3.2.7, κ is difficult to determine
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observationally or directly from first principles. On the other hand it is a quantity that turns
out to be tightly constrained by simulations, see Fig. 3.11. We can relate rSIDM and rcore,

ρNFW(rcore) = ρcored(0) ≈ 〈ρ〉c = κ〈ρ〉SIDM = κ
MNFW(rSIDM)

(4π/3) r3
SIDM

. (3.39)

Solving this equation one can find rcore(κ, rSIDM) for given NFW parameters. So, the
surface density inside the core radius can be written as a function of κ and rSIDM,

Σc, theo(κ, rSIDM) = κrcore(κ, rSIDM)
MNFW(rSIDM)

(4π/3) r3
SIDM

. (3.40)

Moreover, using the approach discussed in Section 3.2.5 we can find the density profile of
a SIDM halo at small radii for the given cross-section σ/m if one knows rSIDM ≡ rM and
NFW parameters. So, the parameter κ is not independent and can be found for fixed rSIDM

and NFW parameters:
κ = κ(σ/m, rSIDM). (3.41)

To predict the surface density Σc for a given cross-section σ/m we need to know only
one quantity: rSIDM.

The relation between rSIDM and the cross-section is shown in Fig. 3.14. As we already
discussed in Section 3.2.6, it is quite difficult to build a theoretical model to predict it. So
we can take this quantity from the SIDM simulations.

3.2.10 Statistical constraints from the surface density data and semi-
analytic predictions

Let us now make a comparison of the results of the previous section with the estimates
based on parametric profiles from the literature (see Appendix C and Fig. 3.20). The
results of this comparison for several cross-sections are given in Fig. 3.21.

For this we use an effective cross-section σ̃ = σ/ξ where ξ is a number of collisions at
rSIDM defined in Eq. (3.2) and represents the uncertainty in the relation between rSIDM and
σ discussed in the previous sections. Fig. 3.21 shows that for large enough σ̃/mχ the two
ensembles of haloes almost do not overlap and therefore such a model would be excluded
by the data.

We can try to promote this qualitative picture to a more quantitative result using the
likelihood ratio test [209]. We define the total likelihood as a product of normal distribu-
tions over each object (“data point”) i,

L = ΠiN(fi|µi, σi) , (3.42)
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Figure 3.21: The surface density inside the core radius rcore, as function of the halo mass:
observed values (from Fig. 3.20) – blue points, theoretical predictions for several cross-
sections from Eq. (3.38) – red points. Taken from paper I [28].

were fi is the logarithm of surface density inferred from the kinematical anlaysis (see
Eq. (3.37)), σi its variance, µi is the logarithm of the predicted surface density (see Eq. (3.38))
that depends on nuisance parameters {αk}. We add observational and theoretical errors in
quadrature, σ2

i = σ2
i,obs + σ2

i,theo. The errors in the “observed” surface density uncertainty,
σi,obs = ∆Σc, obs, are determined as shown in Fig. 3.20. In the “theory error” in this figure
we include two contributions:

σ2
i,theo = σ2

i,halo + σ2
tage . (3.43)

The main errors on σi,halo are: a) from the variance in the core radius rcore, which is
determined in the same way as for σi,obs and affects predicted value of µi via Eq. (3.38),
and b) from errors on ρs and rs in each halo.

The value of κ in Eq. (3.38) we extract from SIDM simulations of [99, 118, 124] with
halo masses between 1010 and 1015 M�. We find that 〈κ〉 = 3.9 with a scatter of σ2

κ ≡
〈κ2〉 − 〈κ〉2 = 1.42, that is in a good agreement with the right panel of Fig. 3.11. Deriving
constraints on the self-interaction cross-section we vary κ freely within this range.

In Fig. 3.22 we show the full likelihood as a function of σ̃/mχ. The SIDM effect is
represented by one non-negative degree of freedom. From this, we can read off an upper
bound of

σ̃/mχ . 0.12 cm2/g, (3.44)

which corresponds to a 95% C.L. limit. We have allowed κ to vary up to its 2σ upper
bound.

To estimate possible difference between σ̃ and the physical σ we apply the same anal-
ysis to 36 simulated haloes with the cross-section 1 cm2/g with masses from 5 · 109 M�
to 3 · 1015 M� from Refs. [99, 118]. In Fig. 3.23 we show the ratio of the reconstructed
and true values of the cross-section. The best-fit value of this ratio is

ξ =
(σ/mχ)sim

σ̃/mχ

= 1.86± 0.32 . (3.45)
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Figure 3.22: The log-likelihood ratio as function of the effective cross-section σ̃/mχ (blue
solid line). Orange dashed line - the result excluding clusters, green dotted line - excluding
objects with baryon-dominated central part, red dot-dashed line – the result based on the
dwarf galaxies only. Dashed horizontal black line – the log-likelihood ratio corresponding
to the 95% CL limit. Taken from paper I [28].

Figure 3.23: Parameter ξ for the simulated haloes from [118] (green points), [99] (red
points) and [124] (blue points).

Using this value we obtain a limit of

σ/mχ . 0.3 cm2/g (3.46)

for the physical self-interaction cross-section. Of course, this result is the subject both
to experimental uncertainties (as we used the fits to parametric profiles to describe obser-
vational data) and to theoretical uncertainties discussed above (that we tried to fix using
Eq. 3.45). In the next section, we will discuss how we can improve this result.
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Figure 3.24: The observed velocity dispersion of classical dwarf spheroidal galaxies as a
function of radius. Black points – observational data, and the red (blue, gray) line are fits
for NFW( [185]) (Burkert [185], generalized NFW) profile [214]). The width of the lines
represents 1σ uncertainty of best fit parameters. Taken from paper I [28].

3.3 Direct comparison of simulations with observations
In this section, we will try to compare SIDM simulations with observations more directly.
Namely, we will avoid any analytic model of SIDM and will also derive the observed sur-
face density from the data without using parametric profiles (like NFW, etc). To address
this more ambitious task we will require more simulations, in particular (as large as possi-
ble) samples of SIDM simulations of haloes of all sizes. We will also use simulations with
baryons to model possible baryonic effects on the relevant observables. The following sim-
ulations were used in this section: dwarf galaxies [210], APOSTLE simulations [86, 211],
Aquarius simulations [95, 212], and BAHAMAS simulations [213].

3.3.1 Available observational data
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Figure 3.25: The data from Fig. 3.24 in terms of the enclosed mass. Dotted vertical lines
- half-light radius rh with its uncertainty. Taken from paper I [28].

Dwarf Spheroidal galaxies. Dwarf Spheroidals (dSphs) are satellites of the Milky Way-
size galaxies. They are observed in the Milky Way and in Andromeda. dSphs have the
highest known mass-to-light ratio. They are DM dominated even in the central parts.
These properties make dwarf spheroidals very special for studying DM properties. The so-
called “classical dSphs” are known for a long time and well studied. In these objects, many
hundreds of stars are observed. Therefore, for these objects, there are enough statistics to
produce velocity dispersion in a significant number of radial bins (see Fig. 3.24).

The main observable in dSphs is the velocities of stars. The dispersion of velocities is
used to reconstruct the gravitational potential and the mass enclosed in a given radius. The
main uncertainty of this method is related to the fact that often it is possible to measure only
the projections of the star velocities along the line of sight and not the full 3D velocities.
The corresponding component of the velocity dispersion σlos is not sufficient to reconstruct
fully the enclosed mass. This uncertainty can be minimized when the analysis is applied to
the mass inside the half-light radius rh [215–217], as illustrated in Fig. 3.25. In Fig. 3.24
we present the stars velocity dispersion as a function of radius. The reconstructed mass
profile is shown in Fig. 3.25.
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Object Ref. rh, pc σ, km/s M(rh), M� Σ(rh), M�/pc2

Sextans [49] 630 6.6 1.6× 107 9.6
Fornax [49] 400 10.5 2.6× 107 38.3
Leo I [49] 330 8.8 1.5× 107 32.6
Ursa Minor [49] 300 10.3 1.8× 107 49.1
Carina [49] 290 6.8 7.8× 106 22.1
Draco [49] 221 9.5 1.2× 107 56.7
Sculptor [49] 160 10.1 9.5× 106 88.5
Leo II [49] 185 6.8 4.9× 106 34.7

Table 3.2: The parameters for classical dSphs [49].

Recently, many more dwarf spheroidals were discovered by SDSS and DES surveys [218,
219]. For many of these objects high-resolution spectroscopic observations are missing
and it is difficult to do reliable mass measurements.

As we described, the best mass measurement is at the half-light radius, rh. In Table 3.2
we present the data for the half-light radii, velocity dispersions, masses at rh and surface
densities at rh for dSphs.

The mass inside the half-light radius rh can be estimated as [36]:

M(rh) =
2.5σ2rh
GN

= 5.81× 102 M�

(
σ

km/s

)2(
rh
pc

)
, (3.47)

and the surface density is

Σ(rh) ≡
3M(rh)

4πr2
h

' 139 M�/pc2

(
σ

km/s

)2(
rh
pc

)−1

. (3.48)

Spiral galaxies. The main observable in spiral galaxies is rotation velocities of stars and
neutral hydrogen. For these objects, the existence of the observable disk allows measuring
3D velocities, at least for some of the objects (see below). The main uncertainty in spiral
galaxies is due to the modeling of baryonic contribution to the total mass, as in their central
parts these objects are dominated by baryons. As a result, the DM profile can often be fitted
(almost) equally well with NFW and cored profiles, see e.g. the rotation curves displayed
in Ref. [220]. The best measurement of the DM profile is derived from the flat part of the
rotation curve, where DM dominates over baryons.

If the disk is perpendicular to the line of sight we cannot measure the rotation velocity.
In the opposite limit when the disk of the galaxy is parallel to the line of sight we cannot say
what is the position in the galaxy of each observed star. Therefore, the best measurements
are obtained for galaxies with some intermediate inclination.

Another source of uncertainty is the distance to a galaxy. If the galaxy contains some
standard candles (like supernova Ia or Red-giant branch) we can measure the distance to
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Figure 3.26: An example of a SPARC object. Left panel: Square of rotational velocities
of different components. Right panel: Total surface density (black points) and DM only
surface density (blue points).

Figure 3.27: Left panel: The maximal total surface density (black points) and the maximal
DM only surface density (blue points) versus the maximal rotational velocity. Right panel:
Radii of the maximal surface density for the total mass (black points) and DM only (blue
points) versus the maximal rotational velocity.

this galaxy with high precision. But for most of the galaxies, the main method to measure
distances is the Hubble law. It is less accurate because of the peculiar velocities of each
object, which we do not know exactly.

Most of the galaxies are baryon-dominated in the central part, so it is very important
to know the mass-to-light ratio to measure the DM density. We took spiral galaxies from
the SPARC catalogue [221] with 175 objects that also provided us with models of baryons
based on the method described in [222]. Our selection criteria are: uncertainty of the
distance measurement less than 15%, the galaxy disk inclination more than 30◦ and the
quality flag is equal to 1 or 2 (which means the best objects, see details in [221]). After
applying these cuts we left with 83 objects. These objects can be divided into 3 different
groups:
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1. Objects with anomalies, e.g. contribution of baryons is larger than the mass from
the total rotational velocity, there is no flat part in the rotational velocity (12 haloes);

2. Too small amount of data points (10 haloes);

3. Good objects (61 haloes).

An example of an object from the third group is given in Fig. 3.26. Using objects from the
third group we show the maximum of the surface density and radius of the maximum of
the surface density as a function of the maximal rotation velocity, see Fig. 3.27. We see
that both the total and DM only maximal surface densities have a regular dependence on
the rotational velocity, while radii of the maximum are spread randomly within the region
of the plot.

Galaxy clusters. In clusters of galaxies, there are many tracers of gravitational potential
and mass. These include dynamics of galaxies in the cluster, the temperature distribution
of hot X-ray gas, strong and weak gravitational lensing. At large distances, the DM dis-
tribution in clusters is well described by the NFW profile. In the literature it was claimed
[177] that in some clusters there is an evidence for the presence of cores in the inner DM
density profile. However, clusters are typically baryon-dominated in the center. A signif-
icant contribution to the central mass of a cluster is given by the brightest central galaxy
(that is usually also the most massive) and gas around its center. Therefore, the central
DM density profile is very difficult to measure and the claims of cores are disputed, see
e.g. the discussion in Ref. [223].

Here we try to take a more model-independent approach. We analyze a sample from
52 massive clusters from the Canadian Cluster Comparison Project (CCCP) [224] with
redshifts 0.15 < z < 0.55. In this sample to select the most massive clusters we adopt a
constraint on the gas temperature TX > 5 keV. We rejected 3 clusters (Abell 115, Abell
223 and Abell 1758) due to the fact that these objects experience a merger.

Weak lensing measures the 2-dimensional surface density (projected mass) that is
given by

Σ2D(R) =
M2D(R)

πR2
, (3.49)

where M2D(R) is the mass inside a cylinder with radius R. For each cluster we take from
the observational data three data points: M2D(100kpc), M2D(200kpc) and M2D(300kpc).
We illustrate this quantity for CCCP clusters in Fig. 3.28.

3.3.2 SIDM in simulations

In this section, we introduce several additional suites of simulations of the ensembles of
objects of every size (clusters of galaxies, spiral galaxies, dwarf galaxies) that we need for
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Figure 3.28: The 2-dimensional surface density for clusters from CCCP at 3 radii.

the comparison with observations. We study the dependence of the surface density on the
radius for CDM and SIDM as well as effects of baryons on this dependence. Also, we
analyze the difference in the behavior of the DM only and the total mass surface densities.
For the case of SIDM, we study the dependence of the maximum of the surface density on
the halo mass and concentration. This data will be used for the final comparison between
simulations and observations that we will perform at the end of this Section.

Description of the simulations

Dwarf galaxies. We use eight (m10b, c, d, e, f, h, k, and m) zoom-in simulations for
CDM and SIDM cosmology with the cross-section 1 cm2/g, that were described in the
paper [210]. The softening radius is equal to 35 pc and DM masses 2500M�.

APOSTLE simulations. APOSTLE (A Project Of Simulating The Local Environment)
simulation is a suite of cosmological hydrodynamic simulations of 12 simulations with the
cube 1003 Mpc3 with 16203 particles in WMAP-7 cosmology that match the Local Group
of Galaxies [86, 211]. The simulations for two of these volumes were rerun for the case of
self-interacting Dark Matter. The SIDM version of these simulations was kindly provided
by Andrew Robertson.

Initially we had 112 haloes with masses from 2.7 · 109M� to 1.5 · 1012M�. We have
found that for small haloes resolution of the simulation is not enough to resolve the effects
of SIDM. Therefore, we have selected only haloes with masses greater than 1010M� and
rM (see 3.2.2) is greater than two trust radii (i.e. the radius where we can trust simulations).
After this selection, we left with 48 haloes.

Aquarius simulations. The Aquarius simulation [95, 212] is a simulation of a Milky-
Way sized DM haloes. The simulation cube of the size 100 h−1 Mpc with the cosmological
parameters Ωm = 0.25,Ωb = 0.045,ΩΛ = 0.75, σ8 = 0.9, ns = 1, H0 = 73 km/Mpc/s.
The particle mass depends on the resolution and for our analysis we use the resolution 2

64



simulations (see Ref. [212]) with the mass mp ' 104M� and softening ε ' 66 pc. We
select 5 of 6 haloes (A, B, C, D, and E), rejecting halo F due to a very non-trivial assembly
history [225].

BAHAMAS simulations. BAHAMAS simulations (BAryons and HAloes of MAssive
Systems) [213] are simulations of the local environment with a size of the box 400 Mpc/h.
There are 10243 DM particles with masses ≈ 5.5 × 109 h−1M� for a Planck cosmology.
The SIDM run of this simulation is described in [226]. Simulations with baryons with
masses of 3.85× 109 h−1M� is discribed in details in [213].

To compare properties of CDM and SIDM haloes we have selected 104 most massive
friend-of-friends groups. From these groups, we found the most massive haloes with a
mass greater than 1014M� and applied the virialization criteria (see Ref. [213]). Next we
performed a matching procedure using positions of the center of gravitational potential
with a matching condition |rcenter

SIDM − rcenter
CDM | < 0.5 Mpc. For some SIDM haloes, there was

no CDM partner and we have rejected such haloes. After the matching procedure, we
ended up with 159 haloes.

For each SIDM halo with the cross-section σ/m = 1 cm2/g we have calculated the
radius of equal masses, rM , between SIDM and CDM haloes. We have not found this
radius for 13 haloes, mostly for the smallest haloes. For these haloes, the DM density and
the velocity dispersion profiles are very close to CDM ones at radii larger than the trust
radius.

Surface density in DM-only simulations

The surface density as a function of radius for different DM-only simulation is shown in
Fig. 3.29. The difference between the CDM and SIDM models becomes apparent at small
radii: for the SIDM model the surface density goes to zero, while for CDM it grows. Such
behavior results in the existence of the maximal surface density in the case of SIDM.

SIDM can be distinguished from CDM by the existence of the maximal surface den-
sity.

The maximal surface density for SIDM simulation with the cross-section 1 cm2/g as
a function of virial mass of objects is shown in Fig. 3.30. We clearly see the scaling law
that we expected for the surface density.

Effects of baryons

Until now we have discussed DM only simulations. Now we want to answer the following
question: how will this picture be changed by baryons? In the left panel of Fig. 3.31 we
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Figure 3.29: Examples of the surface density versus radius for DM-only simulations for
CDM and SIDM cosmologies. A dwarf galaxy with M200 = 9.4 · 109M� – upper left, an
object with M200 = 4.5 · 1010M� from APOSTLE – upper right, an Aquarius halo (Aq.B,
M200 = 8.2 · 1011M�) – bottom left, and a galaxy cluster from BAHAMAS (M200 =
1.5 · 1014M�) – bottom right.
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Figure 3.30: The maximum surface density versus virial mass for DM-only simulations:
dwarf galaxies (pink), APOSTLE (green), Aquarius (red), and BAHAMAS (brown).
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Figure 3.31: Density profiles for a halo from the BAHAMAS simulation for DM only and
baryon components (left) and for the DM components for various cosmology.

Figure 3.32: The surface density versus radius for DM, gas and stars (left) and for DM
only components for simulations with and without baryons.

show the density profiles of the different components of a halo from BAHAMAS with
baryons for the cross-section σ/m = 1 cm2/g. As we see, the DM component dominates
for all simulated radii, so we do not expect a large influence of baryons. This can be seen
in Fig. 3.31 (right panel).

In Fig. 3.32 we show a comparison of the surface density for the SIDM halo with
and without baryons. We see that the surface density profiles for the DM only in the
simulations with and without baryons are very close to each other. The maximal surface
density for different cases is shown in Fig. 3.33. We see that the DM surface density in
SIDM simulations in the presence of baryons has the same power law and scatter as in the
case without baryons and can be distinguished from the CDM case.

What is even more surprising, the surface density calculated using the total mass in
simulations with baryons has the same behavior. In Fig. 3.34 we show an example of
the total surface density for CDM and SIDM models with baryons. As we expected, the
influence of baryons is quite mild. In Fig. 3.35 we compare the total surface density in

67



Figure 3.33: The maximal surface density for DM in simulations without baryons (blue
points), DM in simulations with baryons (red points) and for CDM in the simulations with
baryons (gray points). The self-interaction cross-section is 1 cm2/g.

Figure 3.34: The total surface density for haloes with baryons from the BAHAMAS sim-
ulation for CMD (gray) and SIDM (red).

SIDM and CDM simulations with baryons. We can see that the average value for the
maximal surface density is larger for CDM. Also, one can notice that the radius at which
the surface density reaches its maximum for CDM is very close to the trust radius and it is
a factor of few smaller than for SIDM (about 50 and 100 kpc respectively).

We can distinguish between SIDM and CDM using the total surface density of the
objects!
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Figure 3.35: Left panel: The maximal surface density versus concentration for the total
mass for CDM (gray) and SIDM (green). Right panel: The maximal surface density versus
the radius at the maximal surface density for the total mass for CDM (gray) and SIDM
(green).

Figure 3.36: The maximal surface density versus the 2D surface density at the radius 100
kpc for BAHAMAS simulated clusters with baryons. The black line is a best fit for the
linear function y = ax with the slope a ≈ 2.8.

3.3.3 Comparison of the surface density between data and simula-
tions

In this section, we finalized our analysis and compare the observational data with the
SIDM simulations for the cross-section 1 cm2/g. As it was announced, we do it in a
maximally model-independent way. As a quantity that allows working with the whole
ensemble of haloes we still use the surface density. We use the total mass surface density
rather than the DM-only surface density. Our results therefore are not dependant on the
baryonic contribution. In simulations of galaxies and dwarfs, we take the maximum of
the surface density for all radii. On the observational side, we observe a clear maximum
of the total mass surface density only in the spiral galaxies. For the dwarf galaxies, we
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Figure 3.37: The maximal surface density versus M200 for observed haloes (black) and
simulated haloes: dwarf galaxies (magenta) [210], APOSTLE (green) [86], Aquarius
(red) [95, 212], BAHAMAS simulations (brown) [213]. For clusters we calculate the
2D surface density and then normalize it by a factor of a ≈ 2.8 (see text for details).

use only the most reliable measurement of the surface density inside the half-light radius,
see Table 3.2. We use this value as a lower bound for the maximum surface density in
dwarf galaxies. For clusters of galaxies, the maximum of the surface density among the
available data points is reached at the smallest measured radius – 100 kpc. Therefore,
we use this value as a lower bound for the maximal value of the surface density. This
is consistent with Fig. 3.35 – for 1 cm2/g and for objects of this size the maximum of
the surface density is indeed located around 100 kpc. As discussed before, the measured
quantity for the galaxy clusters is not the 3D surface density, calculated using the mass
enclosed in a sphere, but a projected 2D surface density, that is related to the mass in a
cylinder along the line of sight (see Fig. 3.36). To present this observational data on the
same plot with the data from the rest of the objects we have checked in the simulations
that 2D and 3D surface densities are in fact quite tightly related (see Fig. 3.36) – they are
simply proportional with a coefficient 2.8 and very modest scatter around this relation.
We use this one constant to re-scale the observational data for the galaxy clusters and
add them to the final plot 3.37. This plot demonstrates that SIDM with the cross-section
σ/m = 1 cm2/g predicts surface densities that are systematically a bit lower than the data.
We would like to stress that this result is obtained using the total mass rather than the DM-
only mass; direct experimental data rather than parametric modelings of the haloes and
numerical simulations (with baryons) instead of approximate analytic models. This makes
this result very robust and conservative. More work, both on simulation and observation
sides, can improve this constraint.
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3.4 Conclusions
In this section, we have reviewed the constraints on the cross-section of the self-interacting
Dark Matter obtained from the bounds on DM density cores in observed objects of differ-
ent sizes (over 7 orders of magnitude in the total mass, from dwarf galaxies to galaxy
clusters). In papers I [28] and II [29] we systematically tested semi-analytic models used
in the literature to make predictions for the DM density cores. We came to the conclusion
that to obtained reliable bounds it is important to use directly the data produced by realistic
SIDM simulations. The current state of the art in simulations allows doing so. To demon-
strate this we have collected ensembles of haloes of all observed sizes simulated with the
velocity-independent SIDM with the cross-section 1 cm2/g. These simulations were per-
formed including baryonic components and many effects of baryonic matter that can affect
the properties of DM haloes and observable quantities. Analyzing these simulations we
were able to make robust predictions that can be directly compared with observations.

On the observational side, we used the star’s velocity dispersion data for the dwarf
spheroidal galaxies, the rotation velocity data for the spiral galaxies and the weak leaning
data for the galaxy clusters. We have demonstrated that it is possible to compare these
data with SIDM simulations without fitting to parametric models of the DM density dis-
tribution, but rather using the estimates of the total mass that may be derived from the
observational data more directly. We believe that the analysis presented here is a success-
ful proof of concept for obtaining robust constraints on SIDM from the inner properties of
DM haloes.

Our results demonstrate that it is difficult to exclude the velocity-independent SIDM
cross-section with the current data. These results are mainly based on the data from dwarf
galaxies and galaxy clusters, as it appears that at the relevant distances from the center
these objects are more or less DM dominated. For spiral galaxies the situation is different.
Although we see clear signatures of the cores (the total mass surface density demonstrates
a maximum at 2-5 kpc from the center), there is a very significant contribution of baryonic
matter inside these regions. In simulations baryons make a significant effect on the DM
density distribution, undoing to a large extent the effect of Dark Matter self-interaction.
This means that realistic modeling of baryonic effects is crucial if we want to use the data
from spiral galaxies to constrain SIDM (or maybe other DM models). In our work, we
used the Eagle project [227] to describe baryonic effects. It would be extremely important
to use an alternative framework to account for baryonic effects. This may potentially allow
to improve the bounds on Dark Matter properties.

The robust constraints obtained here provide important input for the particle physics
models of SIDM. In Section 5 we will discuss how this constraint can be combined (for a
particular model) with the constraints from particle physics experiments and used to make
a prediction for further searches.
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Chapter 4

Indirect detection of Dark Matter with
Imaging Atmospheric Cherenkov

telescopes
In the previous section, we discussed an intrinsic property of Dark Matter – the interaction
of DM particles with each other. To discover DM it is useful to exploit their interaction
with Standard Model particles. In this section, we will concentrate on the possible signal
from annihilation of DM particles to SM matter. Below, starting from section 4.3, we will
largely follow paper IV [30].

As the nature of DM is still unknown, the searches for decaying or annihilating DM
can be performed in many different ways, assuming different classes of DM models. We
will discuss the searches for relatively heavy DM with a mass in the 20 GeV – 300 TeV
range. A powerful technique for such searches is provided by IACTs [228, 229]. Interest
in this technique is additionally motivated by the expectation that the current generation of
IACTs will be soon superseded by a new powerful international project – the CTA [151].

Below, we introduce the IACTs technique, describe the CTA project and provide de-
tailed estimates of the expected sensitivity of CTA for the searches for DM annihilation
signal from the Galactic Center.

4.1 Imaging Atmospheric Cherenkov telescopes
Propagating in the atmosphere, Very High Energy (VHE) photons produce cascades (show-
ers) of relativistic particles. Charged particles that propagate faster than the speed of light
in the medium emit Cherenkov light that can be observed by ground-based telescopes. Re-
constructing the properties of such a shower by its Cherenkov image allows to distinguish
photonic showers from the ones produced by cosmic rays and to measure arrival direction
and the energy of primary VHE photons (see e.g. [230] and references therein) as well as
distinguish the showers produced by photons from those produces by protons. This is the
basic idea of the IACTs technique.
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Figure 4.1: Effective Feynman diagram for Cherenkov radiation. The dark circle indicates
that in fact this is a collective effect of the medium.

This technique allows to detect γ-ray photons in the energy range roughly from a few
GeV to hundreds of TeV (see discussion below). At the moment, there are 4 operating
IACTs:

• H.E.S.S. (High Energy Stereoscopic System);

• MAGIC (Major Atmospheric Gamma Imaging Cherenkov Telescopes);

• FACT (First G-APD Cherenkov Telescope);

• VERITAS (Very Energetic Radiation Imaging Telescope Array System).

Below we briefly remind what is Cherenkov radiation and review the physics of atmo-
spheric showers relevant for the IACTs technique.

4.1.1 Cherenkov radiation

Cherenkov emission was first observed by Pavel Cherenkov in 1934 under the supervision
of Sergey Vavilov [231], and later in 1937 Ilya Frank and Igor Tamm developed the theory
of the Cherenkov effect [232]. The Feynman diagram of this process is shown in Fig. 4.1.

Cherenkov emission is very useful for monitoring the propagation of particles in a
medium (and, in particular, observation of atmospheric showers) because as long as the
conditions for Cherenkov emission are satisfied, a particle emits Cherenkov radiation con-
tinuously, it does not require scattering or an additional external field. In this way, the
whole trajectory of a particle is “highlighted”.

Let us remind how this effect works. A single charged particle of mass m in a vacuum
cannot emit a photon as energy and momentum conservation cannot be satisfied at the
same time for such a process: m 6= Ef + Eγ (rest frame), where Ef is the energy of the
particle after photon emission.

Consider the propagation of a charged particle in a medium with the speed v larger
than the speed of light u in the medium, v > u. The energy and momentum conservation
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laws in the medium rest frame are:

Ei = Eγ + Ef , (4.1)

pi = k + pf . (4.2)

The energy and momentum of the photon in the medium are connected by the dispersion
relation

Eγ = u|k|. (4.3)

Therefore, one can rewrite the conservation laws as

Ef = Ei − u|k|, (4.4)

pf = pi − k. (4.5)

Hence,

m2 = E2
f − p2

f = E2
i − 2Eiu|k|+ u2|k|2 − p2

i + 2pi · k − k2 =

= m2 − 2Eiuk + u2k2 + 2pik cos θ − k2, (4.6)

where |k| = k, |pi| = pi, pi · k = pik cos θ, and θ is the angle between the momenta of
the charged particle and the photon. The last equation can be written as

k
[
k(1− u2) + 2Eiu− 2pi cos θ

]
= 0. (4.7)

This equation always has a trivial solution k = 0, which corresponds to the case when the
photon was not emitted. The non-trivial solution is

k =
2(pi cos θ − Eiu)

1− u2
= |pi = vEi| =

2Ei(v cos θ − u)

1− u2
. (4.8)

k is the module of momentum, therefore it should be positive.

The condition for the Cherenkov light emission is

v cos θ > u =
c

n
, (4.9)

where v is the speed of the charged particle, n and u are refractive index and the speed
of light in the medium.

According to Eq. (4.9), a vertically falling ultra-relativistic particle emits light into the
cone with an opening angle 2θ ≈ 2 arccos(1/n) and illuminates a circle on the ground.
The refractive index for air is na = 1.000293, which gives the maximal angle θmax =
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Figure 4.2: An illustration of electromagnetic (left) and hadronic showers (right) [235].

arccos(1/na) ≈ 1.4◦.
The number of created photons, N , is given by the Frank-Tamm formula [232]

d2N

dxdλ
=

2παEM

λ2

(
1− c2

v2n2(λ)

)
, (4.10)

where d2N/dxdλ is the number of photons per traveled path, dx, of a charged particle and
per wavelength interval, dλ, of photons. Numerically,

∆N ≈ 370

(
1− c2

v2n2(Eγ)

)(
∆x

1 cm

)(
∆Eγ
1 eV

)
. (4.11)

From Eq. (4.10) the number of photons is bigger for smaller wavelengths, the maxi-
mum of the emission is in the ultra-violet part of the spectrum.

The Cherenkov light from air showers was predicted by Blackett [233] in 1948 and
later measured by Jelly and Porter in 1963 [234]. The emitted spectrum of Cherenkov
light is changed by the interaction with the atmosphere while propagating from the shower
to a detector. It can scatter on air molecules, dust, water, and various aerosols in the
atmosphere, and be absorbed by ozone, water and CO2. Therefore, the observed spectrum
depends on atmospheric conditions. Hence, an important part of the IACT technique is to
monitor atmospheric conditions.
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4.1.2 Air Showers

If we want to use atmospheric showers for astronomy, we have to distinguish between
showers created by photons and showers created by charged particles (CRs). Indeed, un-
like photons, a charged particle is deviated by cosmic magnetic fields on their way from the
source to an observer. Therefore, such particles arrive to an observer from some random
direction that can be arbitrarily different from the direction to the initial source where this
particle was created. Hence, charged particles lose any information about their sources.
That is why it is crucial for the Cherenkov astronomy to remove from the analysis showers
created by charged particles (at least protons, see discussion below).

The majority of charged CRs are strongly interacting particles – protons and nuclei.
Their interaction with nuclei in the atmosphere results in a so-called “hadronic showers”.
Electrons and photons interact with the atmosphere mainly electromagnetically, thus they
create “electromagnetic showers”. It appears that electromagnetic and hadronic show-
ers have different geometrical properties. This makes it possible to distinguish between
them [236]. Below, we discuss these properties of both types of showers in more detail.

Electromagnetic showers

In the left panel of Fig. 4.2 one can see an example of an electromagnetic shower. When a
high-energy photon enters the atmosphere, it can scatter on an electron or on a nucleus. If
the center of mass energy Ecm > 2me, an e+e− pair can be created. Then, both e− and e+

can emit photons via Bremsstrahlung. We have a process γ → e+e− → e+γ+e−γ → . . . .
Roughly speaking, the number of particles is doubled each step of the cascade, and the
energy of the particles halved. When the energy of e± drops so much that Bremsstrahlung
of new photons is no more possible, the cascading stops. The “top” of the shower – its
first interaction point – is typically located at an altitude 20–30 km.

Electromagnetic showers are symmetric with respect to rotations around their axis.
This is because the interactions that happen inside the shower are always the same - they
are electromagnetic and create two particles out of one. We will see below that for hadronic
showers the situation is different.

Hadronic showers

In showers created by primary cosmic protons or nuclei, the main role is played by the
strong interaction. Unlike an electromagnetic shower, where the number of particles is
doubled at each interaction, in the collisions between hadrons and atmospheric nuclei
large numbers of particles can be created. These particles fly then in much wider cones as
compared to the two particles created in each collision via the electromagnetic interaction.
Therefore, hadronic showers are wider than the electromagnetic one (for the same energy
of the primary particle). Particles created in such collisions are mesons. Most of the
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Figure 4.3: 100 GeV showers from γ-ray (left) and proton (right). Upper panels show
particles traces while lower panels correspond to the same showers seen from below. Taken
from CORSIKA shower images.

mesons are pions (π0, π±), much smaller amount of kaons (K) and even fewer protons,
neutrons and their antiparticles, see the right panel of Fig. 4.2. The fate of these secondary
particles can be very different. For example, neutral pions quickly decay into two photons
π0 −→ γγ. Charged pions, π±, have a longer lifetime and they can either collide with
another atmospheric nucleus and create a secondary hadronic shower or just decay into
leptons π± −→ µ±ν̄µ.

Therefore, the width of the shower and the density of the particles in it can be very
different in various directions, depending on which meson propagated in a given direction
and whether it decayed or collided with a nucleus. It means that the hadronic shower will
not only be wider than the electromagnetic one, but also it will be much more inhomoge-
neous and much less symmetric around its axis (see Fig. 4.3).

These properties allow distinguishing between the two types of showers. Simulations
show that this method gives rise to misidentification between primary photons and primary
CRs only in ∼ 1 − 5% of the cases, depending on an instrument [237]. Of course, this is
an approximate number and the exact result depends on the instrument characteristics and
analysis techniques.
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Figure 4.4: The planned location of LSTs, MSTs, SSTs and two telescopes from MAGIC
for the Southern and Northern Hemispheres. Taken from [151].

Figure 4.5: An illustration of the CTA Southern Hemisphere array. Taken from [151].

4.2 CTA
CTA is planned to be the next generation ground-based observatory for VHE γ-ray as-
tronomy [151]. CTA will have two arrays: one in the Southern and one in the North
Hemisphere. This is the first ground-based telescope of such a kind that opens the oppor-
tunity to observe the whole sky. The Northern Hemisphere array will be built at La Palma
(Canary Islands, Spain) and will use 2 currently operating telescopes from MAGIC (see
left panel of Fig. 4.4). The Southern Hemisphere array will be located in Cerro Paranal
(Atacama, Chile) and will have 99 telescopes, see Fig. 4.4 (right panel).

CTA will consist of three types of telescopes with different sizes: LSTs, MSTs, and
SSTs. An artistic example of the Southern Hemisphere array is illustrated in Fig. 4.5. Low
energy photons produce a narrow shower with a small amount of Cherenkov photons.
Such events are not rare and for this one needs only a few large telescopes (LST). The
LST mirror has a diameter of 23 m and the energy range where LST will have the best
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Figure 4.6: Expected angular resolution (left) and energy resolution (right) of CTA for the
Southern Hemisphere. Taken from [151].

sensitivity is 20 - 150 GeV. Only 4 LSTs will be operated in both Southern and Northern
Hemispheres. The MST mirror will be 11.5 m in diameter. 25 of MSTs are planned
to built in the Southern Hemisphere and 15 in the Northern Hemisphere. The expected
energy range of these telescopes is 150 GeV - 5 TeV. The smallest SSTs will detect the
most energetic photons. As VHE events are not frequent and showers are wide, one needs
to spread telescopes over a large area (several square kilometers) in order to “capture” a
signal from such photons. The SST mirror has a diameter∼ 4 m. The center of our Galaxy
is observed from the Southern Hemisphere and all 70 SSTs will be placed in Chile. The
expected energy range with full sensitivity is 5− 300 TeV.

CTA aims to increase the sensitivity by an order of magnitude compared to current
IACTs. It will also extend the energy range from a few tens of GeV to about 300 TeV
and improve angular and energy resolution, see Fig. 4.6. CTA will have larger effective
area and improved background rejection power [151]. As a result, the sensitivity to point-
sources will be improved by at least an order of magnitude with respect to current IACTs,
see Fig. 4.7. Currently, more than 170 VHE sources were discovered with IACTs and CTA
is expected to detect more than one thousand VHE sources [151].

Superb characteristics of CTA as compared to the previous IACTs will also signifi-
cantly increase its capability to probe fundamental physics, see e.g. [151] for a review.
This includes: indirect detection of Dark Matter ([238–244], the main subject of this sec-
tion), constraints on energy dependence of the speed of light (that may be induced by
quantum gravity effects and other Lorentz violating phenomena [245–247]), probing the
extragalactic background light [248, 249] and intergalactic magnetic field [250, 251], con-
straining the coupling constant of axions [252–254].
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Figure 4.7: The differential flux sensitivity curve of CTA in comparison with other IACTs.
Taken from [151].

4.3 CTA simulations and data analysis with ctools

ctools is a free software package (distributed under the GNU GPL license version 3)
adopted by the collaboration as one of the analysis tools for the CTA data [255].1 ctools
has a command-line interface and the structure similar to ftools – the software for the
analysis of Fermi data.

ctools is based on GammaLib, the standard tool used in γ-ray astronomy and support-
ing the analysis of the data from Fermi/LAT [256] and COMPTEL [257]. This allows
ctools to perform the combined analysis of the data from IACTs together with the data
from Fermi/LAT and/or COMPTEL.

For CTA data simulations and analysis ctools was used and tested so far mainly for
point and transient sources, much less for diffuse sources like DM annihilation signal we
are interested here. One of the goals of this work described in this section was to perform
such testing and make sure that the package is ready for future analysis of future data
for large exposure and low level of systematic errors that are required for DM indirect
detection. This is the case for ctools starting from version 1.6.0.dev1. The issues we found
in the previous versions were submitted and successfully fixed by the ctools team. We
thank Jürgen Knödlseder for collaboration.

For our analysis we have used the following tools:

• To prepare a simulated set of mock observational data we use ctobssim that simulates
1ctools can also be used for the scientific analysis for H.E.S.S., MAGIC or VERITAS if the response

functions and the data itself are provided in the correct format.
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event lists for observations. As input, this tool uses a model of observation and the
response functions of the instrument. Which response functions to use depends on
the observation time, CTA North or CTA South arrays. There are average response
functions for full telescope array and specific ones for small, large or medium tele-
scopes. For example, “South z20 average 50h” means the average response func-
tion for all telescopes for 50 hours and observation of a source at 20-degree zenith
angle. Input model contains specified astrophysical sources and instrumental back-
ground. For a given model the events (both from astrophysical source and from the
background) are generated by random number generator from GammaLib. One can
generate different realizations of the event list for the same observation and the same
model, specifying the seed value for different realizations by the seed parameter. As
the output the tool produces a FITS file that contains the event list and Good Time
Intervals (i.e. the time intervals during the observation when the data are not affected
by e.g. atmospheric conditions and can be trusted).

• To find the allowed values of the free parameters of a given physical model we use
the ctlike tool. This tool performs the procedure of the maximum likelihood fitting
of the IACTs data. It can use both real data and mock data produced by ctobssim.
For our analysis we use mock data of the background prepared by ctobssim as an
experimental data. ctlike tool can use both the whole data altogether and the data
binned by spatial and/or energy bins. It can also use data from different observations
and different instruments. If we stack different observations together ctlike will
use the average response function, while if we keep the observations separately the
response functions of the corresponding instruments should be used. ctlike will then
use the joint likelihood function for all observations and instruments to constrain the
physical parameters of the model:

− lnL(M) = −Σi lnLi(M). (4.12)

Likelihood is defined in ctlike assuming Poisson statistics. However, there is an
option to use Gaussian statistics in some cases.

During the fit ctlike will vary all the parameters that have flag free=“1”. Other
parameters will be frozen. To specify the model parameters for which Test Statistics
(TS) will be calculated one can use the attribute tscalc=“1”:

TS = 2 lnL(M)− 2 lnL(M−j), (4.13)

where the best fit likelihood of the model M is L(M) and the maximum likelihood
for the same model without the component j is L(M−j).

The output of ctlike is an XML file describing the model with best-fit values of all
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its components, with the statistical uncertainty for all parameters that were adjusted
during the fit and the TS value when it was requested. This XML file can be used as
an input file for other tools that require a model definition as input, e.g. ctobssim or
ctmodel.

• ctmodel creates a 3-d count map for a model (this 3-d map is also called a model
cube). This map consists of the number of counts for each point on the sky (param-
eterized by a pair of coordinates, i.e. either (Galactic longitude, Galactic latitude) or
(Right Ascension, Declination)) for each energy. The energy dimension makes the
map 3-d. The output of ctmodel is a FITS file containing the number of counts, the
energy boundaries and Good Time Intervals of the involved observations.

4.4 Systematics
CTA is expected to have different kinds of systematic errors: spectral systematic or energy
resolution (an uncertainty in measuring the energy of each photon), point spread function
(PSF), imperfect knowledge of the effective area at each energy, etc.

Here we will study the systematics that results in the imperfect measurement of the
number of events. This can occur due to e.g. misidentification of events, for example,
we can mix up a proton-induced and photon-induced showers. We will assume that these
systematics are at the level of 1% of the total number of events. In fact, when CTA starts
to collect data, the systematic error can be as large as 10%, but the goal of CTA is to reach
1% level and for this reason, we use this number as a benchmark.

Below we describe a simple approach which allows handling the systematic uncertain-
ties without modifications of the source code of ctools. We demonstrate later (see Sec-
tion 4.5) that this approach gives the results consistent with the likelihood-modification
approach, described also in [238]. In the simple approach described here, we can not
take into account possible correlations between energy and spatial bins (unlike in the
likelihood-modification approach). These correlations, however, are difficult to estimate
before the instrument is built and, as two approaches give consistent results, we believe
that our method still allows estimating the effect of systematic on the sensitivity.

Our approach is based on the simple observation that statistical errors grow with the
number of observed events as

δNstat =
√
Nsignal +Nbg ∼

√
Tobs, (4.14)

where Nsignal and Nbg are the number of signal and background events, and Tobs is the
observational time. Systematic uncertainty is usually a fraction of the total number of
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observed events and grows linearly with Tobs, i.e.

δNsys = α · (Nsignal +Nbg) ∼ Tobs, (4.15)

where α defines the level of systematics. Consequently, with the increasing of observa-
tional time, the signal to noise ratio (SNR) approaches a constant

SNR =
Nsignal

δNstat + δNsys
' Nsignal/δNsys ∼ const. (4.16)

After a certain time, Tmax, the SNR remains roughly a constant which indicates entering
the systematics-dominated regime in which it makes no sense to increase the observation
time further. Tmax can be found as the time at which the systematic and statistic errors
become comparable, i.e. δNstat = δNsys. Obviously, the requirement of maximal observa-
tional time Tmax can be translated to the corresponding requirement on a maximal number
of detected events Nmax = α−2. We argue that in the case one can split the data into a set
of statistically independent bins (spectral and/or spatial) Nmax condition has to be applied
not to the whole dataset, but to each individual bin (we assume for simplicity that if our
bins are large enough, we can neglect correlation between them, see the comment about
taking into account correlations above).

In the case of CTA, the spectral bins of the data can be as small as the CTA energy
resolution and the spatial size of bins is determined by the PSF of the instrument. For the
analysis below we assume the energy resolution to be δE/E = 10% and the spatial bins
– squares with 0.2◦ side, see Fig. 4.6 and Ref [151]. This resulted in 78(spectral)×25 ×
25(spatial) statistically independent bins in our analysis. For each of the bins, we reduced
the exposure time for data simulation in order to have not more than Nmax = 104 photons
in each of these bins, which corresponds to 1% of systematics expected during the CTA
operation. The reduction of the number of counts in each of these bins guarantees that any
analysis performed with the data is not dominated by systematic uncertainties.

Summarizing, to take into account systematic uncertainties in this simplified way with
ctools one should:

• split the data over a set of energy/spatial statistically independent bins;

• if the bins are small enough statistical errors become of the size of the desired sys-
tematic errors (i.e. the number of counts does not exceed a certain number Nmax;

• when needed, reduce the effective exposure for each (separate) bin accordingly;

• proceed to calculate the limits with statistics errors, with ctools/any other software.

Of course, the current method, being very simple, has both its advantages and disad-
vantages.
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• The advantages include:

– The method is very easy to implement with ctools – it does not really need
any modifications of the code, only a proper selection of observational times
in every energy (and spatial) bin;

– The method is very intuitive and quick, it does not require computational time
significantly larger than the time for the standard ctools analysis;

– It is based on very simple assumptions about PDF and covariance matrix – this
is useful as these quantities are difficult to know exactly before the instrument
is built.

– It is well-suited for searches for localized features. The spectral shape of DM
annihilation signal is model dependent, the method would work the best for the
case of DM lines. However, for any model, the signal has a maximum related
to DM mass.

– Studying the residuals after changing the observation times and finding the
times when the residuals become close to Gaussian allows estimating the level
of systematics in the real data “experimentally”.

– Implementation of the method can directly affect observational strategy and
free a part of valuable time of the LST (see discussion below).

• Limitations of the method:

– It is not applicable to large-scale systematics, like an additional unknown sys-
tematic difference between low and high energies.

– Systematic uncertainty added to the likelihood function via covariance matrix
has well studied statistical properties, which are less obvious for our method.
It is also difficult to include correlations. To the end, we perform a compar-
ison between the results of the two approaches and make sure that they are
consistent.

We would like to stress again, that the simple approach that we suggest, described
above, can be useful for every-day operations of CTA. Namely, a sufficiently large enough
Nmax can be reached with LSTs at 150 GeV energies already after a relatively short ob-
servational time while at higher energies the same Nmax will be reached for significantly
longer exposures with MSTs/SSTs. Instead of wasting further LST time, this opens the
possibility to split the observation time and partially use it to observe other types of sources
at low energies. As an example, for 1% of systematics, we calculate with ctools the number
of photons in each energy bin and the maximal observational time Tmax shown in Fig. 4.8.
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Figure 4.8: Observation time limits with the requirement that in each energy bin the num-
ber of events is equal or less than 104 events. Starting from 1 TeV the number of events in
each bin is smaller than 104 even for 500 h, therefore the observation time should not be
reduced and is kept to be 500 h. The red line indicates 150 GeV – the energy where LSTs
stop to operate. Taken from paper IV [30].

In the forthcoming CTA collaboration paper we are going to systematically develop
also an alternative method of constraining DM annihilation by the Galactic Center obser-
vations with CTA (see paper IV [30]). This method is not using ctlike for the statistical
analysis but rather adopts the Swordfish package [258]. This approach allows to describe
systematics at the level of likelihood and take into account the correlations between spatial
and energy bins. In the paper, we will describe this approach in details and will perform
a systematic comparison between two approaches. Below we will just quote preliminary
results of this work and compare them with the results of the approach described here.

4.5 Sensitivity for DM annihilation from the Galactic Cen-
ter and comparison with other methods

Our goal is to get the sensitivity of DM annihilation in the Galactic Center for WIMP
particles and get the limit on the cross-section of the annihilating DM. As discussed above,
we need to detect a possible signal against the backgrounds (CRs and GDE). We will use
ctools for our analysis.

For this we need to translate the limit on the flux into the limit on the DM-annihilation
cross-section [38]. We remind (see Eq. (2.13) in Section 2.5) that the predicted flux from
DM annihilation in astrophysical object is

dFγ
dΩdEγ

=
1

8πM2
DM

∑

f

〈σv〉f
dN f

dEγ

dJ(θ)

dΩ
, (4.17)

where Fγ is the predicted flux, J is the J-factor, see Eq. (2.14) (a function of DM density
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distribution in the object), θ is the angle between the direction to the center of a given

astrophysical object and the line of sight (l.o.s.),
dN f

dEγ
and 〈σv〉f are the energy spectrum

of photons per annihilation and the annihilation cross-section into a primary channel f ,
respectively.

To calculate the predicted signal from the Galactic Center we need detailed knowledge
about DM around the Milky Way center. This is, unfortunately, the source of serious
uncertainties.

4.5.1 Uncertainties in the expected signal from the Galactic Center

As we discussed in Section 2.5.2, the J-factor is proportional to the density of DM squared
and, therefore, is very sensitive to the details of DM distribution, in our case in the Galac-
tic Center. There are different ways to constrain this distribution observationally (see
e.g. [259–261]). These efforts are complicated by the presence of the stellar Bulge and
Bar that affect the motion of the stars and gas in the inner part of the Galactic disk and
make it difficult to use rotational velocities to reconstruct the enclosed mass. To reduce
this uncertainty various groups use additional data from Gaia [262] and several surveys
studying the kinematics of stars in the Galactic Center (see details below). The velocities
of stars can be used to constrain the total mass profile and microlensing data to determine
how much of the mass is in stars.

In particular, Portail et al. 2017 [260] and Wegg et al. 2018 [259] use different tracers
to constrain the total mass in the Bulge region: Portail et al. 2017 [260] uses BRAVA [263,
264] and OGLE [265] surveys for the Bulge, and ARGOS [266, 267] survey for the Bar
region, while Wegg et al. 2018 [259] uses Gaia II data for the RR Lyrae stars. They
obtain consistent results for the total mass in the inner 2.5 kpc around the Galactic Center.
Also, both papers use the same microlensing data from VVV, UKIDSS and 2MASS [268]
to constrain the contribution of stars into the total mass. As one can see in Fig. 4.9, the
results obtained by these two methods are in good agreement for DM. The resulting DM
mass fraction in the Bulge region is equal to 17±2% according to these studies [259, 260].

On the other hand, this conclusion is not supported by the analysis of [261]. These
authors agree with the reliability of the kinematical data for the total mass estimation
but question the precision of the measurement of stellar mass based on the number of
microlensing events in the current infrared surveys. With this increased uncertainty sug-
gested by [261], the mass fraction of DM in the region of interest can be estimated only as
being between 6% and 45%. These authors, nevertheless, agree that the forthcoming Wide
Field InfraRed Survey Telescope (WFIRST) [270] is expected to significantly reduce this
uncertainty.

One could naively think that if we are looking for a signal from the annihilation of
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Figure 4.9: The mass profile for the Milky Way, based on different observables. Taken
from J.Read, 2019 [269].

WIMPs, we have to assume that DM is cold, DM density profiles are cuspy and one uses
ΛCDM simulations to predict it. In reality, this is not possible. Indeed, the scales we need
to resolve are comparable with the trust radius even for high-resolution Aquarius simula-
tions [95, 212]. Apart from the numerical precision, the DM density distribution at such
small scales strongly depends on the assumptions about baryonic physics. Indeed, even
for dwarf galaxies, that are largely DM dominated, baryonic effects can create significant
cores (see e.g. [271]). Therefore, it is safer to constrain DM distribution from observations.

To discuss quantitatively the effect of the uncertainty in the DM mass measurement on
the DM annihilation signal we will use two DM density profiles that are consistent with the
DM measurement at large radii, varying the DM mass in the center within the uncertainty
suggested by [261], namely:

• the Einasto profile

ρEinasto(r) = ρs exp

(
− 2

α

[(
r

rs

)α
− 1

])
,

where we take α = 0.17 and rs = 20 kpc, and ρs = 0.00214 M�/pc3,

• a cored Einasto profile

ρcoredEinasto(r) =

{
ρEinasto(rc) if r ≤ rc

ρEinasto(r) if r > rc,

where we assume two different core radii of rc = 0.5, 1.0 kpc.
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Figure 4.10: The comparison of mass profiles for the Milky Way from observation (see
Fig. 4.9) and for the Einasto profiles described above.

Figure 4.11: J-factors and D-factors for the Einasto profile with α = 0.17, rs = 20 kpc
and ρs = 0.00214 M�/pc3 and for cored Einasto profiles with rc = 0.5 kpc and 1 kpc.

These profiles together with the results from Fig. 4.9 are shown in Fig. 4.10.
The J-factors and D-factors for these profiles are shown in Fig. 4.11. We see that the

difference between different DM profiles in the central 0.1◦ (roughly one PSF of CTA) is
a factor of 100 for J-factor and a factor of 3 for D-factor. For the cored Einasto profile
with rc = 1 J-factors and D-factors are almost constant in the FoV of CTA.

4.5.2 Calculation of sensitivity

It is planned to devote about 500 h of the CTA observational time to study the Galactic
Center region [151]. There are different options for the observational strategy. The sim-
plest one is a single observation centered at the Galactic Center with the observation time
Tobs = 500 h and the FoV radius 3◦. Another option is a survey that consists of 9 individual
pointing positions with centers (l = ±1◦, 0◦, b = ±1◦, 0◦) in the Galactic coordinates, and
the total observation time of the Galactic Center survey is Tobs = 525 h with the pointing
radius of 3◦. In the following we will use the simplest scenario of a single pointing for our
estimates.
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For the calculation of sensitivity, we also need to assume the concrete annihilation
channel. The spectra corresponding to different channels are shown in Fig. 2.14, see de-
tailed discussion e.g. in paper IV [30]. Here, as an example, we will use the spectrum
for DM annihilating to WW bosons, without EW corrections (see Fig. 2.14 for the spec-
tral shape). To generate the mock data we perform MC simulations using ctobssim. We
repeat our simulations for 20 realizations with random seed values (we checked that 20 re-
alizations are enough for convergence). Alternatively, we can produce model predictions
(taking into account the telescope response function and other properties for given obser-
vations) using ctmodel. This prediction can be used as an Asimov data set [272]. We later
compare the constraints obtained by averaging over these realizations with those based on
the Asimov data set.

We perform simulations for the CRs background, Fbg, within the 3◦ ring. To reduce
computational efforts and minimize uncertainties in the effective area we use the energy
range 60 GeV – 100 TeV 2. We also repeat this adding GDE. For this we use the so-called
Gamma model of GDE derived in [273]. This model fits both Fermi LAT and HESS data.
For the purely statistical analysis, we assume the exposure of 500 hours in all energy bins.
The binning of the data, as well as the method to take into account systematic errors, is
described in Section 4.4. For this, we do the simulation choosing different observation
times in different energy bins.

Then we fit this mock data by a background model + with added DM signal Ftotal =

Fbg + Fsignal, where Fsignal is

Fsignal = 〈σv〉Spectral(E)
∑

i

SpatialiΩi, (4.18)

where Ωi = 0.25◦ × 0.25◦ is the angular size of 1 pixel and the sum over all pixels in the
map

∑
i Spatiali should be equal to 13.

We performed the binned likelihood analysis fitting the model, described above, to the
simulated data using ctulimit. For each MDM we derived the 2σ upper bounds on 〈σv〉. In
Fig. 4.12 we present the results obtained with and without systematic errors included. We
also compare our results with the constraints obtained using Asimov data set and treating
systematics statistically (including it in the definition of the total likelihood, see discussion
above [272]). We demonstrate that our simple approach to systematic errors described in
Section 4.4 gives results consistent with the likelihood approach.

We see that even including effects of systematics (at 1 % level) and GDE the sensitivity
goes below the thermal cross-section. As we saw above at smaller energies the sensitivity
is dominated by systematics, while at larger energies it is still defined by statistics, even

2Below 60 GeV the number of photons per bin is so large for a 500 h observation that it requires to
increase numerical resolution in ctools. This makes it numerically expensive. This limitation does not affect
the results in any significant way.

3As required by the ctools model-factorization approach, see e.g. http://cta.irap.omp.eu/gammalib/users/.
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Figure 4.12: Comparison of the limits on 〈σv〉, based on the likelihood approach (dashed
lines) with the limits from ctools (solid lines) for DM with the Einasto profile, WW chan-
nel, and Tobs = 500 h with (right) and without (left) GDE. The agreement between ctools
and the likelihood method (dashed lines) is good within the uncertainties over different re-
alizations (shaded regions) for both cases with and without systematic errors. Taken from
paper IV [30].

for 500 h observation. Our results are obtained for a certain model of GDE (see above).
Additional uncertainty coming from the modeling of GDE may be quite significant and
affect the morphological analysis. The energy spectra of GDE and of DM annihilation are
however quite different.

4.6 Conclusion
We have tested the software package ctools adopted by the CTA collaboration for the
detection of a possible DM annihilation signal. We have chacked that, starting from the
version 1.6.0-dev1 (where all the problems that we identified have been already fixed),
ctools is ready for such an analysis. We discussed here only the signal from the prompt
emission of photons. It would be potentially interesting to include in the analysis a possible
contribution from the Inverse Compton effect, having different spacial morphology and
spectral properties.

Although the treatment of systematic errors is not yet implemented in ctools, it is pos-
sible to take them into account adopting a simple physical approach that does not require
any modifications of the code. This method, based on a limiting number of counts in each
energy/spacial bin, suggests that for long exposure observations of the Galactic Center
the LSTs should be used only for less than 50 hours (even if the whole observation may
be much longer), see Fig. 4.8. Indeed, the number of counts in the energy bins below
150 GeV, where the LSTs operate, is huge and the data will quickly become dominated
by systematics, even if it is at the very optimistic level of 1%. This may potentially free
a significant amount of the LSTs time for other science goals, where the most interest-
ing signal is expected at low energies (e.g. observing distant active galaxies or binary
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systems [274, 275], see also [151] for a review).
Our results demonstrate that assuming an optimistic Einasto profile for the DM den-

sity distribution in the Milky Way and WW annihilation channel, with 500 hours of the
Galactic Center observations with CTA we can probe the annihilation cross-section below
its thermal value. This is true if the level of systematics 1% will be achieved by the CTA
collaboration. Of course, the main uncertainty to this conclusion comes from the mea-
surement of the Dark Matter mass around the Milky Way center. If these recent claims
of [259, 260] are confirmed, CTA will be significantly less sensitive. In such a case it
may be more efficient to use dwarf spheroidal galaxies as a primary target for indirect DM
detection with CTA.
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Chapter 5

Light Dark Matter with a scalar
mediator

5.1 Introduction
The constraints on the properties of Dark Matter particles discussed in the previous sec-
tions were to some extent model independent (at least, applicable to rather wide classes
of particle physics models containing Dark Matter). In this section, we would like to dis-
cuss how different bounds (astrophysical, cosmological, accelerator, and direct detection
bounds) can be combined together for a particular model. Such a combination allows to
narrow down the parameter space of a model and optimize the strategy of searches for
Dark Matter particles for each experiment. We will choose a simple model of a WIMP-
like fermion that is coupled to the Standard Model through the so-called “scalar portal”,
i.e. a scalar field that “mixes” with the Higgs boson. In what follows, we will mainly con-
sider a fermion with a mass mχ . 5 GeV, i.e. what is often called “Light Dark Matter”.
This type of DM candidates attracted additional interest in recent years as this part of the
parameter space was much less studied experimentally. Therefore, it is important to find
new ways to explore it (see for example [276]).

A scalar mediator that enables the coupling of DM to the SM sector can also mediate
DM self-interaction via Yukawa coupling with the DM fermion. In this case, DM becomes
self-interacting, as discussed in Section 3. We will be interested in the case when the scalar
mediator is lighter than the Dark Matter fermion. In this case, the cross-section of self-
interaction may become velocity dependent. This can be interesting from an observational
point of view as the effect of self-interaction can be stronger in smaller objects (e.g. dwarf
galaxies) and it can be potentially observable in small galaxies even if the constraints from
merging galaxy clusters will get stronger [83].

This kind of model is relevant also in the context of searches for relatively light long-
lived particles that attract more and more interest in recent years [277]. At accelerators
these searches are currently performed and planned both at the LHC (see e.g. [278–
280]) and the so-called “intensity frontier experiments” (e.g. SHiP [281–283], MATH-
USLA [284], etc.). For the sake of a proof of concept, we will consider only the simplest
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model.

5.2 Model description
Let us consider the simplest Lagrangian of a new scalar S and a new Dirac fermion χ that
can play a role as the DM particle (see e.g. [285] and references therein)

LS/χ+SM =
1

2
∂µS∂

µS− m2
SS

2

2
+ χ̄(i/∂−mχ)χ−µSH†H − λS2H†H − gχSχ̄χ. (5.1)

Here mS and mχ are the masses of the scalar and the DM fermion, H is the Higgs doublet
of the Standard Model. This model has the U(1) symmetry that makes the DM fermion
stable. We assume that the mass of the scalar particle is smaller than that of the new
fermion, mS < mχ, and the coupling constant µ � mh. As mentioned above, we will be
mostly interested in the masses of the fermion mχ < 5 GeV. In this theory, there are two
interaction terms: the first one couples the “dark” fermion to the Standard Model through
the scalar mediator, while the second term defines the interaction between the fermions.

The interaction terms µSHH + λS2HH form the so-called “scalar portal” – interac-
tions between the new scalar S and the SM that do not require the coupling constant with
a negative mass dimension. For the phenomenology that we will discuss below, only the
term µSHH will play a role.

After spontaneous symmetry breaking, the Higgs doublet in the unitary gauge becomes

H =

(
0
v+h√

2

)
, (5.2)

where v is the vacuum expectation value and the scalar h describes the physical Higgs
boson. Plugging it into the Lagrangian (5.1) one gets

µSH†H = µ
v2

2
S + µvSh+

µ

2
Sh2. (5.3)

The first term in Eq. (5.3) contains only one field – the scalar field S and can be eliminated
by a shift of the scalar field, i.e.

−m
2
SS

2

2
− µv

2

2
S =

∣∣∣∣S → S − µ

2

v2

m2
S

∣∣∣∣ = −m
2
SS

2

2
+
g2
SHH

8

v4

m2
S

. (5.4)

The third term in Eq. (5.3) is the interaction between two Higgs bosons and the new scalar
S. This term is irrelevant for the phenomenology of particle physics experiments as it
contains two Higgs bosons and therefore can not contribute neither to creation of the light
scalars nor to their decays of scattering in real experiments.
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Figure 5.1: Feynman diagram of the DM self-interaction in the model (5.1).

Finally, the second term in Eq. (5.3) is the mass mixing between the Higgs boson and
the new scalar S. Again, it can be eliminated using the rotation of the Higgs boson and S
fields,

−m
2
SS

2

2
− µvSh− m2

hh
2

2
=

∣∣∣∣
(
S

h

)
→
(

cos θ sin θ

− sin θ cos θ

)(
S

h

)∣∣∣∣ = −m
′2
SS

2

2
− m′2h h

2

2
(5.5)

with θ equal to

θ =
1

2
arctan

2µv

(m2
h −m2

S)
≈ µv

m2
h

� 1. (5.6)

This results in the redefinition of the Higgs boson h → h − θS, so the scalar S interacts
as the Higgs boson with an additional mixing angle θ. Similarly, because of redefinition
of the scalar field, one has S → S + θh. This gives the interaction of new particles with
the SM as

LS/χ+SM = − θyfSf̄f − gχθhχ̄χ + 2θ
m2
W

v
SW+W− + θ

m2
Z

v
SZ2+

+ 2θ
m2
W

v2
ShW+W− + θ

m2
Z

v2
ShZ2 − 3θ

m2
h

2v
Sh2 − θm

2
h

2v2
Sh3 + λ

(
1

2
S2h2 + vS2h

)
.

(5.7)

We left here only terms proportional to the coupling constants θ and λ, because we con-
sider that θ, λ � 1. Boxes indicate interactions that are important for the creation and
decay of new particles in experiments.
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5.3 Dark matter self-interaction
In our model, the self-interaction of Dark Matter particles results from the process shown
in Fig. 5.1. From the structure of this diagram and using dimensional arguments we can
say that the cross-section of self-interaction has the form

σSI =
g4
χm

2
χ

4πm4
S

f

(
vχ, gχ,

mS

mχ

)
, (5.8)

where f is some dimensionless function of the DM velocity, the mass ratio and, in general,
the coupling constant.

Therefore, the result of this section will be a constraint of the couple constant gχ for
each mχ and mS .

It was demonstrated (see e.g. [83]) that for g2
χmχ/mS � 4π this process is in the

perturbative regime and the function f ≈ 1 for the velocities vχ � mS/mχ. In the non-
perturbative regime, the function f can significantly differ from unity and moreover, the
function f is not monotonic, can contain resonances [286] and depend on the coupling
constant gχ. In this case, it is a bit more difficult to scan over the parameter space of the
model and translate the astrophysical information into constraints on the parameters of
our model. To avoid this difficulty we calculated the cross-section for a grid of values of
constants using the public code DarkSUSY [123]. The dependence on particle velocity
implies that we need to average by the velocity distribution of DM particles in a given
object (that is used to constrain the cross-section). This operation is implemented in Dark-
SUSY. Following the logic of the minimal model, we also first assumed for simplicity that
DM particles are produced thermally and imposed the corresponding constraints on the
coupling constant to guarantee the correct DM abundance. This constraint can be easily
imposed with DarkSUSY.

To calculate the function f in Eq. (5.8), we have used VDSIDM model for the scalar
mediator from DarkSUSY. We have used an example script VDSIDM RD.F that calcu-
lates the self-interaction cross-section. The constraint of correct DM abundance from
thermal production is imposed in this script by default. We scanned the following region
of masses: 0.1 GeV ≤ mχ ≤ 5 GeV and 10−4 GeV ≤ mS ≤ mχ. Then, we calculate the
cross-section for three average velocities of Dark Matter particles: 10, 200 and 1000 km/s.
Our results demonstrate that for the DM mass in the range from 0.1 GeV to 5 GeV and
mS/mχ > 0.01 the function f is very close to 1, see Fig. 5.2, for all values of velocity
dispersions that we tried.

From astrophysical observations (see detailed discussion in Section 3 and references
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Figure 5.2: Values of the function f from Eq. (5.8) for the DM masses equal to 0.1 and
5 GeV for the coupling constant gχ that is required by thermal production for the correct
DM abundance for three different velocities, 10, 200, and 1000 km/s. Calculated with
DarkSUSY [123].

10-4 0.001 0.010 0.100 1

0.005

0.050

0.500

5

mS[GeV]

m
χ
[G
eV

]

Figure 5.3: Values of the self-interaction cross-section, red points σSI/mχ > 1 cm2/g,
blue points σSI/mχ < 1 cm2/g, for the different values of the DM mass and the
scalar mediator. The coupling constant gχ is chosen from the condition of the correct
DM abundance. The region between black solid line and black dashed lines indicates
1 > mS/mχ > 0.01 where we are in the Born regime and f is very close to 1. We do not
consider mS/mχ > 1 (to the right of black solid line).

therein), the self-interacting cross-section is bounded as

σSI/mχ =
g4
χmχ

4πm4
S

< 1 cm2/g, (5.9)

where gχ is the value of the coupling constant. In Section 3 we saw that this constraint is
valid from dwarf galaxies to galaxy clusters, i.e. for a wide range of velocities of DM parti-
cles. In Fig. 5.3 we show that for the chosen parameter space the condition of correct relic
abundance for thermally produced DM is stronger than the condition from self-interaction.
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Figure 5.4: The self-interacting cross-section versus the coupling constant gχ for vχ =
1000 km/s with the fixed mass ratio of DM and scalar particles: mS/mχ = 0.8 (red line),
mS/mχ = 0.1 (blue line), and mS/mχ = 0.01 (green line). The figures are shown for the
scalar masses mS = 0.5 GeV (upper left panel), mS = 0.2 GeV (upper right panel), and
mS = 0.01 GeV (bottom panel). The black line represents σSI/mχ = 1 cm2/g.

Before we assumed that Dark Matter is produced thermally. For example, if there
exists some new physics beyond the model (5.1) there may be other mechanisms of the
DM production and our coupling constant gχ again becomes a free parameter. In this case,
we cannot use the condition for the correct DM abundance and the conservative limit can
be derived from the constraint on the self-interaction cross-section (5.9). To do so, we
used model VDSIDM in the DarkSUSY package to calculate the self-interaction cross-
section as function of interaction strength gχ, for each pair of values of masses mS and
mχ. The cross-section may depend also on the velocity of DM particles and we made the
calculation for the value vχ = 1000 km/s, typical for galaxy clusters.

The examples of the results are shown in Fig. 5.4. For each pair of values of mS

and mχ the dependence on the coupling constant gχ is non-trivial and has resonances for
large values of gχ. For every mS and mχ we need to find the range of values of gχ where
σSI/mχ < 1 cm2/g despite resonances.

The dependence of σSI/mχ on the mass mS is quite simple and results in the overall
scaling of self-interaction cross-section with mS . Namely, lower mS gives larger values
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Figure 5.5: Left panel: A schematic diagram of the production of a scalar particle S at
colliders. Right panel: A schematic diagram of the decay of a scalar particle S into SM
particles.

of self-interaction cross-section for the same coupling constant but does not change the
shape of the function σSI/mχ(gχ).

To put a constraint on gχ, we will demand that the whole region with resonances is
above σSI/mχ < 1 cm2/g. In Fig. 5.4 we see that for mS/mχ = 0.8 the constraint on gχ
from self-interaction exists for mS < 0.2 GeV, while for mS/mχ = 0.1 and mS/mχ =

0.01 we can use the same condition mS < 0.01 GeV. In the analysis below we choose
these mass ratios as an example.

5.4 Constraints from accelerator searches
At accelerators, one can search for the mediator S that can be detected via decay products
of this particle into SM particles or as a missing energy and a missing transverse momen-
tum pT , see Fig. 5.5. In the case of missing energy (momentum), the number of events
will be proportional to θ2 while for the detection of scalar decay products the number of
events is proportional to θ4 [287–289]. Although θ � 1 and consequently θ4 � θ2, it is
not obvious a priory what type of experiments gives stronger constraints as visible decay
may be much easier to detect against backgrounds (some of the θ4 experiments even aim
at background-free regime). Below we largely follow paper III [31].

Accelerator searches discussed in this section provide constraints on θ as a function of
mS .

5.4.1 Accelerator phenomenology of the scalar portal

Before describing the constraints on the scalar portal from various types of experiments,
let us briefly review the main production and decay channels of light scalars that may be
relevant at accelerators. Phenomenology of the scalar portal at accelerators was recently
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reviewed in paper III [31]. Production of scalars goes both through the mixing with the
Higgs boson and trough the so-called “quartic coupling” λ, see Eq. (5.1), while the de-
cay of scalars is possible only through the mixing with Higgs bosons. Depending on the
energy of a beam, different production channels play more or less an important role. For
example, for the energy of the proton beam 120 GeV (that corresponds to the DUNE ex-
periment [290]), direct production of scalars via proton bremsstrahlung and Deep Inelastic
Scattering (DIS) gives the main contribution, see Fig. 5.6. For energies from 400 GeV,
corresponding e.g. to CHARM [287], SHiP [291] (see below) or the LHC, the main pro-
duction channel is from decays of kaons and B mesons, see Table 5.1 with the main
production channels. The production from quartic coupling is important for small values
of the mixing angle θ . 10−9, so it can modify the lower bound of the sensitivity curves.
Also, scalars can be produced through quartic coupling in Higgs boson decays, which is
an important production channel for the LHC.

The main decay channels of scalars are decays into pairs of leptons, into a pair of
photons or into hadrons. In the literature there is a well-known theoretical uncertainty
in the decay widths of the channels S → 2π and S → 2K [292–294]. For these decay
channels, we use the approach from [293]. Branching ratios and a corresponding lifetime
of the scalar are given in Fig. 5.7.

This summary of accelerator phenomenology of the scalar portal allows us to interpret
experimental results in terms of constraints on our model and discuss sensitivities of future
experiments. We describe this results below.

5.4.2 Experiments constraining scalar portal

Let us consider the experiments that give constraints on the visible decay of a light scalar
into SM particles. One relevant type of experiments is a fixed target or “beam dump” ex-
periments with intense proton beams. The general idea is the following. To create a feebly
interacting particle we need to maximize the number of events. This is done by heating a
target with an intense proton beam. Most of the products of collisions are Standard Model
particles that should be removed. This is achieved by placing a decay volume and detec-
tors far from the target and additionally screening them from the SM particles, such that
only a rare long-lived particle can reach the decay volume. The details of the sensitivity
curve of a given experiment are defined by the geometry of the experiment and parameters
of the beam. Below we describe two past and one proposed experiments of this type.

CHARM [287] is a fixed target experiment that used a 400 GeV proton beam dumped
into a thick copper target. If a long-lived particle is created in such collisions it can be
detected if it visibly decays inside a 35 m decay volume placed 480 m from the target. The
main production channel of light scalars in this experiment was decay of kaons K±/0 →
π±/0 + S, which defines the maximal mass of the scalar that can be probed mS < mK −
mπ ∼ 350 MeV. The number of kaons in CHARM was NK ≈ 1.4× 1016.
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Figure 5.6: Examples of diagrams for the main channels of the production of light scalars
in proton-nucleus collisions: proton bremsstrahlung (a), photon and gluon fusion (b), de-
cay of secondary mesons (c). Taken from paper III [31].
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Process BR(mS = 0)/θ2 Closing mass [GeV]
K± → Sπ± 1.7 · 10−3 0.350
K0
L → Sπ0 7 · 10−3 0.360

K0
S → Sπ0 1.2 · 10−5 0.360

B± → SK±1 (1270) (9.1+3.6
−4.0) · 10−1 3.82

B± → SK∗,±0 (700) 7.6 · 10−1 4.27
B± → SK∗,±(892) (4.7+0.9

−0.8) · 10−1 4.29
B± → SK± (4.3+1.1

−1.0) · 10−1 4.79
B± → SK∗,±2 (1430) 3.0 · 10−1 2.56
B± → SK∗,±(1410) (2.1+0.6

−1.1) · 10−1 3.57
B± → SK∗,±(1680) (1.3+0.5

−0.4) · 10−1 3.26
B± → SK∗,±0 (1430) 8.1 · 10−2 3.82
B± → SK±1 (1400) (1.6+0.6

−1.1) · 10−2 2.28
B± → Sπ± (1.3+0.3

−0.3) · 10−2 5.14

Table 5.1: Properties of the main channels of production of a scalar S from decays of
kaons and B mesons through the mixing with the Higgs boson. First column: decay
channels; Second column: branching ratios of 2-body meson decays evaluated at mS = 0
and normalized by θ2. For B mesons the numerical values are given for B± mesons;
in the case of B0 meson all the given branching ratios should be multiplied by a factor
of 0.93 that comes from the difference in total decay widths of B± and B0 mesons [14].
Uncertainties (where available) follow from uncertainties in meson transition form-factors;
Third column: effective closing mass, i.e. a mass of a scalar at which the branching ratio
of the channel decreases by a factor of 10. Taken from paper III [31].
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Figure 5.7: Left panel: Branching ratios of decays of a scalar S as a function of its mass.
Right panel: The lifetime of a scalar S as a function of its mass with the mixing angle
θ2 = 1. Solid blue line denotes the lifetime calculated using decays into leptons, kaons,
and pions, while solid red line – the lifetime obtained using decays into quarks and gluons
within the framework of perturbative QCD. Taken from paper III [31].
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Figure 5.8: The scheme of the SHiP experiment. Taken from [283].

KTeV [288] is also a beam dump experiment that utilized a Tevatron ring, using a
proton with 800-GeV beam energy. The products of a proton beam are cleaned with
magnets and absorbers in such a way that only a neutral kaons beam remain. KTeV had a
65 m long vacuum decay volume, where decays of KLs were measured. This experiment
put an upper bound of the decays BR(KL → πµ+µ−) < 3.8×10−10 [288] and BR(KL →
πe+e−) < 2.8 × 10−10 [295], which in turn puts a constraint on the scalar because of the
reaction KL → π0S(`+`−).

Even small mixing angles can be probed with the next-generation Intensity Frontier
experiments (e.g. SHiP [296], MATHUSLA [284], FASER [297], see also [298] for a
review). Below we use SHiP, currently the most developed among these proposals, as an
example.

SHiP is a fixed-target experiment that is proposed to build at CERN [296]. The proton
beam will be taken from SPS with the energy 400 GeV. It is planned that after 5 years
of operation SHiP will deliver 2 · 1020 protons-on-target. The design of the experiment is
illustrated in Fig. 5.8. Protons hit the target and create a large number of SM particles, first
of all mesons that later decay. The Standard Model particles are either stopped by hadron
absorber or are deflected by the active muon shield. The goal is to create a background-
free experiment which means that no SM particles should reach the decay volume. If a
new feebly interacting particle was created e.g. in the decay of mesons, it will reach the
decay volume. SHiP is sensitive to particles that are long-lived enough not to decay on
their way to the decay volume (∼ 50 m) and still can decay into SM particles inside it
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Figure 5.9: Constraints on the mixing angle between the scalar S and the Higgs boson
from CHARM [287], KTeV [288], LHCb [289] experiments and the expected sensitivity
of SHiP [291] (obtained using the results of section 5.4.1).

(another ∼ 50 m). The decay products will be detected by trackers, calorimeter and other
detectors. The sensitivity of SHiP for the scalar portal will be reported in the collaboration
paper [299]. Here we use the estimate from paper III [31].

Another kind of constraints comes from LHC experiments. Unlike beam dump ex-
periments, the relevant searches at these type of experiments are not background-free and
therefore one has to suppress the SM background in order to observe new physics. For
example, at the LHCb experiment at CERN [289] the decays of a light scalar can be dis-
tinguished from the SM background by using the rare decay B+ → K+S(S → µ+µ−)

that is strongly suppressed in the Standard Model. This gives constraints on the light
scalar for the mass range 250 < mS < 4700 MeV and lifetimes 0.1 < τS < 1000 ps for
the data from 7 and 8 TeV runs with total luminosity 3 fb−1. Therefore, a constraint on the
branching ratio of this channel from 10−7 up to 10−10, depending on the scalar lifetime.

The constraints on θ are presented in Fig. 5.9. Further improvement of the constraints
on θ is expected from high-luminosity LHC runs and from Belle II [300] that recently
started to collect data. Smaller angles can probably be probed by the searches for displaced
vertices, see e.g. [301] and references therein.

5.4.3 Constraints from the invisible Higgs decay

The production of DM at accelerators is schematically shown in Fig. 5.10. The invisible
Higgs decay gives the strongest constraints and was searched at CMS [302] using missing
transverse momentum signature. In this process, the production of DM is enhanced if the
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Figure 5.10: Feynman diagram for the Higgs boson decay into DM particles for the
model (5.1).

Higgs boson is a real particle. The 2σ upper bound was found to be

BR(h→ inv.) < 0.19. (5.10)

In our model the Higgs boson interacts with a DM particle, see the second boxed term in
Eq. (5.7). It gives the same invisible Higgs decay signature with a branching ratio

BR(h→ χ̄χ) =
θ2g2

χmh

8πΓh
, (5.11)

where mh ≈ 125 GeV [14] and Γh ≈ 4.1 MeV [303] are Higgs boson’s mass and total
decay width correspondingly. Experimental measurement of the Higgs boson invisible
decay width puts a bound

θ2g2
χ < 1.6 · 10−4 . (5.12)

5.5 Direct detection
As discussed in Section 2, direct detection experiments aim to detect DM matter particles
from the Milky Way halo that fly around (and through) Earth. This is done using the
process schematically presented in Fig. 5.11.

The results of direct detection experiments are often presented in terms of constraints
on σp, the total cross-section of the free nucleon-DM scattering, i.e. the total cross-section
for the same diagram 5.11 but in a theory with the effective Lagrangian [304]

Lχp = cpχ̄χp̄p, (5.13)

where p is a nucleon, i.e. proton or neutron, we will use proton as an example. This gives
the cross-section

σp =
c2
pµ

2
p

π
, (5.14)
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Figure 5.11: A schematic Feynman diagram for the direct detection searches.

where µp is the reduced mass of DM and a proton

µp =
mpmχ

mp +mχ

. (5.15)

The quantity σp is defined in such a way that it does not depend on the type of nuclei used
in an experiment, the minimal measured recoil energy, and other experiment-dependent
details. It makes it convenient for the comparison between different experiments. When
σp is derived from the direct experimental data it is assumed (in terms of our simple model)
that the scalar mediator massmS > 5·10−3mχ and we can neglect the velocity dependence
in an effective scalar-proton interaction [305]. We also consider here spin-independent
scattering.

Under this assumptions, the coupling constant in the effective Lagrangian (5.13) should
be chosen as [304]

cp =

√
2θgχmp

vm2
S

( ∑

q=u,d,s

fq +
2

9
fG

)
. (5.16)

Here v is the Higgs field vacuum expectation value, and the constants f correspond to the
quark content in a proton, fu = 0.02, fd = 0.026, fs = 0.118, and fG = 1 −∑q=u,d,s fq.
Using it we can compute the total DM-proton cross-section [285],

σp =
c2
pµ

2
p

π
≈ 4.4 · 10−34 cm2θ2g2

χ

(
1 GeV
mS

)4 ( mχ

1 GeV

)2
(

1 +
mχ

mp

)−2

. (5.17)

As we saw in Section 5.4, for searches for the invisible Higgs decay the constraint has
exactly the same combination of coupling constants θ2g2

χ that enters in Eq. (5.17) for direct
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Figure 5.12: Constraints on the direct detection cross-section from invisible Higgs de-
cay (blue solid line), from the combination of the correct relic abundance and accelera-
tor searches (red solid line) or the future planned intensity frontier experiment SHiP (red
dashed line), and from the combination of accelerator searches and the constraint on the
self-interaction cross-section (green solid line) for the different ratios of masses between
the scalar mediator and DM. Solid and dotted gray lines are limits for direct detection
experiments [159, 276, 306–308]. The yellow region is a so-called “neutrino-floor”, an
irreducible background for the direct detection experiments [306], that we add as a bench-
mark.

detection. Using these constraints (5.12) we get

σinv. h
χp . 7.0 · 10−38 cm2

(
1 GeV
mS

)4 ( mχ

1 GeV

)2
(

1 +
mχ

mp

)−2

. (5.18)

We can also use the constraints from accelerator searches for a light scalar (see Fig 5.9).
However, these constraints include only the mixing angle θ as a function of the scalar mass
and not the coupling constant gχ that also enters into the expression for σp. To proceed we
have two options. One possibility is to use the constraints from the self-interaction (5.9)
that limit gχ from above. Another option is to constrain gχ using the condition that the
correct DM abundance should be produced (assuming certain production mechanism). We
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will consider both possibilities, assuming thermal production as a minimal model. In this
section, we assumed that the ratio of the masses of the scalar mediator and the DM fermion
is 1 > mS/mχ > 0.01, to guarantee that self-scattering of DM is in the perturbative
regime and the simple constraint (5.9) holds. We remind that for this region of parameters
the condition on gχ from the correct relic abundance with thermal production is stronger
than from self-interaction, see Fig. 5.3.

These constraints (from the invisible Higgs decay and from accelerator searches for
the light scalar assuming thermal production) are presented in Fig. 5.12. For this plot
to be two-dimensional, we assume a fixed ratio of the masses mS = εmχ and show the
constraints for different values of ε < 1. We see that the combination of accelerator
searches and cosmological bounds gives a constraint that is stronger than the constraint
from invisible Higgs decays for almost all points in the probed parameter space.

5.6 Conclusions
In this section, we demonstrated how different constraints on Dark Matter particles can be
combined together for a specific particle physics model. In particular, we derived predic-
tions for Dark Matter direct detection experiments from accelerator constraints on the light
scalar (that mediates in our model the interaction between DM and the Standard Model)
with the requirement of the correct abundance of Dark Matter or with astrophysical con-
straints on Dark Matter self-interaction. For our model, the bounds from the fixed target
experiments (CHARM, KTeV) and LHCb combined with astrophysical or cosmological
constraints are stronger than other constraints (see e.g. [276]) in a significant part of the
parameter space. The bounds from invisible Higgs decays are somewhat weaker, but are
still competitive with other constraints and can be applied directly, without additional in-
formation from cosmology and astrophysics.

In this section, we considered only the simplest Dark Matter model of this kind.
Namely, we assumed a scalar mediator, thermally produced Dark Matter, and we con-
sidered values of the ratio of the Dark Matter and mediator masses for which Dark Matter
self-interaction is in the perturbed regime. We plan to perform the full exploration of the
parameter space and consider a more general class of models elsewhere.
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Chapter 6

Conclusions and outlook
This thesis is devoted to the astro-particle approach to the problem of Dark Matter. We
started by presenting the evidence that makes us believe that the dynamics of most of the
galaxies of various sizes as well as clusters of galaxies and of the Universe as a whole
cannot be described by the Standard Model of particle physics supplemented with General
Relativity. We have also reviewed the arguments suggesting that these phenomena are
probably explained by the existence of a new particle and concentrated our attention on
this hypothesis. If true, this means that the resolution of the DM puzzle is not only very
important for astrophysics and cosmology, but would play also a profound role for the
future development of particle physics.

Particle physics is at the crossroads at the moment - its Standard Model has survived
an impressive number of experimental checks, consistency checks, and precision tests.
Since the discovery of its last predicted particle - the Higgs boson - LHC, the flagship
of modern particle physics has measured with high significance all of its main creation
and decay channels, checked that their branching rations and other relative characteristics
are consistent with the Standard Model. Many non-trivial predictions of the electroweak
theory, including three and four vector boson processes, were tested beyond the leading
order, many rare processes predicted by the Standard Model have been observed (including
also light on light scattering).

This spectacular success of the Standard Model emphasizes even more that at the mo-
ment we are to a large extent agnostic about the direction in which the Standard Model
must be extended to accommodate experimentally confirmed mysteries that it can not ex-
plain - the origin of neutrino masses, the nature of Dark Matter and the mechanism for
generation of the asymmetry between matter and anti-matter. There are many mechanisms
and extensions of the Standard Model that have been proposed to address these questions.
They predict the existence of new particles and fields of various types, with very different
properties. Correspondingly, experimental strategy to discover them should also be very
different. In particular, we do not even know if the new particles have not been discovered
yet because they are too heavy or because their interaction is too weak. These options im-
ply experiments of two different types — the so-called “energy frontier” allowing to create
and detect heavier and heavier particles, and “intensity frontier” maximizing the number
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of events and allowing to discover new particles that are extremely rare.
Shedding light on any of the above-mentioned “beyond Standard Model problems” or

even constraining possible resolutions may give us an idea where to look for new particle
physics and how to optimize our experimental strategy for the coming decades.

Among Beyond the Standard Model questions, the problem of Dark Matter plays a
special role. Indeed, as this problem comes from astrophysics and cosmology, it naturally
brings to physics Beyond the Standard Model an enormous amount of observational data
that is complementary to particle physics data. Of course, the data originating from astro-
nomical observations are very different from particle physics data. In astronomy we have
much less control of the observed objects as they are located very far from us, the number
of directly measured observable is very limited, most of the relevant quantities have to be
derived. This, of course, introduces systematic uncertainties that are typically much less
controlled than in particle physics.

On the other hand, the number of different independent observations is very large -
combining many different observations provides an efficient method to marginalize over
unknown parameters and reduce both theoretical and observational uncertainties. The
conditions that we can observe in the Universe are impossible to reproduce on Earth.
Additionally, the bounds that are obtained from astronomical data are often to a large
extent model independent. For example, confirming that Dark Matter is warm, cold or
self—interacting (see Sections 2 and 3 for definitions and details) or even detecting a
signal from decay or annihilation of DM particles in the space would not be enough to fix
one single model of Dark Matter. However, it would challenge many models and in this
way disfavor whole directions of development of particle physics, both on its theoretical
and, even more importantly, experimental sides.

In this thesis, we described three different examples of constraining the properties of
DM particles. Section 3 was devoted to self-interacting Dark Matter. In this section, we
have reviewed the constraints on the cross-section of dark-matter self-interaction imposed
by the observed properties of dark-matter dominated objects. We have collected ensembles
of haloes of all observed sizes simulated for SIDM. These simulations were performed in-
cluding many effects of baryonic matter that can affect the properties of DM halos and
observable quantities. Analyzing these simulations we were able to make robust predic-
tions that can be directly compared with observations. On the observational side, we used
the stars’ velocity dispersion data for the dwarf spheroidal galaxies, the rotation velocity
data for spiral galaxies and weak lensing data for galaxy clusters. We have demonstrated
that it is possible to compare these data with SIDM simulations without fitting to para-
metric models of the DM density distribution, but rather using the estimates of the total
mass that may be derived from the observational data more directly. We believe that the
analysis presented here demonstrates how to obtain robust constraints on SIDM despite all
observational uncertainties and theoretical difficulties. We have also observed that realistic
modeling of baryonic effects in simulations is crucial for constraining SIDM, especially if
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we want to include the data from spiral galaxies. In our work, we used Eagle to describe
baryonic effects. It would be extremely important to use an alternative framework to ac-
count for baryonic effects. We also need to perform simulations for other cross-sections.
On the observational side, it is very important to add also X-ray and strong lensing data
for the case of galaxy clusters. For the case of dwarf galaxies, very significant progress
can be achieved when the data on 3D velocities of stars will become available, from Gaia
or elsewhere (see e.g. [309] for a recent review). Another interesting direction is to add
to the analysis the possibility of late kinetic decoupling and the constraints from Ly-alpha
forest [310].

Section 4 was devoted to another approach to uncover the nature of Dark Matter -
indirect detection. Here our main interest was related to a new major experimental facility
that is expected to start operating in the next several years and could become the real game
changer in the field of γ-ray astronomy and, in particular, in DM indirect detection - the
Cherenkov Telescope Array. This new IACT will be working in the energy range 20 GeV
- 300 TeV and is expected to be much more powerful than existing γ-ray telescopes.

We have tested the software package ctools adopted by the CTA collaboration for the
detection of a possible DM annihilation signal. Starting from version 1.6.0-dev1, ctools is
ready for such an analysis. We discussed here only the signal from the prompt emission of
photons. It is potentially interesting to include in the analysis a possible contribution from
the Inverse Compton effect, having different spatial morphology and spectral properties.
Although the treatment of systematic errors is not yet implemented in ctools, it is possible
to take them into account adopting a simple physical approach that does not require any
modifications of the code. This method, based on a limited number of counts in each
energy bins, suggests that for long exposure observations of the Galactic Center it can
make sense to use the LSTs only for less than 50 hours (even if the whole observation may
be much longer). Indeed, the number of counts in the energy bins below 150 GeV, where
the LSTs operate, is huge and the data will quickly become dominated by systematics, even
if it is at the very optimistic level of 1%. This may potentially free a significant amount
of the LSTs time for other science goals, where the most interesting signal is expected at
low energies (e.g. observing distant active galaxies or binary systems [274, 275], see also
[151] for a review).

Our results demonstrate that assuming an optimistic Einasto profile for the DM den-
sity distribution in the Milky Way, with 500 hours of the Galactic Center observations with
CTA we can probe annihilation cross-section below its thermal value. This is true if the
level of systematic 1% will be achieved by the CTA collaboration. Of course, the main un-
certainty to this conclusion comes from the measurement of the Dark Matter mass around
the Milky Way center. If these recent claims of [259, 260] are confirmed, this sensitivity
will be significantly lower. In such a case it will be important to study in more details the
relation between possible signals from the Galactic Center and dwarf spheroidal galaxies.

In Sections 3 and 4 we discussed the constraints on the properties of DM particles
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that are either model-independent or applicable to wide classes of models. In Section 5
we considered in detail an example of combinations of different constraints, coming both
from particle physics on one side and from cosmology and astrophysics on the other side.
We have considered a simple model that contains a neutral fermion playing the role of
Dark Matter and a scalar that mixes with the Higgs boson and mediates the interaction of
Dark Matter with the Standard Model. We concentrated on the case of light Dark Matter
fermion, such that traditional direct detection approaches are difficult to apply as the recoil
of nuclei becomes weak. We also assumed that the mediator is lighter than DM. In this
case, this mediator decays visibly, i.e. into the Standard Model particles. At the same
time, Dark Matter self-interaction mediated by such a light scalar may result in interesting
astrophysical phenomenology (discussed in Section 3). We have shown that in this simple
model, first of all, the searches for the invisible Higgs decay at the LHC constrain the
same combination of coupling constants that is relevant for DM direct detection. For a
part of the parameter space of the model, the sensitivity of invisible Higgs decay searches
is comparable with the constraints from existing direct detection experiments. Secondly,
the constraints from accelerator searches for light scalars, when combined with the astro-
physical constraints on DM self-interaction (or with the requirement of the correct DM
abundance assuming thermal production) appear to be very strong. The sensitivity of fu-
ture intensity frontier experiments (such as e.g. SHiP), again combined with cosmological
and astrophysical constraints, may allow to probe the part of the parameter space of the
model that, in terms of direct detection experiments, reaches the irreducible neutrino back-
ground.

We have considered so far only the simplest Dark Matter model of the kind. In partic-
ular, we assumed a scalar mediator and thermally produced Dark Matter. It is important to
perform the full exploration of the parameter space and consider a more general class of
models elsewhere.

In this thesis, our main motivation originated from the Dark Matter problem. Of
course, it is very important to apply the astro-particle approach, combining model-independent
constraints of different nature, to more realistic models that can explain not only Dark Mat-
ter but also neutrino masses and matter-antimatter asymmetry of the Universe. This am-
bitious goal, however, can be achieved only for very specific models. Model-independent
or widely applicable results remain therefore a necessary ingredient for identifying a suc-
cessful complete extension of the Standard Model.
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Appendix A

Jeans equation
The collisionless Boltzmann equation describes stellar dynamics [175],

∂f

∂t
+ v · ∇f −∇Φ · ∂f

∂v
= 0, (A.1)

where f is the distribution function, v is the DM velocity and Φ is the gravitational poten-
tial. Integrating it over all possible velocities one gets,

∫
∂f

∂t
d3v +

∫
vi ·

∂f

∂xi
d3v − ∂Φ

∂xi

∫
∂f

∂vi
d3v = 0. (A.2)

The last term is equal to zero because

∫
∂f

∂vi
d3v =

∫
d2v⊥i

∞∫

−∞

∂f

∂vi
dvi =

∫
d2v⊥i [f(vi =∞)− f(vi = −∞)] = 0, (A.3)

where d2v⊥i is 2D integration in the plane orthogonal to vi. Let us introduce the density of
stars, ρ(x), and the mean stellar velocity, v̄(x),

ρ(x, t) =

∫
f(x, v, t)d3v; v̄i =

1

ρ(x, t)

∫
f(x, v, t)vid

3v. (A.4)

Plugging these definitions into (A.2) we get

∂ρ(x, t)

∂t
+
∂(ρ(x, t)v̄i)

∂xi
= 0. (A.5)

Now, let us multiply the Boltzmann equation (A.1) by vj and integrate over velocities
again, ∫

vj
∂f

∂t
d3v +

∫
vivj ·

∂f

∂xi
d3v − ∂Φ

∂xi

∫
vj
∂f

∂vi
d3v = 0. (A.6)
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This equation can be rewritten in the following form,

∂(ρ(x, t)v̄j)

∂t
+
∂(ρ(x, t)vivj)

∂xi
+ ρ(x, t)

∂Φ

∂xj
= 0, (A.7)

where vivj is

vivj =
1

ρ(x, t)

∫
vivjf(x, v, t)d3v. (A.8)

Subtracting Eq. (A.7) from v̄j times Eq. (A.5) we obtain,

ρ(x, t)
∂v̄j
∂t
− v̄j

∂(ρ(x, t)v̄i)

∂xi
+
∂(ρ(x, t)vivj)

∂xi
+ ρ(x, t)

∂Φ

∂xj
= 0. (A.9)

We consider a situation when a halo did not have a recent mergers and virialized for a long
time. This means that time dependence for all halo parameters is weak, halo parameters
change for the cosmological time. Neglecting time derivative and using v̄r = v̄θ = 0 we
get

d(ρ(x, t)σ2
r)

dr
+
ρ(x, t)

r
[2σ2

r − (σ2
θ + σ2

φ)] = −ρ(x, t)
dΦ

dr
. (A.10)

The anisotropy of the velocity dispersion is defined as

β(r) = 1−
σ2
θ + σ2

φ

2σ2
r

. (A.11)

Therefore, the Jeans equation can be rewriten as

d(ρ(x, t)σ2
r)

dr
+

2β(r)ρ(x, t)

r
σ2
r = −ρ(x, t)

dΦ

dr
. (A.12)
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Appendix B

Reconstructing the inner SIDM density
from NFW fit obtained at large

distances
In this Appendix we discuss a method to find a velocity dispersion for a given density and
asymmetry profiles. The solution of this problem is needed to use the condition of the
equal kinetic energy 3.9 without taking data on the velocity dispersion from simulations.

As we know, the density, the radial velocity dispersion, and velocity anisotropy profiles
of collisionless CDM haloes are connected through the Jeans equation:

d

dr

(
σ2
r(r)ρ(r)

)
+

2

r
β(r)σ2

r(r)ρ(r) = −ρ(r)
GM(r)

r2
(B.1)

Therefore, one can find the velocity dispersion profile in CDM haloes using as an input
the profiles for density and velocity anisotropy. To show this, we introduce the function
f(r) = σ2

r(r)ρ(r) to write Eq. B.1:

df

dr
+

2

r
β(r)f(r) = −ρDM(r)

GMDM(r)

r2
, (B.2)

and we use the method of variation of constants to solve this equation. The solution of the
homogeneous equation

df

dr
+

2

r
β(r)f(r) = 0 (B.3)

is
f(r) = C1e

−2
∫ r
r0

β(y)
y
dy
. (B.4)

We substitute this solution in Eq. B.2 with C1 → C1(r) and get

dC1

dr
e
−2

∫ r
r0

β(y)
y
dy

= −ρ(r)
GM(r)

r2
. (B.5)
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The general solution for C1(r) in this equation is

C1(r) = C −
∫ r

r0

e
2
∫ x
r0

β(y)
y
dy
ρ(x)

GM(x)

x2
dx . (B.6)

Thus, the velocity dispersion profile is given by

σ2
r(r)ρ(r) = Ce

−2
∫ r
r0

β(y)
y
dy −

∫ r

r0

e2
∫ x
r
β(y)
y
dyGM(x)

x2
ρ(x)dx . (B.7)

The constant C can be fixed with the values of the density and the velocity dispersion at a
radius r = r0 in Eq. B.7: C = σ2

r(r0)ρCDM(r0). Thus, we finally have:

σ2
r(r)ρ(r) = σ2

r(r0)ρ(r0)e
−2

∫ r
r0

β(y)
y
dy −

∫ r

r0

e2
∫ x
r
β(y)
y
dyGM(x)

x2
ρ(x)dx . (B.8)

In principle, we have the problem that we do not know the value of σr(r) at any finite
radius r0, but if we assume that σ2

r(r)ρ(r) → 0 as r → ∞, which is reasonable for CDM
haloes, then we can choose the boundary condition σ2

r(10rs)ρ(10rs) = 0. Therefore, we
can use the NFW profile for ρ(r) and the ansatz for β(r) to estimate σv. An example of the
resulting velocity dispersion profiles is shown in the left panel of Fig. 3.12. The quality of
the match to the simulated data is comparable in all the cases to these examples and we
can see that the fit is reasonable.
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Appendix C

Parametric models for the data
Astronomical observations are often presented for some models for density profiles, bary-
onic contributions, etc. We select objects where the density profile is reasonably well fit to
both a cored profile and an NFW profile at large radii, and where the two resulting masses
inside the best measured distance are consistent with each other.

The cored profiles that we take into account are:

• Burkert profile
ρBurk(r) =

ρ0

(1 + r/r0)(1 + (r/r0)2)
. (C.1)

• Pseudoisothermal profile

ρISO(r) =
ρ0

(1 + (r/r0)2)
. (C.2)

• Modified pseudoisothermal profile

ρISO2(r) =
ρ0

(1 + (r/r0)2)3/2
. (C.3)

• Cored NFW profile:

ρcNFW =
bρs

(1 + br/rs)(1 + r/rs)2
. (C.4)

The presence of baryons can significantly modify the properties of dark matter density
profiles (see e.g. [100] for an SIDM example). Baryons also introduce uncertainties in
measurements of DM distributions. We only select objects that are sufficiently DM dom-
inated. In this case the poorly known mass-to-light ratios for stars, lack of reliable model
of DM-baryons interaction and other uncertainties related to the baryons do not affect our
analysis. Concretely,

229



We demand that at the largest radius where the mass is measured the contribution of
DM is at least 4 times larger than the mass of the baryons.

The following is a complete list of objects that we selected for our analysis, followed
by a brief description of the characteristics of each object class:

• Dwarf Spheroidal galaxies, [185, 311] (NFW and Burkert profiles): Sculptor, Leo
I, Carina, Draco, Ursa Minor, Fornax.

• Low Surface Brightness, [312] (NFW and ISO profiles): F563-V2, F563-1, F583-4

• GHASP, [313] (NFW and ISO2): UGC-3876, UGC-4256, UGC-4456, UGC-4499,
UGC-10310.

• THINGS, [220] (NFW and ISO profiles): NGC-2903 (outer), NGC-3198 (2 comp),NGC-
2403 (1 comp), NGC-2403 (2 comp), NGC-2841, NGC-3621, DDO-154

• LITTLE THINGS, [314] (NFW and ISO profiles): DDO-52, DDO-101, WLM,
Haro-29, DDO-87, DDO-126, DDO-216.

• SPARC, [221] (NFW and Burk): F568-V1, NGC-24, NGC-2683, NGC-3769, NGC-
3953, NGC-3992, NGC-4100, NGC-4183, UGC-2259, UGC-5721, UGC-7690, UGC-
8490, UGC-9992, UGC-12506.

• Clusters [177] (NFW and cNFW): MS2137, A963, A383, A611, A2537, A2667.
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