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Chapter 1

Introduction

1.1 Dark matter in the Universe

It is widely accepted nowadays that about 80% of the total mass in the Uni-
verse exists in the form of some mysterious dark matter. Unlike the ordinary
(“luminous” or “baryonic”) matter, this substance is detected only through
its gravitational force (hence the name “dark”) and plays a dominant role in
the dynamics of celestial objects at scales above ~ 100 pc (typical size of the
smallest galaxies — satellites of the Milky Way). The need for dark matter
in explaining the dynamics of galaxies in the Coma cluster was first observed
by F. Zwicky [1] in the 1930s (although some earlier results by Hubble sug-
gested that there should be more “dark stars” than visible ones in the Solar
neighborhood, see a historical overview in [2]). Since then a body of strong
and convincing evidence for the existence of dark matter has emerged (see
e.g. [3-5] and references therein). This conclusion has been supported by
numerous independent tracers of gravitational potential at different scales:

— the dynamics of stars in galaxies of all types requires a presence of a sig-
nificant fraction of non-luminous matter (from dwarf spheroidal satellites
of the Milky Way, [6] to large ellipticals [7-9]). In contrast, the dynam-
ics of the gravitationally bound systems of a smaller scale (e.g. globular
clusters) seem to be explained by its stellar matter (see e.g. [10]);

— measurements of the circular velocity, using e.g. the hyperfine splitting of
hydrogen in spiral galaxies [11,12];



— emission of the hot ionized gas in galaxy groups and galaxy clusters [13,
14];

— both weak and strong gravitational lensing measurements demonstrate
that the dynamics of galaxies and galaxy clusters cannot be explained by
the Newtonian potential created by visible matter only [5, 15-20].

In addition to this independent astrophysical evidence for the existence
of dark matter, cosmological data (analysis of the cosmic microwave back-
ground anisotropies and the statistics of galaxy number counts) show that
the cosmic large scale structure started to develop much before decoupling
of photons and baryons at recombination of hydrogen in the early Universe
and, therefore, much before ordinary matter could start clustering [21-26].
As a result current body of cosmological data is well-described by the “con-
cordance model” in which about 20% of the total energy density in the Uni-
verse is in the form of dark matter (and only about 5% are in the form of
baryonic matter).

The relative abundance of baryonic dark matter is strongly constrained
by numerous microlensing experiments probing the MAssive Compact Halo
Objects (see e.g. [27-29], for an overview see [30] and references therein) and
the results of Big Bang Nucleosynthesis [31]. Attempts to explain dark mat-
ter by the existence of primordial black holes has not been fully successful
(see e.g. [32,133]).

No attempts to explain the dark matter phenomenon by the modification
of Eisteinian gravity and/or Newtonian laws of dynamics has been successful
in explaining the dark matter at the cluster and cosmological scales (see the
recent discussion in [34,135], see also [36,[37] for alternative viewpoints).

Therefore, a microscopic origin of dark matter phenomenon (i.e. a new
particle or particles) remains the most plausible hypothesis (see e.g. recent
review of [38-41] and refs. therein).

1.2 Dark matter and elementary particle physics

To be a viable dark matter candidate particles must be
— stable or cosmologically long-lived;

— ‘dark’ (very weakly interacting with the electromagnetic radiation);
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— produced in the early Universe by a sufficient amount;
— consistent with existing astrophysical and cosmological bounds.

The only electrically neutral and long-lived particle in the Standard Model
are neutrinos. As the neutrino oscillation experiments (see e.g. [42] for de-
tails) show that neutrinos have mass, they could play the role of dark mat-
ter particles. Neutrinos are involved in weak interactions that keep these
particles in the early Universe in thermal equilibrium down to the tem-
peratures of a few MeV. At smaller temperatures, the interaction rate of
weak reactions drops below the expansion rate of the Universe and neut-
rinos “freeze out” from the equilibrium. Therefore, a background of relic
neutrinos was created just before primordial nucleosynthesis. As interac-
tion strength and, therefore, decoupling temperature and concentration of
these particles are known, their present day density is fully defined by the
sum of the masses for all neutrino flavors. To constitute the whole dark
matter this mass should be about 11.5 eV (see e.g. [43]). Clearly, this mass
is in conflict with the existing experimental bounds: measurements of the
electron spectrum of 3-decay put the combination of neutrino masses below
2 eV [44] while from the cosmological data one can infer an upper bound of
the sum of neutrino masses is 0.58 eV at 95% confidence level [21]. The fact
that neutrinos could not constitute 100% of dark matter follows also from the
study of phase space density of dark-matter dominated objects that should
not exceed the density of degenerate Fermi gas: fermionic particles could
play the role of dark matter in dwarf galaxies only if their mass is above a
few hundred eV (the so-called ‘Tremaine-Gunn bound’ [45], for review see
[46] and references therein) and in galaxies if their mass is above tens of eV.
Moreover, as the mass of neutrinos is much smaller than their decoupling
temperature, they decouple relativistically and become non-relativistic only
deeply in the matter-dominated epoch (“hot dark matter”). For such dark
matter the history of structure formation would be very different, and the
Universe would look rather differently nowadays [26, 147]. All these strong
arguments prove convincingly that the dominant fraction of dark matter can
not be made up of Standard Model neutrinos, and therefore the Standard
Model of elementary particles does not contain a viable dark matter candid-
ate. Therefore, the dark-matter particle hypothesis necessarily implies an
extension of the Standard Model and any resolution of this puzzle will have
a profound impact on the development of particle physics. By constraining
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the properties of dark-matter particles one can differentiate among exten-
sions of the Standard Model and learn about the fundamental properties of
matter.

Phenomenologically, little is known about the properties of dark-matter
particles. The mass of fermionic dark matter is limited from below by the
‘Tremaine-Gunn boundﬂ. They are not necessarily stable, but their life-
time should significantly exceed the age of the Universe (see e.g. [50]); dark-
matter particles should have become non-relativistic sufficiently early in the
radiation-dominated epoch (although a sub-dominant fraction might have
remained relativistic much later).

A lot of attention has been devoted to the class of dark matter candid-
ates called weakly interacting massive particles (WIMPs) (see e.g. [38,151] for
review). These hypothetical particles generalize the neutrino dark matter:
they also interact with the Standard Model sector with roughly electroweak
strength, however their mass is large enough so that these particles become
non-relativistic already at decoupling. In this case the present-day density
of such particles depends very weakly (logarithmically) on the mass of the
particle as long as they are heavy enough. This “universal” density happens
to be within an order of magnitude consistent with the dark matter dens-
ity [52] (the so-called “WIMP miracle”). Due to their large mass and inter-
action strength, the lifetime of these particles would be extremely short and
therefore some special symmetry has to be imposed in the model to ensure
their stability.

The interest for this class of candidates is due to their potential rela-
tion to electroweak symmetry breaking, which is being tested at the Large
Hadron Collider in CERN. In many models trying to make the Standard
Model “natural” like, for example, supersymmetric extensions of the Stand-
ard Model, there are particles that could play the role of WIMP dark mat-
ter candidates. The WIMP searches are important scientific goals of many
experiments. Dozens of dedicated laboratory experiments are conducted to
detect WIMPs in the Galaxy halo by testing their interaction with nucleons
(direct detection experiments) (see e.g. [53] and refs. therein). In addition,
cosmic ray experiments (measurements of antiparticles), as well as v-ray
and X-ray observations are used to search for WIMPs annihilation signal,

1A much weaker bound, based on the Liouville theorem, can be applied for bosonic dark
matter, see e.g. [48,49].
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see e.g. [54, [55] for details. These searches are called, “indirect detection
experiments” as only in conjunction with accelerator or laboratory searches
they would provide a definitive answer about the properties of the dark-
matter particles.

No convincing signals have been observed so far in either “direct” or “in-
direct” searches. Additionally, no hints of new physics at the electroweak
scale has turned up at the Large Hardon Collider (LHC) or in any other ex-
periments. This makes alternative approaches to the dark-matter problem
ever more viable.

However, WIMPs by no means exhaust the list of possible dark-matter
candidates. Many particles were suggested with their masses ranging from
micro-eV to 10'3 GeV (see e.g. [40, [51]). All these candidates interact su-
perweakly (i.e. much weaker than the Fermi interaction strength) with or-
dinary matter. They may thus be called super-weakly interacting massive
particles (or “super-WIMP”). Super-WIMP dark matter particles differ from
WIMPs in two crucial ways: (i) correct abundance of dark matter may be pro-
duced with the mass of dark matter particles as low as a few keV; (ii) super-
WIMPs can decay into Standard Model particles. These candidates include:
extensions of the Standard Model by right-handed neutrinos (sterile neutri-
nos, majorons) [56-58], axions [59-61], supersymmetric theories (gravitino,
axino) [52, 162-69], models with extra dimensions [67] and string-motivated
models [70, [71] The feeble interaction strength makes the laboratory detec-
tion of such super-weakly interacting dark matter challenging (see e.g. [72]).
Fortunately, many super-WIMP particles possess a 2-body radiative decay
channel: DM — ~ + v (for fermionic dark matter), DM — ~ + v (for dark
matter made up of bosons), producing a monochromatic photon with energy
E, = mpuc?/2. Searching for such a line thus provides a major way of de-
tection of super-WIMP dark matter particles. One can therefore search for
the presence of such a monochromatic line with energy in the spectra of dark
matter-containing objects [[73-76].

Although the lifetime of any realistic decaying dark matter should be
much longer than the age of the Universe (see e.g. [50]), the huge amount
of potentially decaying dark matter particles in a typical halo could produce
a sizable decay signal. For example, there are ~ 107> dark matter particles
with a ~ 1 keV mass in the halo of Andromeda galaxy. With the lifetime of
the order of the age of the Universe, this would lead to ~ 10°7 decays per
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second, releasing ~ 10%° erg/s. For comparison, the total X-ray luminosity
of the Andromeda galaxy in the 0.1-2.4 keV band is 6 orders of magnitude
smaller, (1.8 & 0.3) x 103" erg/s [77], which immediately tells us that the
lifetime of such particles should be at least 6 orders of magnitude longer
than the age of the Universe.

In summary: the search for decaying dark matter is an important scientific
goal. It can provide valuable constraints on the parameter space of exten-
sions to the Standard Model, and may even lead to the discovery of a signal
from dark matter particles. Unlike the search for annihilating dark matter
(where the WIMP hypothesis limits the range of masses to the GeV energy
range), there is no a priori preferred energy range for the searches of decay-
ing dark matter signal.

In this thesis, a systematic program of searches for a decaying dark mat-
ter signal is conducted. The thesis starts from the identification of the most
plausible mass range for decaying dark matter candidates; then discusses
possible observational targets and the detection strategy; and, finally, derives
new constraints for decaying dark matter, based on the novel method of ana-
lysis of observational data.

1.3 Sterile neutrinos: keV-mass decaying dark mat-
ter particles

This thesis concentrates mainly on determining the properties of dark mat-
ter particles in a model-independent fashion. However, it is instructive to
consider a baseline model with respect to which the results are gauged.
Therefore throughout this thesis we apply our results to the case of sterile
neutrino dark matter candidate 56, 157, 73, 174, |[78-81], see [82-84] for re-
view. This model has recently attracted a lot of attention in the particle-
physics community. Namely, it was shown that the minimal extension of the
Standard Model by three sterile neutrinos provides a viable and unified de-
scription of three major “beyond the Standard Model” phenomena in particle
physics — dark matter, neutrino oscillations and generation of baryon asym-
metry in the Universe. This model, dubbed vMSM, is one of the very few
models that provide testable resolution of the “beyond the Standard Model”
puzzles in the situation when no new physics is found at the LHC (the so-
called “nightmare scenario” [85]), and suggests how the nature of dark mat-
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Figure 1.1: Example of interactions of a sterile neutrino: decay N — vevala
(panel[(@)) and its effective Fermi-like description (panel[(b)) and loop-mediated decay
N — v+ vq (panel[(©).

ter and other “beyond the Standard Model” phenomena may nevertheless be
checked experimentally using existing experimental technologies and major
infrastructure. Below, we describe it in more details.

A sterile neutrino is a right-chiral counterpart of the left-chiral neutri-
nos of the Standard Model (called ‘active’ neutrinos in this context). Adding
these particles to the Standard Model Lagrangian makes neutrinos massive,
and therefore their existence provides a simple and natural explanation of
the observed neutrino flavor oscillations. These particles are singlet leptons
because they carry no charges with respect to the Standard Model gauge
groups (hence the name), and therefore along with their Yukawa interaction
with the active neutrinos (='Dirac mass’) they can have a Majorana mass
term (see e.g. [76] for details). They interact with matter via the creation of
a virtual active neutrino (quadratic mixing), and in this way they effectively
participate in weak reactions (see e.g. Fig. [l.1a). At energies much below
the masses of the W and Z-bosons, their interaction can be described by the
analog of the Fermi theory with the Fermi coupling constant G suppressed
by the active-sterile neutrino mixing angle § — the ratio of their Dirac to
Majorana masses (Fig. [L.1D):

2
02 — MDirac, o

2=

sterile N

(1.1)

M, Majorana
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(this mixing can be different for different flavours «).

It was observed long ago that such particles could have been produced
in the Early Universe through mixing with active neutrinos [56] and have a
correct relic density for any mass [56, 78,79, 81, I86-88].

Unlike WIMPs whose existence is motivated first of all by the theoretical
considerations on the stability of the Higgs mass against quantum correc-
tions that could require a fine-tuning of parameters of the model, the exist-
ence of sterile neutrinos is motivated by the observational phenomena bey-
ond the Standard Model. Namely, sterile neutrinos would provide a simple
and natural explanations of the neutrino flavour oscillations [89-92]. How-
ever, a single sterile neutrino would be unable to explain the two observed
mass splittings between Standard Model neutrinos — at least two sterile
neutrinos are needed for that. Moreover, should a sterile neutrino play the
role of dark matter, the mixing with active neutrinos would be too small
to contribute significantly to the flavor oscillations — its lifetime should be
very large and, therefore, interaction strength should be too feeble [57, 193].
Therefore, in order to explain dark matter and neutrino mass (one for each
Standard Model flavor), the minimal model should contain 3 right-handed
neutrinos [57]. In such a model, the lowest mass eigenstate of the active
neutrinos will be (almost) zero and the sum of neutrino masses Y m, =
ry/|Am2, |, where k = 1 or 2 for normal (inverted) hierarchy [93]. This is
one of the predictions of such a model.

In spite of the fact that a dark-matter sterile neutrino plays essentially
no role in the neutrino oscillations, the fact that 3 particles are needed to
explain both dark matter and neutrino oscillations is crucial. As we will see
below, primordial properties of sterile neutrino dark matter are determined
by two other sterile neutrinos.

If the masses of the two sterile neutrinos, responsible for neutrino oscil-
lations, are below ~ 2 GeV (mass of c-quark), such particles can be searched
with existing experimental techniques [94, 195]. This is a unique situation
when one can directly test the nature of neutrino oscillations in ‘intensity
frontier’ [96] experiments. For masses above 2 GeV the searches become
more difficult.

It turns out that in the mass region between 100 MeV and the elec-
troweak scale, out-of equilibrium reactions with these two sterile neutrinos
are capable of generating the observed matter-antimatter asymmetry of the
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Universe (baryogenesis) [180, [97]. These observations motivated a lot of re-
cent efforts for developing the vMSM — Neutrino Minimal Standard Model
(see [82] for review). Finding these particles in intensity frontier experi-
ments would provide an unparalleled possibility to test baryogenesis in the
laboratory. Moreover, if some particles are found in such experiments it will
be possible not only to check whether they are responsible for baryogenesis
or not, but also unambiguously predict the properties of sterile neutrino dark
matter.

Because its interaction with the Standard Model particles is very feeble,
sterile neutrino does not need to be stable. The decay channel for sterile
neutrinos of all masses is to 3 (anti)neutrinos (Fig. m@ However, the most
characteristic feature of sterile neutrino dark matter is its ability to decay
into a photon and a neutrino (with cosmologically long lifetime) [73, [74, 98],
see Fig.[I.1cl The emitted photon is almost mono-energetic (the width of the
dark matter decay line is determined entirely by the motion of dark matter
particles). Although the lifetime of the dark matter particles turns out to be
much longer than the age of the Universe, the humongous number of these
particles around us implies that the combined emission may be sizable.

If dark matter is made of sterile neutrinos, detecting astrophysical signal
from their decay (the “indirect detection”) may be the only way to identify this
particle experimentally. However, it may be possible to prove the dark matter
origin of observed signal unambiguously using its characteristic properties.

In summary: three sterile neutrinos with the masses below electroweak
scale form a minimal testable model that provides a unified description of
three major observational problems “beyond-the-Standard-Model” [57, 180,
82,1971:

1) neutrino flavour oscillations;
2) the absence of primordial anti-matter in the Universe;
3) existence of dark matter.

2For masses above 1 MeV additional decay channels become kinematically possible.
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1.3.1 Production of sterile neutrinos in the early Universe

The active-sterile neutrino mixing is strongly suppressed at temperatures
above a few hundred MeV and peaks roughly at [56]

1/3
Tpear ~ 130 (%) / MeV , (1.2)
Sterile neutrino dark-matter candidates are never in thermal equilibrium
and their number density is significantly smaller than that of the active
neutrinos (that is why they can account for the observed dark matter abund-
ance without violating the “Tremaine-Gunn bound’). In particular, the shape
of the primordial momentum distribution of the sterile neutrinos is roughly
proportional to that of the active neutrinos [73]:

X

SO T (1.3)

S Now (t7 p) =

where the normalization y ~ 62, < 1 and where 7T, (t) is the temperature
of the active neutrinosﬁ Comparing the production temperatures Eq.
of dark matter sterile neutrinos with their masses shows that they are pro-
duced relativistically in the radiation-dominated epoch. Indeed, for the prim-
ordial dark matter distribution of the form one has (p) ~ Tpear 2 Mny,,
for My,
gions and erase primordial density fluctuations at scales below the free-

< 40 GeV. Relativistic particles stream out of the overdense re-
streaming horizon (FSH) — particles’ horizon where they becomes nonre-
lativistic (for a detailed discussion of characteristic scales see e.g. [99] and
references therein). This effect influences the formation of structures. If
dark matter particles decouple nonrelativistically (cold dark matter models,
CDM) the structure formation occurs in a “bottom-up” manner: specifically,
smaller scale objects form first and then merge into the larger ones [[100].
CDM models fit modern cosmological data well. In the case of particles, pro-
duced relativistically and remaining relativistic into the matter-dominated
epoch (i.e. hot dark matter, HDM), the structure formation goes in a “top-
down” fashion [101], where the first structures to collapse have sizes com-
parable to the Hubble size [102-104]. The HDM scenarios contradict large-
scale structure (LSS) observations [47]. Sterile neutrino dark matter that

3The true distribution of sterile neutrinos is in fact colder than that shown in Eq. (T3).
Specifically, the maximum of p? fn, (p) occurs at p/T,, ~ 1.5 — 1.8 (depending on My, ), as
compared with p ~ 2.2T, for the case shown in Eq. [81,/86].
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is produced relativistically and is then redshifted to nonrelativistic velocit-
ies in the radiation-dominated epoch is an intermediate, warm dark matter
(WDM) candidate [73,179,!105]. Structure formation in WDM models is sim-
ilar to that in CDM models at distances above the free streaming scale. Be-
low this scale density fluctuations are suppressed, compared with the CDM
case. The free-streaming scale can be estimated as [103]

keV ) {p)
MNDM <pl/> '

where 1 Mpc is the (comoving) horizon at the time when momentum of act-

Aeg ~ 1 Mpc ( (1.4)

ive neutrinos (p,) ~ 1keV. If the spectrum of sterile neutrinos is nonther-
mal, then the moment of non-relativistic transition and Ag% is shifted by
(pn)/ (po)-

This mechanism specifies a minimal amount of sterile neutrinos that will
be produced for given M; and #,. The requirement that 100% of dark matter
be produced via such mixing places an upper bound on the mixing angle
0, for a given mass. This conclusion can only be affected by entropy dilution
arising from the decay of some heavy particles below the temperatures given
in Eq. (1.2) 106, 107].

The production of sterile neutrino dark matter may substantially change
in the presence of lepton asymmetry when the resonant production (RP) of
sterile neutrinos [78] occurs, analogous to the Mikheyev—Smirnov—Wolfen-
stein effect [108,[109]. When the dispersion relations for active and sterile
neutrinos cross each other at some momentum p, the effective transfer of an
excess of active neutrinos (or antineutrinos) to the population of dark mat-
ter sterile neutrinos occurs. The maximal amount of sterile neutrino dark
matter that can be produced in such a way is limited by the value of lepton
asymmetry, 7, = |n, — n;|/s, where s is the entropy of relativistic species in

plasma. The present dark matter abundance Qpy ~ 0.25 translates into the

keV.
My

requirement of 7, ~ 10_6(
neutrinos to constitute the dominant fraction of dark matter. One notices

) in order for resonnatly produced sterile
that the resonant production occurs only for values of lepton asymmetry, 7y,
much larger than the measured value of baryon asymmetry of the Universe:
ng = & ~ 10719 [21]. Such a value of 7, does not contradict to any obser-
vations though. Indeed, the upper bounds on 7, are based on either prim-
ordial nucleosynthesis (BBN) or CMB measurements (as chemical potential

of neutrinos would carry extra radiation density) [110, [111]. These bounds
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read || < few x 1073 (see e.g. [112-114]). We see, therefore, that the lepton
asymmetry, required for resonant sterile neutrino production is still consid-
erably smaller than the upper limit. Notice, that at epochs prior to BBN
even 7, ~ 1 is possible (if this lepton asymmetry disappears later). Such
a scenario is realized e.g. in the Neutrino Minimal Standard Model, vYMSM
(see [82] for review), where the lepton asymmetry keeps being generated be-
low the sphaleron freeze-out temperature and may reach n;, ~ 1072 +~ 107!
before it disappears at T' ~ few GeV [87].

1.3.2 Structure formation with sterile neutrino dark matte r

Non-negligible velocities of ‘warm’ sterile neutrinos alter the power spec-
trum of density fluctuations at scales below the free-streaming horizon scale.
Additionally, the suppression of the halo mass function below a certain scale
[115] and different history of formation of first structures affects the way
the first stars were formed and therefore the reionization history of the Uni-
verse, abundance of the oldest (Population III) stars, etc. [116-121].

The effects of suppression of the matter power spectrum are probed with
the Lyman-« forest method [122-{125] (see [99] for critical overview of the
method and up-to-date bounds). Using neutral hydrogen as a tracer of over-
all matter overdensity, one can reconstruct the power spectrum of density
fluctuations at redshifts 2 < z < 5 and scales 0.3 — 5 h/Mpc (in comoving
coordinates) by analyzing Lyman-a absorption features in the spectra of dis-
tant quasars.

If all dark matter is made of sterile neutrinos with a simple Fermi-Dirac-
like spectrum of primordial velocities (1.3), the matter power spectrum has
a sharp (cut-off like) suppression (as compared to ACDM) at scales below the
free-streaming horizon (1.4) (similar to the case of ‘thermal relics’ [105]). In
this case the Lyman-« forest data [99,[122-126] puts such strong constraints
at their free-streaming length, which can be expressed as the lower bound
on their mass My, > 8 keV (at 30 CL) [99]. Such WDM models produce
essentially no observable changes in the Galactic structures (see e.g. [99,
127-130]) and therefore, from the observational point of view such a sterile
neutrino dark matter (although formally ‘warm’) would be indistinguishable
from pure CDM.

On the other hand, resonantly produced sterile neutrinos have spectra
that significantly differ from those in the non-resonant case [78, [88]. The
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primordial velocity distribution of RP sterile neutrinos contains narrow res-
onant (cold) plus a nonresonant (warm) components — CWDM model (see [99,
131] for details)@ In the CWDM case, however, Lyman-« constraints allow a
significant fraction of dark matter particles to be very warm [99]. This result
implies for example, that sterile neutrino with the mass as low as 1-2 keV
is consistent with all cosmological data [131].

The first results [133] demonstrate that resonantly produced sterile neut-
rino dark matter, compatible with the Lyman-a bounds [131], do change the
number of substructure of a Galaxy-size halo and their properties. Qualit-
atively, structures form in these models in a bottom-up fashion (similar to
CDM). The way the scales are suppressed in CWDM models is more com-
plicated (and in general less severe for the same masses of WDM particles),
as comparable with pure warm dark matter models. The first results of [133]
demonstrate that the resonantly produced sterile neutrino dark matter mod-
els, compatible with the Lyman-«a bounds of [131], do change the number of
substructure of a Galaxy-size halo and their properties. The discrepancy
between the number of observed substructures with small masses and those
predicted by ACDM models (first pointed out in [134,135]) can simply mean
that these substructures did not confine gas and are therefore completely
dark (see e.g. [136-139]). This is not true for larger objects. In particular,
CDM numerical simulations invariably predict several satellites “too big”
to be masked by galaxy formation processes, in contradiction with observa-
tions [134, 135, 1140, [141]. Resonantly produced sterile neutrino dark mat-
ter with its non-trivial velocity dispersion, turns out to be “warm enough” to
amend these issues [133] (and “cold enough” to be in agreement with Lyman-
« bounds [131]).

Ultimate investigation of the influence of dark matter decays and of modi-
fications in the evolution of large scale structure in the ‘sterile neutrino Uni-
verse’ as compared with the ACDM model requires a holistic approach,
where all aspects of the systems are examined within the same set-up rather
than studying the influence of different features one-by-one. Potentially ob-
servable effects of particles’ free streaming and decays are expected in terms
of
— formation and nature of the first stars [117,[118,1142, 143];

— reionization of the Universe [119,[121,/144-146];

4Axino and gravitino models may have similar spectra of primordial velocities, c.f. [132].
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— the structure of the intergalactic medium as probed by the Lyman-« forest
[99,1124-126,(131),1147-149];

— the structure of dark matter haloes as probed by gravitational lensing [149—
153];

— the structure and concentration of haloes of satellite galaxies [133, [154—
157].

The results of this analysis will be confronted with measured cosmological

observables, using various methods: Lyman-a analysis (with BOSS/SDSS-

IIT or X-Shooter/VLT [158]), statistics and structure of dark matter halos,

gravitational lensing, cosmological surveys).

The weak lensing surveys can be used to probe further clustering proper-
ties of dark matter particles as sub-galactic scales, as the next generation of
these surveys will be able to measure the matter power spectrum at scales
down to 1 — 10 h/Mpc with a few percent accuracy. The next generation of
lensing surveys (such as e.g. KiDS, LSST, WFIRST, Euclid) can provide sens-
itivity, compatible with the existing Lyman-a bounds [150, [151]. As in the
case of the Lyman-« forest method the main challenge for the weak lensing
is to properly take into account baryonic effects on matter power spectrum.
The suppression of power spectrum due to primordial dark matter velocit-
ies can be extremely challenging to disentangle from the modification of the
matter power spectrum due to baryonic feedback [148, 159, 1160]. Finally,
the modified concentration mass relation, predicted in the CWDM models,
including those of resonantly produced sterile neutrinos ([131, [161]) can be
probed with the weak lensing surveys (see e.g. [162,/163]) if their sensitivity
can be pushed to halo masses below roughly 10'2M /.

1.4 The structure of the thesis

I. We begin in Chapter 2l with the determination of the lower bound on
the mass of dark matter particles and the energy range of possible searches.
If the dark matter particles are fermions, there is a very robust bound on
their mass. Namely, due to the Pauli exclusion principle, there exists the
densest “packing” of the fermions in a given region of the phase space (known
as “Tremaine-Gunn bound”, [45]). Decreasing the mass of the dark matter
particles, one increases their number (and, hence, phase-space density) in
any dark matter-dominated object. The requirement that this phase-space
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density did not exceed that of the degenerate Fermi gas thus leads to the
lower mass bound. With additional assumptions, this bound can be fur-
ther strengthened (and even generalized to the case of bosonic dark matter).
We overview existing approaches and their limitations and propose a new
method that allows to derive strong yet robust bounds on the mass of dark
matter particles, improving on the original Tremaine-Gunn bound. By con-
sidering the existing data on different types of galaxies, we conclude that
the strongest bound on the mass of dark matter fermions comes from the
dwarf satellite galaxies of the Milky Way. Using recent results of the mass
modeling of dwarf spheroidal galaxies and paying special attention to sys-
tematic uncertainties in relevant parameters, it is shown that the mass of
dark matter fermion should exceed ~0.4 keV, and therefore the dark matter
decay signal should be searched in X-ray and ~-ray energy ranges. As the de-
cay width increases with the mass of the particle, we conclude that the X-ray
range is the preferred range of searches for fermionic decaying dark matter.

II. We proceed with the identication of the best observational targets for
decaying dark matter searches (Chapter [B). To this end we analyze dark
matter distributions in several hundreds of dark matter-dominated objects
in the local Universe (redshift z < 0.1). We consider different types of galax-
ies (dwarf, spiral, and elliptical); galaxy groups and galaxy clusters — all
types of dark matter-dominated objects, with their masses spanning eight
orders of magnitude. We demonstrate that the expected dark matter decay
signal (proportional to the “dark matter column density”) increases slowly
with the mass of the object. We determine a relation between the dark mat-
ter column density and the mass of the halo and demonstrate that the scat-
ter of this relation can be predicted based on the existing numerical simula-
tions of structure formation. Therefore, decaying dark matter would produce
a unique all-sky signal, with a known slow-varying angular distribution.
Such a signal can be easily distinguished from any possible astrophysical
background and therefore makes the astrophysical search for decaying dark
matter another type of a direct detection experiment.

III. These results allows us to define a detection strategy for radiatively
decaying dark matter (Chapter[d). First of all, one has a freedom of choosing
the observational targets, avoiding complicated astrophysical backgrounds.
In particular, although galaxy clusters possess in general the highest dark
matter column density, due to their high emission in X-rays the expected
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signal to noise ratio is not optimal (for spectral resolution of modern X-ray
missions). The best targets thus become dwarf and spiral galaxies. The
expected decay signal from these targets varies within a factor of few and
although lower, than that of the galaxy clusters can be searched for against
much lower astrophysical background.

Our findings also demonstrate that if a candidate spectral line is found, its
surface brightness profile may be measured, distinguished from astrophys-
ical emissions, and compared among several objects with similar expected
signal. This allows to unambiguously discriminate decaying dark matter
signal from possible astrophysical or instrumental backgrounds. To illus-
trate the power of this approach, we investigate the recent claim of that a
spectral feature at ~ 2.5 keV in the Chandra observation of Willman 1 can
be interpreted a dark matter decay line. We demonstrate that such an inter-
pretation is ruled out by archival observations of M31 and Fornax/Sculptor
dwarf spheroidals with high significance.

We conclude Chapter [ with the review of the current status of decaying
dark matter searches. We collect all existing bounds on decaying dark mat-
ter lifetime in the keV energy range. These results are obtained from the
analysis of medium exposure (about 100 kilo-seconds) observations of indi-
vidual objects of different types. We argue that with the current generation
of X-ray telescopes there are two possible ways to further improve the exist-
ing bounds and probe the theoretically interesting regions of particle physics
models:

(a) Deep (few mega-secounds) observations of the most X-ray quiet objects.
“Classical” dwarf spheroidal galaxies (Ursa Minor, Draco, Sculptor, For-
nax), where the dark matter content can be determined robustly are the
preferred targets. The problem with this approach is the limited visib-
ility of some of these objects and large investment (about 10%) of the
annual observational time of the satellite (total observational time avail-
able each year for XMM-Newton and Chandra satellites is about half of
the calendar year, i.e. 14-15 Msec). Allocating time for such an observa-
tion in the absence of a candidate line is hardly possible. On the other
hand, observations of these objects would provide an important confirm-
ation of the signal, detected with some other means.

(b) Total exposure of all observations of dark matter-dominated objects with
the X-ray satellites is several orders of magnitude longer than any pos-
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sible single observation. Therefore a possible way to advance with the
existing X-ray instruments is o combine a large number of X-ray obser-
vations of different dark matter-dominated objects. The idea is that the
spectral position of the dark matter decay line is the same for all these
observations, while the astrophysical backgrounds in the combined spec-
trum would “average out”, producing a smooth continuum against which

a small line would become visible. Naively, such a dataset, uniformly

processed, should allow to improve the existing bounds by at least an

order of magnitude and study spatial dependence of each candidate line.

IV. Chapter [§] is devoted to this goal — analysis of a large dataset of
archival XMM-Newton observations of galaxies. Extremely large combined
exposure of this dataset (two orders of magnitude longer than a typical
single observation) presents several new challenges. Indeed, large number
of counts in each energy bin mean that the statistical errors become very
small (sub-% level). To extract meaningful bounds one needs therefore to
control systematic errors at the comparable level. The level of systematics of
the XMM-Newton is considered to be much higher (5-10%) due to the instru-
ment’s degradation with time, variability of the instrumental background,
imperfect knowledge of the instrument’s response functions, etc. To tackle
these problems, a novel method of data analysis has been developed that
delivers the required control over the level of systematics. We demonstrate
the sensitivity of this method and search for the presence of lines in the
2.5-11 keV energy range. We find several new line candidates. After care-
ful analysis, all these candidates are quantified as faint instrumental lines
which have not been observed previously. Finally, we construct strongest to-
date upper bounds on decaying dark matter parameters probing significant
part of the parameter space of the corresponding particle physics models.

V. We conclude Chapter [6l with the discussion of the prospects of search-
ing for decaying dark matter line with new instruments. The real progress
requires at least an order of magnitude improvement of energy resolution
for diffuse sources, combined with the high throughput instruments. We
argue therefore that the X-ray micro-calorimeters (rather than present-day
CCD-based detectors) should be used for this goal. Such a micro-calorimeter
delivers required spectral resolution in the energy range from sub-keV to
tens of keV. Parameters of such a mission and its tentative observational
programme is discussed.
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Chapter 2

Mass of the dark matter particles

2.1 Introduction

In this Chapter we discuss the lower bounds on the mass of dark matter
particles, coming from the analysis of dark matter phase-space distribution
in different types of dark matter dominated objects.

If the dark matter particles are fermions, there is a very robust bound
on their mass. Namely, due to the Pauli exclusion principle, there exists the
densest “packing” of the fermions in a given region of the phase space [45].
Decreasing the mass of dark matter particles, one increases their number in
a given gravitationally bound object, containing dark matter. The require-
ment that the phase-space density of the dark matter does not exceed that of
the degenerate Fermi gas leads to the lower mass bound. A weaker version
of the same bound can be generalized for the bosonic dark matter as well. We
review the existing approaches, and concentrate on two methods of deriving
such a bound. The first (model-independent) approach uses the information
about the observed matter distribution only and applies to any type of fermi-
onic dark matter. The second method also requires an assumption about the
initial (primordial) distributions of dark matter velocities. Stronger, model-
dependent bounds are quoted for several dark matter models (thermal relics,
non-resonantly and resonantly produced sterile neutrinos, etc.). These latter
bounds rely on the assumption that baryonic feedback cannot significantly
increase the maximum of a distribution function of dark matter particles. It
turns out that the strongest bound comes from the objects with the largest
phase-space density — dwarf spheroidal galaxies (dSphs). We discuss the ob-
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servational data on dSphs as well as astronomical uncertainties in relevant
parameters.

While these considerations are very generic and rely almost exclusively
on such fundamental properties of dynamical systems like Liouville the-
orem, they provide important restrictions on possible particle physics mod-
els. For example, applying these considerations to the case of neutrino dark
matter would rule out the possibility that massive neutrinos constitute the
dominant fraction of dark matter in the Universe (the lower bound of their
mass would imply that the Qpy < 1). For the scenario in which all the dark
matter is made of sterile neutrinos produced via non-resonant mixing with
the active neutrinos (NRP) this gives mygp > 1.7 keV/c2. Combining these
results in their most conservative form with the X-ray bounds of dark matter
decay lines, we conclude that the non-resonant production scenario remains
allowed in a very narrow parameter window only. This conclusion is inde-
pendent of the results of the Lyman-« analysis. The dark matter model in
which sterile neutrinos are resonantly produced in the presence of lepton
asymmetry remains viable. Within the minimal neutrino extension of the
Standard Model (the vMSM ), both mass and the mixing angle of the dark
matter sterile neutrino are bounded from above and below, which suggests
the possibility for its experimental search.

This Chapter is organized as follows. After an overview of the original
Tremaine-Gunn bound and its modifications (Section [2.2), we introduce the
concept of maximal coarse-graining and propose a conservative modification
of the original bound (Section 2.3). In Section 2.4] we analyze existing ob-
servational data on Milky Way and Andromeda galaxies, galaxy groups and
Milky Way satellite dSphs and use it to determine the phase-space dens-
ity of these objects. Special attention is paid to systematic uncertainties of
measured values. Our results are summarized in Section

2.2 Dark matter mass limits

Consider a spherically symmetric dark matter-dominated object with the
mass M within the region R. One can obtain the lower bound mpgc on the
dark matter mass by demanding that the maximal (Fermi) velocity of the
degenerate fermionic gravitating gas of mass M in the volume §WR3 does
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Here and below g denotes the number of internal degrees of freedom of dark
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matter particles, and Gy is the Newton’s constant. Such a consideration,
applied to various dark matter dominated objects, leads to the mass bound,
which we will call mpge in what follows (see Table [ﬂ]below)ﬂ

The above considerations assume that the dSphs are purely spherical sys-
tems. Analysis of [166] shows that ellipticity of stars in dSphs vary from
0.227035 for Leo IV to 0.80 = 0.04 for Ursa Major I. Simulated dark matter
halos on the other hand tend to have rather moderate ellipticity, epy < 0.32
[167]E According to Section[2.5] the ellipticity of dark matter halos can lower
the resulting limit on mpge by < 10%.

The limit, obtained in such a way, is very robust, as it is independent of
the details of the formation history of the system. The only uncertainties
associated with it are those of astronomical nature: systematic errors in the
determination of velocity and density distribution. All these issues will be
discussed below (Section 2.3).

For particular dark matter models (with the known primordial velocity
dispersion) and under certain assumptions about the evolution of the system
which led to the observed final state, this limit can be strengthened [45, 46,
48,149,1157,1168-173]. The argument is based on the Liouville’s theorem (see
e.g. [168,(174]) and assumes that the collapse of the system is disipation-
less and collisionless. The Liouville theorem states that the phase-space
distribution function f(¢, x,v) does not change in the course of disipationless
collisionless dynamics. The consequence of the Liouville theorem is that the
function f(t, z,v) “moves” in the phase-space, according to the Hamiltonian
flow, and therefore its maximum (over the phase space) remains unchanged.
Therefore, if one could determine the characteristics of a phase-space distri-
bution function from astronomically observed quantities (in the first place

1The spatially homogeneous dark matter distribution is only an approximation. In reality
one should consider self-gravitating degenerate fermionic gas. It is possible to show that, un-
der some external conditions, the system of weakly interating fermions undergoes a first-orger
phase transition to a nearly degenerate “fermion star” [164]. The existence of such objects may
also have insteresting astrophysical applications [165].

2Therefore it is hard to explain the ellipticity of stars in the most elongated dSphs, see the
discussion in [166].
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average density p and velocity dispersion o) in dSphs (or any other dark
matter dominated objects), the Liouville theorem would allow to connect the
measured values with the primordial properties of dark matter particles.
One such characteristics of the phase-space distribution is its maximum.
Any physical measurement can probe only the phase-space distribution, av-
eraged over some phase-space region — a coarse-grained phase-space density
(phase-space density) (as opposed to exact or fine-grained phase-space dens-
ity). Such a coarse-grained phase-space density, averaged over phase-space
cells AIl(z, v) centered around points (z,v) in the phase space, is defined via

= 1

f(t,d?,l]) = m / dH/ f(t,df/,v/) (2.2)

ATI(z,v)

(here vol(AIl) is the volume of the phase-space cell). From the definition
2.2) it is clear that the maximal (over the whole phase space) value of the
coarse-grained phase-space density f,,..(t) cannot exceed the maximal value
of the corresponding fine-grained phase-space density. On the other hand,
as a consequence of the Liouville theorem, the maximum of the fine-grained
phase-space density f,,.. does not change in time. Thus, one arrives to the
following inequality

Frmaz(t) < e - (2.3)

The inequality allows to relate the properties of dark matter at present
time ¢ with its primordial properties, encoded in f,,,,. For example, if one
assumes that initially dark matter particles possess relativistic Fermi-Dirac
distribution function with some temperature Typ (relativistically decoupled
thermal relics):

g 1
fFD(p) = (271'71)3 ep/Too 1 1 (2.4)

and recovers from astronomical measurements that in the final state the
coarse-grained phase-space density of the system is described by the iso-
thermal sphere (see e.g. [174]) with a core radius r. and a 1D velocity disper-
sion o, whose maximum is given by

f_' _ 902
so,mar 4G N (2m02)3/2r2

(2.5)

the comparison of the maximum of the coarse-grained phase-space dens-
ity (2.5) with its primordial (fine-grained) value leads to the so-called Tremaine-
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Gunn mass bound [45]:

4 9(27h)3

= 7 2.6
6T (21)5/2gG yo 12 (2.6)

mgp > Mo, Where m
For the case of initial distribution (2.4) this bound is stronger than the one,
based on the Pauli exclusion principle, by a factor 2'/* [45]. For different
primordial dark matter distributions this difference can be significant (as
we demonstrate later). We would like to stress, though, that these stronger
bounds make assumptions about the evolution of phase-space density, while
the one, based on the Pauli exclusion principle does not assume anything
about either primordial velocity distribution of the particles, or the forma-
tion history of the observed object and simply compares measured phase-
space density with the maximally allowed for fermions.
Another characteristics of the phase-space distribution function is the
“average phase-space density”

Q=" @.7)

(v2)3/2

introduced in [175, [176]. The value of @Q); (average phase-space density
today) is simply defined in terms of the observed quantities p and (v?) = 302
and therefore serves as a convenient estimator of the phase-space density
for any dark matter dominated object. One can calculate primordial @; for
an arbitrary homogeneous distribution function f(p)

gm4 (f f(p)dgp)5/2
(2mh)? (f f (p)p2d3p) v

Qi = (2.8)

and compare it with its value today ;. It was claimed in [175,176] that Q
cannot increase during the evolution of dark matter:

Qi > Qy. (2.9)

Applying this inequality to the dSphs, one obtains several times stronger
mass bound, than that of [45].

To illustrate the origin of the inequality (2.9), authors of [175, 1176] no-
ticed that in the case of the uniform monoatomic ideal gas, Q is related to
the usual thermodynamic entropy per particle (see Appendix[8.2.7.7) and the
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inequality for Q becomes a consequence of the second law of thermodynam-
ics. Indeed, in this case one can see that

= 3
% = _log <Q(’;nij)h) +1logC[f], (2.10)
where in the right hand side of functional C[f] does not depend on the
average density and velocity of the dark matter particles.

However, because of the long-range interaction of dark matter particles,
the notion of Boltzmann entropy is well-defined only for the primordial dark
matter distribution and not for the final state of dark matter evolution (see
e.g. the discussion in [177]). Moreover, we will show below that in general
the increase of entropy does not imply the decrease of (). Indeed, the values
of C[f] are different for different types of phase-space distributions f and
therefore they can change with time if the shape of the (coarse-grained) dis-
tribution changes. Namely, even if initial (i) and final (f) states both satisfy
relation between the entropy and Q (S, ; = log C; 5 — log %ﬁ) from
the second law of thermodynamics "

Sp> S (2.11)

it only follows that
C;
P > —_— . .
Qi > Qf c; (2.12)

Therefore, in general, the inequality does not follow from entropic con-
siderations.

Moreover, the simple relation between the entropy and Q does not
hold for the distributions we are interested in. For example, for the Fermi-
Dirac distribution (2.4) one has:

4

S Mpp
— ! 2.1
N const on (2.13)

(see Appendix [8.2.1.3] for details). The relation becomes even more complic-
ated, if one considers dark matter candidates (e.g., sterile neutrinos, grav-
itinos), which are produced out of thermal equilibrium. In general, when
the primordial distribution function depends on several parameters, both Q
and entropy are expressed through these parameters in a non-trivial way
and the simple relation does not hold. For example, this is the case
when dark matter is produces in two stages and the dark matter distribution
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shape has two components: colder and warmer one. Physically interesting
examples include: production of sterile neutrino in the presence of lepton
asymmetry [78, |87, I88]; production of gravitino thermally at high temper-
atures (see e.g. [178,[179]) accompanied by non-thermal production via late
decays of next-to-lightest supersymmetric particles (see e.g. [180]).

Keeping in mind the above considerations, one might be tempted to use
the entropy of the system as an estimator of phase-space density and util-
ize the entropy increase (2.11) instead of the inequality on Q to put a lower
bound on the dark matter mass. However, unlike Q, which by definition
is expressed solely in terms of measured quantities p and o, the inequal-
ity 2.11) requires the knowledge of the phase-space distribution function in
the final state (e.g. to determine the C; in the right-hand side of Eq.
or, more generally to express the entropy of the final state in terms of the
observed quantities). This information cannot be simply deduced from as-
tronomical observations. One possible way to formulate a conservative, ro-
bust inequality would be to find the maximal possible entropy for a given
system with measured macroscopic parameters. However, it was shown
in [168, 174, [181, [182] that such a maximum does not exist. Namely, for
a gravitating system which usually consists of a compact core and a widely
dispersed halo of finite mass, the total Boltzmann entropy of the system goes
to infinity when the halo becomes infinite. Physically, the measured dens-
ity and velocity dispersion characterize the inner part of the object. The
astronomical observations do not usually probe the outskirts of gravitating
systems (such as dSphs) and phase-space distributions (such as (2.5)) do not
describe them properly. On the other hand, to compare with the homogen-
ous initial system having a primordial velocity spectrum, we need to know
an entropy of the whole system. The large (and unknown!) fraction of this
entropy can be related to the outskirts. The entropy of the gravitating sys-
tem depends on the precise state of the halo.

As a result, it is not possible to construct a simple and robust limit, using
entropy considerations.

2.3 Maximal coarse-graining

In view of the above arguments, to derive a conservative mass bound, in this
work we will follow the original approach of Tremaine and Gunn [45] with
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some modification.

An important advantage of this approach is that the maximum of the
phase space density is likely to be located in the inner, dense part of an ob-
ject. Therefore, under this reasonable assumption, the results do not depend
on the dark matter distribution in the outskirts (see the discussion above).

As discussed already, the coarse-grained phase-space distribution in the
final state cannot be measured directly, and one has to make assumptions
to deduce its maximum. A conservative way to minimize this uncertainty is
to use the “maximally coarse-grained distribution”. It is based on a simple
fact that the mean value of a function, averaged over an arbitrary region
cannot exceed its maximal value. Therefore, the average value of coarse-
grained phase space density in a large phase-space volume can be taken as
a conservative estimate of the F},,,, independent on assumptions about the
actual form of phase-space distribution.

To this end we consider an (approximately spherically symmetric) gravit-
ating system (having in mind a dwarf spheroidal galaxy), that has the mass
M (R) confined within the radius R. The phase-space volume, occupied by
the dark matter particles, forming such a system can be approximated by

4 2
Hoo = (gﬂ') R3U§O N (214)

where we have introduced escape velocity v... The “coarsest” phase-space
density is such that the averaging (2.2) goes over the whole phase-space
volume: AIl = I .:

M 9 M 35

= (2.15)

F = = =
MM 1672 R3v3,  4mvd,

As an estimate for R we take half-light radius ry, (i.e. the radius where sur-
face brightness profile falls to 1/2 of its maximal value). Neglecting possible
influence of ellipticity of stellar orbits (c.f. Section [2.5), assuming constant
dark matter density within r;, and isothermal distribution of stars [183], we
obtain the following estimate on the average dark matter density within r:

3log2 o2

— 2.1
2T GNT%’ ( 6)

ﬁ:

Assuming isotropic velocity distributionsE] the escape velocity v, of the dark
matter particles is related to the velocity dispersion o via v, ~ v/60. In such

3This assumption seems to be correct for the dark matter particles, since numerical simu-
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a way we obtain the averaged phase-space density F:

M p 3log?2
—_— ~ 2.1
I (2.17)

o - 87603 - 16\/6#26’1\;07'% -

-3 2
sl By (1)
pc sec o Th

which coincides with its maximal value (being flat).

As a consequence of Eq. (2.3), this “coarse-grained” phase-space density
F is smaller than the f,,,, — the maximum value of fine-grained phase-space
density, equal to its primordial value:

F < fras - (2.18)

Eq. relates the observed properties of the dark matter-dominated sys-
tems (l.h.s.) with the microscopic quantity on the r.h.s. of inequality, which
depends on the production mechanism of the dark matter.

We are mostly interested in two types of primordial momentum distri-
bution. One is the relativistic Fermi-Dirac (2.4) with its f,,.. being equal

to
4

m
fmar,FD - 2‘?272];3 (219)

(we fix the overall normalization of the phase-space distribution function by
the relation M = [ d3zd®v f(t,x,v), where M is the total mass of the sys-
tem). Another one is an (approximate) form of the momentum distribution
for sterile neutrinos, produced via non-resonant oscillations with the active
ones [56,[73]. For the latter case we consider the velocity dispersion to b

gx
fxre(p) = /T 11 (2.20)

lations of dark matter structures of different scales show that the velocity anisotropy 8(r) =

1_ oﬁ{»ai
202

equals to zero for stars in dSphs. The assumption of isotropy of stellar velocities leads to the

tends to be zero towards the central region [184-188]. It is not clear whether 8

cored density profiles [189, [190], therefore our estimate for p tends to be robust. This is con-
firmed by comparison of the estimate with those, based on [191-193], where dark matter
density profiles were obtained under the assumptions of different anisotropic distributions of
stars in dSphs.

4In reality the momentum distribution in the case of non-resonant production does not have
thermal shape. The exact shape, taking into account contributions from primeval plasma at
temperatures around QCD transition, can be computed only numerically [81,86]. The differ-
ence between the exact distribution and does not exceed 20%, which does not affect the
mass bounds.
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The normalization constant y is proportional to the mixing strength between
active and sterile neutrinos and 7, is the temperature of neutrino back-
ground 7, (z) = (1+2)T,,, related to the temperature of the cosmic microwave
background today via T,, = (4/11)'/3T¢ys 0. For the maximal value of distri-
bution we find

4
gXMyrp
. 2.21
2(27h)3 ( )

From the definition (2.20) one can relate the normalization factor g x to the
dark matter abundance (see e.g. [122])

.fmar,NRP -

MNRP [ eV]

94 eV (222)

WpM = QDMh/2 =gX

Therefore we can rewrite maximal value of the primordial phase-space dens-

ity 2.22) as

3
94wDM mMyrp

fmaz Nrp = 2(27h)? v (2.23)

Notice, that unlike the Fermi-Dirac case, for the non-resonant production
scenario f,,.. behaves as the third power of particle’s mass.

In the presence of lepton asymmetry in primeval plasma the resonant
production of sterile neutrinos becomes possible [78]. A possible lepton asym-
metry, generated in the framework of the YMSM and spectra of sterile neut-
rino dark matter were recently computed in [87, I88]. Qualitatively, these
spectra contain a “cold” (resonant) component and a “warm” one, produced
through non-resonant oscillations, analogously to the non-resonant produc-
tion scenario of [56]. The spectra as a whole become colder than in the non-
resonant production case (see e.g. Fig. 6 in [88]). The maxima of primordial
phase-space distributions for these spectra are higher (sometimes signific-
antly) than for spectra, produced in the non-resonant production scenario
(c.f. Fig. 5 in [88]). Therefore, in general mass bound for such a dark matter
is expected to be weaker than that of the non-resonant production scenario.
The exact form of these spectra can be computed only numerically. We used a
number of spectra to check those which satisfy the bound or TG bound
(see Section[2.6).

Let us compare expression with the original Tremaine-Gunn bound
(maximum of the right hand side of Eq. (2.6)):

Fpo—e— 9 (2.24)

812\ 2nGyor?
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Figure 2.1: Comparison of velocity profiles assumed in [45] (grey solid line) and in
this work (black dashed line).

The values of F is smaller than Fis by

F o log2yx <7~c)2 (%)2
- = <) ~0118(-=<) |, (2.25)
FTG 6\/§ rh

where r. and r, are the core radius of isothermal profile and the half-light

radius, correspondingly. When comparing F' and Fy; below, we take rj, ~ r..
Essentially, the difference between F and F is due to the different assumed
velocity distributions. While the Maxwell distribution was assumed in [45]
(c.f. Eq. @.5)), we assume constant velocity profile from escape velocity v,
down to v = 0 (as shown on the Fig. 2.I). The numerical factor in
is the ratio of areas under two velocity curves of Fig. 2.1l Translated into
the mass bound, relation means that for dark matter particles with
distribution (2.4) one would obtain roughly 40% stronger mass bound by us-
ing the original Tremaine-Gunn bound, rather than F' (and ~ 60% stronger
mass bound for the case of the distribution (2.20)).

Let us compare our new bound with the one, based of [175, [176]. Fol-
lowing the definition (2.7), we express the measured value Q; for a dSph
through the observed quantities

_ -3 -1 2
p Mg [ km km sec 1pc 1
= o5 ~ 1483 — | — — | — | = 2.26
O G pc? (SGC) ( o > ( w ) w229

where 7 is the scaling factor which accounts for the fact that the dark matter
particles do not necessarily have the same velocity dispersion as the stars,
rp, is the half-light radius, o is the measured one-dimensional velocity dis-
persion of the stars and p is defined in (2.16). It was estimated in [176]
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that n ~ 1. In Eq. we used the same value of p as in Eq. 2.17). For
the same dSph, Q; is bigger than F (given by expression (2.17)) by a factor
8mv2/3~11.85....

On the other hand, for any initial momentum distribution f(p) we should
compare Q;, given by Eq. (2.8), with the f,gi?w For both types of distribu-
tion (2.4) and the ratio of initial Q;/f}., ., is given by

Qi 4m(P2(3)

i - ~ 0.973. .. (2.27)
Nha  5VI5C32(5)

As aresult, a bound, based on the decrease of the average phase-space dens-
ity Q is stronger than F bound from the same object by a factor:

1(7211 Qf

"~ ~ 12.176... (2.28)
Qi F

(where again we put 7 = 1). This leads to ~ 1.87 times stronger bound on the
mpp and =~ 2.3 times stronger bound for mygp.

2.4 Analysis of measured values

In this Section we estimate phase-space density in different dark matter-
dominated objects. We demonstrate that the dwarf spheroidal satellites of
the Milky Way possess the highest phase-space density and thus provide the
strongest limits on the mass of dark matter particles.

2.4.1 Galaxies

In this Section we study the restrictions on the mass of dark matter particles,
coming from the analysis of the phase-space density of spiral galaxies. The
distribution of dark matter is modeled based the analysis of the rotational
curves — dependence of the circular rotational velocity of stars (optical data)
and neutral hydrogen (radio data) around the galaxy centre as a function
of distance (for mass modeling of the Milky Way, see e.g. 194, [195], for An-
dromeda galaxy — [[11,/12]). Well outside the galactic bulge where the circular
velocity curve flattens, the dark matter density can be found with the help
of the following relation

Pgal =

prereat o (2.29)
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where v, (r) — part of the rotational velocity, contributed to dark matterﬁ at
distance r from the galaxy centre and is (approximately) constant. The velo-
city of dark matter particles in a compact halo does not exceed v, = v/2v%%.
Here v}*** is the maximum of the rotation curve, reached at some radius
rmaz Defore starting to decline. However, there are only few objects (clas-
sical dSphs) for which the value of v};*** and r,,,, had been measured, see
e.g. [196]). Therefore determination of these values provides the strongest
uncertainty in the evaluation of the phase-space density of dark matter in
spiral galaxies.
We write the phase-space density estimate as (see also (2.15))

n 3ﬁgal _ 9

B _ , (2.30)
T 3 32m2G N v (a2

where r,; is the inner radius of the halo, some proxy for r,,,,. To be conser-
vative we use 744;, where the dark matter contribution is equal to contribu-
tion from barionic matter (the sum of bulge and disk components).

For the subsequent analysis we used two spiral galaxies with the best
studied haloes — Milky Way and Andromeda galaxy. The velocity profiles for
these galaxies are shown, e.g., in [194,(197]. The results for ry,; and v4(7g4a1),
as well as the obtained bounds for F' are shown in Table

The average value of the lower mass bound from Table[2. Ilimplies mpgc >
34eV, mrp > 40eV. As we will see in Sec. below, it is much weaker
compared to bound obtained from dwarf spheroidal galaxies. Therefore, if
the dSph dynamics (in contrast to dynamics of spiral galaxies) is not due to
dark matter, the lower mass bound in the dark matter particles is ~ 40 eV,
depending on the dark matter species.

2.4.2 Galaxy groups

The dark matter profiles in galaxy groups are obtained from the analysis of
X-ray thermal emission distribution from tha hot gas halo. In this paper, we
used the data from [198], where the distributions of dark matter, baryonic
matter in galaxies and hot integralactic gas are derived. Similar to previous
subsection, to take into account the uncertainties of dark matter and hot gas

5Note that this velocity is somewhat lower than the total rotational velocity of stars around
the galaxy centre. This is due to the presence of two additional components — disk and buldge —
formed by the luminous matter.
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Tgal v(Tga1) Fgar, Mo x MpEe | MFD

Profile | Ref. kpc km/sec | pc~3 (km/sec) 3 | keV | keV

(€)) (2) 3) 4) (5) (6) (7

MW, A1 | [194] | 3.04+0.6 | 150410 3.45 x107? 0.043 | 0.051
M31, C1 | [194] | 3.840.8 | 180410 1.79 x10~° 0.036 | 0.043
M31la [197] | 6.0£1.2 | 140410 0.93 x107? 0.031 | 0.037
M31b [197] | 6.5£1.3 | 140+10 0.79 x107? 0.030 | 0.035
M31c [197] | 6.0£1.2 | 150+10 0.86 x10~? 0.030 | 0.036

Table 2.1: Parameters of selected spiral galaxies from [[194, [197] (columns 1-5) and
obtained lower mass bounds for different dark matter types (columns 6-7). mpgc de-
notes the model-independent bound coming from Pauli principle 2.1), mrp — model-
dependent bound for dark matter particles with momentum distribution 2.4).

distribution we use the phase-space density values calculated in r,, where
dark matter mass My, = M(ry,) starts to dominate over the barionic mass.
The maximal velocity of dark matter particles is estimated as

2GN My,

Tgr

(2.31)

Voo =

from what (using (2.15)) we obtain the conservative estimate of the maximal
phase-space density value,
_ 9
For = 3/2
32v2m2GR; /2M ], [ 2ry:”.

(2.32)

The results are presented in Table 2.2 The averaged values of the mass
bound, derived from Table are mpre > 24 eV, mgp > 29 eV. Therefore, if
the dSph dynamics, in contrast to dymamics of spiral galaxies and galaxy
groups, is not due to dark matter, the lower bounds on the dark matter
particle mass is ~ 25-30 eV, depending on the dark matter model.

2.4.3 Dwarf spheroidal galaxies

Dwarf spheroidal galaxies (dSphs) are the compact (around ~ 1 kpc) and
gravitationally bound systems with low surface brightness and high velo-
city dispersion. To explain the latter, one needs to introduce the mass-to-
luminosity value with is hundreds times more than the value observed in
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Mg, Tgr Fgr, Mg x MpEG MFD

Object Ref. | 1090, kpc pc—2 (km/sec)™2 | keV | keV
(D 2 3) 4) 5) (6) (7

Abell 262 | [198] | 6.5+0.7 | 6.5+£1.7 5.34 x10~10 0.027 | 0.032

NGC 533 | [198] | 5.0+0.5 | 5.0+1.5 9.02 x10~10 0.031 | 0.037

MKW 4 [198] 25+3 12.0+3.6 1.08 x10~10 0.018 | 0.022

I1C 1860 [198] 13+1 9.5+£2.9 2.14 x10~10 0.021 | 0.026

Table 2.2: Parameters of chosen galaxy groups from [198] (columns 1-5) and obtained
lower mass bounds for different dark matter types (columns 6-7). mprc denotes the
model-independent bound coming from Pauli principle @.1), mrp — model-dependent
bound for dark matter particles with momentum distribution (2.4).

usual galaxies (see, for example, [199]). The possible reason for such a huge
velocity dispersion is the disturbance of the cental part of dSphs with the
tidal forces of our Galaxy. However, the observable features of tidal dis-
turbance — the so-called “tidal tails”, formed from stars which is going out
of dSph — were found in single dSphs (Sagitarius, Ursa Major II). There-
fore, the most realistic model by the moment for a majority of dSphs is their
domination with dark matter. As a result, it is assumed that the dSphs are
the most compact objects dominated with dark matter.

Over the last several years, a number of very faint, very dense dSphs
were detected [200-206]. To calculate the mass limits, we used the data from
two papers [205, 206] in which the dark matter phase-space density was
estimated. First of all, we should notice that although both of these papers
provide the estimate of Q for each object, they use different prescriptions for
computing this value.

In [205] the quantity Q is estimated inside the half-light radius r;, using
one-dimensional velocity dispersion o of stars:

_p_ 3
Qaa = o3 8rGnric

(2.33)

Compared to our definition F= 21‘\’/‘%1 Qair ~ 0.045Qq;;. Following [207]

the authors of [206] define central density
po = 16602n? /r? (2.34)

where 7 ~ 1 is a numerical parameter, characterizing plausible density pro-
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Galaxy rp, Plummer | 75, exponential
Coma Berenices 5.00 5.9
Canes Venatici II 3.00 3.3
Leo IV 3.3 3.4
Hercules 8.0’ 8.4

Table 2.3: Uncertainties of determination of half-light radius r;, for several dSphs.

files (for details see [206,1207]). They used p, to define the quantity:
Qsc =2, (2.35)
g

As a result for the same object Qs is by a factor of 14.60 greater than Q.

Using the available information about dSph galaxies (refs. [205,206] and
refs. therein), we calculate F, trying also to estimate the errors. Several
factors contribute to the errors of o and ry,.

First of all, as o is the dispersion of measured velocities, it has the stat-
istical error (which can be quite large for the ultra-faint dSphs where the
number of stars can be rather small (~ 10—100, c.f. [206, Table 3]). However,
the systematic error is much larger. The authors of [206] found the system-
atic error on their determination of velocity dispersion to be 2.2 km/ sec. We
add this error in quadratures to the statistical errors, found in [206, Table 3].
The results are shown in the column number 4 in the Table 2.4

The half-light radius r}, is a derived quantity and there are several contri-
butions to its errors. First of all, the surface brightness profile is measured
in angular units and their conversion to parsecs requires the knowledge of
the distance towards the object. These distances are generally known with
uncertainties of about 10% (see [199, 199, 200, 203, 208-217]). Another un-
certainty comes from the method of determination of r;,. The surface bright-
ness profile gets fit to various models to determine this quantity. For several
dSphs: Coma Berenices, Canes Venatici II, Hercules and Leo IV authors
used two different profiles (Plummer and exponential) for evaluating the
annular half-light radius [200]. Their results are present in the Table
We use these results to estimate the systematic error on r;, to be 20% and
use it for all the dSph, where r;, is quoted without errors. The results of de-
termination r;, are shown in the 3rd column of the Table 2.4l The obtained
values of ' with corresponding errors are presented in the Table[2.4] column
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5. We determined the errors on F' by pushing the uncertainties in both o and
5, so that the values of F' is minimized (maximized).

2.5 Influence of aspherical shapes of dark matter
halos

In this Section we analyze how the bound changes due to the deviation of
a dark matter halo from a spherical shape. Such asphericity affects both
the spatial volume V' and the escape velocity v.,. We consider the dSph as
homogeneous ellipsoid with semi-axes a, b and ¢ and assume the ellipticity
of its 2D projectior@ e < 0.5. Because we observe only 2D projection of such
an ellipsoid, there are two possibilities:

Prolate dSph: ¢ > b ~ a. We see the axes b and ¢, related to the “averaged”
radius R via b = R(1 — €)}/2, ¢ = R(1 — ¢)'/2. The spatial volume V is
therefore

V= %wabc ~ gwRB(l — o)V x %FRB(l — 0.5¢). (2.36)

The gravitational potential for ¢ < 0.5 is dominated by monopole and
quadrupole components,

¢~ 0 + @, (2.37)

The maximal value of the potential occurs near the end of the minor
semi-axis:

2 GNM GnD..
[bmas| = 2 = ZT— - 22, (2.38)
where D, = %2_“2) — the quadrupole moment of the system [218].

For ¢ <« 1 we then obtain

3
VUOO |prolate

~ 1+ 0.05¢, (2.39)

vao |sphe7’ical

which gives us the correction for mpgq of smaller than 1% (for € = 0.5).

6Throughout this paper, we define the ellipticity ¢ in a way similar to that in [174] (see
also [166]), i.e. ¢ =1 —b/a, where a and b are the semi-major and semi-minor axis, respectively.
Thus, the case of € = 0.5 corresponds to axis ratio 1:2.
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Oblate dSph: ¢ ~ b > a. We observe the axes a and ¢, therefore the spatial
volume V changes by (1 — €)~'/2 ~ 1 + 0.5e. The maximum of the
gravitational potential is then given by

GvM  GyDesw GNM
g~ T (14 0.1e). (2.40)

¢ ~
max| ™

where D, is given by the same expression, as D, above. The maximal
phase-space volume changes in the oblate case by =~ 1 + 0.65¢, so the
correction for mpgg will constitute about 8% for € ~ 0.5.

Thus, the departure from spherical symmetry for dark matter halos of dSphs
changes the limit on mpge by less than < 10% for the case of axis ratio 1:2.
This uncertainty is below several others, therefore, we will consider dSphs
to be spherical in what follows.
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Th o F MpEG Mmrp TMNRP TMNRP,TG
dSph References pc km/s Mg /(pc (km/s)3) keV/c? keV/c? keV/c? keV/c?
1) (2) 3) 4) (5) (6) @) (8) 9
dSphs from [205]
Sextans [199, 205] 630+170 | 6.6+2.3 | 4.787577 1077 | 01477003 | 017475953 | 0.454%0107 | 0.71570-3%2
Fornax [199, 205] 400103 | 10.5+2.7 | 7.4573°%74.10-7 | 0.16470 03¢ | 0.19570037 | 0.52710:153 | 0.83010 755
LeoI (199, 205] 330+£106 | 8.8+2.4 1.317259 1076 | 0.18975:539 | 0.22470570 | 0.63570:27% | 1.0070-5%
UrsaMinor [199, 205] 300+74 | 9.3+2.8 14973271076 | 0.195F055 | 0.23270:580 | 0.66570:320 | 1.0570:33
Carina [199, 205] 200+£72 | 6.8+1.6 | 2197F07 1076 | 0.215%00% | 0.255%0:050 | 075500758 | 1197053
Draco [166, 205] 221416 | 9.5+1.6 | 2.70F507-107¢ | 0.226700% | 0.269700%0 | 0.809F0:0%% | 1.2770:13
Bootes (199,204, 219] | 246+28 | 65773 | 3.187)57-107° | 0.2367(5; | 0.2800:035 | 0.8557 035 | 1351050
Sculptor [199, 205] 16040 | 10.120.3 | 49973081076 | 0.2647003% | 0.31470035 | 0.99370 157 | 1.5610:343
Leo IT [199, 205] 185448 | 6.8+0.7 | 5387330 1076 | 026910032 | 03197009 | 1.027037 | 1601033
dSphs from [206]
Canes Venatici I [166, 206] 564436 | 7.6+2.2 5177325 .10-7 | 0.15073-939 | 0.17875:02% | 0.467F0587 | 0.73570-137
Ursa Major I [166, 206] 318730 | 7.6+24 1.681528.1076 | 0.199%0535 | 0.23770031 | 0.68470:15% | 1.087035
Hercules [166, 206] 33075 | 5.1+24 225737 .10-6 | 0.21670:059 | 0.257T5070 | 0.762%0231 | 1.207028
Leo T (166, 206] 178439 | 75427 | 5267522.1076 | 0.2677507% | 03187598 | 1.017857 1.5970-59
Ursa Major I1” (166, 206] 140+25 | 6.742.6 | 9.53%,%5%.1076 | 0.31075:077 | 03697552, | 1.281532 1.94%057
Leo IV (166, 206] 116 726 | 38.3+2.8 | 2.8273439.10-5 | 040615358 | 0.48310138 | 1771221 2.7913-59
Coma Berenices [166, 206] 77+10 | 4.6+2.3 45977931075 | 0.45975-126 | 05461050 | 2.081959 3287528
Canes Venatici IT [166, 206] 74715 46424 | 497753221075 | 046870037 | 055715053 | 2147587 3.367 .38

Table 2.4: Parameters for dSphs from [205, 1206] (columns 1-5) and derived lower mass limits for various types of dark matter
(columns 6-9). mpre refers to the limit from Pauli exclusion principle 2.1), msp is the limit for particles with the momentum
distribution @.4), mre and mygp 16 — for distribution @.20). All results are quoted for g = 2 internal degrees of freedom. Results
for non-resonant production scenario are for wpn = 0.105 [220].



2.6 Results

Our main results are compiled into the Table[2.4l(columns 6-9). The column
6 of Table [2.4] contains the bound on mpg (given by Eq. (2.1)) based on the
Pauli exclusion principle. It is independent of the details of the evolution of
the system, is not affected by the presence of baryons (see below) and holds
for any fermionic dark matter. The column 7 contains the mass bounds
for the relativistically decoupled dark matter particles (primordial distribu-
tion (2.4)), obtained by combining Eqs.Z.17)—(2.19). Columns 8 and 9 are
discussed below, Section[2.6.1]

We quote all the mass bounds with the corresponding uncertainties, com-
ing from those of in determination of ¢ and r;, (see Section [2.4). However,
for any given object there can be unique reasons, violating the standard as-
sumptions and therefore increasing the uncertainties. Therefore, although
the strongest bounds in Table 2.4] come from the Canes Venatici IT dSph, we
decided to take a value which independently follows from several objects as
a single number, characterizing our results (for a given type of dark mat-
ter). To this end we choose the value, obtained for Leo IV Thus, the mass
bounds, quoted below are excluded from three dSphs: Leo IV, Canes Venat-
ici IT and Coma Berenices H To summarize, we obtain the following model
independent lower bound, applicable to any type of fermionic dark matter:

mpge > 0.41keV/c? | (2.41)

If instead we assume that dark matter in the form of “relativistic thermal
relics” with the Fermi-Dirac distribution, the bound becomes

mgp > 0.48 keV/c? | (2.42)

Notice, that we chose not to use the bounds, based on the “average phase-
space density” Q [175, [176] (see discussion in the Section 2.2). However,
as this bound is widely used in the literature, we quote analogs of lower

8Notice, that the numbers for Leo IV essentially coincide with the mass limits from Canes
Venatici II and Coma Berenices if all uncertainties in these dSphs are pushed to minimize the
mass bound.

91t is possible that Coma Berenices is undergoing tidal disruption (like another ultra-faint
dSph, Ursa Major 11, closely resembling Coma Berenices) [206]. However, unlike Ursa Major II
(or the best known example of tidally disrupted dSph, Sagittarius), there are no known tidal
streams near the position of Coma Berenices and the evidence in favor of tidal disruption are
quite moderate (c.f. discussion in Sec. 3.6 of [206]).
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limits (2.42) and (2.44) based on inequality (2.9) (which we denote mgp up
and mygp up correspondingly):

™MFp,HD = 0.9 keV/C2 5
TNMNRP,HD = 4.0 keV/C2 .

For details see Appendix[8.2.2]

(2.43)

2.6.1 Implication for sterile neutrino dark matter

In this Section we consider implications of our results for sterile neutrino
dark matter. For sterile neutrinos, produced through non-resonant mix-
ing with the active neutrinos (“NRP production” [56, 79, 81]). Combining
Eqs. @17, and one obtains the result for the case of dark matter
with primordial velocity distribution (2.20), quoted in the column 8. Both
bounds in columns 7 and 8 conservatively assume maximally coarse-grained
distribution function (see Section 2.3). In instead of the maximal coarse-
graining, one assumes the isothermal distribution in the final state (c.f.
Fig.[2.1), one arrives to the original Tremaine-Gunn bound, shown in the 9th
column. It is obtained by comparing the expressions with We
denote the corresponding mass bound by mygp 1c-

MNRP > 1.77 keV/C2 ) (244)

and
Myrp1a > 2.79keV/c? . (2.45)

We can compare lower bounds (2.44)—(2.45) with the upper ones, com-
ing from astrophysical (X-ray) constraints on the possible flux from sterile
neutrino dark matter decay [221-231]. Taking central value (2.44) and com-
paring it with the X-ray constraints, one sees that there exists a narrow
window of parameters for which 100% of dark matter can be made from
the non-resonant produced sterile neutrino (c.f. Fig. 2.2). Less conservative
bound (2.45), based on [45] (marked by the dark orange double-dotted ver-
tical line on the Fig. 2.2) almost completely closes this window. Notice, that
these bounds are comparable with the lower mass limit mygp > 5.6 keV/c?,
coming from the Ly-« forest analysis of [[126].

10The value of 7. is not currently known for several new, faint dSphs, from which we ob-
tain the best limits on dark matter mass. Therefore, to calculate the Tremaine-Gunn limit in
Table[2.4] we use the conservative estimate r. ~ 7}, (see comment after Eq.(2.25)).
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Figure 2.2: Restrictions on parameters of sterile neutrino (mass and mixing sin?(26)
between sterile and active neutrinos) from X-rays (223, 1228-231]) and phase-space
density considerations (this Chapter; see also [46]). Our analysis excludes the shaded
region to the left of the vertical line (2.44). Two dashed-dotted vertical lines mark
the systematic uncertainties of this bound. The dotted line on the left marks the
bound based on the Pauli exclusion principle. The double-dotted dark orange
line marks the bound @2.45). The black dashed-dotted line is the non-resonant pro-
duction production curve (i.e. pairs of mygp and 0 that lead to the correct dark matter
abundance) [81]. The gray region marked “NRP production” accounts for possible un-
certainties in the abundance computations within non-resonant production scenario
(see [81, 186] for details).

We also performed the analysis for sterile neutrinos, produced in the
presence of lepton asymmetry (resonant production mechanism) [78, 87, 88].
This mechanism is more efficient than the non-resonant production scenario
and allows us to achieve the required dark matter abundance for weaker
mixings (c.f. Fig. 4 in [88]). This lifts the upper bound on the dark matter
particle mass in resonant production scenario to ~ 50 keV/c?>. To estim-
ate the lower mass bound at this scenario, we have analyzed a number of
available spectra (mass range 1 — 20 keV/c?, asymmetries (2 — 700) x 1076
(see [87,88] for the definition of asymmetry). The result are collected on the
Fig. One can see that based on F, the Mgy = 1keV/c? is allowed for
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Figure 2.3: Restrictions on resonantly produced sterile neutrinos. Primordial f.q.
is computed numerically based on the spectra from [87, 88]. Different symbols para-
metrize different lepton asymmetries for a given mass (see definition of lepton asym-
metry in [87, |88]). Grey shaded region is bounded by the maximal and minimal
values of F for Leo IV (from Table column 5). Horizontal dotted lines represent
central value for F' (lower) and Fi¢ (upper) for Leo IV. The dark matter spectrum is
ruled out if the point falls into the shaded region (below the dotted line).

lepton asymmetries L > 10~ and higher masses Myp > 2keV/c? are allowed
for all available asymmetries. Based on the original Tremaine-Gunn bound,
Mzp = 2keV/c? is also allowed for sufficiently high (L > 10~*) lepton asym-
metries. Thus, resonantly produced sterile neutrinos remain a viable dark
matter candidate (see Fig.[2.4).

Finally, we would like to comment on the mechanism of production of
sterile neutrinos from decay of massive scalar field, for example the in-
flaton [232] (for other models see [233-236]). The primordial phase-space
distribution function for this case was computed e.g. in [232, 1234, (236, 237].
Maximal value of phase-space density for this distribution is that of degen-
erate Fermi gas. Notice that the distribution functions in [232, 234, 236]
f(p) is formally unbounded for small momenta: f(p) ~ p~'/2. From this one
can easily find that the fraction of particles, having maximal phase-space
density, is ~ 1078, As only this small fraction of all particles has maximal
phase-space density, we expect the mass bound in this case to be stronger

than 2.41).
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Figure 2.4: Allowed window of parameters for sterile neutrinos produced via res-
onant oscillations (white unshaded strip between two black lines). Two bound-
ing black lines are obtained for non-resonant (upper line, lepton asymmetry = 0)
and resonant production with the maximal lepton asymmetry, attainable in the
vMSM [87, 88] (lower line). The grey regions in the upper right corner represent
X-ray bounds [223, 228, 1230, [231]. Region below 1 keV is ruled out from the phase-
space density arguments (this work).

2.6.2 Influence of baryons

It should be noticed that our bounds (2.42)-(2.45) are valid under the as-
sumption that the influence of the baryons does not result in the increase
of the phase-space density in the course of structure formation. If this as-
sumption does not hold, only the bound (2.41) remains intact. We discuss
the robustness of this assumption below.

Although dark matter consists of the non-interacting particles, the re-
maining part of the galaxy — the baryons — interact with one another and
dissipate their energy, finally concentrating towards the center. The bary-
ons, which are condensed in the center, influence the shape of dark matter
halo gravitationally, increasing the central dark matter density [238, 1239].
The opposite effect is the energy feedback from SNae, galactic winds and
reionization, which creates the strong outflow, significantly decreasing the
mass of the gas and thereby affecting the dark matter halo shape. Such a
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feedback is thought to be responsible to the formation of dwarf spheroidals
from gas-rich dwarf spiral/irregular galaxies [240-244]. Clearly both gas
condensation and feedback strongly influence the central phase-space dens-
ity of dark matter [245], and in principle can lead to the violation of the
inequality (2.3). Numerical studies of galaxy mergers show that baryons
can lead to the increase of the phase-space density during the merger (see
e.g. [246]). However, the method used in this work — coarse-graining of the
phase-space density over a large phase-space region — reduces the influence
of baryons. Indeed, we take the spatial averaging over the radius R ~ ry,
which includes external part of the system, where the amount of baryons is
small. Additional studies are necessary to estimate effects of baryons and
make our bounds more robust. We plan to address these issues elsewhere.

In the presence of lepton asymmetry, the resonant production of sterile
neutrino dark matter takes place [78]. This mechanism is more efficient [78,
87,188] than the non-resonant production scenario and allows to achieve re-
quired dark matter abundance for weaker mixings (c.f. Fig. 4 in [88]). This
lifts the upper bound on the dark matter particle mass in this scenario up
to ~ 50keV/c?. At the same time, for the same mass the primordial velo-
city distribution of resonant produced sterile neutrino dark matter is colder
than in non-resonant production case. This f,,.,. is as much as the order
of magnitude bigger than (2.21) (c.f. [88]). This brings down by a factor
~ 2 the analog of the mass bound (2.44). Analyzing available spectra for
a range of lepton asymmetries, we see that models with mgp > 1 keV/c? are
allowed. Thus, there is a large open “window” of allowed dark matter masses
(c.f. Fig.2.4). However, as the dependence of the velocity spectrum on the
lepton assymetry is not monotonic, to obtain the exact shape of the lower
bound on the mass at given mixing angle more work is needed. Neverthe-
less, our results show that the sterile neutrinos, produced in the presence of
lepton asymmetry, are viable dark matter candidates, allowed by all current
bounds.
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Chapter 3

Decaying dark matter signal from different
objects

In this Chapter we analyze dark matter distributions in several hundreds of
dark matter-dominated objects in the local Universe (redshift z < 0.3) in or-
der to estimate the dark matter decay map and determine optimal observa-
tional targets and detection strategy. We demonstrate that the expected dark
matter decay signal (proportional to the “dark matter column density”) in-
creases slowly with the mass of the object. We determine a relation between
the dark matter column density and the mass of the halo and demonstrate
that the scatter of this relation can be predicted based on the existing nu-
merical simulations of structure formation. Therefore, decaying dark matter
would produce a unique all-sky signal, with a known slow-varying angular
distribution — a signal that can be easily distinguished from any possible
astrophysical background and therefore makes the astrophysical search for
decaying dark matter an “almost direct” detection experiment.

3.1 Dark matter column density

The flux from the dark matter decay from a given direction (in photons s~ 'cm™2)
is given by
e pou (1)
Foy = —+ / ——— —dr. 3.1
o Mpm Jfov cone 47T|DL + r|2 ( )

Here Dy, is the luminosity distance between an observer and the centre of
an observed object, ppy (r) is the dark matter density, and the integration is
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performed over the dark matter distribution inside the (truncated) cone —
solid angle, spanned by the field of view (FoV) of the X-ray satellite. In case
of distant objectﬂ, Eq. (3.3) can be simplified:

__ugr s,
pM 47TD% mDM7

(3.2)

where MY is the mass of dark matter within a telescope field of view, mpy —
mass of the dark matter particle. In the case of small FoV, Eq. (3.2) simplifies
to

Foy = ————2, (3.3)

where
Som :/ pom(r)dr (3.4)
l.o.s.

is the dark matter column density (the integral goes along the line of sight),
Q <« 1 -FoV solid angle.

We start in Section [B.2] with the estimate of the decaying dark matter
signal from the Milky Way halo. We demonstrate that unlike the case of an-
nihilating dark matter, the decay signal is not concentrated in the Galactic
Center (with its strong and uncertain astrophysical backgrounds), but varies
slowly over the whole sky. In Sec.[3.3.2] we show that the dark matter column
density weakly depends on properties of galaxies and galaxy clusters and
changes no more than by an order of magnitude between the smallest galax-
ies and largest galaxy clusters. Finally, in Sec.[3.4] we discuss the obtained
results.

3.2 Decay signal of the Milky Way halo

Because we reside in the inner part of Milky Way dark matter halo, it is the
only object whose dark matter decay signal would be spread across the whole
sky. The dark matter column density for the Milky Way halo is calculated
using the expression [228]

S%W(qb) = /PDM (\/7“2@ + 22 — 2271 cos ¢> dz (3.5)
0

INamely, if luminosity distance Dy, is much greater than the characteristic scale of the dark
matter distribution.
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where ¢ is the off-the-Galactic-center region, so that for the direction with
galactic coordinates (I, b)
cos ¢ = cosbcosl. (3.6)

and r; = 8 kpc is the distance from the Earth to the Sun.

It can be seen (e.g. [223, 1228, 231]) that the function S}V can change
only by a factor of few, when moving from the Galactic center (¢ = 0°) to the
anti-center (¢ = 180°). That is, the Milky Way contribution to the decay is an
all-sky signal. This is in stark contrast with the annihilating dark matter,
where only few degrees around the Galactic Center represent a “region-of-
interest”.

3.3 Decaying dark matter signal from extragalactic
objects

Let us now compare how contributions of other Galactic and extragalactic
dark matter dominated objects compares with the column density of the
Milky Way.

To properly compare the dark matter distributions in different objects,
fitted by different density profiles, we average dark matter column dens-
ity within a central part of an object. Namely, for each object we define a
characteristic radius r, (to be specified later, Sec. and compute

S = 2 /T* TdT/ dz pom (V12 + 22) 3.7)
0

2

Integral over z extends to the virial boundary of a dark matter halo (and can
be extended all the way to infinity, as the integral converges). The defini-
tion (B.7) implies that S is proportional to the dark matter surface density
within r, (S x p.r.), where p, is the average dark matter central density.

It has been argued for some time that p, and r. for galaxies are inversely
proportional (for review see e.g. [247], see [248,1249] for recent results). Sim-
ilar result, extended to cluster scales, was originally discussed in [223]. If
this were true, the dark matter column density and hence expected signal
would be the same for different objects.

To investigate this result and to study the distribution of dark matter
column density in the objects in local Universe, we compile a catalog of
more than 1000 dark matter density profiles of about 300 unique objects
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Type No. objects References Objects

Galaxy clusters 130 [250-262] [263]
Galaxy groups 26 [198, 264, 265] [266]
Elliptical galaxies 10 [267-271] [272]
Spiral galaxies 180 [195, 273-300] [301]
Dwarf spheroidals 11 [10, 192, 193, 196, 300, 302] [303]
total 357

Table 3.1: Observational data. The table lists the types of objects; total number of
collected objects; references used to collect the observational data; and the final list
of selected objects.

(see Table B.1] for details). The dataset contains dark matter-dominated ob-
jects of all types, from dwarf spheroidal satellites of the Milky Way to galaxy
clusters. It spans more than 8 orders of magnitude in the halo masses and
< 2.5Mpc). For each of

~

more than four orders of magnitude in r, (0.2kpc < r,
the objects we compute the dark matter column density, averaging over sev-
eral profiles (if different measurements for the same object are available).

3.3.1 Types of dark matter density profiles

The distribution of dark matter in galaxies, galaxy groups and galaxy clusters
can be described by several density profiles. In this work we concentrated on
four popular choices for dark matter density profiles and establish how their
parameters are related to the characteristic radius, r..

I. Numerical (N-body) simulations of the cold dark matter model have
shown that the dark matter distribution in all relaxed halos can be fitted
with the universal Navarro-Frenk-White (NFW) profile [304, 305]:

pNFw () = PsTs (3.8)

o r(14r/rs)?
parametrised by p; and r,. A more useful parametrization is in terms of
the halo mass, My, and the concentration parameter, ¢ = Rogo/rs. Namely,
Rago is the radius at which the average dark matter density is 200 times
larger than the critical density of the universe p..i;. The halo mass My is
the total mass of dark matter within this radius. The variables (ps,rs) and
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(M3, c) are thus connected as follows:

ps = [(€)perit

_ 3Mapo \'/*
Ts = (m) (3.9)
200 el
fle) =

3 In(c+1)—c/(c+1)

The equations allow to determine S  7,p, (see Eq.[3.4] as a definition
of column density), knowing halo mass and concentration parameter Mg, c.

II. The Burkert (BURK) profile [306] has been shown to be successful in
explaining the kinematics of disk systems (e.g. [286]):

3
N PBTB
prurk (1) = o 1) (7'23 ) . (3.10)

III. Another common parametrizations of cored profiles are given by the
pseudo-isothermal (ISO) profile [287]

Pe
piso(r) = W (3.11)

IV. Modified pseudo-isothermal (IS2) profile [296]

_ Po
PIS2 (r) = 7(1 n T2/r%)3/2 . (312)

The quantity S(R) can be calculated analytically for all these choice of
p(r). For example, for the pseudo-isothermal profile one obtains:

2
Siso(R) = 2”}’%’;7"6 [VEETE -], (3.13)

For the NFW density distribution (3.8):

Sxew(R) = 4perd | arctan \/R2/r2 — 1 o R (3.14)
NFW = R2 ﬁ{z/?«g = g o .

Notice, that this expression is real for both R > r, and R < r,. The cor-
responding expression for the Burkert profile is rather lengthy and not very
illuminating.
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Figure 3.1: The ratio of average column densities of the extreme cored and
NFW profiles as a function of R, (c.f. Eq. (3.15)).

3.3.2 Dependence of S on the inner slope of density profile.

In order to equally well fit the same rotation curve data, two dark matter
profiles should have roughly the same mass within some radius R, determ-
ined by the observational data. If both profiles happen to have the same
behaviour at large distances, their S, averaged over Ry will be essentially
equal (as it is determined by the sum of the masses inside the sphere Ry and
in the outside of the cylinders, where the mass is dominated by the large r
asymptotics)E In reality the situation is of course more complicated, one has
to take into account the influence of baryons, the span of radii at which the
data exists, etc.

We conservatively estimate the difference of column densities between a
cusped and a cored profile as follows. We take the NFW density profile (3.8)
as a representative of the cusped profile and its “extreme cored” counterpart
peore(r) defined as follows:

peone(r) = 4 PEW(T), > Ro (3.15)
pnEw (Ro), 7 < Ry

The column densities of these two profiles, averaged within R, differ only
because the initial mass inside a sphere with radius Rq for the cored pro-

2We will see below (Eq. (3.19)), that this is indeed the case for NFW and Burkert profiles.
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Figure 3.2: Comparison of NFW and ISO profiles for the simulated rotation
velocity points. Left panel: the velocity data (black points, in units of Gy p.r?) is
generated, assuming the ISO profile and fitted with the NFW profile. The parameters
of the corresponding NFW profile (in the units of r, p.) are given by eq. in the
text. Right panel: comparison of the density profiles with parameters, related by
(3.16D. The z-axis is in the units of isothermal core radius r..

file diminishes as compared to the NFW case.

The resulting ratio of dark matter column densities is shown in the Sup-
plementary Fig. [3.1] as a function of averaging radius Ry. In particular, for
Ry = r, this ratio is 64%, for Ry = 2r, it equals to 53% and for Ry = 3r, it
drops to 47%. This implies that the difference of dark matter column dens-
ities between the cusped (NFW) and the extreme version of the cored pro-
file is within 50% for realistic averaging radii Ry (usually Ry ~ 1—3r).
This difference is small compared to the intrinsic scatter expected on a object
by object basis and well below the observational uncertainties on the para-
meters describing the density profile. This makes S a very robust quantity
to compare observed properties of dark matter halos and results from nu-
merical simulations and, consequently, test the prediction of the cold dark
matter model.

The rotation curve of a galaxy is often fitted by several dark matter pro-
files (e.g. ISO and NFW). Let us analytically establish the relation between
parameters of several profiles, fitting the same rotation curve. To this we
take an ISO density profile and generate according to it the circular velocity
profile v?(r), with r in the range r. < r < 157“CE Then we fit these data using

~

an NFW profile (see Fig. left). We find the following relations between

3The final result is not sensitive to the exact choice of this range.
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the parameters of the two profiles:
NFWvs. ISO : ry,~6.17. ; ps=~0.11p,. (3.16)

The corresponding rotation curves and density profiles are shown in Supple-
mentary Fig. 3.2

Let us now compare the column densities for NFW and ISO profiles,
whose parameters are related via Eq. (3.16). Results as a function of radius
R are shown on Fig. In particular, one sees that for R = r;

SnEw (T's)

~0.91 . (8.17)
SISO(6TC)

One may be surprised that the cusped profile leads to the smaller column
density than the cored one (as Eq. demonstrate). This result however,
can be simply understood. We match the velocity profiles for the NFW and
ISO at some off-center distances Ry ~ 2r;, by demanding that the mass
inside this sphere is the same for both profiles. The ISO profile is shallower
in the outer regions than the NFW one. The ratio between the mass inside
a sphere of the radius Ry and a cylinder with base radius Ry is equal to 0.58
at Ry = 6r. for ISO profile, while it is 0.63 at Ry = r, for the NFW profile .
Thus the mass in the outer part of a cylinder is larger for the shallower ISO
profile than for the cuspy NFW one, which explains the result 3.17).

It is clear from previous considerations that Syrw and Sgurk (similarly
matched) should be essentially identical, as both profiles have identical be-
haviour at » — oco. Indeed, in the case of the NFW and Burkert profiles the
relation between their characteristic parameters is given by

NFWvs. BURK : ry~16rg ; ps=~0.37pp (3.18)

which leads to
Snrw (75)
——~098 . (3.19)
SBURK(I.GTS)
Finally, it should be noticed that we assume an infinite extension for Dark
Matter halos, when computing the column density. However, the integrals
in (3.7) are convergent at large off-center distances and therefore the details
of the truncation of the dark matter distributions for R > Rsoo do not affect

the value of S by more than 10%.
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Figure 3.3: Comparison of the column densities of NFW and ISO profiles.
Profiles describe the same data and their parameters are related via (3.16). The
column density is averaged within various radii R. Dashed vertical line marks R =

rs = 6.17¢.

3.4 Universal properties of dark matter halos

The resulting dependence of dark matter column density on the type and
mass of the objects is shown in Fig.

By studying dark matter distribution in a large dataset of cosmic ob-
jects of different scale including dwarf, spiral and elliptical galaxies, galaxy
groups and galaxy clusters we find the following relation between the char-
acteristic dark matter column density S and the halo mass M},

M;
lgS =0.211g 1013‘;‘\2"@ +1.79 (3.20)

(with S in Mg pc™2).

To understand the relation we compare our data with the results
from cosmological N-body simulations within the ACDM [307,/308]. For each
simulated halo we compute Mg, fit the particle distribution to the NFW
density profile and calculate S using formula (3.7). The observational data
together with results from ACDM numerical simulations [307] is plotted of
the Fig. 3.5l The black dashed-dotted line on this Figure is the S — Mg,

4We use Moqo as halo mass My,),. A proper definition of Magg can be found e.g. in [307] or
in the Supplementary Information.
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Figure 3.4: Relation between parameters of NFW and ISO profiles in ob-
served objects. For objects for which both NFW and ISO fits of velocity rotation
curves were available, we plot the ratios rs/r. and ps/p.. The maximum of the histo-
gram lies in a region (3.16).

relation obtained from N-body simulations [307], using the fifth year cos-
mological parameters obtained from Wilkinson Microwave Anisotropy Probe
(WMAP) satellite [309]. It fairly well reproduces the fit (3.20). Moreover,
the pink shaded region (showing the 3o scatter in the simulation data) con-
tains most of the observational points within the halo mass range, probed
by simulations. Therefore, the observed M, ;, — S scaling coincides with the
relation between the parameters of dark matter density profiles observed
in numerical simulations for long time [305, 1307, 1310] over more than five
orders of magnitude in mass.

Dwarf spheroidal satellites (dSphs) of the Milky Way (orange diamonds
on the Fig.[3.5) do not follow the relation (3.20). Recently the Aquarius pro-
ject has produced a statistically significant sample of well resolved density
profiles for satellite halos [308], making it possible to determine their r, — p.
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relation. Satellites were found to be more concentrated than isolated halos
and thus have a higher value of S at fixed My,,. Fig. shows that the
S — Mhpalo relation for satellite halos (gray dashed line) from the Aquarius
simulation [308] reproduces well the data on dSphs.

The fit to the data without the dSphs has the slope ~ 0.23, much better
quality of fit, and coincides extremely well with the results of N-body sim-
ulations [307] for isolated halos (black dashed-dotted line on Fig. B.5). At
masses below 10'YM no isolated halos were resolved in [307] and a simple
toy model [307,311] was used to predict the relation between parameters of
NFW profile in a given cosmological scenario. The model (dotted line in the
Fig. fits well the results for the few spiral galaxies in this range. Thus
the agreement between observations and predictions from ACDM extend over
more than eight orders of magnitude in mass.

Comparison of our data with theoretical predictions (N-body simulations
in our case) indicates that, despite the presence of various systematic errors
in the data, the dark matter distributions in the observed objects exhibit a
universal property — a systematic change of the average column density S
as a function of the object mass (S oc M3 | relation (3.20)). This is different
from the flat S = const dependence, previously suggested [247-249]. The
latter is based, in our view, on a confusion between the properties of isolated
and non-isolated halos. Excellent agreement with pure dark matter simula-
tions suggest also that the observed scaling dependence is insensitive to the
presence of baryons, details of local environment, formation history.

The relation can be used to search for deviations from cold dark
matter model (e.g. warm dark matter models [105]) or modifications of grav-
ity at large scales [312]. This motivates dedicated astronomical observations
with all the data processed in a uniform way. Studies of the galaxies with the
masses below 10!° M, and galaxy clusters would be especially important.

Various scaling relations are known in astrophysics (“fundamental plane
relation” for elliptical galaxies [313], “Tully-Fisher relation” for spiral galax-
ies [314], etc.). The relation discussed in this Section differs in one cru-
cial aspect: it extends uniformly to all classes of objects at which dark matter
is observed. It would be very difficult to explain such a relation within Mod-
ified Newtonian dynamics [315] theory considered as an alternative to dark
matter. That is why this relation, further confirmed, studied and understood
analytically, may serve as one more evidence of the existence of dark matter.
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Figure 3.5: Column density S as a function of halo mass My,,. The black
dashed-dotted line is the S — Mya, relation obtained from N-body simulations [307],
using the WMAP fifth year cosmological parameters [309]. The shaded region shows
the 30 scatter in the simulation data. The vertical lines indicate the mass range
probed by simulations. The dotted line is the theoretical prediction from the toy
model for isolated halos [307,[311]. The gray dashed line showns the results from the
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Chapter 4

Detection strategy

The results of the previous Chapter demonstrate that the decaying dark
matter would provide a unique all-sky signal, with a known slow-varying
angular distribution, correlated with the matter distribution in the local
Universe. Therefore (a) without sacrificing the expected signal one has a
freedom of choosing observational targets, avoiding complicated astrophys-
ical backgrounds; (b) if a candidate line is found, its surface brightness pro-
file may be measured (as it does not decay quickly away from the centers of
the objects) and distinguished from astrophysical lines that usually decay in
outskirts of galaxies and clusters. Moreover, any tentative detection in one
object would imply a signal of certain (comparable) signal-to-noise ratio from
a number of other objects. This can be checked and the signal can either be
unambiguously confirmed to be that of dark matter decay origin or ruled out.
This allows to distinguish the decaying dark matter line from any possible
astrophysical background and therefore makes astrophysical search for the
decaying dark matter another type of a direct detection experiment.

In Sec. [4.1] we demonstrate the power of this approach. We check the
claim of Ref. [316], that a spectral feature at 2.51 +0.07 keV in the spectrum
of the Milky Way satellite known as Willman 1 [317]. By assuming that the
reported signal comes from a dark matter decay line, we predict the para-
meters of corresponding decaying dark matter line in several local galaxies.
After careful analysis of available X-ray observations of these objects, we
find no significant line-like emission at ~ 2.5 keV range, which allows us to
exclude the dark matter origin of this spectral feature at > 140 level.

Then, we summarize all existing bounds on decaying dark matter lifetime
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in the keV energy range in Sec.[4.2l These results are obtained from the
analysis of medium exposure (about 100 kilo-seconds) X-ray observations
of individual objects of different types. In Section we discuss the best
observational targets and possible ways to improve the existing bounds and
probe the theoretically interesting regions of particle physics models.

We conclude that a combination of hundreds of archival observations of
nearby galaxies, uniformly processed should in principle allow to increase
the sensitivity for weak lines and study spatial dependence of each candidate
line.

4.1 Verification of the dark matter origin of a spec-
tral feature

A spectral feature at 2.51+0.07 keV with the ux (3.5341.95)x 1076 cts cm 257!
(all errors at 68% confidence level) in the spectrum of Willman 1 was pro-
posed in [316] as a candidate for a dark matter decay line. According to [316],
the line with such parameters is marginally consistent the restrictions on de-
caying dark matter from some objects (see e.g. [318,[319] or the restrictions
from the 7 ks observation of Ursa Minor dwarf spheroidal in [228]). The
results of other works (e.g. [225, 227, [230]) are inconsistent at 30 level with
having 100% of decaying dark matter with the best-fit parameters of [316].
However, it is hard to exclude completely new unknown systematic uncer-
tainties in the dark matter mass estimates and therefore in expected signal,
from any given object. To this end, in this work we explicitly check for a
presence of a line with parameters, specified above, by using archival obser-
vations by XMM-Newton of several objects, where comparable or stronger
signal was expected. We compare the signals from several objects and show
that the spatial (angular) behavior of the spectral feature is inconsistent
with its dark matter origin so strongly, that systematic uncertainties can-
not affect this conclusion. We also discuss a possible origin of the spectral
feature of [316].

4.1.1 Choice of observational targets

Willman 1 signal. In [316] the signal was extracted from the central 5’
of the Willman 1 observation. Assuming the dark matter origin of this sig-
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nal, the observed flux (3.53 & 1.95) x 10~% photonscm~2s~! corresponds to
Fw1 = (4.50 £2.5) x 1078 photons cm~2s~tarcmin~2 flux per unit solid angle.
The mass within the field-of-view (FoV) of the observation of Willman 1
was estimated in [316] to be MLy} = 2 x 10°M, using the best-fit values
from [191]. Taking the luminous distance to the object to be D = 38kpc, the
average dark matter column density of Willman 1 is Sy ~ 208.5 M pc—2
(see however discussion in the Section [4.1.4]below). To check the presence of
a dark matter decay line, we should look for targets with comparable signal.

The signal-to-noise ratio for a weak line observed against a featureless

continuum is given by (see e.g. discussion in [229]):
(S/N) xS teprefofovAE (41)

where S is the average dark matter column density within an instrument’s
field-of-view Qgoy, fexp is the exposure time, A is an effective area of the
detector and AF is the spectral resolution (notice that the line in question
has a much smaller intrinsic width than the spectral resolution of Chandra
and XMM-Newton). For the purpose of our estimate we consider the effective
areas of XMM-Newton MOS cameras and Chandra ACIS-I (as well as their
spectral resolutions) to be approximately equal, and effective area of PN
camera is 2 times bigger, see Sec. 3.2.2 of [320] and [321].

Galactic contribution. The contribution of the Milky Way’s dark mat-
ter halo along the line of sight should also be taken into account, when es-
timating the dark matter decay signaﬂ Using a pseudo-isothermal profile

piSO(T) = ﬁz/r? (4.2)
with parameters, adopted in [223,228] (r. = 4 kpc, p. = 33.5 x 106 Mg/ kpc?,
re = 8 kpc), the corresponding Milky Way column density in the direction
of Willman 1 (120.7° off Galactic center) is 73.9M pc~2. As demonstrated
in [231], the value of dark matter column density computed with this dark
matter density profile coincides with the best-fit Navarro-Frenk-White [305,
NFW] profiles of [194] and [195] within few % for the off-center angle ¢ >
90°. Other dark matter distributions produce systematically larger values
of dark matter column density. For example, the best-fit pseudo-isothermal
profile of [322] would corresponds to an additional Milky Way contribution

INotice, that both in [316] and in this work only instrumental (particle) background has been
subtracted from the observed diffuse spectra.
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Figure 4.1: Comparison of dark matter column densities of the Milky Way (grey
solid line) with the density profiles of M31, Fornax and Sculptor dSphs, discussed
in the text. The dark matter column density estimate for Willman 1 is based on
the “optimistic” dark matter density profile from [191], used in [316] (see [323] for
discussion). The angle ¢ marks the direction off Galactic center (for an object with
galactic coordinates (I, b) cos ¢ = coslcosb).

~ 119M pc~2 in the direction of Willman 1. The comparison between the
dark matter column densities of several objects with that of Milky Way in
their directions is shown in Fig. [4.7]

4.1.2 XMM-Newton data analysis

For each XMM-Newton observation observation, we extracted both EPIC
MOS and PN spectraﬁ According to standard recipies of XMM-Newton EPIC
data analysis, we select only good events produced by photons from neigh-
bouring pixels (for MOS cameras) and single pixel (for PN camera). We used
the standard SAS task edetect _chain to exclude point sources, detected

2We use SASversion 9.0.0 and XSPEC 12.6.0 .
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with the likelihood values above 10 (about 40). For EPIC PN camera, bright
strips with out-of-time events were also filtered out, following the standard
procedure [324]. We imposed stringent flare screening criteria. To identify
“good time intervals” we performed a light-curve cleaning, by analyzing tem-
poral variability in the hard (F > 10 keV) X-ray band (as described e.g.
in [325-327]). The resulting light curves were inspected “by eye” and addi-
tional screening of soft proton flares was performed by employing a method
similar to that described in e.g. [328,1329] (i.e. by rejecting periods when the
count rate deviated from a constant by more than 20). The extracted spec-
tra were checked for the presence of residual soft proton contaminants by
comparing count rates in and out of field-of-view [328, 330]@ In all spectra
that we extracted the ratio of count rates in and out of field-of-view did not
exceed 1.13 which indicates thorough soft proton flare cleaning (c.f. [328]).

Following the procedure, described in [327] we extracted the filter-wheel
closed background [332] from the same region as signal (in detector coordin-
ates). The background was further renormalized based on the £ > 10 keV
band count rates of the extracted spectra. The resulting source and back-
ground spectra are grouped by at least 50 counts per bin using FTOOL[333]
command grppha .

The extracted spectra with subtracted instrumental background were fit-
ted by the powerlaw model of XSPECin the energy range 2.1-8.0 keV data
for MOS and 2.1-7.2 keV for the PN camera. This choice of the baseline
model is justified by the fact that for all considered objects we expect no in-
trinsic X-ray emission above 2 keV and therefore the observed signal is dom-
inated by the extragalactic diffuse X-ray background (XRB) with the power-
law slope I' = 1.41+0.06 and the normalization (9.84+1.0) x 10~ "photons cm 2
s~ ! keV~! arcmin~2 at 1 keV (90% confidence range errors) (see e.g. [326,
3217,1330,1334-336]). Galactic contribution (both in absorption and emission)
is negligible at these energies and we do not take it into account in what fol-
lows. For all considered observations powerlaw model provided a very good
fit, fully consistent with the above measurements of XRB. The powerlaw
index was fixed to be the same for all cameras (MOS1, MOS2, PN), ob-
serving the same spatial region, while the normalization was allowed to vary
independently to account for the possible off-axis calibration uncertainties

3We use the public script [331] provided by the XMM-Newton EPIC Background working
group and described in [330Q].
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ObsID PL index | PL norm, 10~*ph.cm™2 s~* keV™!) x2/dof
at 1 keV (MOS1/MOS2 /PN)

M31on observations:

0109270101 1.33 5.71/5.80/17.88 1328/1363
0112570101 ... 5.37/6.12/6.86
0112570401 .. 6.13/6.66/6.37
M31off observation:
0402560301 1.46 6.28/6.12/9.97 895/997
M31lout observations:
0511380101 1.53 2.75/2.88/3.89 875/857
0109270401 1.47 5.02/4.41/5.22 606/605
0505760401 1.27 1.91/2.04/2.47 548/528
0505760501 1.28 2.25/1.85/3.03 533/506
0402561301 1.57 2.94/3.10/3.95 489/515
0402561401 1.47 4.33/3.58/4.47 751/730
0402560801 1.55 5.22/4.49/5.83 902/868
0402561501 1.44 2.70/4.29/6.67 814/839
0109270301 1.39 4.29/4.58/3.75 413/436
Fornax observation:
0302500101 1.52 4.46/4.02/3.78 938/981

Table 4.1: Best-fit values of powerlaw index and normalization for each XMM-
Newton observation analyzed in this paper. The systematic uncertainty is included
(see text). In M31lon region, powerlaw index for different observations is chosen to
be the same, because they point to the same spatial region.

between the different cameras, see e.g. [337,338]. The best-fit values of the
powerlaw index and normalizations are presented in Table

To check for the presence of the [316] line in the spectra, we added a nar-
row (AE/E ~ 10~3) Gaussian line (XSPECmodel gaussian ) to the baseline
powerlaw model. Assuming the dark matter origin of this line, we fix its
normalization at the level Fyy, derived in [316], multiplied by the ratio of
total (including Milky Way contribution) dark matter column densities and
instrument’s field-of-view. We vary the position of the line in the interval
corresponding to the 3¢ interval of [316]: 2.30 — 2.72 keV. Eq. (4.1) allows to
estimate the expected significance of the line.

60 Chapter 4. Detection strategy



When searching for weak lines, one should also take into account uncer-
tainties arising from the inaccuracies in the calibration of the detector re-
sponse and gain. This can lead to systematic residuals caused by calibration
inaccuracies, at the level ~ 5% of the model flux (some of them having edge-
like or even line-like shapes) [see e.g.1339,1340] as well as discussion in [226]
for similar uncertainties in Chandra. To account for these uncertainties we
perform the above procedure with the 5% of the model flux added as a sys-
tematic error (using XSPECcommand systematic ).

4.1.3 Andromeda galaxy
4.1.3.1 Dark matter content of M31

The Andromeda galaxy is the closest spiral galaxy to the Milky Way. Its
dark matter content has been extensively studied over the years [see e.g.
11, 12,1194, 1197, 285, 1298, 1322, and references therein] for an incomplete
list of recent works. The total dynamical mass (out to ~ 40 kpc) can be de-
termined from the rotation curve measured from HI kinematics. The major
uncertainty in determination of dark matter content is then related to a sep-
aration of contributions of baryonic (stellar bulge and especially, extended
stellar disk) and dark components to the total massli The baryonic mass is
often obtained from the (deprojected) surface brightness profile (optical or
infrared), assuming certain mass-to-light ratio for the luminous matter in
the bulge and the disk of a galaxy.

[230] analyzed dark matter distributions of M31, existing in the literat-
ure at that time in order to provide the most conservative estimate of the
expected dark matter decay signal. The dark matter column density S in
more than 10 models from the works [194, 197, 1285, 1298, 1322] turns out
to be consistent within a factor of ~ 2 for off-center distances greater than
~ 1 kpc (see gray lines in Fig.[4.2). The most conservative estimate of dark
matter column density was provided by one of the models of [197] (called in
that work M31B), marked as thick solid line on Fig. 4.2l

Recently two new HI surveys of the disk of M31 were performed [11,12]

4Some works also take into account a presence of supermassive black hole in the center of
a galaxy [see e.g|197] and additional contribution of a gaseous disk [c.f.|11,[12]. Their relative
contributions to the mass at distances of interest turn out to be negligible and we do not discuss
them in what follows.
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Figure 4.2: Dark matter column density of M31 as a function of off-center distance.
The thin grey lines represent models from [194, 1197, 1285, 1298, [322, 1341] analyzed
in [230]. The thick solid line represents the most conservative model M31B of [197].
The model of [[12] (thick dashed line), the maximum disk model of [341] (thic dashed
double-dotted line) and the “minimal” model ofk [11] (thick dotted line) (see text) are

shown for comparison.

and new data on mass distribution of M31 became availableﬁ In [12] mod-
eling of HI rotation curve between ~ 0.3 kpc and 38 kpc was performed.
[12] used R-band photometric information [343,344] to determine the relat-
ive contribution of the stellar disk and the bulge. Based on this information
and taking into account foreground and internal extinction/reddening effects
[see section 8.2.2 in (12, for details] they determined mass-to-light ratio, us-
ing stellar population synthesis models [345] Tgx ~ 1.7T (in agreement
with those of [197, [285]). Aiming to reproduce the data in the inner several
kpe, they explored different disk-bulge decompositions with two values of
the bulge’s mass-to-light ratio Tpyge ~ 0.8 and Thyige ~ 2.2T (all mass-

5We thank A. Kusenko and M. Loewenstein in drawing our attention to these works [342].
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to-light ratios are in solar units). [12] analyzed several dark matter density
profiles (NFW, Einasto, cored profile). According to their 6 best-fit models
(8 dark matter density profiles times two choices of mass-to-light ratio) the
dark matter column density in the Andromeda galaxy is higher than the one,
adapted in [230] (model M31B) everywhere but inside the inner 1 kpc (see
thick dashed line on Fig. [4.2).

[11] used circular velocity data, inferred from the HI rotation curves, also
extending out to ~ 37 kpc. The authors exclude from the analysis the inner
8 kpc, noticing the presence of structures in the inner region (such as a bar),
associated with non-circular motions. [11] also use optical data of [344] and
determine an upper and lower bounds on the disk mass-to-light ratio using
the same models [345, [346] as [12]. They obtain possible range of values of
the B-band mass-to-light ratio 2.57 5 < Ty < 8Yg. These values do not
take into account corrections for the internal extinction@ [11] fit the values
of Tg4isk rather than fixing it to a theoretically preferred value. The mass-to-
light ratio of the disk of a spiral galaxy is known to be poorly constrained
in such a procedure since the contributions of the disk and dark matter halo
are similar (see e.g. discussions in [12,[197]). [11] analyzed variety of dark
matter models and mass-to-light ratios, providing good fit to the data. The
mass model that maximizes the contribution of the stellar disk (Ygisx = 8)
has the core of the Burkert profile [306] rg = 28 kpc (if one imposes addi-
tional constraint on the total mass of M31 within several hundred kpc). The
dark matter column density remains in this model remains essentially flat
from the distance ~ rp inward (see Fig. [4.2). Notice, that the “maximum
disk” fitting of [341] (blue dashed double-dotted line on Fig.[4.2) has higher
dark matter content. Therefore in this work we will adopt the Burkert dark
matter model of [11]] as a minimal possible amount of dark matter, consist-
ent with the rotation curve data on M31. The corresponding dark matter
column density is factor 2—3 lower than the one given by the previously ad-
apted model M31B in the inner 10 kpc. In what follows we will provide
the restrictions for both M31B (as the most conservative among physically
motivated models of dark matter distribution in M31) and Burkert model
of [11].

6The correction for foreground extinction was taken into account in [11], using the results
of [347]. The uniform disk extinction was not applied (which explains high values of Y 4;5¢). The
authors of [11] had chosen not to include any uniform extinction corrections due to the presence
of a gradient of B-R index (E. Corbelli, private communication).
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ObsID Cleaned exposure [ks] FoV [arcmin?]
(MOS1/MOS2/PN) | (MOS1/MOS2/PN)

0109270101 16.8/16.7/15.3 335.4/ 336.0 / 283.6
0112570101 39.8/40.0/36.0 332.9/333.1/285.9
0112570401 29.8/29.9/23.5 335.6/ 336.1/289.5

Table 4.2: Cleaned exposures and field-of-view after the removal of point sources and
out-of-time events (calculated using BACKSCAL keyword) of three M31on observa-
tions.

4.1.3.2 M31 central part

Three observations of the central part of M31 (see Table [4.2]for details) were
used in [230] to search for a dark matter decay signal. After the removal of
bright point sources, the diffuse spectrum was extracted from a ring with in-
ner and outer radii 5’ and 13/, centered on M31E] (see [230] for details, where
this region was referred to as ring5-13 ). We call these three observations
collectively M31on in what follows. The baseline powerlaw model has the
total x? = 1328 for 1363 d.o.f. (reduced x? = 0.974).

Below, we estimate the improvement of the signal-to-noise ratio (4.7,
assuming the dark matter origin of [316] spectral feature. The average dark
matter column density in the model M31B of [197]) is Syz10n = 606 M pc™2.
The dark matter column density from the Milky Way halo in this direction
is 74.1 Mg pc2.

The ratio of texp X Qv X Aggr of all observations of M31on (Table [4.2) and
the [316] observation is 12.9. Thus one expects the following improvement of
the S/N ratio:

(S/N)msion 606 + 74.1
= V12.90 ~ 8.65 43
(S/N)w1 208.5 + 73.9 ; (4.3)

i.e. the ~ 2.50 signal of [316] should become a prominent feature (form-
ally about ~ 21.60 above the background) for the M31on observations. As

described in Section [4.1.2] we add to the baseline powerlaw spectrum a nar-

_606+74.1_
208.5+73.9

1.08 x 10~7 photons cm™2 s~ ! arcmin™2. The quality of fit becomes signific-
antly worse (see Fig. [4.3). The increase of the total x? due to the adding of

row Gaussian line with the normalization fixed at Fyizion = Fyi ~

2

"We adopt the distance to M31 Dy = 784 kpc [348] (at this distance 1’ corresponds to
0.23 kpc).
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a line is equal to (23.2)%, (22.9)? and (22.2)? for 10, 20 and 30 intervals with
respect to the central respectively.

In addition to the M31on observations, we processed an XMM-Newton ob-
servation 0402560301 , positioned ~ 22’ off-center M31 (RA = 00h40m47.64s,
DEC = +41d18m46.3s) — M31off observation, see Table We collected the
spectra from the central 13’ circle. Several point sources were manually ex-
cluded from the source spectra. The rest of data reduction is described in
the Section[£.1.3.2] The fit by the powerlaw model is excellent, the total x>
equals to 895 for 997 d.o.f. (the reduced x? = 0.898). Using the dark matter
estimate based on the model M31B we find that the average dark matter
column density for the M31off Syz106 = 388.6 M pc~2 plus the Milky Way
halo contribution 74.3M pc~2. The estimate of the line significance is sim-
ilar to the previous Section and gives

(S/N)ms1of 388.6 + 74.3
= V8.76 ~ 4.85 44
(S/N)w1 208.5 + 73.9 (4.4)

and therefore, under the assumption of dark matter nature of the feature
of [316], one would expect ~ 12.10 detection. After that, we add a narrow line

2 2 and

with the normalization Fyzi0g =~ 7.37 x 1078 photons cm™2 s~! arcmin™
perform the procedure, described in Section[4.1.2l The observation M31off
rules out the dark matter decay line origin of the [316] feature with high sig-
nificance (see Fig.[4.4): the increase of x? due to the addition of this line has
the minimum value Ay? ~ (10.4)? at 2.44 keV, which is within 1o interval of
the quoted central value of the [316] feature.

We also perform the analysis, adding a line, whose flux is determined
according to the dark matter density estimates based on the model of [11],
that we consider to be a minimal dark matter model for M31 (as discussed
in 4.1.3.1). For this model the column density in the central 1-3 kpc de-
creases by a factor ~ 3.4 as compared with the value, based on M31B. [342]
claimed that in this case the [316] line becomes consistent with the M31on
observations. However, our analysis shows that the total x? increases, when
adding the corresponding line to the model, by (5.7)? for 30 variation of the
position of the line. The corresponding increase of total x? for M31off region
is (2.0)%2. Combining M31on and M31off observations, one obtains (6.2)? in-
crease of the total 2.

We conclude therefore that despite the uncertainties in dark matter mod-

eling, the analysis of diffuse emission from the central part of M31 (1-8 kpc
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Figure 4.3: Spectra of three XMM-Newton observations of M31 (M31on, Sec. [4.1.3.2).
The Gaussian line, obtained by proper scaling of the result of I@] is also shown.
The top row is for MOS1, the middle row — for MOS2, and the bottom row for PN
cameras. The spectra in the left column are for the observation 0109270101 , the
middle column — 0112570101 and the right column — for 0112570401 . The error
bars include 5% of the model flux as an additional systematic error. For all these
spectra combined together, the x? increases by at least 22.2%, when adding a narrow
Gaussian line in any position between 2.3 keV and 2.72 keV (see text).

off the center), as measured by XMM-Newton, disfavors the hypothesis that
the spectral feature, observed in Willman 1, is due to decaying dark matter.
Nevertheless, to strengthen this conclusion further we analyzed available
XMM-Newton observations of M31 in the region 10-20 kpc off-center, where
the uncertainties in the mass modeling of M31 reduce significantly as com-
pared with the central 5 — 8 kpc (c.f. , ], see also Section [4.1.3.1] in
particular Fig. 4.2).
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ObsID Cleaned exposure [ks] FoV [arcmin?]
(MOS1/MOS2/PN) | (MOS1/MOS2/PN)
0402560301 41.9/42.2/35.2 405.6/ 495.4 / 433.3

Table 4.3: Cleaned exposures and field-of-view (calculated using BACKSCAL
keyword) of the observation M31loff (obsID 0402560301 ). The significant differ-
ence in FoVs between MOS1 and MOS2 cameras is due to the loss CCD6 in MOS1
camera.
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Figure 4.4: The spectra of off-center M31 observation 0402560301 (M31loff ,
Secl4.1.3.3). The decaying dark matter signal, obtained by proper scaling of the result
of [316] is also shown. The error bars include 5% of the model flux as an additional
systematic error. Fitting these spectra together excludes the properly scaled line
of [316], at the level of at least 10.40 (see text).
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ObsID Cleaned exposure [ks] FoV [arcmin?]

(MOS1/MOS2/PN) | (MOS1/MOS2/PN)
0511380101 44.3/44.5/37.6 356.2/400.4/333.3
0109270401 38.5/38.4/33.5 387.8/384.1/366.7

0505760401 26.0/26.0/21.7 330.5/374.1/325.0
0505760501 23.8/23.8/19.8 344.8/395.2/313.2
0402561301 22.7/22.7/20.1 367.2/419.5/382.6
0402561401 39.3/39.3/33.7 349.9/408.3/ 343.6
0402560801 42.6/42.6/36.6 373.6/435.8/393.7

0402561501 38.5/38.5/34.0 369.3/421.0/407.5
0109270301 24.4/24.6/22.2 443.4 / 439.6 / 405.0

Table 4.4: Cleaned exposures and field-of-view after the removal of point sources and
out-of-time events (calculated using BACKSCAL keyword) of nine M31 observations
off-set by more than 10 kpc from the center (M31lout observations).

4.1.3.3 M31 off-center (10-20 kpc)

We selected 9 observations with MOS cleaned exposure greater than 20 ks
(Table [4.4). The total exposure of these observations is about 300 ks. Based
on the statistics of these observations one would expect a detection of the
signal of [316] with the significance 12.1c (for M31B) and 11.2¢ (for [11]).
The fit to the baseline model is very good, giving total x? equal to 5931 for
5883 d.o.f. (the reduced x? = 1.008). However, adding the properly res-
caled line significantly reduced the fit quality, increasing the total x? by
(12.0)%/(10.7)/(10.7)? when varying line position within 1o, 20 and 3¢ inter-
vals (using M31B model) and by (11.7)2, (10.7)? and (10.6)? for 10, 20 and 30
intervals (using the model of [11], which gives dark matter column density
in M31out about 160 — 180M pc—2 (including Milky Way contribution), see
Fig.42).

4.1.3.4 Combined exclusion from M31

Finally, performing a combined fit to all 13 observations of M31 (M31, M31off ,
M31lout ) we obtain the exclusion of more than 260 (using the dark matter
model M31B of [197]) and more than 130 for the minimal dark matter model
of [11]. As described in Section [4.1.2] in deriving these results we allowed
the normalization of the baseline powerlaw model to vary independently
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for each camera, observing the same spatial region, added additional 5% of
the model flux as a systematic uncertainty and allowed the position of the
narrow line to vary within 2.3 — 2.72 keV interval.

4.1.4 Fornax dwarf spheroidal galaxy and Willman 1

We use dark matter distributions in Fornax dwarf spheroidal galaxy and
Willman 1 presented in [323]. In this paper, it is shown that the mass distri-
bution in Willman 1, as well as its galactic status (dwarf spheroidal galaxy vs
metal-poor globular cluster) remain uncertain, mostly due to extreme small-
ness of available kinematic data. For example, [316] have used the dark
matter distribution from [191] who used velocities of only 47 stars. In [323],
the authors used even smaller published sample of 14 stars which does not
allow to significantly constrain the dark matter distribution. For example,
dark matter distribution in Fornax and Sculptor dwarf spheroidal galax-
ies, the brightest and most well-studied dSph satellites of the Milky Way,
the availability of large kinematic data set of ~ 2600 and ~ 1400 members,
respectively [349], allows to place relatively tight constraints on the dark-
matter column densities with the help of Monte Carlo Markov chain analysis
procedure of [196]. To characterize the dark matter halos of dSphs, [323] ad-
opt the general dark matter halo model of [196], with density profile given by

p(r) :ps(%)_7 {1+ (;)a]_ (4.5)

where the parameter « controls the sharpness of the transition from inner
slope lim,_,o dIn(p)/dIn(r) < —v to outer slope lim, ., dIn(p)/dIn(r) =« —3.
This model includes as special cases both cored (o« = 1,7 = 0) and NFW [305]
(o = v = 1) profiles. The results are shown in Fig. and have been used
for the subsequent analysis.

4.1.41 XMM-Newton observation of Fornax dSph

Fornax is one of the most deeply observed dSphs in X-ray wavelengths. We
have processed the 100 ks XMM-Newton observation (ObsID 0302500101 )
of the central part of Fornax dSph. The data analysis is described in the
Section[4.1.2] In each camera, we extract signal from the 14’ circle, centered
on the Fornax dSph. The cleaned exposure and corresponding fields of view
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Figure 4.5: Dark matter mass modeling in Fornax and Willman 1 from [323]. Top
panels display empirical velocity dispersion profiles as calculated by [196] for Fornax,
Sculptor and from the Willman 1 data of [350] (for Willman 1, the small published
sample of 14 stars allows for only a single bin). Overplotted are the median profiles
obtained from the Monte-Carlo Markov chain analysis described by [196], using the
general dark matter halo model (4.5), as well as the best-fitting NFW and cored halo
models. Bottom panels indicate the corresponding spherically-enclosed mass profiles.
In the bottom panels, dashed lines enclose the central 68% of accepted general models
(for Willman 1, the lower bound falls outside the plotting window). Vertical dotted
lines indicate the outer radius of the field of view of the X-ray observations (14’ for

r [pe]

Fornax, 7.5 for Sculptor and 5’ for Willman 1).
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XMM-Newton | Cleaned exposure [ks] FoV [arcmin?]
ObsID (MOS1/MOS2/PN) | (MOS1/MOS2/PN)
0302500101 53.8/53.9/48.2 459.1/548.5/424.9

Table 4.5: Cleaned exposures of the XMM-Newton observation of Fornax dSph

(calculated using the BACKSCAL keyword) for all three cameras (after sub-
traction of CCD gaps, out-of-time strings in PN camera and CCD 6 in MOS1
camera) are shown in Table[4.5] Based on the dark matter estimates, presen-
ted in [323] we expect the following improvement in S/N ratio

= 12.12 ~ 1.70 4.6
(S/N)w1 2085+ 73.9‘/— (4.6)

i.e. we expect a ~ 4.20 signal from Fornax, assuming dark matter decay line
origin of the [316] feature.

The fit to the baseline model is very good, x> = 955 for 983 d.o.f. (re-
duced x? = 0.972). Note that the parameters are consistent with those of
extragalactic diffuse X-ray background as it should be for the dwarf spher-
oidal galaxy where we do not expect any diffuse emission at energies above
2 keV [see also223,[228,1318,1319,1351]1.

After adding a narrow line with the normalization Fgy,, ~ 2.19 x 1078
photons cm ™2 s~! arcmin—2, the x? increases, the minimal increase is equal
to (5.1)2, (4.2)% and (3.30)? for a position of the line within 10, 20 and 3¢
intervals from [316] feature, respectively (after adding 5% of model flux as
a systematic error). We see that adding a properly scaled Gaussian line
worsens x> by at least ~ 3.3¢ (instead of expected improvement of the quality
of fit by a factor of about 16 if the [316] feature were the dark matter decay
line), see Fig. for details.

The combination of all XMM-Newton observations used in this work (M31o0n,
M3loff , M3lout and Fornax ) provide a minimum of 26.70 exclusion at
2.35 keV (which falls into the 30 energy range for the [316] spectral fea-
tures), after adding a 5% systematic error. Within 1o and 20 energy inter-
vals, the minimal increase of x? is 29.02 and 27.32, correspondingly. There-
fore, one can exclude the dark matter origin of the [316] spectral feature by
260. This exclusion is produced by using the most conservative dark matter
model M31B of [197]. Using the minimal dark matter model of [11], one can
exclude the [316] feature at the level more than 140.
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Figure 4.6: The spectra of the XMM-Newton observation 0302500101 , Sec. £.1.4.1]
The error bars include 5% of the model flux as an additional systematic error. Fitting
these spectra together excludes the properly scaled ] line at the level of at least
20 (3.30 if one restricts the position of the line to the interval 2.30 — 2.72 keV) instead
of expected improving of the quality of fit by about 4c (if the line were of the dark
matter origin).
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Regions  PL index, PL norm. Line Line Line flux Line flux

best-fit best-fit position  signif. best-fit value 30 upper bound
M31on 1.32 1.66/1.82/2.39 2.55 1.70 7.35 x 1079 2.09 x 10~8
M31off 1.42 1.51/1.19/2.22 2.47 2.30 6.69 x 1079 3.10 x 10~8
M31out A 2.52 1.60 3.76 x 1079 1.16 x 1078
Fornax 1.37 0.79/0.59/0.70 2.19 2.60 9.63 x 10—9 2.11 x 1078

Table 4.6: Parameters of the best-fit powerlaw components (assuming the
powerlaw+gauss model) and of the maximally allowed flux in the narrow Gaus-
sian line in the interval 2.1 — 2.8 keV. The normalization of the powerlaw is given in
1075 photons cm~2 s~! arcmin~2 keV !, line position — in keV, fluxes of gaussian

2 57! arecmin~2 keV~!. The slight difference between these values
and those of Table[4.T]is due to the presence of gaussian component and the propor-

tionality of powerlaw normalization to field-of-view solid angle (for M31on); for each

— in photons cm™

observation, the corresponding parameters coincide within 90% confidence range.
The values of best-fit powerlaw parameters for M31lout are not shown because they
are different for different observations (see Table[4.).

4.1.5 On a possible origin of a 2.5 keV feature

We provide more than 80 times improvement of statistics of observations,
as compared to [316] (factor ~ 5 times larger total exposure time and factor
~ 4 improvement in both the effective area and the field-of-view). Even un-
der the most conservative assumption about the dark matter column density
such an improvement should have led to an about 140 detection of the dark
matter decay line. In our analysis no significant lines in the position, pre-
dicted by [316] were found. However, in the XMM-Newton observations that
we processed there are several spectral features in the range 2 — 3 keV (see
Table [4.6). This is not surprising, as the XMM-Newton gold-coated mirrors
have Au absorption edge at ~ 2.21 keV [339, 340] and therefore their effect-
ive areas possess several prominent features in the energy range 2 — 3 keV.
According to XMM-Newton calibration report [339, 13401, there is about 5%
uncertainty at the modeling of the effective area of both MOS and PN cam-
eras at these energies. These uncertainties in the effective area can lead to
artificial spectral features due to the interaction of the satellite with cosmic
rays [352]. In particular, the solar protons with energies of few hundreds keV
can be interpreted as X-ray photons (so called soft proton flares). The inter-
action efficiency of solar protons with the instrument is known to be totally
different from that of real photons [329]. In particular, their flux is not af-
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fected by the Au edge of the XMM-Newton mirrors. According to [329], the
spectrum of soft proton flares for EPIC cameras is well described by the un-
folded (i.e. assuming that the instrument’s response is energy-independent)
broken powerlaw model with the break energy around ~ 3.2 keV, bknpow/b
in XSPEC v.11. Therefore, modeling the spectrum that is significantly con-
taminated with soft proton flares in a standard way (i.e. by using folded
powerlaw model) will produce artificial residual excess at energies of sharp
decreases of the instrument’s effective area.

In our data analysis we performed both the standard flare screening [325—
327] that uses the inspection of high-energy (10-15 keV) light curve and
an additional soft proton flare cleaning. As found by [353], it is possible to
screen out the remaining flares, e.g. by the visual inspection of the cleaned
lightcurve at low and intermediate energies. To provide the additional clean-
ing after the rejection of proton flares at high energies, we followed the pro-
cedure of [1329, 1330], leaving only the time intervals, where the total count
rate differs from its mean value by less than 2¢.

To test the possible instrumental origin of the features, discussed in this
Section, we first performed only a high-energy light curve cleaning [325—
327] and determined the maximally allowed flux in a narrow line in the en-
ergy interval of interest. After that we performed an additional soft proton
cleaning. This procedure improved the quality of fit. The significance con-
tours of the resulting “line” (for M31lout region) are shown on the left panel
in Fig. In deriving these limits we allowed both the parameters of the
background, the position of the line and its total normalization to vary (the
latter from negative values). Finally, we added an unfolded broken power-
law component bknpow/b to model a contribution of remaining soft proton
flares (see e.g. [329]). The break energy was fixed as 3.2 keV so no degener-
acy with the parameters of the gaussian is expected. The bknpow/b power-
law indices at low and high energies were fixed to be the same for different
cameras observing the same spatial region. further improved the quality of
fit and made the line detection totally insignificant (see right Fig. [4.7]for de-
tails). Our analysis clearly suggests the instrumental origin of the line-like
features at the energy range 2.1-2.8 keV.

As a final note, we should emphasize that the Chandra ACIS instrument
used in [316] has the Ir absorption edges near 2.11 and 2.55 keV (see [354]
for additional discussion). They also report negative result of searching for
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Figure 4.7: Left: Ax? = 2.3 (dashed-dotted), 4.61 (dashed) and 9.21 (solid) contours
(corresponding to 68%, 90% and 99% confidence intervals) for a thin gaussian line
allowed by the joint fit of M31out spectra used in this work. The resulting line nor-
malizations are shown for an averaged dark matter column density in the M31lout
region (about 170 Mg pc~2, including the Milky Way contribution). The rescaled [316]
line is marked with a cross X; its normalization is therefore 4.50 x 1078 x ﬁ =
2.71 x 10~®photons cm ™2 sec arcmin 2. It is clearly seen that the hypothesis of dark
matter origin for a [316] line-like feature is excluded at extremely high significance,
corresponding to more than ~ 100 (see text). Right: The same as in the left figure
but with an addition of a bknpow/b component to model the contribution of the re-
maining soft proton contamination (see text). The break energy is fixed as 3.2 keV
so no degeneracy with the parameters of the gaussian is expected. The bknpow/b

powerlaw indices at low and high energies are fixed to be the same for different cam-
eras observing the same spatial region. The line significance drops below 1c in this

case.

the [316] feature, in agreement with our findings.

4.1.6 Conclusion

To summarize, by comparing the strength and position of the feature found
by Loewenstein & Kusenko with observations of several dark matter-dominated
objects (M31, Fornax and Sculptox@ dSphs) we found that the hypothesis of
dark matter origin of [316] is excluded with the combined significance ex-
ceeding 140 even under the most conservative assumptions. This is possible
because of the large increase of the statistics in our observations as com-
pared with the observation used in [316].

8Non-detection of ~2.5 keV line in Chandra observations of Sculptor dwarf spheroidal galaxy
by [323] further strengthens our result.
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4.2 Summary of existing X-ray bounds on decay-
ing dark matter parameters

Table summarizes existing works that put bounds on decaying dark mat-
ter from observations of individual objects. In this Table, we do not discuss
the claim [355] that the intensity of the Fe XXVI Lyman-v line at 8.7 keV,
observed in [356] cannot be explained by standard ionization and recombin-
ation processes, and that the dark matter decay may be a possible explan-
ation of this apparent excess. Spectral resolution of current missions does
not allow to reach any conclusion. However, barring an exact coincidence
between energy of decay photon and Fe XXVI Lyman-v, this claim may be
tested with the new missions, discussed in Chapter[6l

4.3 Strategy of further searches for decaying dark
matter

Our results (Chapter[3] in particular Section[3.4) allow us to identify the best
observational targets and the strategy of searches for decaying dark matter.
The objects with the largest dark matter decay signal turn out to be the
nearby galaxy clusters. However, the detection of the dark matter decay line
from galaxy clusters in X-rays is complicated by the fact that most of them
show strong emission precisely in keV rangeld Indeed, the virial theorem
immediately tells us that the temperature of the intercluster medium is

Tgas ~ GN My Rp*rf, 4.7)

where p., 7. are characteristic density and size (see Section[3.1), R is a typ-
ical overdensity in objects of a given type, m,, is the proton mass. For galaxy
clusters the overdensity R ~ 10° and size r, ~ 1 Mpc, the temperature T, is
always in the keV range, which makes it hard to detect a dark matter decay
line against a strong X-ray continuum.

The optimal targets for detection the dark matter line become X-ray faint
objects, such as dwarf spheroidal galaxies which do not contain any X-ray

9When searching for decaying dark matter signatures in other energy ranges, e.g. in the GeV
range, galaxy clusters become the best targets, see e.g. [364].
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Reference | Object Instrument Cleaned exp, ks
[221] Diffuse X-ray background HEAO-1, XMM- 224, 1450
Newton
[222] Coma & Virgo galaxy clusters XMM-Newton 20, 40
[223] Large Magellanic Cloud XMM-Newton 20
[224] Milky Way halo Chandra/ACIS-S3 Not specified
[225]@ M31 (central 5%) XMM-Newton 35
[357] Abell 520 galaxy cluster Chandra/ACIS-S3 67
[228] Milky Way halo, Ursa Minor | XMM-Newton 547, 7
dSph
[358] Milky Way halo Chandra/ACIS 1500
[226] Galaxy cluster 1E 0657-56 | Chandra/ACIS-1 450
(“Bullet”)
[229] Milky Way halo X-ray microcalorimeter 0.1
[3591° Milky Way halo INTEGRAL/SPI 5500
[230] M31 (central 5 — 137) XMM-Newton/EPIC 130
[231]° Milky Way halo INTEGRAL/SPI 12200
[318] Ursa Minor Suzaku/XIS 70
[319] Draco dSph Chandra/ACIS-S 32
[316]° Willman 1 Chandra/ACIS-I 100
[323]¢ M31, Fornax, Sculptor XMM-Newton/EPIC 400, 50, 162
Chandra/ACIS
[354]¢ Willman 1 Chandra/ACIS-I 100
[360] Segue 1 Swift/XRT 5
[361] M33 XMM-Newton/EPIC 20-30
[362] M31 (12 — 28’ off-center) Chandra/ACIS-I 53
[363] Willman 1 XMM-Newton 60
[71] Ursa Minor, Draco Suzaku/XIS 200, 200

Table 4.7: Summary of existing X-ray observations of different objects performed by

different groups.

“ Mistakes on calculating the bound, see discussion in [230].
®* INTEGRAL/SPI is sensitive at 20 keV—7 MeV.

¢ Claimed presence of 2.5 keV feature.
4 Did not put any bounds, only checked of the origin of 2.5 keV feature.

¢ Re-analyzed the same observation of Willman 1, did not find 2.5 keV feature.

4.3 Strategy of further searches for decaying dark matter
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gas [223]. However archival observations of dwarf spheroidal galaxies have
rather short exposure.

Objects with comparable column density and X-ray quiet (at least in
energies above 1-2 keV) are the nearby spiral galaxies. Of these objects
the Milky Way (including LMC and SMC satellites) and Andromeda galaxy
had been observed for the longest (combined) time. In Fig. [2.2]it is shown
that the strongest bounds on parameters of decaying dark matter particles
come from either Milky Way halo [228] or the central part of the Andromeda
galaxy [230Q].

The strongest existing bounds (those of [223, [228, 1230]) used the X-ray
observations of LMC, Milky Way and Andromeda galaxy whose effective ex-
posure was below 200 ksec (see Table

In this situation the current generation of X-ray telescopes there are two
possible ways to further improve the existing bounds and probe the theoret-
ically interesting regions of particle physics models:

1. Deep (few mega-seconds observations of the most X-ray quiet objects.
“Classical” dwarf spheroidal galaxies (Ursa Minor, Draco, Sculptor, For-
nax), where the dark matter content can be determined robustly are
the preferred targets. The problem with this approach is the limited
visibility of some of these objects and large investment (about 10%) of
the annual observational time of the satellite (total observational time
available each year for XMM-Newton and Chandra satellites is about
half of the calendar year, i.e. 14-15 Msec). Allocating time for such an
observation in the absence of a candidate line is hardly possible. On the
other hand, observations of these objects would provide an important
confirmation of the signal, detected with some other means.

2. Total exposure of all observations of dark matter-dominated objects
with the X-ray satellites is several orders of magnitude longer than any
possible single observation. Therefore a possible way to advance with
the existing X-ray instruments is to combine a large number of X-ray
observations of different dark matter-dominated objects. The idea is
that the spectral position of the dark matter decay line is the same for

10For Milky Way halo [228], total exposure of the combined blank sky dataset was ~ 547 ks,
but due to subtraction of instrumental background with ~ 145 ks exposure, the errorbars of the
subtracted spectrum were mainly defined by the exposure of the background.

1Even longer exposure will not improve the situation, as the error bars will begin to be
dominated by systematic uncertainties, see the next Chapter for detailed discussion.
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all these observations, while the astrophysical backgrounds in the com-
bined spectrum would “average out”, producing a smooth continuum
against which a small line would become visible. Naively, such a data-
set, uniformly processed, should allow to improve the existing bounds
by at least an order of magnitude and study spatial dependence of each
candidate line.

3. Finally, drastic improvement in the decaying dark matter search is
possible with a new generation of spectrometers, having large field of
view and energy resolution close to several eV [75, 229, 1365, 1366]. In
Chapter[d] we discuss this possibility in more details.
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Chapter 5

Analysis of combined dataset

In this Chapter we perform the search for dark matter decay lines in X-rays
at energies 2.8 — 10.8 keV, by stacking the X-ray spectra of nearby spiral and
dwarf galaxies observed with XMM-Newton. To this end we collect several
hundreds observations of nearby galaxies. After careful data reduction (re-
moving point sources, time variable component and other sources of contam-
ination) we end up with the dataset of about 400 observations with the total
cleaned (usable) exposure of about 6 Msec (about two orders of magnitude
longer than any single observation with XMM-Newton). Large number of
counts in each energy bin corresponds to the statistical error at the sub-per
cent level. We build a spectrum of the combined dataset and demonstrate
that we are able to describe it with a simple, physically motivated model, so
that all the remaining residuals (i.e. systematic errors) remain at a compar-
able (sub-per cent) level. Careful analysis of this dataset reveals a number of
line-like residuals at the level 2—3c. We investigate each of these candidates
and demonstrate that none of them can be interpreted as an astrophysical
line, originating from dark matter decays. The resulting limits on the flux in
lines are at the level of about several x10~%photons/sec/cm? (apart from the
bins where strong instrumental lines are present), which constitute as much
as an order of magnitude improvement compared to the existing bounds.
The rest of this Chapter is organized as follows. We discuss the choice of
targets in Sections Our data reduction technique is presented in Sec-
tion[5.2] Section is devoted to the description of the stacked spectrum of
all galaxies. Section [5.3.1] describes in details our approach to modeling the
spectrum. Finally, in Section[5.5lwe discuss our results: detected weak lines,
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their possible origin and resulting bounds on the line flux.

5.1 Selecting objects for the combined dataset

Using the archive of X-ray observations of the XMM-Newton, it is possible
to collect about 20 Msec of the nearby spiral and irregular galaxie@. The
choice of the objects was dictated by several considerations:

e the absence of too many bright point sources. Indeed, removal of each
point source leads to the decrease of the field-of-view and of dark matter
decay signal (proportional to the FoV) by about O.S%E Therefore, for the
large amount of removed point sources the expected signal to noise starts
to decrease (see e.g. the analysis of [230]).

e the absence of prominent diffuse emission at energies of interest. This
requirement restricted our attention to galaxies, whose diffuse emission is
concentrated in soft X-ray band (below ~ 2 keV), thus discarding not only
observations of clusters, but also of giant elliptical galaxies.

e angular size of the object should be sufficiently large to cover the FoV of the
XMM-Newton EPIC camera (~ 26’ in diameter). If the solid angle spanned
by the characteristic size of dark matter distribution r,. is much bigger
than the FoV of the satellite, the uncertainty of exact modeling of dark
matter distribution at the centers of galaxies become significant. If, on
the other hand, the characteristic scale is much smaller than the FoV, one
looses the signal (which scales as Q.. xS, see Eq. (3.3)). Therefore, optimal
objects are those whose characteristic radius of dark matter distribution
is of the order of the radius of the FoV — the nearby galaxies.

We saw in Chapter [3] that the dark matter column density in of the
Milky Way halo is comparable to the signal from other objects (see also
1223, 1228, 1231, 1367]). Therefore we start with collecting recent results on
the Milky Way dark matter distributions and analyzing the uncertainties of
the corresponding column density estimates. We then continue with identi-
fying the galaxies, whose expected decay signal would be comparable (con-
stitute a sizable fraction) of the Milky Way’s contribution in their direction.
Section [5.1.5] summarizes our dataset.

IWe do not consider galaxy clusters, as their strong X-ray background would require a dif-
ferent type of analysis.

2The point spread function of the XMM-Newton (encircled 90% of photon energy) is 40-60 arc-
sec and we remove circle with the radius 1’ around each point source.
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Reference | Type ps(pe), rs(re), To,
10M, / kpe® kpe kpe
[194] NFW 4.9 21.5 8.0
[194]¢ NFW 0.60 46.1 8.5
[370] NFW 13.3 14.7+0.7 8.0
[371] NFW | 27.2+15.0 10.2+6.1 7.5
[372] NFW | 4.744+0.57 | 21.04+3.2 8.0
[373] ISO 24.542.5 5.54+0.6 8.0
[374] NFW 20.4+2.6 10.8+3.4 | 8.33+0.35
[375] NFW 12.54+6.0 17.0£3.9 | 8.334+0.35

Table 5.1: Parameters of dark matter profiles for Milky Way galaxy. Here, ps (p.) and
rs (rc) denote the characteristic density and radius of the NFW (ISO) dark matter
distributions, see Eq. [3.8] and Eq. [B.11] respectively, rs is the distance to Galactic
Centre.

¢ Maximum disk profile.

® Mass-concentration relation between distribution parameters is assumed.

5.1.1 Milky Way galaxy

The mass modeling of the Milky Way is continuously updated and improved (see
e.g. [194,1195,1368-375]). In Table 5.1lwe summarize recent results. For each

of the profiles the dark matter column density is calculated using the expres-
sion (3.5). The results are shown in Fig. The behaviour of cored (ISO)
and cusped (NFW) profiles differs at small ¢. Notice that the difference be-
comes much less profound if the column density is averaged over the field of
view of XMM-Newton (radius 15). In what follows we only consider observa-
tions with the off-center angle ¢ > 45°.

As we see from Fig. 5.1l the most conservative values of dark matter
column density in this region of ¢ is given by the NFW profile from [372].
For comparison, we also show in Fig. 5.1] the most “extreme” case of Milky
Way mass modeling — the maximal disk distribution of [194]@ This model
is highly implausible, in particular because the maximal disk would be un-
stable (see [[194] for discussion). We do not use this profile in our calculations
and keep it to demonstrate the level of uncertainties.

3In calculating the dark matter column density for this profile we did not take into account
additional effect of adiabatic contraction, so the actual signal is stronger in the center.
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Figure 5.1: Comparison of different dark matter column density distributions of the
Milky Way halo as a function of the off-centre angle ¢ (see Eq. (3.6) for its definition).
All observations in our combined dataset have the angle ¢ > 48° (to the right of ver-
tical line). We adopt profile “NFW, Xue et al. (2008)” [372] as the most conservative
column density estimate. We also show (in black dotted line) the most extreme case
— the maximal disk profile from [194]. This model is unphysical, designed solely to
minimize the dark matter content, and is only showed for demonstrate the level of
uncertainties, which is less than a factor of 2 even in this case.

5.1.2 Galaxies of the Local Group

Among all objects that we choose for the combined dataset, there are three
objects that are parts of the Local group: Large and Small Magellanic Clouds
and the Andromeda galaxy. These objects are special in a number of ways.
First of all, their dark matter halos have size about several degrees — much
larger than the XMM-Newton field-of-view. Therefore, if a candidate line is
found, its surface brightness in these objects can be studied. Secondly, large
X-ray surveys had covered significant fractions of these galaxies [376-378].
Finally, as we are going to see, these objects have dark matter column dens-
ity similar (or greater) than the Milky Way’s contribution in this direction,
thus significantly increasing the expected signal.
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Reference | Type ps(pe)s rs(re)
1M/ kpc® | kpe
[285] NFW 37.0 8.18
[285] NFW 47.1 7.63
[285]° NFW 2.11 28.73
[298] BURK 57.2 6.86
[298] NFW 17.4 12.5
[11]° BURK 2.915 28
[11]c NFW 4.81 22.952

Table 5.2: Parameters of dark matter profiles for M31 used in this Chapter.
¢ Maximum disk profile.

b Mass-radius relation between distribution parameters is assumed.

¢ Mass-concentration relation between distribution parameters is assumed.

5.1.2.1 Andromeda galaxy

The dark matter distributions for the Andromeda galaxy was extensively
discussed in Sec.[4.1.3.31 We reproduce it here, adding several new profiles
and discarding the dark matter distributions from [12] because of bad qual-
ity of fit. The results and their uncertainties are summarized in Table (.2
We adopted the distance to M31 Dy31 = 785 kpc [379]. Dark matter column
density profiles as a function of the off-center angle within Andromeda halo
are shown in Fig.[5.21 The BURK profile from [11] is used as the most con-
servative one, similarly to Sec.

5.1.2.2 Large and Small Magellanic Clouds

For LMC, we used the dark matter density distribution parameters from [[380—
382], see Table for details. The results for dark matter column density
are shown in Fig.[5.3]

For SMC, we used the dark matter density distribution parameters from
[384], see Table for details. The results for dark matter column density
are shown in Fig. 5.4

Our analysis shows that both LMC and SMC dark matter content is
highly uncertain. Therefore, while it is natural to expect a significant boost
of a signal (and thus include these objects as a part of the dataset), in de-
riving conservative bounds, one has to assume negligibly small content of
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Figure 5.2: Dark matter column density in the Andromeda galaxy, based on the dif-
ferent dark matter distributions, described in Table[5.2l The BURK profile from [11]
is the ’minimal’ dark matter model used in [323], see also Sec. [4.1.3.7] for details.
Here, we adopt this profile as the most conservative estimate. Horizontal line shows
the minimal contribution from the Milky Way halo in direction of M31, the most
conservative profile from [372], see Fig.[5.1]for details.
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Figure 5.3: Comparison of different dark matter column density distributions of the
Large Magellanic Cloud. The parameters of these profiles are described in Table[5.3]
Horizontal line shows the minimal contribution from Milky Way halo in the direction
of LMC, using the most conservative profiles from [372], see Fig. 5.1lfor details.
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Reference | Type ps(pe), rs(re)
106Mg / kpc® kpc

[380]° ISO 74 1
[383] ISO 46.3 1
[381] NFW 16.6 9.16
[381] ISO 100 1
[382] NFW | 8.18+2.67 | 9.04+2.43
[382]° ISO 326+65 0.524+0.076
[382]° BURK | 289+51 1.06+0.13

Table 5.3: Parameters of dark matter profiles for LMC.

@ Halo radius is uncertain < 10 kpc, only combination p.r? is measured.
® Minimal disk assumption.

¢ Bad quality of fit.

Reference | Type ps(pe), rs(re)
105My/ kpe® | kpe

[384]* NFW 4.1 5.1

[384]° BURK 21.4 3.2

Table 5.4: Parameters of dark matter profiles for SMC used in this Chapter.
¢ Bad quality of fit.
b Best-fit relation between distribution parameters is assumed.

dark matter, using only Milky Way’s column density in the direction of these
objects.

5.1.3 Galaxies with measured dark matter distribution

We collect the dark matter distributions of galaxies, using the catalogue com-
piled in Chapter[3l We derive the average dark matter column density inside
a circle with radius 15/, corresponding to the FoV radius for XMM-Newton
imaging spectrometers. To be conservative, we use truncation of cuspy pro-
files (NFW). Namely for r > r, the average dark matter column density coin-
cides with the NFW expression while for r < r, it remains constant (similar
to cored profiles).
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Figure 5.4: Comparison of different dark matter column density distributions for the
Small Magellanic Cloud. The parameters of these profiles are described in Table 5.4
Horizontal line shows the minimal contribution from the Milky Way halo in the dir-
ection of SMC, using the most conservative profile from [372], see Fig.[5.1]for details.

5.1.4 Galaxies with unknown matter distribution

Apart of galaxies with known dark matter distributions, for a large num-
ber of nearby galaxies that fall within the FoV of XMM-Newton do not have
available data for dark matter density profiles. To estimate the dark matter
distribution parameters for these galaxies, we used the following procedure.

We took the values of galaxy optical radius r,,; obtained from the appar-
ent angular diameter, logdc (corrected for the galactic extinction and inclin-
ation effect) from the HyperLeda databaseH The distance to the galaxy was
also obtained from HyperLeda database either from “true” distance modu-
lus modO (when available) or from redshift distance modulus modz for suf-
ficiently distant galaxies (with cz > 200 km/s). This results in more than
5x10* galaxies with known logdc values.

Then, using the sample of 92 spiral and elliptical galaxies from our cata-
logue, complied in Chapter[3] we study log-log correlations of 7,,; with r, and
S x p*r*ﬁ The best-fit parameters of the correlations (see also Fig. for

4http://leda.univ-lyon1.fr
5Recall that the parameters p. and r. coincide with the parameters ps and rs correspond-
ingly for the NFW distribution. For other distributions, see Section for details.
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Figure 5.5: Left: Correlation between the optical radius 7,,: defined with the help of
HyperLeda database and characteristic size of galactic dark matter haloes r. com-
piled from dark matter catalogue of Chapter[3l The best-fit values are presented in
Eq.5dl Note that for most of the objects 7. > 7, in agreement with expectations.
Right: The same correlation but with p.r., a proxy for dark matter column density
S.

details) are:

log (%pc) = 0.646 x log,, (fk—’r’:c) +0.607;

PsTs Topt
1 —— | =0.129 x 1 1.68. 51
o0 <1M@/ pc?) * o0 <1kpc) i ©-D

Finally, the correlations Eq. are then used to determine the para-
meters of dark matter density distributions for about 5 x 10* galaxies not
present in our dark matter distribution catalogue. Namely, we choose such
objects for which angular size of r, > 15" and then estimate its column dens-

ity. We sub-select only those galaxies that have estimate S > 30M pc~2.

5.1.5 Combined dataset: summary

All together our procedures, outlined in Sections resulted in the
sample of 111 galaxies, see [385] for details. By using HEASARC browsing
form [386], we selected all of them observed by XMM-Newton with a pointing
centered inside a circle with the radius r../D + 15’ from the centre of a given
galaxy. Such a selection finds observations covered the innermost part of
the dark matter halo of the object. This results in 70 galaxies observed by
XMM-Newton. 61 of them are included in our final dataset, see [387] for
details.

Total uncleaned XMM-Newton exposure of these galaxies is ~ 19 Ms.
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About 50% of this exposure is concentrated on three galaxies with the largest
angular size of the dark matter halo — Large Magellanic Cloud (LMC), Small
Magellanic Cloud (SMC) and Andromeda galaxy (M31).

5.2 Data processing

5.2.1 Downloading and preprocessing XMM-Newton data

We use the data obtained with the European Photon Imaging Camera (EPIC)
of XMM-Newton, which consists of two MOS [388] and one PN [389] CCD
cameras (sensitive in the 0.1-15 keV energy range) behind X-ray telescopes
[390]. We download the basic Observation Data Files (ODF) for 725 publicly
available (on April 16 2012) XMM-Newton observations for 70 galaxies se-
lected in previous Sec.[5.1lusing the web search form of NASA’s High Energy
Astrophysics Science Archive Research Center (HEASARC) [386]. In accord-
ance with startard data analysis prescription, see e.g. Sec. 4.3 of [391], we
produced calibrated concatenated eventﬁ lists using the standard data reduc-
tion proceduresﬁ emproc and epproc for MOS [388] and PN [389] cameras
of XMM-Newton/EPIC, respectively. These procedures include combining
data from all CCDs for each camera (MOS1, MOS2, PN), identification and
rejection of bad CCD pixels, calculation of event coordinates using telescope
attitude information and improving the quality of PN data at low energies.

The filtered event lists are then used for timing and spatial variability
filtering described in the next Sec.[5.2.2] and Sec. The main statistical
properties event lists before and after the cleaning procedure are given in
Table The detailed parameters of the filtered event lists are presented
in [387].

6Here, an “event” is a result of instantaneous positive detection in one or several adjacent
CCD pixels. According to Sec.4.4 of [391], storing detector data in format of events is motivated
by telemetry contraints of the XMM-Newton satellite. Indeed, according to [334] the procedure
based on analysis of event patterns allows to reject of about 99% of events caused by high-energy
(~ 100 MeV) cosmic rays thus significantly reducing the amount of data telemetry.

"These procedures are the part of the standard publicly available software of XMM-Newton
data analysis, Science Analysis System (SAS) v.11.0.0 [392].
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5.2.2 Removing time-variable component

Raw event lists, generated using the standard pipeline (see Sec. 5.2.7] for
description), exhibits significant time variability, both in short (< 10 ks)
and long (= 10 ks) scale variability. According to [325], the short-scale
time variability is caused by the soft solar protons with the energies about
few 100 keV. The countrate spectrum of these soft proton flares has unpre-
dictable shape although it can be approximated by broken powerlaw with
Eprear ~ 3.2 keV [329]. Moreover, according to our findings in Sec.[4. 1.5 (see
also [323]), residual soft proton flare contamination is also responsible for
(at least) the broad line-line feature at 2.5-2.6 keV, where the effective area
has a local minimum due to Au K edge. The count rate of the decaying dark
matter signal should be of course constant in time and therefore we aim to
clean the time variability as much as possible.

A number of different methods of removing time-variable component has
been developed (Appendix[8.4. 1] provides a brief overview of available proced-
ures). Here we apply the following procedure. First, by using the 60 s histo-
gram for the whole energy range (0.2-12 keV for MOS and 0.15-15 keV for
PN camera) we reject the countrates differing from the mean value at more
than 1.50. This is done with the help of standard procedure espfilt [393].
This procedure removed 34%, 33% and 43% of total observation time for
MOS1, MOS2 and PN cameras, respectively (see Table [5.5] for details). The
subsequent visual inspection of cleaned lightcurves showed the absence of
any significant time variability. To further clean the residual soft proton
component, we apply the procedure of [330]. It is based on comparison of
high-energy (6-12 keV for MOS, 5-7.3 and 10-14 keV for PN) countrates
for “in-FoV” (10-15 arcmin off-center) and out-FoV CCD regions, using their
public script [331@. Fig. shows the obtained dependence on F;, — F,;
ratios from Fj,, in MOS and PN cameras. In accordance with [330], we selec-
ted observations with F;,, — F,,; less than 1.50 (marked by horisontal line).
In addition, we removed observations with Fj, > 0.35 cts/s for MOS and
1.2 cts/s for PN camera (marked by vertical lines in Fig. which show
significant large-scale variability at high energies.

The final step of removing large-scale time variability is made after re-

8This script does not take into account the damage of MOS1 CCD6 on 09 March, 2005,
see [394,1395] for details. According to [331], the relative error on MOS1 F;,, — Fo.: ratio after
the damage is about 10 %.
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Figure 5.6: Fin/Fou: for MOS (left) and PN (right) cleaned event lists as functions
of Fin. The adopted selection criteria on Fjy,/Fou: < 1.30 proposed by [330] are also
shown. Additionally, we select observations having F;, < 0.35 cts/s for MOS and
F;n, < 1.2 cts/s for PN camera, shown by horizontal lines.

moving observations with significant changes of instrumental background
flux [325, 1352]. As a result, our filtering leaves 359 MOS1, 327 MOS2 and
321 PN cleaned event lists, see Tables and [387] for details.

The mean value of F},, — F,,; ratio for our dataset is 1.134-0.11 for MOS1,
1.10 4 0.10 for MOS2 and 1.12 4 0.10 for PN camera, see Table 5.5 for details.
The histogram of observations basen on their F;, — F,,; ratios is shown in

Fig. 517
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Figure 5.7: Histogram of the distribution of MOS1, MOS2 and PN observations as
function of their F;,, — F,, ratio for dataset.
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5.2.3 Filtering spatial variability.

Presence of spatial variability may significantly affect our results due to nar-
row emission lines from astrophysical sources. Indeed, as we see from left
Fig. 6.8 the 2.5-6.0 keV brightness (flux per unit solid angle) before filter-
ing spatial variability is about 4-72 (MOS) and 10-180 (PN camera). This is
much larger compared to typical values for blank-sky dataset [327] (exclud-
ing Galactic Centre region): 5-10 (MOS) and 30-48 (PN camera). Therefore,
additional cleaning of spatial variability should be performed.
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Figure 5.8: Left: histogram of the distribution of MOS1, MOS2 and PN observa-
tions as function of their 2.5-6.0 keV flux before spatial variability cleaning. These
values are considerably larger than the typical values for blank-sky spectra, about
5-10x10™* cts/(s arcmin®) for MOS and 30-48x10~* cts/(s arcmin®) for PN camera
(excluding Galactic Centre region), according to Table 3 of [327], so additional clean-
ing for spatial variability should be performed. Right: histogram of the distribution
of MOS1, MOS2 and PN observations as function of the size of their field-of-view.

In the literature, we identifed the following sources of spatial variability:

1. Bright strips in PN camera caused by out-of-time events (see Sec.4.10
of [391]);

2. Anomalous CCD states [329,353];
3. Point and extended astrophysical sources.

The out-of-time events are caused by photons coming during the CCD
readout phase, see Sec. 4.10 of [391] for details. During the readout time,
these events assign the wrong number of a detector coordinate RAWY and
thus wrong energy correction value. As a result, out-of-time events form
bright strips in images parallel to CCD borders. The fraction of out-of-time
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events depends on observation mode according to Sec. 3.3.10 of [320], it is
the largest for Full Frame (6.3 %) and Extended Full Frame (2.3 %) modes
for PN camera. For these modes, we correct PN spectra with the standard
procedure [324] by creating the simulated out-of-time event list, producing
its properly scaled spectrum (using the same detector coordinates as in the
source file) and subtracting it from the source spectrum.

Anomalous CCD state appears for some observations, where the coun-
trate for some CCDs is significantly larger than for nearby CCDs. According
to [329, 1353], the anomalous states significantly affect the CCD countrate
for £ < 1.0 keV. Because here we concentrate on = 2.8 keV energy range,
we do not exclude the corresponding CCDs from the subsequent analysis.

Due to instrument diffraction and mirror defects, astrophysical point so-
urces appear to have finite size. It is determined by the point spread function
(PSF)H and is usually about several tens of arcsecs, much larger than the
size of a CCD pixel. This allows to detect the point source by comparing
the countrate in several adjacent pixels with that of background. However,
this algorithmical procedure is complicated by the precence of CCD gaps,
bad pixels, spatial Vignettinﬁ. We identified point astrophysical sources
using standard XMM-Newton SAS metatask edetect _chain [396]. To in-
crease the sensivitity with respect to point source detection, we used simul-
taneously MOS and PN cameras. We excluded all point sources detected in a
circle with 14 arcmin radiu at 2 40 level together with 60-arcsec circular
regions centered at the their positions. According to Sec. 3.2.1 of [320], such
circle contains more than 90 % of source energy up to off-axis angle of 10 ar-
cmin (MOS) or up to 3 arcmin (PN camera). Subsequent visual inspection
has not found significant remaining point sources.

To check for extended astrophysical sources, we first calculated 2.5-6 keV
brightness and compared it with blank-sky dataset of [327]. The solid angle
covered by field-of-view is calculated with standard backscale procedure
[397]. Before point source subtraction, the field-of-view solid angles are dis-
tributed according to right Fig. Notably, all of them are somewhat smal-

9For the shapes and extents of the MOS and PN point spread functions, see Sec. 3.2.1 of [320].

0Due to vignetting effect, the off-axis effective area of a telescope significantly (up to 2-3
times) decreases with increase of off-axis angle. This effect also strongly depends on energy, see
Sec. 3.2.2 of [320] for details.

This is somewhat smaller than the radius XMM-Newton field-of-view (~ 15 arcmin) due to
slightly different geometries of MOS and PN cameras.
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ler than the naive estimate for a solid angle of a circle with 14 arcmin radius
(7 x 142 = 616 arcmin?) due to

e CCD gaps;
e bad pixels;

e loss of MOS1 CCDG6 since 09 March, 2005, see [394] for details.
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Figure 5.9: Left: histogram of the distribution of MOS1, MOS2 and PN observations
as function of their 2.5-6.0 keV brightness after spatial variability cleaning. The res-
ults are close to typical values for blank-sky spectra, about 5-10x10~* cts/(s arcmin?)
for MOS and 30-48x10~* cts/(s arcmin?) for PN camera (excluding Galactic Centre
region), according to Table 3 of [[327]. Right: histogram of the distribution of MOS1,
MOS2 and PN observations as function of their field-of-view after spatial variability
cleaning.

The distribution of X-ray brightness in 2.5-6 keV after subtraction of
point sources becomes consistent with expectations from blank-sky dataset
of [327], see left Fig. However, by looking at temporal variations of X-
ray brightness, see Fig. it is possible to select several dozens of clear
“outliers”.

5.2.4 Producing raw spectra and response files

Event lists filtered from time and spatial variability (see previous Secti-
ons and [5.2.3] for detailed description of cleaning procedure) are then
used to produce spectra of individual observations. In an event list, each
event contains information about Pulse Height Invariant (PI) — corrected
and recombined (for non-single events) event energy. The standard proced-
ure evselect [398] creates a histogram of events using their PI values in a
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Figure 5.10: Temporal variation of X-ray brightness after subtraction of point sources
(see Fig.[5.9), as a function of XMM-Newton revolution number. The errors are at
1o level. Unlike Fig. a number of “outlier” observations is clearly visible. For
subseugent analysis, we remove all these outlier observations.

pre-defined energy range with given binning interval. We use default values
for energy ranges and binning intervals recommended by XMM-Newton SAS
team. Namely, MOS spectra are binned by 15 eV in interval 0-11999 eV, PN
spectra — by 5 eV in interval 0-20479 eV. This gives 800 energy channels for
MOS and 4096 channels for PN camera.

In general, the difference between PI energy and actual photon energy
includes the following effects:

1. Quasi-gaussian broadening of a narrow energy line with full width at
half-maximum (FWHM) ~100-200 eV, see e.g. Sec. 3.3.4 of [391];

2. Low-energy tail probably caused by incomplete charge collection for X-
rays absorbed near CCD surface layer, see e.g. [399, 1400].

3. Si fluoresence (at 1.740 keV) and Si escape (at £ — 1.740 keV) peaks for
input energies larger than the Si K edge at 1.839 keV, see [389,!401] for
details. The intensity of Si escape peak may be at the order of several %
of the main peak [402].

To model these effects, the redistribution matrix file (RMF) should be cre-
ated. It contains the probability of the photon with physical energy between
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Figure 5.11: Part of the FoV, removed with point sources, as a function of the number
of detected sources. Horizontal dashed-dotted line shows the full FoV of EPIC camera
(circle with the radius of 13’). Dashed line shows the upper bound of removed FoV
fraction (3.14 arcmin® per source, provided that the 1’ circles around sources do not
overlap and there are no CCD gaps, bad pixels, etc.). As expected, for large number
of removed sources, 1 arcmin circles around them overlap.

FE and F + A, where A is the size of the energy bin to be detected in spectral
bin I. According for stardard prestrictions for analysis of extended sources,
we simulated RMF files for each observation and camera (MOS1, MOS2,
PN) using the standard XMM-Newton SAS task rmfgen [403] taking into
account spatial distribution of the photons.

Then, to convert the obtained countrates (in cts/s) to fluxes (in cts/s/cm?)
we simulated files containing information about the effective area (ancillary
response function, ARF) taking into account

1. Spatial distribution (to correct for PSF and telescope vignetting);
2. Quantum efficiency of the CCDs;
3. Presence of bad pixels;

4. Filter transmission efficiency ;

12To attenuate the large photon countrates at low energies (< 1 keV), several filters (Thin,
Medium, Thick) are used. According to Sec. 3.3.6 of [320] the difference between the effective
area for different filters is < 10% for E > 2 keV, so we do not make any differences between
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Figure 5.12: Exposure and FoV-weighted mean effective area for MOS1, MOS2 and
PN cameras, as functions of energy. Note much larger effective area for PN camera
at F > 5 keV, compared to that of MOS cameras.

5. Correction for Out-of-time events (significant for PN Full Frame and
Extended Full Frame observation modes).

Similar to RMF generation, we simulate ARF files for each observation
and camera using the standard XMM-Newton SAS task arfgen [404].

The obtained spectra, together with RMF and ARF files, will be used for
further modeling. The first step is to prepare combined spectrum of all ob-
servations for each of XMM-Newton/EPIC cameras (MOS1, MOS2, PN). Be-
cause the default size of binning intervals is much smaller than the energy
resolution of the instrument, it lead this leads to significant oversampling
of the data because the adjacent spectral bins are strongly correlated with
each other. Therefore, we rebin the combined spectra into the larger bins.
The size of the bin is a trade-off between oversampling (which is better with
increasing the size of the bin) and better knowledge of the spectral line shape
(which tends to decrease the size of the bin). As a result, we selected the size
of the bin to be 60 eV for both MOS and PN cameras. The resulting spectra
are shown in Fig.

the observations with different filters.
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MOS1 MOS2 PN

Cleaned event lists 715 719 664
Raw exposure, ks 18756 19762 15908
Cleaned exposure, ks 12326 13193 9020
Fraction of exposure, affected by 34% 33% 43%
flares

Small FoV cleaned event lists 175 167 138
Small FoV exposure, ks 2209 2374 1883
Short (< 5 ks) observations 113 104 154
Total exposure of short observa- 273 254 338
tions, ks

Full FoV Cleaned event lists 427 448 372
Full FoV exposure, ks 9844 10565 6799

Average F;,—F,,; of final dataset 1.134+0.11 1.104+0.10 1.124+0.10

Average FoV before point sources 518.0 566.4 498.4
removal, arcmin?

Average FoV after point sources 374.3 404.5 347.0
removal, arcmin?®

Number of event lists in the final 359 327 321
dataset

Exposure of the final dataset, ks 8740 8241 5800

Table 5.5: Statistical properites of the combined dataset during the main stages of
our analysis. See [387] for the basic properties of selected observations.

98 Chapter 5. Analysis of combined dataset



0.8

— PN, 60 eV

—— MOS2, 60 eV

—— MOS1, 60 eV
: fz/ mﬂm d
—— MOS2, 60 eV

Ay

1 10 2 4 6 8 10 12
Energy, keV Energy, keV

Count rate, cts/slkeV
Statistical error, %

01

——— PN, 60 eV

(a) Count rate per bin in each of the EPIC (b) Statistical relative error (defined as
cameras (binned in 60 eV) 1/+/counts) in each energy bin

Figure 5.13: Combined spectra for MOS1, MOS2 and PN cameras for our final data-
set (see Table[5.5lfor details). Strong instrumental lines are clearly visible in spectra
of all cameras. Right panel shows the statistical relative error in each bin.

5.3 Spectral analysis of combined dataset

In this Section, we construct a model of co-added spectrum of all observa-
tions for each of the XMM-Newton EPIC cameras (MOS1, MOS2, PN) , us-
ing a simple powerlaw continuum model with a sum of several finite width
gaussians in positions of bright instrumental lines (Sec.[5.3.2). The model
is compiled in such a way that the large (= 20) negative residuals are ab-
sent in the spectrum. The value of the systematic error is then estimated in
Sec. [5.3.5l According to obtained value of systematic errors, we determine
our criterium for line candidates. The total list of line candidates passing our
criterium is then discussed, including comparison between different cameras
and with closed-filter dataset

5.3.1 An overview of existing approaches to study weak dif-
fuse X-ray signals

The resulting spectrum of our combined dataset (with counts co-added by PI
channels and then grouped to get 60 eV energy bins) is shown in Fig.
It has a shape, qualitatively similar to that of the blank sky dataset (cf.
e.g. [1327]): a continuum component plus a number of prominent lines. It
is known that there are three major components of the “blank sky” spec-
trum — Galactic diffuse background, extragalactic diffuse background and
instrumental (particle) background [325-3217,1329] — and it is clear that our
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Figure 5.14: Count rate at high energies (interval 10-12 keV,MOS1 and MOS2 cam-
eras) in counts/sec (left panels) and in counts/sec/arcmin® (right panels) as a function
of revolution. Left panels may look like a random noise. However, in the panel [(b)]
a clear long scale trend is visible. Notice that the same trend can be seen in both
MOS1 and MOS2 cameras and therefore it is not related to the loss of the CCD6 by
the MOS1 camera.

dataset has a similar structure. In particular, at energies below ~ 1keV the
Galactic component dominates, while at energies above ~ 2keV the instru-
mental background becomes the dominant component.

Total cleaned exposure of the combined dataset that we have constructed
is between 5.8 Ms (PN camera) and 8.7 Ms (MOS1 camera) (see Table (.5).
This large exposure (essentially two orders of magnitude longer than the ex-
posure of a typical single XMM-Newton observation) means that the statist-
ical errors in each energy bin are extremely small (between 0.1% and 0.8% for
60 eV binning, as Fig. [5.13b] demonstrates). To extract meaningful bounds
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from such large-exposure dataset one should be able to control systematics
at a comparable level

Usually to study the diffuse signals, one subtracts from the raw spectra
either “closed filter” background (i.e. particle-induced background) or “blank-
sky” background (i.e. a combination of many observations without promin-
ent sources and low level of diffuse emission). In our case neither of these
approaches are applicable.

Indeed, the blank sky data would contain decaying dark matter line ori-
ginating from the decays in the Milky Way halo. This fact has been explored
before (see [223,[228,358]) to put the limits on the lifetime of decaying dark
matter. Subtracting such data would reduce all the advantages of a large
dataset by removing a dominant component of the expected signal and lower-
ing statistics (as the exposure of the latest blank-sky co-added observations
is ~ 2 — 4 Ms [327]).

An alternative possibility would be to subtract a closed filter observation
(as was done e.g. in [228] in search for decaying dark matter). However the
exposure of available observations with closed filter is 1.20 Msec, 1.12 Msec,
0.78 Msec (for MOS1, MOS2, and PN cameras correspondingly) As a res-
ult, the subiraction of rescaled closed filter data would mean ~ 3 times larger
errorbars due to larger errors of the closed filter dataset. Moreover, the in-
strumental component of the XMM-Newton background is self-similar only
on average, as we can see by comparing high-energy (10-12 keV) count rates
of different observations (Fig. 5.14).

Finally, modeling of each individual observation (including ESAS model
of instrumental background [329]) looks like a prohibitively challenging task
for such a large number of independent observations. Namely, finding un-

13The level of systematics of the XMM-Newton is usually quoted at the level 5 — 10%. Indeed,
according to Fig. 8 of the recent EPIC calibration report [339], the energy resolution has been
degraded since the instrument launch for ~ 5 % (MOS) and ~ 10 % (PN) camera. Accord-
ing to [337], the flux ratios between different cameras do not change more than by 5 % with
time (except 0.2-0.5 keV band, which is due to the known gradual degradation of MOS response
matrices with time at these energies) which is the indication of relative stability of the ARF. Ab-
solute effective area is now known with roughly 10 % precision, see [339]. In addition, a known
problem with temporal and spatial variations of the MOS responses at energies below 0.5 keV
has been fixed several years ago, see [245] for details. The emission of “standard candles” such
as e.g. ¢ Puppis [405] also remains constant at the level of 5-10%, which is also indication of the
ARF stability from observation to observation.

4For PN camera we take a combination of Full Frame and Extended Full Frame modes as
closed filter spectra are essentially the same in these two modes.
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derlying spectral models for 399 observations (including parameters of the
particle-induced instrumental background that are variable, as we discussed
above) is extremely difficult. Moreover, fitting a thin Gaussian line simul-
taneously to all these observations would not be possible as the relative in-
tensity of such a line is not known (due to the unknown dark matter content
of different observed objects).

In this work we adopt a different approach, that allows us to find weak
lines in the combined datasets at desired level. We develop a simple phe-
nomenological model of the combined spectra. We then demonstrate that a
weak line, present in all observations of the dataset can be successfully re-
covered at the expected level. Finally, we produce upper limits on flux of such
a line from MOS and PN observations and discuss the origin of several can-
didate lines.

5.3.2 Constructing a spectral model of the combined dataset

For each EPIC camera the data can be described by a simple phenomenolo-
gical model. A step-by-step construction procedure for individual cameras is
discussed below in the Sections
We model count rates, normalized per energy bin. Instead of using stand-
ard RMFand ARFresponse files we model them ourselves For each camera
we model count rates by a simple powerlaw continuum model with a sum of
several finite width gaussians modeling bright instrumental lines (see e.g.
Table for details). The resulting model possess the following properties:
1. The number of model free parameters is much smaller than the num-
ber of energy bins.
2. Residuals are distributed in such a way that roughly 68% of residuals
are smaller than 1o and roughly 95% of residuals are smaller than
20). However, the distribution of our residuals is deliberately skewed
towards the increase of positive residuals (see below).
3. There are no significant negative residuals (at more than 20 level in a
single or adjacent 60 eV bins).
4. There are no broad positive residuals (several bins in a row), however,
line-like residuals can remain.

15For MOS cameras we are using diagonal RMF matrices, relating bin numbers with energy
as E; = 0.06 X (Ny;, — 0.5) since the width of the bin is 60 eV. For PN camera this turns out to
be not enough for strong instrumental lines, see below Sec.
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Element Energy MOS PN

(keV)
K Ka 3.314 - +
Ca Ka 3.692 - +
Ti Ko 4.511 - +
V Ka 4.952 - +
Cr Ko 5.415 + +
Mn Ko 5.899 + +
Fe Ko 6.404 + +
Fe Kg3 7.058 + -
Ni Ko 7.478 + +
Cu Ka 8.048 + +
Zn Ko 8.639 + +
CuKg 8.905 - +
Zn K5 9.572 - +
Au La 9.713 + +

Table 5.6: Known instrumental lines for the EPIC MOS and PN cameras in the en-
ergy range 2.5-10.8 keV, [329, 1389, 1406, 1407]. The symbols + or — marks whether
such a line has been previously detected in the spectrum of the corresponding cam-
era. Some of these lines are actually several narrow lines from the same series with
slightly different positions (for example, Ka; and Kas, see Table V of [408] for de-
tails), so we use the position of the strongest line (Ka; in our example). First three
lines (K Ka, Ca Ka and V Ka) are detected by [389] by using special calibration
closed filter background spectrum obtained by irradiating the instrument by 5°Fe ra-
dioactive calibration source. As a result, the intensities of the flourescent lines in
calibration closed filter background are much higher compared to usual closed-filter
background, so one can easily observe faint instrumental lines. The Fe K3 line has
been previously detected for MOS cameras only, see e.g. Fig. 2 of [329]. Our work find
this line for PN camera, see Table 5.7 below (although with much lower significance
compared to MOS cameras).

Finally, we lower the level of continuum to reduce the number of negative
residuals (all of which then become less than 20). In this way we deliberately
bias our procedure towards finding small line-like features in out combined
dataset.
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5.3.3 Constructing a spectral model for the PN combined data
set

In this Section, we describe a step-by-step procedure for constructing a phe-
nomenological model for combined PN dataset binned by 60 eV. The proced-
ure we use for constructing the model is the following

1. The spectrum of the PN camera is dominated by three strong instru-
mental lines at 8.045, 8.613 and 8.895 keV (with count rates exceeding
1 cts/sec/cm?, while the average level of continuum in the energy range
2.8-10.8 keV is at the level 0.1 — 0.3 cts/sec/cm?). Therefore, we start
by excluding the 7.56-9.30 keV energy range (this energy range is also
excluded from the final restrictions based on PN spectrum extremely
low sensitivity). Due to extremely high statistics, the deviations of the
shapes of these lines from purely Gaussian form is very large compared
to statistical error and therefore they are difficult to model properly. On
the other hand, these residuals are not typical for the whole spectrum,
so we do not treat them as a systematic error.

2. We use the energy ranges free from the prominent emission lines (2.70-
4.35 and 10.05-11.1 keV) to determine parameters of the power law
continuum component, see Fig. for details.

3. We add instrumental lines with the known positions (see Table [5.6) to
the powerlaw continuum model, with fixed parameters, determine line
dispersions and normalizations using best-fit procedure. The results is
shown in Fig.[5.16al

4. We compensate two evident line-like residuals by adding two line can-
didates at 5.0 and 7.075 keV. The fit quality becomes somewhat better,
see Fig. for details. The significance of these lines is 7.8c (for
5.0 keV line) and 3.60 for 7.075 keV line

5. At this stage we see that there are systematically positive residuals
in many consecutive bins, adjacent (left) to the instrumental lines.
We assume this extra continuum to be non-Gaussian tails strong in-
strumental lines at energies. To demonstrate this we generate (using
fakeit command of Xspec three instrumental lines at positions 6.42,
7.456 and 8.045 keV. We use response matrices (RMB of actual PN ob-
servations to reconstruct the correct non-Gaussian shape of the lines.

16Significance of these lines is defined as v/Ax2 when adding 1 extra degree of freedom (line
normalization) to the fit model.
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The result is shown in Figs. Each of these lines is well described
as

_(E-Ep)? _(E-EBy)?

F(E)y=nixe > 4naxe 237 +npFy(E), (5.2)

where Fi.(E) = (E/Ey)™ at E < Ey, and F, . (E) = (E/Ep ) at
E > Ej,. The model contains 10 parameters.

6. Next we try to model continuum excess at 5-6 keV (see Fig. for
details) as a low-energy tail of the non-Gaussian shaped of strong
instrumental lines at 6.4, 7.5 and 8.0 keV. The results of the model-
ing are shown in Fig. The details of narrow line simulation are
described in Sec. The results are shown in Fig.

7. As we can see from Fig. extra continuum from instrumental lines
is not enough to model the 5-6 keV spectrum continuum. The fit can
be significantly improved by allowing normalizations of different com-
ponents in Eq.[5.2] to vary. This results in 6 extra parameters (2 extra
normalizations for each of three modeled instrumental lines) but allow-
ing them to very improves the fit quality very significantly. Fig.
shows that resulting best-fit continuum for instrumental lines is about
an order of magnitude higher than in Fig.

8. The resulting fit is shown in Fig. Now, fit quality becomes much
more reasonable than in previous fits, so we improve the residual local
excesses by rebinning nearby bins. The goal is to remove all local negat-
ive residuals at the level higher than 20" For 4.5 and 5.4 keV lines, we
rebinned central 3 bins (180 eV) such that central bin has now 120 eV,
and off-center — 30 eV each. We have not done it for 9.6 keV bump be-
cause it is known that there are two close instrumental line. For 3.12
—3.24, 3.24 — 3.36, 3.36 — 3.48, 3.54 — 3.66, 3.78 — 3.90, 3.96 — 4.08,
6.00 — 6.12, 6.48 — 6.60, 9.72 — 9.84, 9.84 — 9.96, 9.96 — 10.08 keV we
combine adjacent 60 eV bins to produce single 120 eV bins. Similarly,
we combine bins in 5.49 — 5.64 keV in a single 150 eV bin.

9. For additional increase of negative residuals, we use slightly (0.5 %)
smaller normalization of powerlaw continuum. The powerlaw index
remains the same. Such renormalization allows us to obtain more con-
servative constraints for normalization of the narrow line candidates.

17This is done because our goal is not construct the best fit model of the underlying dataset,
but to optimize the model that would not “hide” weak residual lines.
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Figure 5.15: Conservative continuum powerlaw model for PN spectrum binned by
150 eV obtained by fitting at 2.70-4.35 and 10.05-11.1 keV energy ranges which are
free from lines. Significant positive residuals are clearly visible in the positions of
the instrumental lines.

The obtained best-fit reference model is shown in Fig.[5.21l It is reason-
able as the number of free parameters (16) is much smaller than the number
(92) of the energy bins.

5.3.4 Constructing a spectral models for MOS combined data-
sets

Best-fit reference models for MOS1 and MOS2 cameras are built in the same
way as for PN camera, see Sec. The major difference is that we cannot
adequately fit the continuum with a single powerlaw and thus produced a
combination of two powerlaw models with different indices and normaliza-
tions at < 5 keV and > 6 keV energies. The transition between these two
powerlaw models is modeled with a step function at ~ 5.4 keV. Due to relat-
ive weakness of MOS instrumental lines (compared to PN camera) we model
all instrumental lines with the help of pure gaussian model.

The resulting fit is shown in Fig.[5.22]
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(a) Adding several gaussians to power- (b) The same as in Fig.[5.16al but with two
law model from Fig. corresponding to extra gaussian at 5.0 and 7.075 keV corres-
bright instrumental lines. Their positions ponding to line candidates. The fit quality
are fixed according to Table but disper- is now significantly better though there are
sion and normalizations are determined via still some residuals at 6.7-7.0 keV.

x?2 fitting procedure.

Figure 5.16: Accounting for the line-like residuals in the model of the combined PN
spectrum. In Fig.[5.16al we add to the powerlaw model (shown as pink dotted line)
several gaussians in the positions of well-established instrumental lines (Table[5.6).
Energy range 7.56-9.30 keV around three most prominent instrumental lines (8.045,
8.613 and 8.895 keV) is not used in this modeling. Significant decrease of line re-
siduals compared to previous Fig. is shown. In Fig. we add two extra
gaussians corresponding to line candidates at 5.0 and 7.075 keV. In both figures, 30
error bars are shown for convenience.

5.3.5 Estimating systematic errors

According to Figs. and[5.22] the fit quality is statistically unacceptable.
The fact that reduced x? is significantly larger than 1 means that the aver-
age residuals are systematically larger compared to statistically acceptable
fit. For such a fit, we expect 68% of all residuals have absolute values smal-
ler than 10, 95% — smaller than 20. In reality, for PN camera 68% of all
residuals have absolute values larger than 0.81 statistical errors, 95% of re-
siduals — larger than 2.20 statistical errors, so the average residual value is
estimated as (0.81 4 2.20/2)/2 = 0.96 (in units of statistical errors). Because
the fit of PN data have used 90 energy bins, and the model has 18 free para-
meters, the expected average value of residual is only 1 — 18/90 = 0.80 (in
units of statistical errors). To increase the average residual from 0.80 to 0.96
statistical error, we need to add some systematical error in quadratures. The
necessary value of systematic error should be v/0.962 — 0.802 = 0.53 (in units
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Figure 5.17: Determining (non-Gaussian) shapes of strong instrumental lines for the
PN camera. Using fakeit procedure from Xspec and actual response matrices of
the EPIC PN camera, we modeled long exposure observation of instrumental lines
at positions 6.420, 7.456 and 8.045 keV. Line normalizations are shown in arbitrary
units (the units are same across all panels, i.e. the leftmost line is the weakest and
the rightmost line is the strongest). Clearly seen are second Gaussian peaks and
low-energy continuum tails. Error bars are statistical, green solid lines are best fit
models (using Eq. (5.2)). Each line is described by 10 parameters (instead of 3 in the
Gaussian case).
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Figure 5.18: The same as in Fig. [5.16bl but with modification of three instrumental
lines at 6.420, 7.456 and 8.045 keV according to their modeling in Fig.[5.17] In this
figure, 30 error bars are shown for convenience.

of statistical errors), or (by assuming mean statistical error for PN camera
equal to 0.48%), 0.53 x 0.48 = 0.25% (in absolute value). Similar calculations
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(b) The same as is Fig.[5.19albut scaled for
better visualization of high-energy line.

sian, continuum and secondary gaussian is
not fixed and determined from the least-
squares method.

Figure 5.19: PN spectra modeled with fake gaussians at 6.420, 7.456 and 8.045 keV.
Compared to Fig.[5.18] now the relative contribution of primary gaussian, continuum
and secondary gaussian is not fixed and determined from the least-squares method.
The resulting fit quality is much better than for our previous attempt, see Fig.[5.18]
for details. In both figures, 3o error bars are shown for convenience.
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Figure 5.20: Comparison of the best-fit fake Gaussian models (solid) used in previous
Fig.[5.19with initial fake Gaussian models from Fig.[5.17](dashed), see Eq. (5.2).

of absolute value for systematic errors for MOS1 and MOS2 camera give
0.19% and 0.41%, respectively.
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Figure 5.21: Resulting fit of PN combined dataset (see text). Most of the bins have
60 eV width, some of bins have been rebinned by 30, 120 and 150 eV in order to
decrease the narrow negative residuals. To further reduce the negative residuals,
we decreased the normalization of the powerlaw continuum by 0.5%. For better error
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(a) Modeling total (2.8-10.8 keV) spectra for
continuum model (consisting of two power-

laws connected with a step function) plus

several gaussian lines.

Similar to mod-

eling of PN spectrum shown in Fig. 5.21]
we decrease the normalization of MOS con-

tinuum by 0.5%. For better error visualisa-

tion, 30 error bars are shown.

110

count rates [cts/sec/keV]

(Data - model)/stat.err.

T ‘Corﬁinu‘umtom‘poﬂent‘ LT
Reduced x“ = 1.51

Energy [keV]

(b) The same as in the left part but for
MOS2 camera.

Figure 5.22: Modeling of MOS1 and MOS2 count rates at 2.8-10.8 keV.
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Figure 5.23: Distribution of residuals for MOS (Fig. [5.22] upper panels) and PN
(Fig. upper panel) cameras in the final dataset. The distribution is slightly
non-Gaussian, especially due to presence of several large residuals. By adding a sys-
tematic error (0.19% for MOS1, 0.41% for MOS2 and 0.21% for PN camera) in quad-
ratures we increase total error so the distribution (in units of total errors) becomes
close to Gaussian, see Sec.[5.3.5|for calculation details.

5.4 Detection of faint lines

To search for faint narrow lines, we use the reference models (described in
details in Sec.[5.3.21and [5.3.4) shown in Figs[5.21]and [5.22] The extra Gaus-
sian line with fixed position and small dispersion is added to our reference
model in some particular energy bin. We specify the line’s dispersion as fixed
function of energy, defined by the central values (see the left panel Fig.[5.24]
see Section [5.4.1.1] for details). To account for possible negative residuals,
we allow the normalization of the extra line to be negative. Then, by using
least-squares fitting procedure, we define the best-fit value of the normaliz-
ation of the extra line (allowing all other model parameters, except position
and dispersion of the extra line to vary). By changing line position in 10 eV
increments (much smaller than the energy resolution of the instrument) this
procedure is repeated for the energy ranges of our interest (2.8-10.8 keV).
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5.4.1 Verification of line detection procedure.

Due the presence of various sources of systematic error, it is crucial to per-
form extensive tests checking validity of our procedure of line detection.
Namely, by adding faint narrow line with certain intensity our procedure of
line detection should detect this line at a given position and intensity (within
the confidence ranges).

5.4.1.1 Simulations of narrow lines.

We simulate a narrow gaussian line (with o = 0.001 keV) for each observa-
tion combining it with appropriate RMF and ARF constructed with rmfgen
and arfgen , respectively. We use the same value of initial line normaliz-
ation for each camera. The simulations were performed with the fakeit
command, a part of Xspec spectral fitting package [409]. Then, the simu-
lated spectra were combined together for each camera (MOS1, MOS2, PN)
and modeled with the help of gaussian model having 2 free parameters:
energy dispersion o and fraction F' of counts contributing to gaussian ,

F Ncoun s E—E 2

The central energy Fy was kept fixed to the initial central energy of the line.
The results are shown in Fig. 524 As we expect, F' < 1. The obtained

values of o correspond to AE ~ 100 — 200 €V, consistent with values known
from literature@, see e.g. Figs 25-26 of [320].

To calculate intensity of the recovered line, one should divide the obtained
countrate (in cts/s) by the effective area of the corresponding instrument.
To calculate the effective area, we used the following procedure. For each
observation, we used the actual effective area (binned by 5 eV bins) produced
by arfgen procedure. Then, for each energy bin we calculate the exposure
and FoV-weighted mean for each observation. Finally, to account the finite
energy resolution of the cameras (with FWHM = 100-200 eV depending on
energy, see e.g. left Fig.[5.24for details), we rebin the obtained effective area
by 150 eV bins. The results are shown in Fig.[5.12]

18Note that AE = 20+/21og(2) ~ 2.350, according to definition of FWHM.
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Figure 5.24: Left: Dispersion og of a narrow line with energy F (note that FWHM
for a Gaussian line is 2.35 X og). The internal dispersion of the line is 1 eV. Right:
Fraction F' of a photons contributing to narrow gaussian with dispersion o (see left
Figure).

5.5 Results

5.5.1 Identifying lines

The procedure, described in Section led to identification of a number of
line-like residuals in our datasets.

The properties of instrumental lines identified with our procedure are
shown in Table [5.71

5.5.2 Upper limits on the flux in narrow line

The 30 upper bounds on intensities of extra narrow lines (per unit solid
angle) are presented in Fig. To obtain these bounds, we used “statist-
ical” method described e.g. in [46]. Namely, we add a narrow line at fixed
energy to combined dataset. The value of line dispersion is fixed equal to
its expectation, see Fig. for details. Then, we calculate the intensity
which increases total x? by 32 (which corresponds to 3¢ bound). To calcu-
late the values of x? we add systematical errors obtained in Sec. The
“gaps” on the upper bounds are due to strong instrumental lines. To account
possible uncertainties on line determination, see Fig. for details, we
weaken our bounds by multiplying the limiting intensities by 1.05 and 1.3
for energies below and above 5.3 keV, respectively. For comparison, we show
corresponding bounds obtained from central part of Andromeda galaxy, see
Fig. 8 of [230] for details. From Eq.[4.1] we expect the increase of sensitivity
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Figure 5.25: Ratios between intensities of initial and recovered lines, together with
1o errors. Below ~ 5.3 keV, the ratio deviates from 1 within 5%, above ~ 5.3 keV
— within 30%. As a result, in Fig. we weaken our bounds by multiplying the
limiting intensities by additional factors 1.05 and 1.3, respectively.

equal to ratios of \/fczp X Qtoy, Or ~8.7, ~8.7 and ~6.3 for MOS1, MOS2 and
PN cameras, respectively. Indeed, as we see from Fig. such an improve-
ment is close to observed one at < 5 keV. At larger energies, the improvement
is significantly smaller, due to contribution from strong instrumental lines.

To check the validity of our bounds presented in Fig. we use the
following procedure. After adding a simulated narrow line with fixed in-
tensity to our combined dataset, see Sec. [5.4.1] for details, we try to detect
the simulated line in a obtained spectrum. The results for PN camera are
shown in Fig. The lines detected at > 30 level and not detected are
marked by the crosses and multiplication signs, respectively. As we expec-
ted, all crosses are located below the bounds. This means that are procedure
does not produce any “spurious” line candidates, and the obtained bounds
are very conservative.

Finally, we produce new bounds on sterile neutrino dark matter para-
meters — mass of dark matter particle My and mixing angle sin?(26). To do
that, we first calculate the expected dark matter signal. Milky Way contribu-
tion is estimated using the conservative dark matter profile from [372], see
Table [5.1] and Fig. 6.1] for details. This gives the exposure-weighted mean

114 Chapter 5. Analysis of combined dataset



MOS1 MOS2 PN Possible line
(keV/ cts/sec/cm?/ | (keV/ cts/sec/em?/ | (keV/ cts/sec/cm?/ (keV)

is known?) is known?) is known?)

——/— ——/— 4.532/5.2 x 107%/+ | 4.511 (Ti Ka)
——/— ——— 4.917/1.4 x 107%/+ | 4.952 (V Ka)
5.428/1.6 x 107°/+ | 5.426/1.7 x 10~%/+ | 5.439/1.3 x 1075/+ | 5.415 (Cr Ka)
5.910/1.8 x 107°/+ | 5.901/1.8 x 10~ %/+ | 5.927/2.7 x 107%/+ | 5.899 (Mn Ko)
6.419/2.8 x 107°/+ | 6.422/3.1 x 107%/+ | 6.420/9.2 x 10~ %/+ | 6.404 (Fe Ka)
7.052/4.2 x 1076/+ | 7.079/7.1 x 107%+ | 7.091/9.0 x 10~ 7/= | 7.058 (Fe Kp)
7.484/1.6 x 107%/+ | 7.477/2.7 x 107%/+ | 7.486/1.5 x 10~ */+ | 7.478 (Ni Ka)

8.054/1.9 x 10~°/+
8.623/3.7 x 107°/+
VA
)
9.703/2.5 x 10~ %/+

8.066/2.5 x 107 %/+
8.619/4.1 x 1075/+
]
P A —
9.701/2.1 x 10~ */+

8.045/2.1 x 107 3/+
8.626/2.2 x 10~4/+
8.904/2.8 x 10™%/+
9.553/5.2 x 1075/+
9.698/2.0 x 10~°/+

8.048 (Cu Ka)
8.639 (Zn Ka)
8.905 (Cu K6)
9.572 (Zn Kp)
9.713 (Au Lo)

Table 5.7: Parameters of instrumental lines for the EPIC MOS and PN cameras iden-
tified with our procedure (first 3 columns). Each column shows: (i) energy of detected
line [keV] / (ii) intensity of detected line [cts/sec/cm®] / (iii) whether the line has
been previously known as an instrumental one (sign “+” or “~”) for the correspond-
ing camera. For PN line at ~ 4.95 keV, the corresponding V Ko instrumental line
has been observed in the mode with significantly enhanced intensity of instrumental
lines (the CalClosed mode), see [389] for details. The initial energies of fluorescence
lines are taken from Table V of [408], similar to previous Table We do not put
here K Ka and Ca Ka lines because they are not detected in our datasets. All line
positions are reconstructed with precision < 40 eV, much better that the energy res-
olution of EPIC cameras.

column density 130 M /pc?. We also added exposure-weighted contribu-
tion from Andromeda galaxy using the most conservative profile of [11], see
Fig. 6221 Because M31 exposure is only ~ 1/5 of total, the corresponding
column density contribution from M31 is about 20 M, /pc?. To be conservat-
ive, we did not add contribution from other galaxies. This gives us the total
exposure-weighted mean column density for our combined dataset equal to
150 Mo, /pc2.

The resulting bounds on sterile neutrino parameters obtained from com-
bination of all 3 cameras are shown in Fig. We strenghen previous
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Figure 5.26: 30 upper bounds on intensities (per unit solid angle) of a narrow line
(grey solid lines). The parameter space above the lines is excluded. The errorbars are
discussed in Sec. To account possible uncertainties on line determination, see
Fig.[5.25]for details, we weaken our bounds by multiplying the limiting intensities by
1.05 and 1.3 for energies below and above 5.3 keV, respectively. For comparison, we
show smoothed bounds for MOS1/MOS2 and PN cameras from Fig. 8 of [230]. Due
to larger statistics of our dataset, we expect the improvement of our bounds with
respect to M31 by about 8.7 (for MOS cameras) and about 6.3 for PN camera. The
gaps are at the positions of strong instrumental lines, where the sensitivity of our
method is low.

X-ray bounds (shaded region in the upper right corner on Fig. above
~5.5 keV (excluding several energy ranges dominated by instrumental lines)
up to a factor 5-6. This is possible due to large (for a factor of ~ 50) increase
of exposure for our combined dataset, and the specially method of data ana-
lysis allowing to control systematic errors at the sub-% level (i.e. close to
statistical errors).
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Figure 5.27: Verification of the sensitivity of our method. To check the reliability
of the bounds of Fig. we add to the PN combined dataset simulated lines with
central energies and normalizations and check whether these lines are detected at
> 30 level. During the simulations, the statistical fluctuations of number of counts
are taken into account. Those lines that are detected at > 30 level are marked by
the crosses, those are not — by multiplication signs. The correct bounds should have
crosses inside the shaded area and, more importantly, multiplication signs outside
the shaded region. This is what one indeed sees in this Figure. The fact that in most
cases crosses continue to be detected below the shaded area means that our bounds
are very conservative.
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Figure 5.28: The allowed region of parameters of sterile neutrino dark matter in the
vMSM (white unshaded region) confronted with existing and projected experimental
bounds. For any combination of mass and mixing angle between two black curves
the necessary amount of dark matter can be produced (given the presence of certain
amount of lepton asymmetry in the plasma, generated by two other sterile neutri-
nos). The shaded region in the upper right corner is excluded by the non-observation
of decaying dark matter line in X-rays [221, 223225, |228, 1230, 1231, 1318, 1357, 1358].
Grey regions between ~ 5keV and ~ 20 keV are excluded from analysis of combined
dataset described in this thesis (Chapter B). The gaps are due to the presence of
strong instrumental lines at certain energies (where the combination method does
not provide any improvement over earlier bounds). The lower limit of ~ 5 keV is due
to the presence of instrumental lines and absorption edge at energies 1 — 2.5 keV and
emission of the Milky Way, dominating at lower energies. In the region below 1 keV
sterile neutrino dark matter is ‘too light’ and is ruled out based on ‘Tremaine-Gunn’
like arguments [46] and on the Lyman-«a analysis [99,[131].
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Chapter 6

Future prospects

Really significant progress (that allows, for example, to cover the whole re-
gion of parameter space in Fig. in searching for decaying dark mat-
ter cannot be achieved with the existing instruments by simply increasing
the exposure of observations. Indeed, the width of the dark matter decay
line, AE/E, is determined by the virial velocities of dark matter particles in
halos and ranges from O(10~*) for dwarf spheroidal galaxies to O(10~3) for
the Milky Way-size galaxies to 1072 for galaxy clusters. If the spectral res-
olution is much bigger than the width of the line, one averages the photons
from the line with the background photons over a large energy bin. This
is the case for all existing X-ray missions, whose detectors are based on
CCD technology (c.f. [410]) and where the spectral resolution is at the level
AE/E > 1072, see Fig. Therefore, an X-ray spectrometer with the energy
resolution at least AE/E ~ 1073 is crucial for detection of a decaying dark
matter line.

The technology behind such spectrometers (known as X-ray micro-calori-
meters, see e.g. [411, 1412]) has been actively developed by the high-energy
astrophysical community in the last decades. There is a strong interest for
building such a spectrometer, and different versions of high resolution X-ray
missions had been proposed in response to the ESA and NASA calls (includ-
ing the ESA’s call for Fundamental Physics Roadmap), see e.g. [75,1365,1413—
415]. Astrophysical interest to X-ray spectrometer is motivated by a number
of important applications to observational cosmology, providing crucial in-
sight into the nature of dark matter by studying the structure of the “cosmic
web”. In particular, (i) search for missing baryons in the cosmic filaments;

119



.
.
XENIA Wide-Field

.
.
eRosita (SR&) A\
Y L] ,
Imagef @ 1 keV ‘
;

e-Field .
ometer @ 0.6 keV »
.

.
JX0 @ 1 keV
,? 5'%5' FoV
’ [ ]

AyR(0py.84ar) [cm? deg?]

7
. ‘@ NuStar
+" Suzaku XIS
Chandra ACIS E

I d I I
0.001 0.01 0.1
Energy resolution, AE/E

Figure 6.1: Comparison of sensitivities of existing and proposed/planned X-ray mis-
sions for the detection of the dark matter decay line in a nearby dwarf spheroidal
galaxy of the angular size of 1°. The sensitivity of XMM-Newton EPIC camera is
taken as a reference. Solid lines indicate improvement of the sensitivity by factors
of 1, 10 and 100 (the top left is the most sensitive). The dashed lines show the im-
provement of the sensitivity towards the detection of a strong line (in an effectively
background free regime). See also [75,1229]

through their emission and absorption ; (ii) trace the evolution and physics
of clusters out to their formation epoch; (iii) use gamma-ray bursts as back-
light to observe the warm-hot intergalactic media in absorption; (iv) study
the evolution of massive star formation using Gamma Ray Bursts to trace
their explosions back to the early epochs of the Universe (z ~ 6) (see e.g.
365,414, 1415]).

The first spectrometer based on this technology was flown (albeit unsuc-
cessfully) on Suzaku mission [416] and another one is being planned for the
Astro-H [413,1417] (to be launched in 2014). However, currently planned and
proposed X-ray micro-calorimeter missions (Astro-H [413], Athena [415],
ORIGIN [414], etc.) are not optimal for the purpose of decaying dark matter
search. These missions are optimized for the astrophysical goals and have
limited field-of-view (usually, much below 1deg?), good angular resolution
and narrow energy range.

On the contrary, the key parameters that determine the sensitivity of the
proposed instrument for decaying dark matter search are (see Fig.[6.1):

120 Chapter 6. Future prospects



— a spectral resolution AE/E < 103 over the range of energies 0.5 — 25 keV
(this is the minimal energy range, that would allow to probe the parameter
space of our baseline model, the vMSM );

— large ‘grasp’ ~ 10® — 10 cm? x deg?. There are essentially two possibilities
to achieve such a grasp. One can either launch a non-imaging spectro-
meter (with a ‘collimator’ having a field-of-view as large as ~ 102 deg?)!;
or install mirrors (thus increasing the effective area beyond the geometric
size of the detectors, probably to as much as 102 cm?). The latter option
allows to have also imaging capabilities, however, it is usually extremely
costly to cover the required energy range and to have sufficiently large (at
least 1° x 1°) field of view.

Fig.[6.1lsummarizes sensitivity of existing and proposed missions and demon-

strates that none of them would provide a sufficient improvement with re-

spect to the existing constraints (see [[75,229] for discussion).

Currently, there exists a project (the X-ray quantum calorimeter, XQC
[418]) that can be considered a prototype of the proposed mission. It has
the field of view of about 1sr (3.5 x 10%deg?), an effective area of ~ 1cm?
and the energy resolution of 10 eV over the energy range 0.1 — 4 keV [418]@
This calorimeter has been flown several times on sounding rockets [418].
Although each flight had been very short (about 100 seconds), it allowed to
demonstrate that the Milky Way emission in the energy range 0.1 — 1keV
(which looks as a continuum in the spectra obtained with X-ray imaging in-
struments, see e.g. [327,419] is actually a “forest” of thin lines (see Fig.[6.2).
Because of its superior spectral resolution, decaying dark matter bounds
based on the ~ 100 sec exposure of the flight of this spectrometer [418] are
comparable with 10* sec of the XMM-Newton exposure [229].

To detect a dark matter decay line, that is much weaker than the lines re-
solved with the XQC spectrometer, a significantly longer exposure (~ 1 year)

1Making field-of-view significantly large than about 10° x 10° would of course further in-
crease the sensitivity towards the line detection. However, in this case it would become chal-
lenging to identify the nature of the candidate line (if found), as in this case none of the nearby
dark matter dominated objects with large angular size (Andromeda galaxy, Large and Small
Magellanic clouds, Virgo cluster) will look like ‘hot spots’ of dark matter decays. Moreover, in
this case it will not be possible to build a dark matter surface brightness profile as one varies
the directions off the Galactic Center and investigate whether it is consistent with dark matter
distribution in the Milky Way.

2A similar calorimeter used in Suzaku was capable of delivering a similar resolution up to
the maximal energy range of 12 keV [416].
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Figure 6.2: Galactic diffuse background (observed with XMM-Newton (black) and the
same data, observed with the X-ray spectrometer (XQC project Im]).

would be required. The requirement to keep the cryostat of such a spectro-
meter in the stable regime, means that one cannot use the sounding rockets,
but rather needs to use a satellite (probably, staying in Low Earth Orbit,
unlike XMM-Newton or Chandra). The project therefore becomes a small-
to-medium scale cosmic mission.
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Chapter 7

Conclusions

In this thesis, we undertook a systematic model-independent program of
studying the properties of decaying dark matter. We do not limit ourselves
by any particular model, and are agnostic about the mass and the interac-
tion type/interaction strengths of dark matter. We concentrate on limiting
possible lifetime and decay rate of dark matter particles, as a function of the
mass, by performing searches for the signatures of decays of dark matter
particles.

We have revised the existing theoretical approaches and developed a new
method that allows to derive strong yet robust bounds on the mass of dark
matter particles. By analyzing the experimental data for the objects with
the largest dark matter phase-space density — dwarf spheroidal galaxies —
it was shown that the mass of dark matter fermion should exceed ~0.4 keV,
and therefore the X-ray energy range is a preferred region when searching for
radiatively decaying dark matter.

By analyzing dark matter distribution in different types of galaxies and
in galaxy clusters it was shown that the expected dark matter decay sig-
nal increases slowly with the mass of the object. We demonstrate that the
average central dark matter column density, defining the expected signal,
follows, as a function of total halo mass a universal scaling law. This result
allowed us to select dwarf and spiral galaxies as the observational targets
with the optimal signal-to-noise ratio.

When taking into account the existing bounds on dark matter decay life-
time our results imply that it would be very challenging to obtain robust
improvements on the existing constraints (even by as little as a factor of
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2) by individual observations of dark matter dominated objects. Therefore
to further improve the existing bounds and probe the theoretically interest-
ing regions of particle physics models we performed a combined analysis of
a very large dataset of archival XMM-Newton observations of galaxies. Ex-
tremely large combined exposure of this dataset (two orders of magnitude
longer than a typical single observation) requires a very good control of sys-
tematic errors and of the instrumental backgrounds and does not allow to
use the standard tools of data analysis. To tackle these problems, we de-
veloped a novel method of data reduction, constructing the largest to-date
dataset of XMM-Newton observations.

Our method had revealed several new narrow line candidates. After care-
ful analysis, all these candidates were quantified as faint instrumental lines
that have not been observed previously. No “suspicious” lines at more than
20 level had been detected.

Non-observation of candidate lines allowed us to improve the existing
bounds by more than a factor of 8 at some energies. (Formally, such an im-
provement would require increase of exposure of an individual observation
from ~ 100 ksec to ~ 6.5 Msec — half of the annual observation programme of
XMM-Newton). Our results are summarized in Fig. page

To understand the significance of our results, we converted the upper
bound on the flux in line into the bounds on the interaction strength of sterile
neutrino dark matter in our baseline model. We were able to advance into
the cosmologically interesting region of parameter space for masses between
5 and 20 keV (see Fig. page[118). The significant part of the parameter
space, nevertheless, remains unexplored. We were not able to probe cosmo-
logically interesting region at masses below ~ 4 keV (upper gray region in
Fig. and did not probe the parameter range above ~ 22 keV (while the
allowed mass range goes all the way to 50 keV).

At first sight it may seem that the searches for decaying dark matter us-
ing existing X-ray missions (XMM-Newton, Chandra, Suzaku) had reached
their limit. Indeed, significant (factor of few) increase of exposure beyond
that of our combined dataset (6—9 Msec) seems unrealistic. This is however,
not true and below we discuss the further possible directions to improve our
results.

First of all, as Fig. demonstrates, our bounds are overly conservat-
ive at some energies, especially between 3 and 5 keV, where crosses extend
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down below the pink shaded region. The reason for this has not been under-
stood yet and we expect that eventually we will be able to improve our upper
bounds by a factor of few at these energies.

Secondly, when converting upper limits on the line flux into the interac-
tion strength of dark matter models, we have conservatively included only
the signals from the Milky Way halo and the halo of Andromeda galaxy for
appropriate observations. The total dark matter content in our field of view
is much higher (as all observations contain at least one nearby galaxy in its
field of view). Proper estimates of dark matter contributions of about 100
galaxies, used in this dataset, should further increase our bounds on the
interaction strength of sterile neutrino dark matter in the whole range of
probed masses.

Thirdly, the gaps (in positions of strong instrumental lines) can be filled
(at least partially) by doing similar analysis with the different instrument.
As Table [7.1] demonstrates the positions of strong instrumental lines differ
between different instruments and therefore similar analysis with Chandra
or Suzaku could help to increase the sensitivity. Notice, however, that among
all these missions the grasp (product of the effective area and of the field of
view, controlling the total statistics for diffuse sources) of XMM-Newton is
at least factor of 5 larger, than for Chandra and/or Suzaku and therefore
the loss of statistics should be compensated by a longer exposure. Reach-
ing the sensitivity, comparable to our results with e.g. Suzaku observations
would require about 5 times bigger collection of observations of dark matter-
dominated objects (i.e. at least 30 Msec of cleaned exposure). While total
archival of observations with Suzaku is about 85 Msec, we found only 10 Msec
of observations of galaxies from our dataset, (as described in the Section[5.1).
On the other hand, the instrumental background of Suzaku is significantly
lower, than that of XMM-Newton (as Suzaku is flying on a low earth orbit).

An improvement of bounds for masses lower 5 keV is extremely challen-
ging. First of all, at energies 2.3 — 2.5 keV the mirrors of all X-ray satellites
have an absorption edge, and the effective area is highly uncertain. Next, all
instruments possess several strong instrumental lines at energies ~ 1.5 keV
(see Table[7.1). Finally, at even lower energies emission of the Milky Way is
the dominant signal, which may allow to reach a similar sensitivity with a
somewhat lower exposure.

Finally, we discussed an ultimate way to probe the whole parameter
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Energy XMM-Newton Chandra Suzaku
(keV) EPIC ACIS XIS

1.486 (Al Ko) + +
1.740 (Si Ka) + +
2.123 (Au Mo) — +
4.511 (T1i Ka)

5.415 (Cr Ka)

5.895 (Mn Ka)
6.404 (Fe Ko)

6.490 (Mn Kg3) — —
7.470 (Ni Ka)
8.048 (Cu Ka)
8.265 (Ni Kp) - - +
8.639 (Zn Ka)
8.905 (Cu Kp)
9.572 (Zn Kp)
9.671 (Au Lo)
11.51 (Au Lp)

+ + + o+ + o+
[ [
[ + + o+ +

+ o+ o+ o+ o+
[
[

Table 7.1: Prominent instrumental lines for XMM-Newton/EPIC, Chandra/ACIS and
Suzaku/XIS cameras. Shaded rows show energy intervals at which Chandra and/or
Suzaku do not have strong instrumental lines, while XMM-Newton does. Notice,
however, that the grasp of Chandra is inferior to that of XMM-Newton by the factors
ranging from 10 at 1 keV, 20 at 5 keV and as large as 50 at 10 keV. The grasp of
Suzaku is factor 5—6 worse than that of XMM-Newton over the whole energy range
(meaning that the exposure should be increased by the same factor to arrive to the
similar restrictions.

space of minimal models of decaying dark matter, including the region of
soft, (~ 1 keV) X-rays. We argue that a new X-ray telescope with the energy
resolution comparable to the intrinsic width of the dark matter decay line
is needed for that. Such a mission would include an X-ray microcalorimeter
with ~ 10 deg field-of-view and large grasp. Parameters of such a mission
and possible observational programme is discussed.
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Chapter 8

Appendixes

8.1 Abbreviations used in this thesis

Below, we collect the full list of abbreviations, used throughout this thesis.
ACDM — standard cosmological model

vMSM — Neutrino Minimal Standard Model

ACIS — Advanced Advanced CCD Imaging Spectrometer on-board Chandra
ARF — ancillary response function (effective area)

BBN — Big Bang Nucleosynthesis

BOSS — Baryon Oscillation Spectroscopic Survey, a part of SDSS-III
BURK — Burkert density distribution

CCD — charge coupled device

CDM — cold dark matter

Chandra — Chandra X-ray observatory

CMB — cosmic microwave background radiation

CWDM — cold plus warm dark matter

DM — dark matter

dSph — dwarf spheroidal galaxy

EPIC — European Photon Imaging Camera on-board XMM-Newton

FoV — field-of-view

FSH — free-streaming horizon

FWHM — full width at half-maximum

HDM — hot dark matter

HEASARC — High-Energy Astrophysics Science Archive Research Center
IS2 — modified pseudo-isothermal density distribution
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ISO — pseudo-isothermal density distribution

KiDS — Kilo-Degree Survey

LHC — Large Hadron Collider

LMC — Large Magellanic Cloud

LSS — Large Scale Structure of the Universe

LSST — Large Synoptic Survey Telescope

M31 — Andromeda galaxy

MOS — Metal Oxide Semiconductor camera. Two EPIC cameras (MOS1 and
MOS2) on board of XMM-Newton

MW — Milky Way galaxy

NFW — Navarro-Frenk-White density distribution

NRP — production of sterile neutrinos through non-resonant oscillations of
active neutrinos

PN — p-n (positive-negative) transition. One of the EPIC cameras on board
of XMM-Newton

RMF - redistribution matrix file (energy resolution)

RP — production of sterile neutrinos through resonant oscillations of active
neutrinos

SDSS — Sloan Digital Sky Survey

SMC — Small Magellanic Cloud

TG — Tremaine-Gunn

VLT — Very Large Telescope of European Southern Observatory

WDM — warm dark matter

WFIRST — Wide-Field Infrared Survey Telescope

WIMP — weakly interacting massive particle

WMAP — Wilkinson Microwave Anisotropy Probe

XIS — X-ray Imaging Spectrometer on-board Suzaku

XMM-Newton SAS — XMM-Newton Science Analysis Software

XMM — XMM-Newton, X-ray Multi-Mirror X-ray mission

XRB - cosmic X-ray background

XSPEC — X-Ray Spectral Fitting Package
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8.2 Appendixes for Chapter 2[]

8.2.1 Entropy for different distributions

In this Appendix we will calculate the entropy for several phase-space dis-
tributions, including those of (2.4), (2.20), (2.5), and explore its relation with
the quantity Q, defined in @.7).

The entropy of an ideal Fermi gas is given by the expression [420]

S = —/ddeBTf(T,p) log (W) + (8.1)

If the distribution function f(r,p) < W, we obtain the expression for the
entropy of a non-degenerate ideal gas:

S = —/d3pd3rf(r,p) [log (W) — 1} . (8.2)

8.2.1.1 Ideal Boltzmann gas

We start with the case of ideal Boltzmann gas:

f(r,p) = foe‘% . (8.3)

Substituting it into Eq. (8.2), we arrive to the well-known expression (c.f. e.g.

Sec. 42 of [420]): )
S 5 gV (mT)3/?

Nt ( N (2rh?)2 ) &4
where V is the volume of the system, NV is a number of particles. Express-
ing S/N as a function of p and (v?), we finally obtain relation between the
entropy and Q in the form

3 5/2

S Qh
- —10gCB —lOgF, CB —QW

- ~ g x0.1489 ... (8.5)

8.2.1.2 Isothermal phase-space density distrubution

Next, we consider the case when the phase-space density distribution can be
approximated by (pseudo)-isothermal sphere (c.f. (2.5)):
902 p?2

fiso(r,p) = InGon o) (12 +7’§)e 2mZa? (8.6)
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The number of particles in such a system, as well as the total entropy, di-
verges for large r, however the entropy per particles grows logarithmically
at large r and therefore the exact value of cut-off is not important.

Truncating the expression for the entropy at some r,,,,,, and taking r,,,, >
r., we obtain

S QR3

5 g _ gexp(1/2)

+1og Ciso, Ciso = \/3(2 72 ~ g x 0.0604... (8.7)
™

m4
8.2.1.3 Non-resonantly produced sterile neutrinos

Next, we analyze the case of primordial momentum distribution, which has
the form of (rescaled) relativistic Fermi-Dirac.

__9 F
f(p) - (27Th)3 eE(P)/T + 17

e(p)=p. (8.8)

For now we keep both F' and T to be arbitrary. The distribution in the
form (8.8) accounts for both 2.4) and cases. The entropy of N particles
with distribution (8.8) is given by the expression (8.1), which reduces to

_gVT?

= o510, (8.9)

where function I(F) is given by

e F F F F
= — 2 — —
I(F) = /0 dzz [62+110g<62+1>+<1 ez+1>log<1 ez—i-lﬂ .
(8.10)

The integral (8.10) can be computed numerically. At FF < 1 the expres-
sion (8.10) can be approximated by

dzz? 5
P log(e® + 1). (8.11)

I(F) ~ gg(g) (F—FlogF)—i—F/OOO :

The specific entropy S/N equals to

S _gm'I(F) ( ¢(3) \ A2 _gI(F) [ ¢3) \V? m!
S _ (15<(5)) Lo (154(5)) i (812

N 2m2h3
Therefore, we see that for the distributions of the form (8.8) relation between

the entropy per particle and @ is not given by the simple expression (2.10).
Up until this moment we kept parameters F' and T in (8.8) independent.
However, we are mostly interested in two particular cases: (i) F' = 1 while
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T = Typ — arbitrary (distribution @.4)); and (ii)) F < 1 having arbitrary
value, while T being fixed to T, — the temperature of neutrino background,
related to the temperature of the cosmic microwave background today via
T,, = (4/11)'/3Toyp,o (distribution @.20D).

We start with the case (i). Expressing p as a function of Typ, we obtain

4
gm
Q= ERCE (8.13)
where numerical constant q is given by (c.f. [175]):
¢°2(3) -3
= 7 ~196..x107°. 8.14
d 2072+/15¢3/2(5) ®.19)

As aresult for the distribution (2.4) and fixed number of particles, the quant-
ity Q is independent on Typ, volume or N. The entropy per particle is also
independent on both Twp and V' and is given by

S 2

—=s=1(1)—— ~4.20... 1
NS ( )3 <6 0 (8.15)
Although both quantities S/N and Q are simply constants, we find it con-

venient to choose them in the form (2.10):

3
E:—log @ +10gCFD, CFD:ngS%gX()l:‘;ll (8.16)
N m*
In case (ii) when F' < 1 we obtain for S/N:
S 2 I(F) 21
—=———2~(1l-logF)+ —=. i
N %@ F ( og )+3<(3) (8.17)
Similarly to (8.13)—(8.14)
3
Q—Z =gqlF. (8.18)
m
Combining (8.17)—(8.18) we can write
S n3 21
N —log (%) + log Cxgp, Chrp = gqexp(l + m) ~gx0.137...
(8.19)

8.2.2 Mass bounds from the average phase-space density
evolution

For illustration purposes we provide in Table the average phase-space
density estimator @ for all the dSphs, considered in this work, as well as
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dSph Qf MFD,HD TMNRP,HD
5 ()] | Ikev) [keV]

Sextans 5.68710, 100 | 0.324700%% | 1047041
Fornax 8.8671%0" 1070 | 0.36270%1 | 1.2070732
Leo 155550 107 | 041670371 | 1450%!
UrsaMinor 1787500 -107° | 0.43170 5 | 1.5270:53
Bootes 3.78717% 1075 | 052070087 | 1.957050
Draco 3.211127 1075 | 0.499+0.04 | 1.85+022
Carina 2.607742 1070 | 0474754 | 172703
Sculptor 5.937430.10=5 | 0.58210:0%5 | 2.27+04
Leo II 6.39759% 1075 | 0.59310015 | 2.3270:52
Canes VenaticiI | 6.1671) -107% | 0.3307(:(050 | 1.0770:35
Ursa Major I 1.947574.107° | 0.44015:577 | 1.5675:37
Hercules 2.685145 107 | 047744 | 1740
Leo T 6.267375 -107° | 0.59070307 | 2.3170:53
Ursa Major II! | 1137181 1074 | 0.6857(15% | 2.81+9%%
Leo IV 3355407 104 | 0.89850511 | 40485
Canes Venatici I | 5.9173%% .10-* | 1.037)30 | 4.88%199
Coma Berenices 5467520 .107% | 1.01703% | 475752

Table 8.1: The mass bounds, based on the evolution of the average phase-space
density Q [175,1176]. The bound is provided for illustration purposes only (see Ap-
pendix[8.2.2for discussion).

the lower mass bounds, based on the inequality for @ during the evol-
ution [175, [176] (for detailed discussion see Section [2.2). The value of Qy,
shown in the second column of the Table [8.1] is calculated from the data in
the columns (3—4) of the Table using formula (with » = 1) and
Q; is defined via for the momentum distributions 2.4) and (for
the bounds mgp yp and mygp up correspondingly). The results for Leo IV are
quoted in (Section [2.6).
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8.3 Appendixes for Chapter 3[]

8.3.1 Selection criteria for dark matter distributions

We have collected from the literature 1095 dark matter profiles for 357 ob-
jects (from dwarf spheroidal galaxies to galaxy clusters, see Table[3.1]below).
For each dark matter profile in our sample we have performed a number of
checks. Those profiles have not passed these checks were rejected from sub-
sequent analysis. As a result of the selection process we were left with 805
dark matter profiles for 289 objects.

— When analysing the data, we realized that for some objects the value of r,
lies well outside the region covered by the observational data, Rg,,. Such
objects systematically show extremely high values of r,. For example, we
found 37 galaxy profiles having r, > 100 kpc, while their kinematic data
usually extends only up to Rgata ~ 10 — 30 kpc.

Therefore, we select only dark matter profiles having r, < 2.75Rgata. The
coefficient 2.75 is justified by the following argument. The circular velocity

in an NFW halo is given by
v2(r) = GNM+W(<T) — tnGiypurt BT _r) iz (8.20)
For r < r, this function can be approximated as
V2 (1) = 271G N psTs (r - ?;:2 +.. ) (8.21)
In the part of the velocity curve where % is much less than the errors

on the velocity dispersion one cannot reliably determine r; and p; (since
2(r) is indistinguishable from a straight line, proportional to psrs). It is
important to have data points in the region where the contribution of the
quadratic term becomes noticeable to reliably extract both NFW paramet-

ers. We chose to set 2.75Rgata > 7+, Which corresponds to a ~ 50% con-

(%

tribution from the second (quadratic) term to v2(r). Similar criteria are
used for ISO and BURK profiles. This reduces the number of considered
profiles from 1095 to 891.

— For 76 objects both NFW and ISO (or BURK) dark matter profiles were
available. For these objects we checked the relation between the paramet-
ers of these profiles against the results shown in Eq. (3.16) (or Eq. (3.18)

8.3 Appendixes for Chapter [3] 133



for BURK). Results of this comparison for the NFW and ISO profiles are
shown in Fig. B4l This figure shows that there is indeed a maximum
in the region defined by Eq. but also that the scatter around this
maximum is pretty large and that the difference between measured and
expected ratios of NFW and ISO parameters can be as large as a factor of
ten. Therefore we decided to exclude from our sample all objects with a
ratio ps/pe, 7s/7¢, (Or ps/pp, rs/rp for BURK profiles) larger than a factor
5 with respect to the theoretical prediction shown in Eq. or (3.18).

— Finally, in several cases parameters of dark matter density profiles were
quoted with very large uncertainties. We decided to select only those pro-
files for which the ratio between the 1o upper and lower bounds of quoted
parameters (radius r, or the density p,) was smaller than a factor of 10.

To compare the S — My, relation for selected objects with N-body simu-
lations, we used the results from [307]. This suit of ACDM numerical simu-
lations probed the halo mass range 10'° — 10'5M,. For each simulated halo
of [307] we computed M, ,, fit the particle distribution to the NFW density
profile and calculate S using Eqs.(3.9) and the definition (3.7). The observa-
tional data together with results from simulations is plotted of the Fig.
The small scatter of the simulation points at My, > 10140, is explained by
the finite size of the simulation box. The simulations with the large box size
(e.g. 1310]) verify that the scatter does not reduce at large masses (c.f. the

pink shaded region on the Figure 1).

8.3.2 Summary of collected dark matter distributions

We collected from the literature 1095 dark matter density profiles for 357
unique objects ranging from dSphs to galaxy clusters. For each dark matter
profile found in our sample we have applied uniform selection criteria:

— If for an object several independently determined profiles were available
and all of them but one agreed in the values of r, and p, within a factor of
5, we rejected the outlier.

— For some objects the best-fit value of the characteristic radius r, was ex-
trapolated well outside the region covered by the observational data, Rqata-
In this case the parameters of the density profile had extremely large un-
certainties. We have thus rejected objects with r, < 2.75Rgata.
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Figure 8.1: Dark matter column density as a function of the halo mass. Sim-
ilar to the Figure 1, we plot 289 objects, selected in Section above (coloured
shapes) superimposed on the simulation data for isolated halos [307] (open black
circles).

— We rejected profiles for which the uncertainty in any quoted parameter (r,
or p,) was higher than a factor of 10.

— For objects with more than one profile selected, the average value of S and
Mhaio was used in the subsequent analysis.

— When processing the data of N-body simulations we used the fit of particle
distribution by the NFW density profile and computed S, using equa-
tion (B.7D.

— If the same observational data is fit by several different dark matter pro-
files (e.g. NFW, ISO, and BURK), one can then find a relation between
characteristic scales r, and densities p, of these profiles. Provided such a
relation holds, the difference between the column densities Sxpw, SBURK
and Siso turns out to be less than 10%. Qualitatively, this can be un-
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derstood as follows: to explain the same velocity data, two dark matter
profiles should have roughly the same mass within some radius Ry. If
both profiles happen to have the same behaviour at large distances, their
S values, averaged over Ry will be essentially equal. This explains the use
of S as a characteristic of dark matter halos.

8.4 Appendixes for Chapter 5[]

8.4.1 Cleaning of soft proton flares

EPIC external “flaring” background is caused by protons of energies less
than a few x100keV, collected by the X-ray mirrors. These protons originate
in the Earth’s magnetosphere. During the flaring periods, the background
level increases by one-two orders of magnitude. According to [329] they have
very hard and unpredictable spectral shape usually dominating at high en-
ergies which makes their modeling technically challenging. In addition to
that, due to their different convolution with effective area comparing to X-
ray photons they are responsible for some artificial line-like features, for
instance at ~2.5 keV [323].

Several different procedures have been developed by different authors.
For completeness we present their brief overview here.

1. The “standard” method used by [334] is based on the construction of
> 10 keV lightcurves for single pixel events binned by 100 s. The inter-
vals having more 0.2 cts/s for MOS1/MOS2 and 0.45 cts/s for PN cam-
eras in this energy range are rejected. However, the authors find that
some flares “survive” after this procedure creating the variability in 1-
10 keV band. This effect is attributed to the existence of lower energy
protons at the edges of the encountered proton “clouds”. Therefore, the
additional screening at 1-10 keV range (allowing MOS countrates to be
smaller than 1.15 cts/s) is performed.

2. In [330], the authors developed an algorithm to obtain an automated
and homogeneous screening from the flaring non-X-ray background.
During the first step, the 0.4-12 keV MOS lightcurves were extracted
from events coming to the instrument’s FoV and binned by 30 s inter-
vals. Then, the histogram of count rates is created. After fitting this
histogram with a Gaussian function, the intervals having the countrate
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more than 3.3 o larger than the mean value are rejected. After the re-
jection, additional test of the high-energy countrates is performed by
using the events from parts of MOS CCDs located not in the instru-
ment’s FoV. Because at high energies (= 5keV) the blank-sky spectrum
is dominated by the instrumental background [326, |334], comparison
of in-FoV and out-FoV countrates at these energies may idenfity the
additional in-FoV high-energy component caused by soft proton flares
passed through their 3.3 ¢ filter.

3. In [326], the authors used the “double filtering” procedure removing
time intervals with either high-energy (9.5-12 keV for MOS, 10-14 keV
for PN) and low-energy (1-5 keV) countrates deviating more than by
20 % for the average values. Such a filtering removed ~ 35 % of MOS
and ~ 45 % of PN uncleaned exposure.

4. In [353], the authors first apply the lightcurve filtering in a wide band
(0.2-12 keV for MOS) camera. After removing time intervals with coun-
trate above 2-2.50 above the mean level, they perform the point source
detection procedure. After removal the point sources, they again per-
form the lightcurve cleaning. Due to removal of point sources, the sens-
itivity for for faint flare search is significantly increased allowing them
to exclude additional ~10 % of exposure affected by the smallest flares.

5. In [329], the authors idenfitied the flaring intervals using the proced-
ure similar to [330]. By cleaning time intervals with 2.5-8.0 keV MOS
countrates exceeding more than by 2.5 ¢ the mean value, they remove
~ 36 % of MOS uncleaned exposure. In addition, the authors model the
remaining soft proton component with the broken powerlaw (without
convolving with the instrument effective area) with Ej, ~ 3.2 keV.

6. In [328], the authors first exclude time bins where the high-energy (10-
12 keV) MOS countrate is larger than 0.2 cts/s (for 100 s bins). After
that, a 2-5 keV histrogram is produced and modeled similar to [330]
and all bins with countrates more than 30 above the mean value are
also rejected. Finally, Fj,, — F,,: diagnostic of [330] is used to estim-
ate the residual soft proton flare contamination. All observations with
F;,, — F,yu: less than 1.5 were used for subsequent analysis.

7. In [421, 1422], the authors use the procedure mos-filter , developed
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by the authors of [329] as a part of XMM-Newton Extended Sources
Analysis Software (XMM-ESAS), now the part of XMM SAS. In this
procedure, 2.5-12 keV lightcurve is binned by 1 s intervals and all in-
tervals with count rates different from mean value more than by 1.5 o
were rejected.

8.4.2 Modeling closed-filter spectra.

In this Section, we model closed-filter spectrum in Xspec using very simple
powerlaw model in 2.3-10.0 keV energy range. The energy bins around
strong instrumental lines (namely, 5.3-5.7, 5.8-6.0, 6.3-6.6, 7.4-7.7, 8.0-8.2,
8.5-8.8, 9.5-9.8 keV for MOS cameras and 5.3-5.7, 5.8-6.0, 6.3-6.6, 7.0-9.1,
9.3-9.7 keV) are removed. The results of fit are very good, see Table and
Fig.[82/for details. The measurements of the powerlaw index are consistent
with previous results of [334] (who obtained ajerq ~ 0.2, agop: ~ 0.8 and
Ey ~ 1 keV for MOS cameras) and [326] (who obtained oo+ = 0.7 — 0.8,
Ey. = 1.3 — 1.5 keV and ajy-q = 0.4 for PN and ajg.q = 0.1 — 0.2 for MOS
cameras). The large difference between the values aj,..q between MOS and
PN cameras is not unexpected. According to [334], about ~ 99 % of cosmic
rays are rejected by internal electronics by using multiple pixel analysis (due
to large energy deposition of cosmic rays they mostly interact with several
adjacent CCD pixels). The sizes of CCD pixels for MOS (1.1 arcsec) and PN
(4.1 arcsec) are very different, so we expect the very different outcome of
internal rejection of cosmic rays in these cameras.

MOS1 MOS2 PN
Fit quality, total x2/d.o.f. 360.5/369 373.6/369 831.0/849
Powerlaw index 0.183+0.007 0.177+0.007 | 0.402+0.010
Norm., cts/s’keV at 1 keV | 0.04804-0.0006 | 0.04644-0.0006 | 0.090+0.002

Table 8.2: Model parameters of closed filter background on powerlaw continuum
(without RMF or ARF).

8.4.3 Adding simulated lines to the combined dataset

Line simulations are performed using standard routine fakeit , a part of
Xspec spectral fitting package [409]. We adopt the following procedure of
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Figure 8.2: Best-fit continuum model and fit residuals for closed-filter background
spectra from MOS1 (left), MOS2 (centre) and PN (right) cameras. The energy ranges
containing strong instrumental lines are excluded from the fit, see text for de-
tails. The resulting energy bins are well modeled with simple powerlaw continuum,
see for details. This result ensures that we may really use modeling of closed-
filter background, instead of subtracting it.

line simulation. First, we simulated a narrow line for each observation hav-
ing the same flux (in photons cm~2s~!). The initial line energy and disper-
sion (set to 1 eVE are kept the same. We repeat many times, adding the
line to each individual observation, prior to stacking them together. In each
energy bin (15 eV for MOS camera and 5 eV for PN camera) the total num-
ber of counts is allowed to vary according to Poisson distribution allowing to
create different realizations of the line. The actual shapes of line broadening
and effective area is taken into account by using instrument responses for
each observation contained in RMF and ARF files, see Sec.[5.2.4] for details.
After simulating spectra for each observation of our combined dataset, the
spectra from each camera (MOS1, MOS2, PN) are dumped to text format
using FTOOL fdump , binned by 60 eV per bin.

2Predicted internal dispersion of dark matter decay line due to Doppler broadening is about
103 times line energy for galaxies [229]. However, because total dispersion is the root of the
squared sum of initial dispersion (< 10 eV) and line broadening (= 50 eV), the corresponding
error on total dispersion does not exceed 2% and is neglected henceforth.
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Samenvatting

De aard van donkere materie is een van de meest intrigerende vragen van
de moderne natuurkunde. Deze materie speelt niet alleen een cruciale rol in
ons begrip van de oorsprong en de evolutie van het heelal, maar het begrip
hiervan zal ook een uitgesproken invloed hebben op de ontwikkeling van de
deeltjesfysica. In feite bevat het Standaard Model van de elementaire deel-
tjes geen geschikte kandidaat voor donkere materie. Door de parameter-
ruimte van donkere-materie deeltjes via onderzoek af te bakenen kan men
onderscheid maken tussen de verschillende mogelijke uitbreidingen van het
Standaard Model om zo meer te leren over de fundamentele eigenschappen
van materie.

Experimenteel gezien is er weinig bekend over de eigenschappen van
donkere-materie deeltjes, zoals hun massa, de sterkte van hun interacties,
en het oorspronkelijke spectrum van hun snelheden. Als men bijvoorbeeld
uitgaat van een specifieke interactie sterkte en een bepaald interactie type,
dan is het mogelijk om de productiesnelheid te bepalen van donkere-materie
deeltjes in het vroege heelal en daarmee ook hun massa. In plaats daar-
van analyseren wij in dit proefschrift model-onafhankelijke grenzen aan de
mogelijke massa van donkere-materie deeltjes die afgeleid worden uit astro-
fysische waarnemingen. Daarnaast wordt vaak verondersteld dat donkere-
materie deeltjes absoluut stabiel zijn. Hun stabiliteit wordt beschermd door
een symmetrie die vaak specifiek voor dit doel is ingesteld. Deze aanname
wordt in dit proefschrift niet gemaakt en we voeren een systematisch model-
onafhankelijke programma uit om de beperkingen aan de mogelijke levens-
duur en vervalsnelheid van donkere materie deeltjes te bepalen. Dit wordt
gedaan door te zoeken naar de karakteristieke signalen van verval van don-
kere materie deeltjes. De verkregen resultaten worden vervolgens toegepast
op een goed gemotiveerd model van deeltjesfysica: een minimale uitbrei-
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ding van het Standaard Model met drie rechtshandige neutrino’s. Dit model
biedt een toetsbare verklaring van zowel donkere materie als de materie-
antimaterie asymmetrie in het waargenomen Universum, en van de geme-
ten massa’s van neutrino’s. De beschikbare ruimte die de parameters in dit
model kunnen bestrijken — en die aan alle zijden begrensd is — wordt ge-
bruikt als referentie voor onze model-onafthankelijke zoektocht.

Het proefschrift is als volgt opgebouwd:

L. Bepaling van de ondergrens van de massa van donkere-materie deel-
tjes en het energie bereik van mogelijke zoektochten. Als donkere materie
bestaat uit fermionen, kan zijn faseruimte dichtheid niet groter zijn dan
die van een ontaard Fermi gas. (Deze beperking kan verder worden aan-
gescherpt door toepassing van de stelling van Liouville). We hebben de be-
staande theoretische benaderingen herzien en een nieuwe methode ontwik-
keld die het mogelijk maakt om sterke maar robuuste grenzen af te leiden
voor de massa van donkere-materie deeltjes. Door de experimentele gege-
vens te analyseren van objecten met de grootste donkere-materie faseruim-
tedichtheid — bolvormige dwergsterrenstelsels — wordt aangetoond dat de
massa van het donkere materie fermion groter moet zijn dan ~ 0.4 keV, en
daarmee ook dat het vervalsignaal van de donkere materie moet worden ge-
zocht in het Rontgen /y-ray energie bereik. Omdat de vervalsnelheid snel
toeneemt met de massa van het deeltje, geniet het Rontgen bereik de voor-
keur bij de zoektocht naar vervallende fermionische donkere materie.

II. Studie naar donkere materie kolomdichtheid in verschillende soor-
ten donkere materie halo’s. Door het analyseren van de verdeling van don-
kere materie in enkele honderden objecten van verschillende schaal (dwerg-,
spiraal-, en elliptische sterrenstelsels, groepen van sterrenstelsels en clus-
ters van sterrenstelsels) die gedomineerd worden door donkere materie, wordt
aangetoond dat het verwachte signaal van het verval van donkere mate-
rie langzaam toeneemt met de massa van het object. Wij tonen aan dat de
gemiddelde centrale donkere-materie kolomdichtheid, welke het verwachte
signaal definieert, een universele schalingsrelatie volgt als functie van de to-
tale massa van de halo. De helling van deze athankelijkheid verschilt tussen
geisoleerde halo’s en sub-halo’s. Op de beschikbare schalen vallen zowel de
schalingsrelaties als de spreiding rond deze relaties heel precies samen met
de voorspellingen gedaan door “N-body” simulaties die gebaseerd zijn op het
koude donkere materie model.
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II1. Identificatie van de beste observationele studie objecten. Ondanks het
feit dat clusters van sterrenstelsels het sterkste donkere-materie vervalsig-
naal zouden leveren, wordt dit voordeel ten opzichte van kleinere objecten
teniet gedaan door hun zeer sterke Rontgen straling. Dit maakt de ver-
wachte signaal-ruisverhouding voor clusters niet optimaal. De beste studie
objecten zijn dus dwerg en spiraalstelsels. Het verwachte vervalsignaal van
deze objecten varieert maar een halve orde van grootte. Daarom (i) heeft
men vrijheid bij het kiezen van de waar te nemen stelsels om ingewikkelde
astrofysische achtergronden te vermijden; (ii) is het mogelijk om, indien een
spectraallijn als kandidaat voor een vervalsignaal wordt gevonden, de inten-
siteit hiervan te vergelijken tussen verschillende objecten met een vergelijk-
baar verwacht signaal. Dit maakt het mogelijk om eenduidig onderscheid te
maken tussen het vervalsignaal van donkere materie en het signaal van mo-
gelijke astrofysische of instrumentale achtergronden. Deze werkwijze wordt
geillustreerd met het controleren van een recente claim dat een spectraallijn
in een Chandra waarneming van een van de satellieten van de Melkweg zou
kunnen worden geinterpreteerd als een vervalsignaal van donkere materie.
Ons werk toont aan dat een dergelijke interpretatie met een hoge mate van
waarschijnlijkheid kan worden uitgesloten op basis van oude waarnemingen
van het Andromeda sterrenstelsel en de Fornax/Sculptor bolvormige dwerg-
sterrenstelsels.

IV. Gecombineerde analyse van een groot aantal Rontgen waarnemingen.

We hebben de spectra geanalyseerd van een aantal nabijgelegen objecten die
zijn waargenomen door de XMM-Newton telescoop; door de ontwikkelde me-
thodologie toe te passen, hebben we de sterkst begrenzingen kunnen vast
leggen voor donkere-materie deeltjes met een massa van de orde van grootte
van 1 keV. Om de begrenzingen nog scherper te definieren en om de regimes
van deeltjesfysica modellen die vanuit een theoretisch perspectief interes-
sant zijn, te onderzoeken, zijn waarnemingen met een lange integratietijd
vereist van objecten die gedomineerd worden door donkere materie. Omdat
deze aanpak duur is, hebben we een gecombineerde analyse uitgevoerd op
een zeer grote dataset van archiefmateriaal van waarnemingen van sterren-
stelsels door XMM-Newton. De extreem grote gecombineerde integratietijd
van deze dataset (twee ordes van grootte langer dan van een typische en-
kele waarneming) vereist een zeer goede beheersing van systematische fou-
ten en de instrumentele achtergronden, en laat het niet toe om standaard
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data-analyse technieken te gebruiken. Ten einde deze problemen het hoofd
te bieden, is een nieuwe datareductie methode ontwikkeld. Hiermee wer-
den verschillende nieuwe smalle spectraallijnen als kandidaten gevonden in
het 2.5-11 keV bereik. Na een zorgvuldige analyse zijn al deze kandidaten
geclassificeerd als zwakke instrumentale lijnen die niet eerder zijn waarge-
nomen. Tenslotte leiden we nieuwe grenzen af voor de vervallende donkere
materie parameters. Deze grenzen laten echter nog een groot deel van de
parameterruimte van de interessante deeltjesfysica modellen onaangeroerd.

V. Om de gevoeligheid voor de spectraallijn van vervallende donkere ma-
terie te verbeteren en om de gehele beschikbare parameter ruimte voor mini-
male modellen van vervallende donkere materie af te tasten, dient de ener-
gieresolutie van een Rontgen telescoop vergelijkbaar te zijn met de intrin-
sieke breedte van de spectraallijn van de vervallende donkere materie. Dit
betekent dat een verbetering van ten minste een orde van grootte ten op-
zichte van de bestaande Rontgen missies noodzakelijk is. Wij bespreken de
mogelijkheid om gebruik te maken van microcalorimeters met een gezichts-
veld van ~ 10 graden en de vooruitzichten van toekomstige geplande en
voorgestelde missies.
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