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]
FOREWORD OF THE EDITOR

This monograph is the third issue of a three volume edition
under the general title “Dark Energy and Dark Matter in the
Universe”. The authors discuss the observational evidence of
the dark matter in the large-scale structures of the Universe
as well as the dark matter particle candidates.

The first Chapter of this volume has a special meaning
for all the authors of the “Dark Energy and Dark Matter
in the Universe” monograph because it includes the last
papers and notes by Prof. P.I. Fomin, the leading scien-
tist in the “CosmoMicroPhysics” scientific field in Ukraine.
In these latter issues, which have been written altogether
with A.P. Fomina, they have shown that the self-gravity and
gravitational interaction of quantum vacuum fluctuations
radically reduces the energy density of the physical vacuum
relative to the predictions of local quantum field theory. In
this case, the vacuum space becomes discrete and crystal-li-
ke on the Planck length scales. The development of vacuum
condensates connected with breaking continuous symmetri-
es produces additional reduction of the vacuum energy and
makes it an acceptable candidate for dark energy manifes-
ting itself as the acceleration of the cosmological expansion
of space. The condition of spatial closeness allows one to
give an upper bound on the vacuum energy density. Statio-
nary radial flows of vacuum condensates are further used to
explain the nature of dark matter.

As regards the term “CosmoMicroPhysics”, it might be
interesting to point out several facts related to the foundati-
on of this research field in the former USSR. Dr. Yuri Shta-
nov, one of the authors of Volume 1 of this monograph
related to the Dark Energy problem, recalls the story told
him by late Prof. P.I. Fomin that it was him who first coi-
ned this term and proposed it to the Russian colleagues
who were looking for a good Russian equivalent of the term
“astroparticle physics”.

11



Foreword of the Editor

The astrophysical direct and indirect evidence of the presence of dark
matter in galaxy clusters and groups is discussed in Chapter 2, prepared by
I. Vavilova and Tu. Babyk. The authors give a brief summary of the discovery
of dark matter and dark matter models. The great attention is paid to the
dark matter evaluation in the X-ray galaxy clusters, where the DM conception
is widely applied to describe the density profiles at the wide scale of cluster’s
radii. The next Chapter, written by S.Sergeev and N.Pulatova, is related to
consideration of the galaxies with active nuclei, including methods and results
of evaluation of the masses of supermassive black holes in their centres as
well as properties of host galaxies. While considering the galaxy groups, the
problem of a common halo of groups and halo of individual galaxies in groups
is discussed under the evaluation of the “mass-to-luminosity” ratio for sparse
galaxy groups in the Local Supercluster and for samples detached from the
SDSS spectroscopy survey (this Chapter is prepared by A. Elyiv, O. Melnyk,
and I. Vavilova).

In the Chapter 5 “Interaction In The Dark Sector” prepared by Yu. Bolotin,
A. Kostenko, D. Yerokhin, and O. Lemets, the authors consider in detail diffe-
rent topics associated with interaction in the dark sector. Although the Stan-
dard Cosmological Model postulates an absence of interaction between the dark
components, there is no fundamental reason for this assumption in the absence
of an underlying symmetry which would suppress the coupling. Furthermore,
the latest observations (such as the PLANCK collaboration) at the very least
do not eliminate this possibility. For these reasons, the study of dark sector
interaction is an important field of study, and holds many possibilities. The
greatest amount of attention is given to the mechanisms of energy exchange
between dark energy and dark matter. We do not only introduce the reader
to a large amount of interaction models used in literature (both linear and
nonlinear), but also demonstrate how these models affect the dynamics of the
Universe. It is shown that the inclusion of dark sector interaction on the one
hand greatly expands the capabilities of the Standard Cosmological Model. On
the other hand, it allows for a simple return to the fundamental results of the
Standard Cosmological Model when the interaction is taken to be weak. The
presence of interaction in the dark sector also simplifies the solution of a series
of “classical” cosmological problems, such as the cosmic coincidence problem.

Right-handed (sterile) neutrinos are one of the most popular dark matter
particle candidates. In the Chapter 6, which is written by A.Boyarsky and
D.lakubovsky, the authors quantify the properties of ‘sterile neutrino Uni-
verse’ depending on two basic parameters — the mass of sterile neutrino dark
matter particle and its interaction strength with ordinary particles. In additi-
on to model-independent analysis, throughout this Chapter, they rely on the
baseline model — minimal extension of the Standard Model with three right-
handed neutrinos. This popular model, dubbed ¥MSM, provides viable and
unified description of three major “beyond the Standard Model” phenomena —
dark matter, matter-antimatter asymmetry and neutrino oscillations. It is

12



Foreword of the Editor

among a very few models that provide testable resolution of these “beyond the
Standard Model” puzzles in the situation when no new physics is found at the
LHC (the so-called “nightmare scenario”) and suggests how the nature of dark
matter and other “beyond the Standard Model” phenomena may nevertheless
be checked experimentally using existing experimental technologies and major
infrastructure.

Particle properties play a key role in cosmology and astrophysics. Experi-
mental investigations of neutrinoless double beta decay (an unique way to
study neutrino and weak interactions) and solar axions (promising candi-
dates for dark matter), measurements of neutrino fluxes from the Sun and
the Earth, search for effects beyond the Standard Model (electric charge non-
conservation, disappearance of nucleons, electromagnetic properties of neutri-
no), development of low counting experiments to search for dark matter are
presented in this volume in the Chapter 7 prepared by F. Danevich, V. Koby-
chev, and V. Tretyak. The experiments call for extremely low counting rate and
typically are carried out deep underground to minimize background caused by
cosmic rays, and use low radioactive nuclear spectroscopy technique. Extremely
low background conditions of the frontier astroparticle physics experiments
provide also possibility to study very rare beta and alpha decays.

Among the numerous DM candidates ones of the most popular are
weakly-interacting massive particles (WIMPs) due to the “WIMP miracle™
thermally produced in hot early Universe particles with weak-scale mass and
weak interaction velocity averaged cross-section automatically provide close to
observed DM abundance. In the supersymmetry (SUSY) as the most promising
theory for the extension of SM the lightest neutralino is a leading WIMP candi-
date. WIMPs can annihilate (or decay if they are metastable) into SM particles
(protons-antiprotons, electrons-positrons, deuterons-antideuterons, neutrinos
and photons) with energies of order of DM masses, i.e., into cosmic ray partic-
les and photons in subGeV-TeV range. Annihilation or decay of more massive
DM particles (superheavy dark matter (SHDM), WIMPZILLAS with masses
up to GUT scale) could produce ultra high energy cosmic rays. These properti-
es of DM particles open the possibility for indirect DM detection in cosmic ray
window. The state-of-the-art in the search of the signatures of DM annihila-
tion/decay in the observed spectrum of cosmic rays is discussed by B. Hnatyk
in the Chapter 8.

This volume was prepared by the authors in 2012-2013 years and revised
additionally in 2014.

V.SHULGA
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CHAPTER

NOTES ON THE VACUUM
NATURE OF DARK ENERGY
AND DARK MATTER

P.l. Fomin, A.P. Fomina

1.1. On the gravitational
mechanism of reducing the vacuum energy
and the vacuum nature of dark energy

1.1.1. Introduction

The existence of the physical vacuum is the most important
consequence of modern quantum field theories: the quantum
electrodynamics, the Weinberg—Salam—Glashow theory of
electroweak interactions, and the quantum chromodyna-
mics — the theory of strong interactions. The physical vacu-
um can be regarded as a real relativistically invariant quan-
tum medium (a kind of quantum fluid) filling out all the
world space and realizing the lowest energy state of quantum
fields. One can say that this is a remake of the classical “lu-
miniferous ether”. The real particles such as electrons, posi-
trons, photons, hadrons etc. as well as all the macroscopic
bodies are the quantum wave-like excitations of this medi-
um endowed with certain quantum numbers ensuring their
relative stability. The physical vacuum can be compared
with an ocean with particles being oceanic waves. Waves
may be created and destroyed, but the ocean is eternal.
All modern quantum field theories do not take into ac-
count gravitation, which is regarded as a superweak inte-
raction, and describe local fields in the continuous Minkow-
ski space without any parameters of non-locality such as
fundamental length. A consequence of locality is the pre-
sence of ultraviolet divergences in quantum field theory. For
instance, divergences are the integrals describing the field
contribution to the electron mass and charge. There exists
a phenomenological way of treating these divergences, the

15



CHAPTER 1. Notes on the vacuum nature of dark energy and dark matter

so-called renormalization theory, consisting in isolating all such infinities in
all orders of a perturbation theory and replacing them by finite experimental
values of masses and charges. This operation, however, is not physically and
mathematically consistent and closes the way to the theoretical explanation of
the observed values of masses and charges. In the local quantum field theories,
the value of the vacuum energy density also diverges. This infinity is replaced
by zero in the renormalization theory under the assumption that the energy of
all observed particles is measured from the vacuum energy [2].

The situation, however, fundamentally changes under the account of gravi-
tation. In general relativity, every energy density, described by the stress-energy
tensor on the right-hand side of the Einstein equations, gravitates (i.e., curves
the spacetime metric). Therefore, one cannot simply neglect the vacuum energy
density by subtracting its value.

The discovery of dark energy in cosmology and the estimate of its relatively
low value (see the review paper |3] and references therein) raises the issue about
the mechanism of radical reduction of the vacuum energy density with respect
to the predictions of the local quantum field theories. We will show here that
one of such powerful mechanisms is a self-gravity and gravitational interaction
of the quantum fluctuations of vacuum. Gravity makes homogeneous vacuum
gravitationally unstable, in a way, similarly to the Jeans instability of a uniform
distribution of gravitating cosmic gas. Breaking out into ling-living quasilocal
massless cells of Planckian size, the space of vacuum becomes discrete and
crystal-like. Quantum field theory in such a space ceases to be local, similarly
to the quantum theory of quasiparticle in a solid body. A fundamental Planck

length
|Gh
lp = G—g =1.6x 1072 cm (1.1)
C

appears in the theory, and the “curse of divergences” is lifted from the quantum
field theory. In such a scheme, now there is a prospect for the theoretical
calculation of masses and charges of particles. For example, one can justify, in
a certain approximation, the following formula for the electron mass [4]:

e? he
Me = 1o exp (—A62>, (1.2)

which, for A = 1/3, gives m, ~ 10727 g. If one formally switches off gravity
(G — 0) and runs £p to zero, one gets the original divergence.

Next, from the condition of topological closeness of the Universe, we obtain
the upper bound for the vacuum energy density close to the currently observed
value.

16



1.1. On the gravitational mechanism of reducing the vacuum energy

1.1.2. Gravitating fluctuations of the vacuum

In the relativistic domain, the energy and spatial dimensions
of quantum fluctuations of the vacuum in quantum field theory without account
of gravitation are regulated by the uncertainty relations:

AFEAt ~ h, AE ~ cAp, ApAq ~ h. (1.3)

Here, At is the lifetime of a fluctuation with energy AFE, momentum dispersion
Ap, and size Aq. Taking into account gravity, which reduces the total energy
of fluctuation according to the law

(AE/2)?

AEtot =AF — T]G Aq

>0 (1.4)

(here, 1 is a numerical coefficient taking into account the form of a fluctuation;
it will be specified below), one can replace the first of relations (1.3) by

AFEot At ~ h. (1.5)
For long-living fluctuations (At — oo), from (1.4) and (1.5) we obtain the
condition CAE .
n
AFEi = AE (1 - ~ = . L.
B
It follows from (1.6) that, under the condition
AN
AE = ——+ 1.7
T]G Y ( )

there exist nontrivial fluctuations living infinitely long. Further, taking into
account the second and third relation in (1.3), we get the equation for the size
Agq of such a fluctuation:

ch  *Aq
AE ~cAp~—=——, 1.8
A~ G (1.8)
which gives
Gh
(AQ)2 ~ 77673 = 77@% (1.9)

From the viewpoint of general relativity, equation (1.6) means spatial
topological closeness of such gravitating configurations (see, e.g., [9]). The
property of longevity of such fluctuations (At — oo) means that here we
deal with a spontaneous phase transition of the vacuum with breaking of the
translational symmetry of the homogeneous system. A gravitational vacuum
condensate is formed.
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Thus, the self-gravity of the quantum vacuum fluctuations turns the space
of vacuum into a discrete crystal-like structure [5| consisting of massless and
charge-neutral “Planck cells” of size (1.1). In this case, the energy density of the
zero-point oscillations of the vacuum radically reduces from formally infinite
(for local quantum field theories) to finite and even close to zero. Exactly this
vacuum energy density, reduced by self-gravity, constitutes, according to our
idea, the “dark energy” discussed in astrophysics. It does not appear possible at
present to calculate its value from the first principles because it should essenti-
ally depend on the unknown structure of the discrete crystal-like space of the
vacuum formed by interacting massless “Planck cells”. Interaction between such
cells due to their topological closeness can occur, for example, via quadrupole
gravitational forces [6] and, as a whole, be similar to the van-der-Waals forces
between electrically neutral atoms that form a crystal.

We have considered above the most extreme manifestation of the self-gra-
vity of the vacuum in the form of gravitational self-closing of fluctuations of
the Planck size. Somewhat lower, but also considerable, reduction of energy
is produced, of course, by the mutual gravity of spatially close fluctuations of
small sizes.

A substantial contribution into the lowering of the vacuum energy also
comes from the origin of the so-called vacuum condensates connected with
the dynamical breaking of various continuous symmetries in quantum field
theory (see, e.g., [7]). These condensates are formed by binding of fermion
particle-antiparticle vacuum pairs via strong gauge interactions. In this case,
the vacuum of fermionic fields becomes as “bosonizing” and reduces its energy
also by the suppression of the Pauli principle.

1.1.3. Estimate of the energy density
from the condition of spatial closeness of the Universe

The modern idea that the Universe as a whole should have
the topology of a closed three-dimensional sphere is connected, first and
foremost, with the idea of quantum creation of our Universe from the vacuum
of some “mother universe” [8]. Initially, the “daughter” universe is born small
and then starts quickly growing in volume and internal mass (energy), for
example, in the inflationary regime [10]. The size and energy density in this
case are, to a certain extent, connected by the condition of closeness and,
therefore, one can estimate the density from the known size. The condition of
topological closeness of a gravitating system, according to general relativity [9],
is accompanied by the zero total energy of such a system by virtue of the exact
compensation of the positive proper energy (mass) of matter by the negative
contribution from its self-gravity. In a simplified version, this condition can be
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written, similarly to (1.4), as

GM
FEiot = Mc? (1 — nc%> =0, (1.10)

where a is the size (radius) of such a spherical “zero-system”, and 7 is a numeri-
cal factor dependent on its shape. This equation has two roots; one of them is
trivial, M = 0, and the other is non-trivial:

CQ

M= —a. 1.11
e (111)
For a closed three-dimensional spherical universe, M is expressed through the
mass density p as follows [9]:

M = 272%a3p. (1.12)

Substituting (1.12) into (1.11), we find the connection between p and a arising
from the simplified condition (1.10) of the closeness of the universe:

2

pla) = G (1.13)

Simplification in (1.10) and (1.13) consists in neglecting the term ~a?, which
is justified under the condition a? < ¢2. Taking into account this “energy of
expansion” of the universe and introducing the Hubble parameter H(t) = a/a,
we get the corresponding Friedmann equation

c2 _ 8nG
a?(t) 3

p(t). (1.14)

Dividing by H? and introducing the standard notation p, = 3H?/87G,
c?/H? = a%, where ay is the Hubble radius, we write (1.14) in the form

2
1+ =2 (1.15)
ag  Pe

Taking into account the known uncertainty in the determination of the
modern value of the Hubble parameter,

km

Hy = 50—80 (1.16)

sMpc’

we obtain the intervals for the corresponding uncertainties for p. and ag:

8
cm3’
ay = (1.8—1.1) x 108 cm. (1.18)
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We note that relation (1.15) describes the dependence of the total density
of the proper mass (energy) of the universe on the critical density (1.17) and
radius a. The fraction of dark energy in p(a) depends on the whole physical
history of the universe. Observations give that the fraction of dark energy
(~72%) together with dark matter (~24%) dominate over the fraction of
baryonic matter (~4 %). The smallness of the fraction of baryons is determined
by the the physics of baryogenesis connected with the breaking of the baryon
and lepton symmetry in the early universe and cannot be calculated without
the quantitative deciphering of this physics.

As regards the fraction of dark matter, here we only announce the follo-
wing. In the Chapter 1.2 devoted to this issue, we will show, proceeding from
rather general assumptions, that one can justify theoretically the observed ratio
ppm/ppE ~ 1/3.

In conclusion, we stress that formula (1.15) is obtained from the requi-
rement of spatial closeness of the universe necessary for the possibility of its
spontaneous quantum creation from the vacuum of some mother universe. This
is a very important requirement since it is only a closed universe that does not
require external energy for its creation.

We note that the current analysis based on the cosmological observations
does not exclude the closed topology of the universe. It is clear from (1.15)
that, for a > ay, the closed model approximately imitates the flat one, and
these models may not be distinguishable observationally. A crucial theoretical
argument in favor of a closed universe is the possibility of its spontaneous
quantum creation.

1.1.4. Conclusion

From the macroscopic viewpoint, the physical vacuum as a
continuous medium can be ascribed a stress-energy tensor of the form [9]

Ty = (e + plupty — pYpw, (1.19)
where g,,, is the metric tensor locally coinciding with the Minkowski tensor

N = diag (1, -1, -1, -1). (1.20)
The vacuum is, by definition, a Lorentz-invariant state of quantum fields. The
last term in (1.19) possesses this property, which is not true for its first term

containing the four-velocity vector u,. Hence, it follows that the vacuum as a
macroscopic medium should be characterized by negative pressure:

p=—¢ Ty =¢cgu. (1.21)

It is this property that allows one to identify dark energy with the vacuum
energy since the Friedmann equation for d and equation (1.21) imply the “anti-
gravity” property of the cosmological vacuum [3].
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Taking into account the discussion of the previous sections, one can propose
the following working model of the gravitating physical vacuum. On the Planc-
kian spatial scales, the self-gravity of quantum fluctuations of the Planck si-
zes turns them into spatially closed massless “Planck cells” interacting with
neighbors through quadrupole forces of the type of van-der-Waals forces. From
the physical reasoning one can expect that this sufficiently rigid subsystem
of vacuum forms a regular quantum-crystal lattice. This lattice is sort of fil-
led with the mobile part of the gravitationally bound quantum fluctuations
forming the “gravitational vacuum condensate” with positive energy as well
as other vacuum condensates formed by bosonization of the fermionic degrees
of freedom via strong gauge interactions. Vacuum condensates as coherent
quantum-field subsystems similar to quantum fluids should be superfluous.
In our future works, by laying this assumption as a basis for the “vacuum
condensate” model of dark matter, we will try to show that this model leads
to a sufficiently plausible estimate of the dark-matter density and spatial di-
mensions occupied by dark matter in the universe.

1.2. On the vacuum-condensate
nature of dark matter

1.2.1. Introduction

In the previous section, “On the gravitational mechanism of
reducing the vacuum energy and the vacuum nature of dark energy”, it is shown
that the self-gravity and the mutual gravity of quantum vacuum fluctuations
radically reduce the energy density of the physical vacuum, as compared with
the predictions of the local quantum field theory. In this case, the space of
vacuum becomes discrete and crystal-like at the Planck distances. The formati-
on of vacuum condensates connected with the continuous symmetry breaking
introduces an additional reduction of the vacuum density and makes it a sui-
table candidate for the role of “dark energy,” which manifests itself in the
acceleration of the cosmological expansion of space. The condition of the spati-
al closure of the universe allows us to give an upper bound for the vacuum
energy density. The second part, devoted to a vacuum model of dark matter,
is formulated below.

1.2.2. A vacuum model of dark matter

Our basic ideas are the following:
1. The intriguingly similar values of the mass density of “dark matter”
(DM) and “dark energy” (DE) [1],

pom _ 0,24-p. 1
ppe  0,72-p. 3’
suggest the idea of their common nature in seemingly different manifestations.
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2. We assume that a common carrier of both ppg and ppy is the vacuum
condensate (VC), which implements the lowest (“ground”) energy state of the
quantized fields.

3. This VC, being a quantum coherent state, is the analog of a superfluid
quantum substance, and can flow onto gravitating bodies (Galaxies), into black
holes and into hot areas (like the star centers) because of the “thermomechani-
cal effect” inherent to superfluid substances.

4. We assume the steady inflow regime, i.e., 9/0t... =

1.2.3. The mathematical realization

1. We assume that a massive galactic halo is formed by a
stationary radial flow of VC, and preliminary we will take into account only
its self-gravitation.

Under the outflow of VC from the boundary regions r ~ Ry, the density
pve should be renewed there by quantum-field mechanisms that ensure the
status of VC as the ground state of quantized fields [7]!

2. The stationarity of the flow implies:

4mr?p(r)V () = My = const, (1.23)
d d . ,ondVir)  GM(r)
a‘/(t,r) dtv( r)=7rV'(r)=V(r)V'(r) = R R (1.24)

r

M(r) = /47Tp(7’)’l”2d’l” :/ ]\‘f(()f; (1.25)

T0 0

3. We will make the following ansatz:

V(r) ~ Voy/In —. (1.26)

Then, Re

By virtue of the mean value theorem, we have,

L My 7
M(r):Mo/ dr 0 =170

V(r) \/ln Re/r Vo \/In (Re/7)’

To
so that
Myr(1— M,
My~ Mororo/r) Mo v (1.27)
Vo /In(Re/7) Vo +/In(Re/T)
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4. Now equation (1.24) takes the form

d., R 2G M
‘/{)2—111—6%——0 r>>T > g,

drr rVoy/In (Re/F)’

and becomes the identity when .

N —. 1.28
07 /In(Re/7) (1.28)
5. () = My V@ VoyIn(Re/r) Vi
$PAT)= 4V (r)r2  8wGr? V(r)  8rC? [ggfﬂ '
6. Since V(R) = Vp, we have
Vi Re R?
= In — = p(R)———. 1.2
p(R) sar\m p(r) P(R)TQ e (1.29)
9 9 dr 9 r
7. M(r):47r/,o(r)r dr = 47R ,o(R)/ - ~4nR*p(R) — (1.30)
70 ro \/ the 11176
3
8. Mhalo = M(R) = M, R = Rhalo- (131)
In fe

9. Now we consider the Metagalaxy (i.e., the closed Universe) with volume
Wieta = 27T2R1?\)/Ieta‘ Let Nyeta be the number of “average” galaxies with the
average halo radius Rpajo-

Assuming that
8 Wieta = 27T2R§/[eta,

1/3
RMeta < Rhalo ' NMeta’

p (Rhalo) = pvc = PDE,

we have 913
VMeta <27 RhaloNMeta
and
M]%/I]gta - PDEVMeta < 27"-2/ODE]ﬂ?vi);aloj\fMeta (132)
A7 R} 1o ppE(R) Net
10. MMt — Mo Naveta = halo S 1.33
halo halo<YMeta n (Rhaloe/f) ( )
11. We calculate the ratio:
My Mpy S 4 R NMetaphalo(R) 1 _
MYE® = Mpg —  27m2RENMetapDE | [1 Re
T
2 1 2
_ Phalo _ _ (1.34)

T ln%pDE m/ln%
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12. The results of observations give the estimate

MMeta 024 1 2
}11\212 =~ >, (1.35)
Myg® 072 3 1 Be
=
whence Re Re
In— >2, In— >4,
T T
which is quite an acceptable requirement since
T
Tep Tep R
F<ReP=R-107928 = R1071 & S5,
7 < 0.05 - Rpalo- (1.36)
Taki _
RS Rialo ~ 2.5 Mpc ~ 2.5 - 10° kpe,
btai
e obtan 7 < 2.5-50 kpc = 75 kpe. (1.37)
1
For the Galaxy, we have Ry, < §L Andromeda ~ 300 kpc, whence
TGalaxy < 0.05 - 300 kpc < 15 kpe. (1.38)

This is quite a reasonable value!

1.2.4. Conclusion

Thus, the performed calculations and final estimates based
on the assumption that the vacuum condensate, with superfluidity property,
is a common carrier of both ppg and ppym lead to the resulting value of the
mass ratio (and, therefore, the corresponding densities) of dark matter and
dark energy (1.35) which is close to the observed value of 1/3. We note that
the approximations (1.26) and (1.30) made in our calculations are quite “mild,”
and affect our results very little.
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CHAPTER

DARK MATTER:
OBSERVATIONAL MANIFESTATION
IN GALAXY CLUSTERS

1.B. Vavilova, lu.V. Babyk

2.1. Notes on the history
of discovery of the dark matter

The structure of the Universe on the extragalactic scales is
determined by the distribution of different types of matter.
In terms of dark matter (DM) research, the heterogenei-
ty of mass distribution, which is dominated by the DM
contribution (since dark energy (DE) is distributed uni-
formly), is a key factor. To investigate this heterogenei-
ty, the gravitational effects should be considered: kinematic
characteristics of luminous matter, while its movement gives
information on the gravitating mass; analysis of the “mass-
to-luminosity” relation of galaxy or system of galaxies, which
provides quantitative and qualitative information on the di-
stribution of matter in the halo; gravity-relativistic effects in
the propagation of light (gravitational lensing) and others.
However, the first notes on the dark matter problem were
related to our Galaxy and published 100 years ago.

2.1.1. Discovery of dark matter
in galaxies, galaxy clusters and groups

Our Galaxy. The existence of matter which interacts gravi-
tationally but is not seen via electromagnetic radiation has
been considered since 1915 when Opik [212] has tried to
estimate the dynamical density of matter in the vicinity of
Sun. The term “dark matter” was coined by Kapteyn in 1922
in his studies of the motions of stars in our Galaxy [148|.
He found that no dark matter is needed in the galactic
Solar neighborhood and confirmed the results by Opik that
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a dynamical density of stars is sufficient to explain their vertical motions near
the plane of the Galaxy. But Jeans in 1922 [140| found that a dark matter
probably exists in the vicinity of Sun. Later, in 1932, such a conclusion was
supported by Oort [213] who suggested that there would be twice as much dark
matter as visible matter in the Solar neighborhood. This was the first claim
for evidence of dark matter. However, as we know, the following observations
have shown that this claim about dark matter in the vicinity of Sun was to
be wrong. Only through thirty years, as Einasto has pointed [101], in early
1950s Kuzmin et al. [161,162] studied again this problem and obtained that
the amount of dark matter in galactic plane is small. While, later, Hill [129],
Oort [214], and Bahcall [2] have resulted that up to a half of matter in the
vicinity of Sun may be unvisible.

It is obvious that establishing a presence, amount, and distribution of dark
matter in the Milky Way is proved to be paved with more difficulties than in
the case of external systems. Due to the problems of determining accurate
distances to objects, whose velocities are known, and correcting for the motion
of the Sun itself around the center of the Milky Way, large uncertainties are
however introduced. For tracer objects not located in the Milky Way disc,
e.g. globular clusters, the assumed shape of their orbits (circular, elliptical or
radial) can also have a pronounced impact on the final result.

These difficulties aside, a consensus has been reached that our Galaxy does
contain sizable amounts of dark matter, with a total mass of ~10'2 My. The
DM distribution is however still a matter of debate, but it is widely accepted
that its larger amount is concentrated in the halo as well as a partial “responsi-
bility” for their amount is on the population of very cold stars, brown dwarfs,
Jupiter-like objects etc. (see, for example, the Chapter “Ultracool dwarfs in our
Galaxy” by Ya. Pavlenko in the volume 2 of this monograph).

In 2014 Jean Kovalevsky has written in the letter to Eric Hog in the com-
ments on the future results by the GAIA space mission. “I think that astrometry
could have some specific inputs into this challenging mystery |dark matter|. I
especially think about building a detailed map of the gravitational field within
the Galaxy. It is well known that the rotation of the Galaxy is reasonably
well represented within about 7 kiloparsecs from its center, but further on, the
velocities do not diminish as they should if there were only baryonic masses.
I do not see how this can be done, but I guess that very accurate proper
motions and parallaxes of stars in the outer galactic plane could be analyzed
to give some hints about the repartition of dark matter, rather than presently
modeled sphere. Another improvement by very detailed imaging would be the
analysis of the gravitational lensing in many galactic clusters and henceforth
the repartition and mass of dark matter. Other questions might also be tackled,
like the presence or not of dark matter in globular clusters by studying the
motions of outer members of the cluster” [133].
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Galazies. In 1970s several observations related to the rotational curves
and kinematics of stars in the large disc galaxies indicated that dark matter is
a common feature among galaxies 76,105,216, 236|. Ostriker & Peebles [215]
showed that galactic discs by themselves would be unstable and suggested
that they may be surrounded by spherical halos with huge masses. Hence, the
important concept of dark halos, today believed to be common to all galaxies,
was introduced (see, for example, [296]).

At around the same time, the first robust evidence in favor of dark matter
in elliptical galaxies came from observations of their X-ray luminous gas. Many
of the early attempts have been concentrated on the giant elliptical galaxy M&87
at the centre of the Virgo cluster. Since the dark halo of M87 is embedded
in the dark matter of the surrounding cluster, there are doubts about which
system the detected dark matter should be attributed to. By the mid-1980s,
a concordant picture had nonetheless emerged, in which the elliptical galaxies
appeared to be surrounded by substantial amounts of invisible matter.

The first strong indications of dark matter in dwarf galaxies came in the
early 1980s. Faber & Lin [111] studied dwarf spheroidals and found them to
contain large amounts of dark matter. Subsequent studies (see, for example,
review in [255]) have in fact shown that dwarf galaxies have higher mass-to-
light ratios than normal galaxies. Smaller stellar populations, like globular
clusters, do not appear to suffer from any significant missing matter problem.
The DM manifestation in galaxy groups will be discussed in the Chapter 4 of
this monograph.

Galazxy clusters.The first evidence about the existence of dark matter
in clusters was made by Fritz Zwicky in 1933 [295]. Using measured redshifts
of members (galaxies) in Coma, Zwicky found that the velocities of individual
members of cluster are much larger than those expected from the estimated
total mass of the cluster, calculated from masses of individual members. He has
concluded that the cluster might contain a huge amount of some invisible mat-
ter (missing or dark matter), because it was only one way to keep the galaxy
cluster from rapid expansion. He also assumed that the amount of invisible
mass in Coma cluster exceeds the total mass of cluster galaxies at least in factor
ten or more. In 1936 Smith was first who noticed in his study of the Virgo clus-
ter [257] that the mass implied by cluster galaxy motions was largely exceeding
that associated with the optical light component. Such result was confirmed
by Zwicky in 1937, as a result, it was first evidence of the presence of invisible
(dark) matter in other galaxy clusters. It would however take quite some time
until 1970s, when the Zwicky’s discovery became a well-recognized concept.

The rich galaxy clusters provide some of the best available sites for stu-
dying the nature and distribution of dark matter. Zwicky was the first who
found that member galaxies in clusters are traveling too fast to be gravi-
tationally bound unless the total mass in the cluster greatly exceeds that
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expected from optical luminosities of member galaxies. Through sub sequent
measurements the velocity dispersions of rich cluster were found typically to be
700 km s~!, implying mass-to-light ratios of Migta1/Ltotal ~ 150—400M /L
[281]. Here Miota1 and Lyt are the total dynamical mass and the total optical
luminosity, respectively. In contrast, individual galaxies typically have mass-
to-light ratios of 10Mg /L in their optical luminous central region.

Clusters have the advantage of containing many more galaxies than typi-
cal groups. In some nearby clusters, several hundred galaxy velocities have
been measured, thereby eliminating the statistical uncertainties that plague
measurements of galaxy groups. The number of galaxies is so large that we
can use the solutions of the collisionless Boltzmann equation to model the
cluster. Such a procedure for the Coma cluster suggests mass-to-light ratio
of ~400hMg/Ls and Perseus cluster gives a value of 600hMg /L. Clearly,
these clusters contain a large amount of dark matter. Many clusters of galaxies
contain hot gas that emits X-rays. Since the gas is in hydrostatic equilibrium,
it can be used to trace the gravitational potential and mass distribution in
clusters using Eq. (2.12). The principal obstacle in applying this method is
the absence of spatially resolved spectral information, so that the temperature
gradient term dIn7T'/dInr in Eq. (2.12) must be estimated by indirect methods.

Apart from these methods, a gravitational lensing — i.e. the effects asso-
ciated with the gravitational deflection of light — has also played an important
role in the study of dark matter. The notion that gravity can bend rays of light
was proposed yet by Newton, although the magnitude of this effect cannot be
correctly predicted by Newtonian gravity. Instead, the theory of general relati-
vity is required. In 1919, Eddington measured the deflection of the light from
a star as its ray of light crossed the edge of the Sun during a total solar eclip-
se, confirming Einstein’s predictions. Zwicky (1937) was a first who suggested
that gravitational lens effects could also be used to measure the total masses of
extragalactic objects. It would however take quite some time until this techni-
que became observationally feasible. The first extragalactic gravitational lens
system, the quasar 0957 + 561 was discovered in 1979 [285]. In this case, a
background quasar is spliting into two optical images by a foreground galaxy.
Since then, more than a hundred candidate multiply-imaged quasars have been
detected. In 1986, Lynds & Petrosian [172] announced the discovery of arc-
like features in galaxy clusters. These arcs were later identified as images of
galaxies located far behind the foreground cluster and having been distorted
by its gravitational field. Such gravitational arcs provide an independent, non-
dynamical estimate of the total mass of the lens cluster, and have subsequently
confirmed the need for dark matter to explain the gravitational potential of
these objects. A rich spectrum of other gravitational lens effects have also been
discovered, many of which allows us to impose important constraints on the
dark matter in the Universe (see, for example, the Chapters on the gravitatio-
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nal lensing, which are presented by V. Shulga et al. and V. Zhdanov et al. in the
volume 2 of this monograph). Among those, who first has paid an attention to
the importance of studying the gravitational lens were the Ukrainian scientists
Bliokh and Minakov.

Clusters have been formed via the collapse of cosmic matter over a region
of several megaparsecs. Cosmic baryons, which represent approximately 15 %
of the mass content of the Universe (see, Chapter 1 of this volume), follow the
dynamically dominant dark matter during the collapse. As a result of adiabatic
compression and shocks generated by supersonic motions during shell crossing
and virialization, a thin hot gas permeating the cluster gravitational potential
well is formed. For a typical cluster mass of 10141050, this gas reaches
temperatures of several 10” K, becomes fully ionized, and therefore emits via
thermal bremsstrahlung in the X-ray band.

So, galaxy clusters have been regarded as the largest virialized systems in
the Universe with dimensions of 1—5 Mpc across. Since the time scale for the
cluster evolution is compatible with the age of the Universe, ~10 Gyr, their
properties should reflect the initial condition and the evolutional history over
the cosmological time scale.

2.1.2. Dark matter models

Cold dark matter and Hot dark matter. Once it was
recognized that most of the matter in the Universe was dark, this component
was expected to dictate the conditions for the formation of large structures like
galaxies and galaxy clusters. The fact that relativistic dark matter particles
(i.e. moving close to the speed of light in the early Universe) — today referred
to as hot dark matter (HDM) — like standard, low-mass neutrinos, would have
severe trouble in explaining the observed structures soon became evident. The
advantages of cold dark matter (CDM), i.e. dark matter consisting of particles
with non-relativistic velocities early on, was made clear by Primack [226], Peeb-
les [220] and Blumenthal et al. [39]. At present, CDM holds the position as the
leading dark-matter model, although a number of recent problems (see below)
may call for a revision of this scenario.

As the Universe has expanded, it passed from a state of radiation- to mat-
ter-domination at ~4.7 x 10* yr after the Big Bang (in the Q,, ~ 0.3, Qy ~ 0.7
scenario). If the Universe was purely baryonic, the overdense regions would not
be able to collapse until after recombination. Such a scenario is inconsistent
with the density fluctuations evident from the cosmic microwave background
(CMB) and would lead to slower structure formation. Non-baryonic (dark)
matter can on the other hand collapse before this epoch. In this case, the
details of structure formation depend on the properties of the dark matter
particles. In the case of particles moving with the relativistic velocities (i.e.
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moving with velocities v ~ ¢; HDM) at the epoch of matter-radiation equality,
free-streaming out of overdense regions would prevent early formation of low-
mass structures. Structure formation would in this case progress according to a
top-down scheme, in which overdensities of galaxy-cluster scale would collapse
first, whereas smaller substructures, such as individual galaxies, would form
through fragmentation at much later epochs.

Last results, which allow to observe galaxies already at high redshift, show
that this scenario has now been dropped in favor of a bottom-up scheme, in
which low-mass objects form first, and larger structures form through sub-
sequent mergers and collapse. This can be achieved by non-baryonic matter
which is non-relativistic (i.e. moving with v < ¢) at the epoch of radiation-
matter equality. This component, known as cold dark matter (CDM), is still
the leading contender for the non-baryonic dark matter of the Universe, and
has been remarkably successful in explaining the observed large scale structures
of the Universe. For a particle species in thermal equilibrium in the early Uni-
verse, the particle mass must be >1 keV in order for it to qualify as CDM.
At masses of 1 keV, it would instead behave as HDM. Current cosmologi-
cal observations constrain the non-baryonic matter component of the Uni-
verse to have an equation of state with —1.5 x 1076 < w < 1.13 x 107 [196],
i.e. in excellent agreement with the CDM hypothesis (w = 0). The currently
favored cosmology (with Q,, ~ 0.3, Qz ~ 0.7), in which most of the matter
is assumed to be CDM, is therefore often referred to as the ACDM model.
In addition, the CDM model for structure formation assumes the primordi-
al density fluctuations to be adiabatic and to follow a scale-invariant power
spectrum (see, also, Chapter 1 by B. Novosyadlyj in the volume 1 of this
monograph).

Despite a remarkable success in explaining the large scale structure of the
Universe, the ACDM model is currently facing a number of potentially serious
problems on the scales of individual dark halos. It must however be emphasized
that many of these problems may in the end turn out to be related to how CDM
halos and CDM-baryon interactions are simulated, rather than problems with
the ACDM itself.

To resolve the various problems faced by CDM, a number of remedies
have been suggested, varying from quite modest to very radical modifications
of the assumptions going into the CDM model. A number of them are briefly
reviewed below.

Warm dark matter. A dark matter species with intermediate veloci-
ties between those of HDM and CDM, so-called warm dark matter, would
prevent gravitational clustering on small scales and inhibit the formation of
such structures. This could potentially lower the densities in the centres of
dark halos and reduce the number of subhalos, thereby removing two of the
most serious problems faced by CDM. For particles which have been in thermal
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equilibrium in the early Universe, the mass should be around ~1 keV in order
for them to act as warm dark matter (WDM).

Mixzed dark matter. Mixed dark matter (MDM), i.e. a mixture of cold
and hot dark matter, became fashionable for a few years in the mid-1990. The
main virtue of this scenario was that it could reconcile the CMB observations of
the time with (apparently spurious) reports of neutrino masses in the 20—30 eV
range [226]. Interest in mixed dark matter declined, however, once the ACDM
model entered the stage and provided a superior explanation for supernova
type Ia data, the CMB anisotropy and the observed large scale structure of
the Universe at both high and low redshift. While neutrinos are no longer be-
lieved to contribute substantially to the energy density of the Universe, they do
appear to have non-zero masses in the right range to make them act as HDM.
A small contribution from HDM (with Qgpym ~ 0.01) is still viable within
the ACDM model, and could help to lower the central densities of dark halos
somewhat [294].

Self-interacting dark matter. Introducing non-gravitational interacti-
ons among the dark matter particles gives rise to a complex phenomenology,
the details of which have not yet been fully worked out. Elastic collisions among
the dark matter particles could however both reduce the central halo densiti-
es and inhibit the formation of halo substructure, depending on the scattering
cross-section [5,260]. Although a number of observational constraints have been
imposed on the strength of the dark matter self-interaction, seemingly closing
most of interesting parameter space, these constraints may not be as strong as
originally claimed (see [5], for a review).

Self-annihilating or decaying dark matter. Dark matter particles,
which self-annihilate upon collision, would decrease the densities in regions
where collisions are most likely to occur, i.e. in the central regions of dark ha-
los [147]. Alternatively, a component of dark matter, which decay into radiation
or relativistic particles during early stages of structure formation, could also
inhibit the formation of dense halo centers [65]. Although halo substructure
will still form in such scenarios, star formation in subhalos may be quenched
due to expansion of subhalos following the evaporation of dark matter. If some
component of the dark matter is decaying into hydrogen-ionizing radiation at
the current time, this could also help explain the scale-height of ionized gas in
the Milky Way disc, which has long proved difficult to reconcile with known
ionization sources in our Galaxy [253].

Fuzzy dark matter. Dark matter particles with low masses but extremely
large effective sizes (e.g. of the same order as the constant density cores
found in the center of many galaxies) cannot be concentrated on small scales,
which would inhibit the formation of central density cusps and halo substruc-
ture [138].
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2.2. Galaxy clusters:
matter evolution and distribution

In this section we briefly describe the current scenario of the
structure formation and its effects on the cluster evolution in order to provide a
common picture as well as a background knowledge. We also mention previous
results on the clusters by summarizing the observed properties of the hot gas.
We notice that a cluster consists in average of 100—1000 member galaxies,
ranging from the cD galaxy, which belongs to the most luminous galaxy class
in the Universe, to dwarf galaxies.

2.2.1. General remarks
on the evolution of galaxy clusters

Formation of galaxy clusters. It is significant to note that
since the main properties of dark matter particles effect on the formation of
the Universe, i.e. structure, so it can be concluded that dark matter is primary
matter in the Universe. As a result, the studying of the dark matter problem
is tightly related to the large scale structure of the Universe.

At present, the hierarchical clustering scenario is widely supported, as well
as it is in agreement with the ACDM model. The fact that the galaxies have
been observed at redshifts of ~5, whereas the most distant observed clusters
are at z ~ 2, is in favour that small systems have been formed first. According
to the scenario of the evolution, large-scale structures of the Universe have
formed from infinitesimally small density perturbations at the early epochs
through the gravitational interaction. A number of N-body simulations for
the structure formation support such a producing the large-scale structures
as galaxy clusters and groups. This result is recognized as a strong support
to the hierarchical clustering scenario. Since an early work by White [287] on
the 700-body simulations, the recent calculations, which include N-body/gas-
dynamical simulations, indicate that the clusters are formed through subcluster
merger and/or capture of groups of galaxies [139, 140, 150, 203]).

Collapse condition. Let us briefly review the collapse scenario according
to the spherical collapse model. First of all, consider a mass shell with a radius
r; at epoch t = t;, which is moving with the general expansion until ¢ = ¢; [225].
The kinetic energy per unit mass of the shell relative to the center is,

Ki = %(HZ'TZ‘)Z, (2.1)

where H; is the Hubble constant at ¢ = ¢;. Suppose that the average density
inside the shell, p;, is higher than the homogeneous background, p;, by a
factor 1 + 4, i.e.

3

OH>(1+6 2.2
G F(1+0), (2.2)

pi = pvi(l+0) =
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where €2; is the density parameter at ¢ = ¢;. Then the potential energy per unit
mass of the shell is,

AnGpir}
Wi = ———PT 0K (1 +6). (2.3)
3Ti
Thus, the total energy is
W; 1
E=K; = 0 — . 24
it Wi 1+5[ <Qi—1>} (24)
Therefore, if ; < 1, when
1
o> — 2.
> a1 (2.5)
in other words, when
Pi = (1 + 6>Qipcrit,i > Pcrit,is (26)

total energy is negative and the shell will eventually collapse. Here, we use the
critical density perit,» at the redshift z as,

3H?
rit,z — z, 2.7
pC t, 87TG < )
where
8’/TGp0 A
H, = HyE(z), E*(z) = Qo(1 34Qn, Qo= —22; =——. (28
0 (Z)7 (Z) 0( —|—Z) + 324, 0 3H§ ’ A 3Hg ( )

Here py is the non-relativistic matter density, R is the radius of curvature, Hy
is the current Hubble constant, and A is the cosmological constant.

If the density parameter, €2;, is close to unity, density perturbations with a
small amplitude can collapse. Thus, galaxy clusters were effectively formed in
such epochs. For a large initial over-dense spheres behave during the expansion
is stopped at an early stage and the system collapses into a virialized system.

From cold collapse to hierarchical clustering. N-body simulations
of the gravitational collapse of a collisionless system of particles pre-date the
CDM model. Early simulations, in the 1960’s, focused on the formation of
elliptical galaxies from the collapse of a cold top-hat perturbation of stars.
The resulting virialisation process gave rise to equilibrium structures with de
Vaucouleurs or Einasto (Eq. (2.54)) type density profiles, similar to observa-
tions of elliptical galaxies. It is remarkable that the end state of almost any
gravitational collapse, independently on the small scale structure and hierar-
chical merging pattern, leads to a similar global structure of the final equilibri-
um system.

Computer simulations in the 1970’s attempted to follow the expansion and
a collapse of a spherical overdensity to relate to the observed properties of vi-
rialised structures such as galaxy clusters. A random distribution of particles
with a Poisson power spectrum led to the initial formation of many bound
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clumps, however it was observed that these bound structures were destroyed
as the final system formed — resulting in a smooth distribution of matter.
This overmerging problem persisted for over two decades and motivated the
development of semi-analytical models for galaxy formation.

During the 1980’s, it was proposed that cosmic structure formation follows
a dominant, non-baryonic CDM component. Cold dark matter could consist
of new and yet undiscovered weakly-interacting massive particles (WIMPs),
which occur for example in super-symmetric extensions of the Standard Model
of particle physics. “Cold” means that these particles have rather small thermal
velocities, which allows the formation of very small structures, typically down
to far below one solar mass (see, Section 2.1.2). CDM together with the dark
energy (usually denoted “A”) are the dominant components of the ACDM
model, in which all the ordinary matter accounts for only 4.6 percent of the
total. ACDM has by now become the “Standard Cosmological Model” and its
parameters (and therefore the initial conditions for structure formation) are
now known to a reasonable precision. Computer simulations allow to follow the
non-linear evolution of perturbations, starting from realistic and well constrai-
ned cosmological initial conditions. The final quasi-equilibrium structures are
the dark matter halos that are observed to surround galaxies and galaxy
clusters. Large cubes of the universe were simulated in an attempt to match the
large scale clustering of galaxies. Some of the most basic properties of collapsed
structures were discovered — the distribution of halo shapes, spin parameters
etc. It was not until the simulations by Dubinski & Carlberg [96] that indivi-
dual objects were simulated at sufficiently high resolution to resolve their inner
structure on scales that could be compared with observations. Using a million
particle simulation of a cluster mass halo run on a single work-station for an
entire year, these authors found central cusps and density profiles with a conti-
nuously varying slope as a function of radius. They fit the Hernquist profiles to
their initial simulations but an Navarro—Frenk—White (NFW) profile provides
an equally good fit (see, Section 2.2.3).

Navarro, Frenk, and White published results of simulations of halo density
profiles from scales of galaxies to galaxy clusters. They demonstrated that
all halos could be reasonably well fit by a simple function (see Eq. (2.22))
with a concentration parameter that was related to the halo mass. However,
with less than 10 particles only the mass profile beyond about 5—10% of
the virial radius was resolved reliably. Shortly afterwards, simulations with
106 particles showed cusps steeper than r~! down to their innermost resolved
point near one percent of the virial radius. These simulations also resolved the
overmerging problem — the resolution was sufficient to resolve cusps in the
progenitor halos enabling the structures to survive the merging hierarchy. The
final surviving substructure population is a relic of the entire merger history
of a given CDM halo.
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2.2.2. Hydrostatic equilibrium
and gravitational mass distribution

Since the collision time scale for ions and electrons in the
intracluster media (ICM) are much shorter than the time scales of the heating
or cooling, we can treat the gas as a fluid [250|. In general, the time required
for a sound wave in the intracluster gas to cross a cluster (sound crossing time)
is shorter than the probable age of a cluster. Therefore we can assume that
the ICM is under the hydrostatic equilibrium, so that the pressure gradient is
balanced with the gravitational force as,

vpgas = —HUMpNgas V ¢ (29)

Here Pyus and ngas are the ICM pressure and number density, ¢ is the gravi-
tational potential, and p ~ 0.6 is the mean molecular weight relative to the
proton mass my,. Since the ICM density is quite low, the ICM pressure can be
expressed as

Pyas = ngashT = 225 T, (2.10)

Hmp

where k is the Boltzmann constant, and pgas is the ICM density. When we
assume a spherical symmetry, the equation (2.9) becomes

dP. as GMtot(<7°)
Ti = THMpNgas—— 5 (2.11)

where G is the gravitational constant, and M. (<r) is the gravitational (total)
mass (i.e. the dark matter + galaxies + hot gas) within the radius r. Thus, we
obtain the total mass of a galaxy cluster as

r2k d ETr [dlnng, dinT
Mtot(<7a) = — ( £as

ar MeasT) = dlnr +dlnr>’ (2.12)

pmpGngas dr
that is to say, once we measure the ICM density distribution ng,s(r) and the
temperature distribution 7'(r), we can estimate the total mass distribution.
If the heat conduction were sufficiently rapid compared to the other impor-
tant time scales, the gas would become isothermal. Substituting the equation
2.10 into the equation 2.9 and assuming the ICM temperature T is constant,
we obtain

~ pumyG

dlnpgas wmp dgb(?")
=— . 2.13
dr KT dr ( )
Similarly, assuming that the galaxies are in hydrostatic equilibrium, the

hydrostatic equation of the galaxies is written as,

dinpgas 1 do(r)
dr o2 dr

(2.14)
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From equations (2.13) and (2.14), we obtain

Pgas X pgap (2.15)
where 9
e

b= k; (2.16)

King has derived [152] an analytic approximation to the isothermal sphere
of self-gravitational isothermal collision-less particles. The density profiles of
galaxies have been found to be well approximated with the King profile,

1+ <:)2] _32[3. (2.17)

Then the isothermal gas distribution may be represented as

pgal(r) ~ pKing(T) = pKing(O)

1+ (;;)2] gﬁ. (2.18)

The surface brightness profile of an isothermal spherical plasma with a
radial density profile given by equation (2.18) is calculated by integrating the
local emission per unit volume given by Ly = EM xS x A(T, Z) and the EM
given by EM = [n2dl along the line of sight ({). The X-ray surface brightness
S(r) at projected radius r can will be obtain as

Pgas(T) = Pgas(0)

1+ le Smé_ (2.19)

Once we have obtained the 8 profile parameters to characterize the surface
brightness distribution, we can estimate the three-dimensional density profile
of the gas. Here, the total X-ray luminosity Lx(<R) within the radius R is

written as,
38—-2
_( r2 ) ]F(36—3/2)’ (2.20)

3/2,,2,.3
<(<R) /S _ o ngreA A
38 —1 r2 + R? r'Es—1)

S(r) =5(0)

where the ng is the ICM number density at » = 0. In order to estimate the
3-dimensional density profile based on the equation (2.19), we can calculate
the ng using equation (2.20). When we obtained the 3-dimensional S-model
density profile, we derive the total mass of the cluster inside a radius s from
the assumption of hydrostatic equilibrium Eq. (2.12),

3kTBr  (r/re)?
pmpG 1+ (r/rc)?

M(r) = x pTr. (2.21)

37



CHAPTER 2. Dark matter: observational manifestation in galazy clusters

It has been known that the observed X-ray surface brightness of galaxy
clusters are well fitted by equation (2.19) with § ~ 0.7 on average [60, 61, 64].
However recent observational studies of the clusters with Chandra and XMM-
Newton observation, which have unprecedented imaging capability and large
effective area, reveal that a lot of clusters could not represent by the simple
B-profile (see, Section 2.3).

2.2.3. Dark matter density distribution

Navarro—Frank—White model. As discussed in the pre-
vious subsection, the gas density profiles of X-ray clusters of galaxies are known
to be approximated by equation (2.18). Theoretically, this is consistent with
the observed indication that luminous member galaxies obey the King profile
and the assumption of the hydrostatic equilibrium of cluster gas. The galaxies
in clusters, however, constitute a very small fraction of the gravitational mass of
the entire cluster because of the presence of dark matter. Recent high-resolution
N-body hydrodynamical simulations have strongly suggested that dark halos
of cluster scales are described by a family of fairly universal density profiles.
Navarro, Frenk & White [201—-203] found from their numerical simulations
of structure formation that the virialized dark matter halos with masses over
several orders of magnitude follow a universal density profile,

poui(r) = o,
(T/TS)(l + 7“/7"5)

(2.22)

where ps and rg are characteristic density and length, respectively. ps is related
to the critical density of the Universe pcrit and characteristic density d. through
Ps = Ocperit- Instead of the flat core of the King profile, the NFW profile has a
core with oc 7~! dependence.

Suto, Sasaki & Makino [265] generalize the NFW profile in equation (2.22)
and consider a set of density profiles describing the dark matter halo

Ps

prTEERIRY (2.23)

pom(T) =

where x = r/rg is the dimensionless radius in units of the characteristic scale
rs. Then the total mass of the dark matter halo within the radius r is given by

M(r) = dmpsrim(r/rs), (2.24)

with

z 2
m(zx) = /(du (2.25)
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Using equation (2.22) we proceed by computing the mass by integrating over
the volume:

R
2
M = 47r/r(p0r2dr = 4713 po [ln(l + R> __R } (2.26)
)

L+r/ro) ) R+ rg

The mean radius (R) can then be defined with

R
3
_ Por 4 R R R
M =Adr|—————dr =4 — —2In(1 + — 2.27
(R) 7T/T’;)(l +1/ro)? " Tropo [ro n( + r0>+ R—i—rg]’ ( )
0

which after considering Eq. (2.101) can be written as follows:
R R R
[a - 21n<1 + E) + R+ro}
1+ 7) - 5]
We can then get the shape parameter 7y by numerically inverting (R) and

use it to define the NFW density parameter pg from the observed mass M
contained within the radius R by inverting Eq. (2.101):

M

(R) = ¢ (2.28)

po = (2.29)

—
4rrd [m(l +&) -y }
70

The kinetic energy density is defined in terms of the average velocity dispersion,
oy, to be

R

7"3 T
PK = 1/23/V/pagdv = 9/2R%’po/wagdr. (2.30)

Assuming a constant average velocity dispersion, it reads

pr = 1/2M V303 = 9/2ﬁp0 mi+ 8y £ | (2.31)
v R3 To R+TQ

The potential energy is given by
ir [ p(EM()
T p(r r) o
= — dr =
pw 47rR3/3/ nar
0
R\ 1 R R 1
s [0S+ E) -+ £) - 4]
= — 3 5 .
B gyl )]

(2.32)
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The existence of interaction between dark energy and dark matter is estimated
by comparing the ratio px/pw with the expected —1/2 value arising from the
virial theorem. Taking the ratio of last two equations we can find:

e 3ot [+ B+ ) - 2] o
T ) el ) v

Throughout our analysis, the errors of the ratios are computed according to
the following equation:

(%) =\ X (WA(M)Q, (2.31)

pPw Di€0;

where o; are the parameters carrying measurement errors and are defined for
each cluster as 0; = 0, M and as o; = o, g, po-

If one neglects the gas and galaxy contributions to the gravitational mass,
the gas density profile pgas in hydrostatic equilibrium with the above dark
matter potential satisfies the equation (2.11) and described as

dInpgss  pimy, GM(r)

dr kT 2 (2:35)
Equation (2.35) can be formally integrated to yield
r/rs
mPes) _ g / m(f)d:c, (2.36)
Pgas,0 ] z

4 2
where B — mGHmppsTs

Isothermal profile. Introduced first as the natural outcome of spherically
symmetric dark matter self-gravitating infall, the isothermal density profile is

simpler then the NF'W one:
Po

= 2 .

(%)
Here the fiducial radius ry and the density pg, or mass My = 4w/ 3p0r8, are
arbitrary as the profile is self-similar: there is no characteristic scale, so we can

chose the mass and total radius of the halo as the fiducial values, My = M,
ro = R. The mass is found by integrating Eq. (2.37) over the volume:

(2.37)

R

2
R
f ngdr = 472 Rpy = Mo, (2.38)
0 \ro
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The mean radius we can find with

(L
T0

which after considering Eq. (2.38) can be written as follows:

R
47r/ por® dT‘—27T’I“0p()R (2.39)
0

(R) = =. (2.40)

The new kinetic energy density is now defined to be

R R
_ 2d _ T(Q) 2d _ 9 MO 2d
px =1/23/V | pordV = 9/2ﬁp0 oLdr = 8 Borg T. (2.41)
0 0
Assuming a constant average velocity dispersion, it reads
1M 9 My
—302 = ——-—Ro>. 2.42
R A T (2.42)
The potential energy is given by
R
47 p(r)GM(r) , 3GME 3GM?
PV = T 4rR3)3 / v YT T4nR%Z T xR (2.43)
0

Taking the ratio of two last equations we find:

_ _ 2 1t 2.44
PW 2 GMO 2GM To: ( )

Moore’s profile. We consider the Moore density profile that also arises as
a suitable dark halo profile from N-body simulations [193-195]. It is believed
to be quite accurate to describe galaxy size halo formation:

o= <”p>%/2 [1 + (;;)3/2], (2.45)

where pg and rg are the new mass density and shape parameters, respectively.
The mass is found by integrating Eq. (2.45) over the volume:

’ 2 8 RY/?
M:47rp0/ RXE RXE dr 3 —7rdpoln (1 + (T()) . (2.46)
0 (%) [“ () }
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The mean radius can then be defined with

R
M(R) = 4xr pg/ m 3/2 (2.47)
1 T
0

'f'O

and considering Eq. (2.46), it can be written as:

R R R
1 1—/ =+ = 9 2,/ —1
<R>:g7"0 §+L+§1n VY % aretan | 0 /

ro - 3v3 (1+\/,,3;)2 V3 V3

/ In (1 + @)3/2). (2.48)

We can get the shape parameter g numerically by inverting (R), which can be
then used to define the Moore density parameter, pg, with the observed mass,
M, contained within the radius, R, by inverting Eq. (2.46):

3M

8mrd ln<1 + ( ) >
Thus, the kinetic energy density is defined to be
13 9 3 r 1/2
_ 2 v, _ 2P0 / r 2
=—-= o,dV = = oydr. 2.50
PE=av | P 2R ) s (2:50)

Assuming a constant average velocity dispersion, it reads

R\ 9 M
pr = 1/2M/V302 = 3p <R) ln<1+ < 0) >07_2) = B ol (2.51)

The potential energy is given by

R
i [ A0CM0) 5, _

PW = T4 R3)3 r
0
5
_ 8aGrgpg [ In(1+ X2 ax —  87Greg L (R (2.52)
R3 J X12(1+ X3/2) R3 ro) '
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Taking the ratio of four last equations we find:

1 2<1+ §3/2>
;’7’; = -2 : - (%) o2. (2.53)

0

Finasto’s profile. The Einasto density profile was originally used to

describe the internal density profiles of galaxies and has been proposed as
a better fit model for ACDM haloes [102]:

0 = poexp [—dn ((Dl/n . >] — poexp [—2n (;)Unl (2.54)

where pg = pee®™ is the central density and r_o the radius at which the slope
dlnp/dlnr = —2, the isothermal value. The radius 7 is defined such that it
contains half the total mass and d,, is an integration boundary to ensure that.
n gives the strength of the density fall. From Eq. (2.54) the corresponding mass

then reads:
R

1/n
M = 47r/p0 exp [—2n <r> ] r2dr. (2.55)
r_s
0

The mean radius then becomes defined with

M(R) = 4r /R o exp !—Qn <T>1/n] r3dr. (2.56)
0

r—2

We can get the shape parameter r_o from observing the mean intergalactic
distance and numerically solving together the last two equations.

We can then use it to compute the central density parameter pg by making
use of Eq. (2.55). The kinetic and potential energy densities are computed from
their definition

_ 1 2
PK =35 poLdV pw, (2.57)
4 / (r)GM(r)
7r p(r)GM(r) ,
_ 2.
P 47TR3/3/ r e, (2:58)

0

through numerical integration. Note that it is possible to perform the integrati-
ons analytically as done for the previous cases and find expressions relating the
profile parameters and the virial ratio to the data M, (R) and 0. However, si-
nce these expressions for the Einasto profile are not particularly illuminating
we will omit them in our studies (see, Chapter 2.6).
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Burkert’s profile. The Burkert density profile for dark matter halo given
as [55]
o= Ps
(LA (r/rs)) 1+ (r/rs)?]

where the central density ps is taken to be 0.05M, /pc?, and the scale radius 7
is computed from the mass of the DM halo Magg = 10! M. In the inner part of
the Burkert halo the profile has a core structure, while the slope approximates
to =3 in the infinity. The cumulative mass profile with such a distribution
diverges as r — oo. In fact, the Burkert profile is a phenomenological formula,
which provides a good fit to the observed data to less than the virial radius
rvir and not valid to arbitrarily large distance from the galactic center. Instead
of truncating the profile sharply at ryi;, we have chosen an exponential cut-off
for r > ryir, which sets in at ry;; and turn-off in a scale rgecay

(2.59)

o
Ps r T = Tvir
== __[—) exp |——| for (r > rvir), 2.60
p (1 + C)(l + 02) <Tvir> P I: Tdecay :| ( v ) ( )

where ¢ = 7y, /75 is the concentration parameter. In order to ensure a smooth
transition between last two equations ar ryi;, we require the logarithmic slope
there to be continuous. This leads to

37"\711‘ 202 C
o=

= — - . 2.61
Tdecay 1+ c? 1+ec ( )

We consider the simulations between a minimum radius rmni, and a maximum
radius rmax. The minimum radius is chosen such that it has sufficient particles
for us to analyze. The maximum radius is equal to the virial radius plus several
Tdecay- Here we adopt three 7qecay (Tdecay = 0.17vir). In addition, we add a
boundary at the maximum radius. If the halo is stable, it is in homeostasis,
that is, at any time the number of particles which move out off the boundary
is equal to that of particles which move in. In the case of Burkert halo, the
hallo will not be stable in the outer region, if not adding such a boundary.

King’s profile. King introduced [152] two dynamical models of self-
gravitating stellar systems. These were successfully applied to globular clusters
and later extended to elliptical galaxies. A King profile can be described in
terms of the following parameters: tidal radius ¢, central brightness ), and
core radius 7., at which the brightness is > /2. Generally the curves are
labeled in terms of a quantity ¢ = log(r/r.). For sufficiently small r, all King
curves have a zero gradient. The model with r = oo has a slope of —1 at large
r and corresponds to the isothermal sphere (see, Eq. (2.17) and Section 2.2.2).

King’s profiles are based on specific dynamical models, and provide good
fits to globular cluster surface brightness. However, recent studies have shown
that these are not really suitable for clusters and galaxies.
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Sersic’s profile. This profile describes how the intensity I of a galaxy
cluster varies with distance R from its center. The Sersic profile has the form

InI(R) = Inly — kRY™, (2.62)

where Iy is the intensity at R = 0. The parameter n, called Sersic index,
controls the degree of curvature of the profile. The smaller the value of n, the
less centrally concentrated the profile is and shallower the logarithmic slope at
small radii is:

dinl

i —(k/n)RM™. (2.63)

2.2.4. Dark matter halo
in galaxies and galaxy cluster: controversies

The problem of dark matter haloes formation has a long
history going back to the seminal paper by [124,125], who studied the density
profile formation using the collapse of a spherical perturbation in an expanding
background (see [78,81] for a review, and [79,80,84| for the changes to halo
formation due to dark energy, and [21] for limits of the dark matter scenario).
Due to this approach and several following analytical models, for example
[43,97,132], it was found that the density profiles are described by power-
laws in all the radius range. More recent semi-analytical models (e.g., |19,
20, 82,99, 100, 262, 268, 288, 289|) showed that the profile is not a power-law,
similarly to N-body simulations results (e.g., for example, [139,140,203] NFW),
and [53,141,153,195,204,205,224]) found that the spherically averaged density
profiles of the N-body dark matter halos are similar, regardless of the mass of
the haloes or the cosmological model [58, 84, 88—90].

The NFW profile is given (2.22), where p. is the critical density of the
Universe at the cluster’s redshift z, and A. is the virial over density. The
scale radius 7 is connected to the virial radius ryi; through the concentration
parameter ¢ = 7y /75 L.

In NFW works, it was shown that the concentration parameter is larger for
smaller mass haloes, since these haloes formed before the high mass ones, when
the Universe was denser. The concentration—mass relation has been studi-
ed by many authors. In works [53,107], it was suggested explanation of the
concentration-mass relation through simple models. The model in [53] used two
parameters K, determining the initial concentration parameter of collapsing
haloes, and F, ratio among the initial collapse mass and the final virial mass

! The value of ryir in a spherical model collapse is analytically defined as rvir = 178 (for
the CDM model) being approximated to r1s0, while the density contrast corresponding to
Tvir = 7101 [48] in the ACDM cosmology. The values of the virial radius are inevitably in
observations, somewhat arbitrary, the typical values are rs00 or r200 [153].
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of the halo at present. Two parameters power-laws were used in [94,256], and
more recently in [38,107].
The logarithmic density slope at the small scales that is also known as the
inner slope is given by
dlogp

dlogr| =1. (2.64)
The quoted profile diverges as p oc 7~! in the inner part, and at large radii
behaves as p o< 773, The inner slope is even steeper in [167] profile (p oc r—1%).
More recent simulations (e.g., [127,261]) showed that density profiles are better
fitted by the FEinasto profile, which becomes shallower towards the centre of
the halo (see Section 2.2.3 in detail). The Einasto profile is a rolling power-law
first introduced to describe the distribution of stars in Milky Way. It takes the
form:

In(p/p-2) = —~[(r/r-2)" ~ 1], (2.65)

where p_s is the density at r_o, and r_o is the radius at which the logarithmic
slope of the density is isothermal (i.e. —2), analogous to r, in the NFW profile.

Unfortunately, N-body simulation predictions are not supported by the
observations. Observations of the inner part of density profiles of dwarfs galaxi-
es and dwarfs galaxies with low surface brightness are characterized by a core-
like structure (e.g. [10,64,71,72,90,117,121,151,194,245,283|), and a similar
problem is evidenced when studying the clusters of galaxies inner profile. Densi-
ty profiles of clusters has been studied through X-ray observations, strong and
weak lensing. For what concerns the mass determination of galaxy clusters
using X-ray observations, one usually assumes that the ICM (intra-cluster
medium) is in the hydrostatic equilibrium and the cluster is approximately
spherical. In this case, we have Eq. (2.70). Gas density, pgas, is usually descri-
bed by the 8 model [60,64| based on the assumption that the galaxy density
mass distribution is in a good agreement with a King profile, and the gas
is in the hydrostatic equilibrium as Eq.(2.87). The model’s parameters are
determined analyzing the X-ray surface brightness profile obtained from X-ray
image analysis. The total mass M (r) can be obtained when pg,s and T'(r) are
got through X-ray observations. A precise mass determination (in the NFW
model) gives a consistent description of the mass distribution in the relaxed
clusters [54,223,277].

X-ray temperature measurements give some information on the galaxy
cluster structure in the range 50—500 kpc [48]. At smaller radii, the tempera-
ture determination is limited by the instrumental resolution and cluster’s sub-
structuring [252|. X-ray measurements are also limited by the “cooling flows”
presence and the breaking of the assumption for hydrostatic equilibrium [15].
The inner slope calculation of the density profiles with the X-ray observational
data brought to the discrepant values (e.g., 0.6 [110], 1.2 [166], 1.9 [14]).
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Another technique used to study the DM distribution in clusters is gravi-
tational lensing. Weak lensing of background galaxies is used to reconstruct
the mass distribution in the outer parts of clusters [62]. The resolution that
can be achieved is able to constrain profiles inside 100 kpc. Strong lensing is
used to study the DM distribution in the inner parts of clusters, it has a typical
sensitivity to the projected mass distribution inside ~100—200 kpc, with limits
at ~10—20 kpc (6,120, 168, 269].

Discrepant results have been sometime obtained when using the lensing
method. Smith et al. [257] found o > 1 at 1 % of ry;; by studying the tangential
and radial arcs of A383. A much smaller value o was obtained in [208,248], for
the same cluster, using lensing and through the aid of stellar kinematics of the
central region. Tyson et al. [270] found o = 0.57 £ 0.024 for CL 0024 + 1654,
while Kneib et al. [154] found that a NFW profile fits the profile in the radius
range 0.1-several ry;,. Sand et al. [246] found a cored profile with o = 0.35 for
MS 2137.3—-2353, while Gavazzi et al. [119] concluded that the precise value
of the slope depends on the mass-to-luminosity ratio of the Brightest Cluster
Galaxy (BCG).

In summary, N-body simulations are not always in agreement with the
inner slopes of dwarf galaxies, LSBs and clusters of galaxies, and in the ca-
se of clusters of galaxies, observations may even disagree for the very same
cluster [252, 258, 271]. Several could be the reasons of the discrepancy (e.g.,
(a) different definition of the slope, which sometimes refers to the DM and
sometimes to the total mass; (b) use of observational techniques with diffe-
rent/limited dynamic range in radius; (c) not taking into account the stellar
mass of the BCG). In order to obtain more sure constraints on the central part
of the density profiles, one should use combined methods [207] (weak + strong
lensing); [47] (weak + strong lensing); [174] (X-ray + weak lensing), or better
constraints on the central part of the density profiles can be obtained through
stellar kinematics of the central galaxy (~1—200 kpc region).

The authors [247] studied the clusters MS 2137 —23; A383; A963; RXJ1133;
MACS 1206; A1201, separating the contribution to the halo coming from the
dark matter from that coming from the baryonic and stellar mass of the BCG.
They found a profile flatten than o < 1 except for RXJ1133. Newman et al.
[208] found o < 1 (95% CL (confidence level)) for A383. A detailed analysis
of DM and baryonic distributions in A611 is presented in [207], where finding
a slope av < 0.3 (68 % CL).

Summarizing, at least some clusters of galaxies have inner density-profile
slopes shallower that those obtained in N-body simulations, in agreement with
what happens, as previously reported, with the density profiles of dwarfs galaxi-
es and LSBs. We want to recall here that, similarly to Sand’s result concerning
the quoted clusters, the galaxies NGC 2976, NGC 4605, NGC 5949, NGC
5963 and NGC 6689, have inner slopes going from very flat to cuspy, and [70],
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using a sample from The HI Nearby Galaxy Survey (THINGS) found that the
best fit to rotation curves, and then the inner slope « of their density profile,
depends on their mass. Several papers have shown the fundamental role of
baryons in shaping the density profiles of structures. Different processes have
been pointed out capable of flattening the inner density profile, transferring
energy from stellar baryons to the dark matter, heating it and lowering the
central dark matter density [80, 118,149, 150, 158, 171, 173, 179, 183, 190, 237,
238, 286.

2.3. Dark matter in the X-ray galaxy clusters

With cosmic X-ray observation, which started in the 1960s,
clusters were found to be the most luminous class of X-ray sources in the Uni-
verse after some types of active galactic nuclei (AGNs). The X-ray emission ori-
ginates from the inracluster medium (ICM), a hot (107—108 K) and low densi-
ty (1071072 cm~3) plasma in the intracluster space. Extensive observations
with previous X-ray satellites such as HEAO-1, Einstein, Ging, ROSAT, and
ASCA provided measurements of densities and temperatures of the [CM. These
results implied that the mass if the ICM is comparable to, or even greater than
that of the stellar component in member galaxies. Characteristic emission lines
from ionized heavy elements (mainly from iron) were detected in the X-ray
spectra of clusters. The implied sub-solar metallicity of the ICM indicates that
the ICM is a mixture of the primordial gas and that reprocessed in the stellar
interior. Moreover, X-ray observations of the ICM have provided independent
and more accurate measurements of the total mass, and hence of the dark mat-
ter, in clusters of galaxies. A rough agreement between the optical and X-ray
measurements of the total cluster mass supports the basic assumption that the
ICM is in hydrostatic equilibrium (see Section 2.2). According to a contempo-
rary consensus, about 5—10% of
a cluster mass is in the stellar
component, another 10—20% is
in the ICM, and the rest is in the
dark matter (see Fig. 2.1).

The Bullet cluster provides
the best current evidence for the
nature of dark matter. It consists
of two subclusters, a larger one on
the left, and a smaller one on the
right. They have recently collided
and traveled through each other.
One component of the image is an

Fig. 2.1. The Bullet Cluster (image of merger
galaxy cluster is taken from Chandra X-ray Cen-
ter (2008)) optical image which shows the vi-
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sible galaxies. Superposed on it, in red, is an X-ray image, which shows the
heated intergalactic gas, that has been slowed down by the collision and left
behind the galaxy components of the clusters. The blue color is another super-
posed image, which represent an estimate of the total mass distribution of the
cluster, based on gravitational lensing.

The first observations showed that such structures are associated with
deep gravitational potential wells, containing galaxies with a typical velocity
dispersion along the line of sight of o, ~ 10% km s~!. The crossing time for a
cluster of size R can be defined as

R R oy !
tr = — =1 Gyr. 2.66
o <Mpc> (103 km S_1> - (2.66)

Therefore, in a Hubble time, t;; 10 h=! Gyr, such a system has enough time in
its internal region, 1 h~! Mpc, to dynamically relaxed condition that cannot be
attained in the surrounding, ~10 Mpc, environment. Assuming virial equilibri-
um, the typical cluster mass is

Ro2 R o 2
M~ Y v 10 h=t M. 2.67
G (1 h-! Mpc> <103 km sl> © (2.67)

Observations of galaxy clusters in the X-ray band have revealed a substan-
tial fraction (~15%) of the cluster mass to be in the form of hot diffuse gas,
permeating its potential well. If this gas shares the same dynamics as member
galaxies, then it is expected to have a typical temperature

2
o
kpT = pmpo2 ~ 6 (103kms_1> keV, (2.68)
where my, is the proton mass and p is the mean molecular weight (p = 0.6 for
a primordial composition with a 76 % fraction contributed by hydrogen). Ob-
servational data for distant clusters (see Fig.2.2) actually follow this relation,
although with some scatter and with a few outliers. This correlation indicates
that the idealized picture of clusters as relaxed structures in which both gas
and galaxies feel the same dynamics is a reasonable representation.

At the high energies implied by Eq. (2.68), the ICM behaves as a fully
ionized plasma, whose emissivity is dominated by thermal bremsstrahlung. By
integrating the above equation over the energy range of the X-ray emissi-
on and over the gas distribution, one obtains X-ray luminosities Ly ~ 10%3—
10% erg s~!'. That is why X-ray clusters are the powerful luminous sources
which are identified as the extended ones at the large cosmological distances.

Assuming spherical symmetry, the condition of hydrostatic equilibrium
connects the local gas pressure P to its density p, according to

dP _ GM(<R)p,(R)
dR R?

. (2.69)
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By inserting the equation of state for a perfect gas, P = pykpT/pmy, into
Eq. (2.69), one can express M (<R), the total gravitating mass within R, as

kTR (dlog(py)  dlog(T)
v = g (et * T 270)

If R is the virial radius, then at redshift z we have M oc R3pg(1 + 2)3x
x Ayir(z), where pg is the mean cosmic density at present time and Ay (z)
is the mean overdensity within a virialized region. For an Einstein—de-Sitter
cosmology, Ayir is constant and therefore, for an isothermal gas distribution,
Eq. (2.70) implies T'oc M2/3(1 + 4 z). Such relations show how quantities such
as pg and T', which can be obtained from X-ray observations, are directly re-
lated to the cluster mass. Thus, in addition to providing an efficient method
to detect clusters, X-ray studies of the ICM allow one to measure the total
gravitating cluster mass, which is the quantity predicted by theoretical models
for cosmic structure formation. A widely used description of the gas density
profile is the S-model (see, Section 2.2.2),

1+ (;;)2] (2.71)

which was introduced by Cavaliere & Fusco-Femiano [60, 64| to describe an
isothermal gas in hydrostatic equilibrium within the potential well associated
with a King dark-matter density profile. The parameter [ is the ratio between
kinetic dark-matter energy and thermal gas energy. This model is a useful
guideline for interpreting cluster emissivity, although over limited dynamical
ranges. Now, with the Chandra and XMM-Newton satellites, the X-ray emissi-
vity can be mapped with high angular resolution and over larger scales. These
new data have shown that Eq. (2.71) with an unique § value cannot always
describe the surface brightness profile of clusters.

Kaiser [145] described the thermodynamics of the ICM by assuming it: “to
be entirely determined by gravitational processes, such as adiabatic compressi-
on during the collapse and shocks due to supersonic accretion of the surroun-
ding gas. As long as there are no preferred scales both in the cosmological fra-
mework (i.e., ©,, = 1 and power-law shape for the power spectrum at the clus-
ter scales) and in the physics (i.e., only gravity acting on the gas and pure brem-
sstrahlung emission), then clusters of different masses are just a scaled version
of each other, because bremsstrahlung emissivity predicts Lx o« M png/ 2
Lx o< T#(1 + 2)3/? or, equivalently Lx oc M*/3(1 + 2)"/2. Furthermore, if we
define the gas entropy as S = T'/ n2/3, where n is the gas density assumed fully
ionized, we obtain S oc T(1 + 2)~2".

It was soon recognized that X-ray clusters do not follow these scaling
relations. As we discussed in the previous sections, the observed luminosity-

Pg(r) = Pg,0
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temperature relation for clusters
is Ly o« T2 for T > 2 keV
and possibly even steeper for
T < 1 keV groups. This result is
consistent with the finding that
Lx x M®* with o« ~ 1.8 £0.1
for the observed mass-luminosi-
ty ratio (see bottom panel of
Fig. 2.2). Furthermore, the low-
temperature systems are obser-
ved to have shallower central gas-
density profiles than the hotter
systems, which turns into an ex-
cess of entropy in low-T' systems
with respect to the S o« T" predic-
ted scaling.

A possible interpretation for
the breaking of the scaling rela-
tions assumes that the gas has
been heated at some earlier epoch
by feedback from a non-gravita-
tional astrophysical source. This
heating would increase the en-
tropy of the ICM, place it on a
higher adiabat, prevent it from
reaching a high central density
during the cluster gravitational
collapse and, therefore, decrease
the X-ray luminosity. For a fi-
xed amount of extra energy per
gas particle, this effect is more
prominent for poorer clusters,
i.e., for those objects whose vi-
rial temperature is comparable
with the extra-heating tempera-

T, keV

1 ! : , ! . . !
0.1 1 10

Ly, 10% ergs™

Fig. 2.2. (Top) The relation between luminosi-
ty and intracluster temperature, T', for distant
(z > 0.15) galaxy clusters. (Bottom) The relation
between X-ray luminosity and the mass contai-
ned within the radius encompassing an average
density 200p.. The two solid and dotted lines are
the best power-law fit with 1o confidence level,
the two dashed lines represent Lx-T relation for
nearer clusters. The figures are taken from Babyk
& Vavilova [30]

ture. As a result, the self-similar behavior of the ICM is expected to be
preserved in hot systems, whereas it is bro ken for colder systems.

X-ray studies of galaxy clusters provide:

1) an efficient way of mapping the overall structure and evolution of the

Universe;

2) an invaluable means of understanding their internal structure and the

overall history of cosmic baryons.
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2.3.1. Evolution of the X-ray galaxy clusters

The evolution of the Universe is divided broadly into the
structure formation and the chemical evolution. Clusters of galaxies are regar-
ded as useful probes to study the both evolutions by several reasons:

1) since the dynamical time-scale of clusters is close to Hubble time,
clusters retain the cosmological initial conditions well;

2) clusters can be approximated that they consist of dark matter, hot gas,
and galaxies, and also the shape is almost spherical, thus they are easy to
deal with;

3) though a part of metals produced in galaxies run away into ICM, they
do not escape from clusters.

We can thus obtain the total metal abundance without emission. In order
to obtain the properties of clusters, X-ray observations are particularly sui-
ted, because the X-ray-emitting gas gives us the physical parameters such as
temperature, mass, and metal abundance.

Galaxy clusters form through the hierarchical accretion of cosmic matter.
The end products of this process are the virialized structures that feature, in
the X-ray band, similar radial profiles of the surface brightness Sy, [277,283]
and of the plasma temperature Tyas [245,256]. Such measurements have defini-
tely improved in recent years thanks to the arcsec resolution and large collec-
ting area of the present X-ray satellites, like Chandra and XMM-Newton, but
still remain difficult, in particular in the outskirts, because of the low surface
brightness associated to these regions. Present observations provide routinely
reasonable estimates of the gas density, ngas, and temperature, Ty,s, up to
about Ras00 (~0.3 Ragp; Ra is defined as the radius of the sphere that encloses a
mean mass density of A times the critical density at the cluster’s redshift; Rogg
defines approximately the virialized region in galaxy clusters). Only few cases
provide meaningful measurements at Rgoo (~0.7 Ragp) and beyond [272,281].
The X-ray surface brightness is a quantity much easier to characterize than
the temperature and it is still rich in physical information being proportional
to the emission measure, i.e. to the gas density, of the emitting source.

Clusters of galaxies are the largest collapsed structures in the Universe
with total masses up to 1015 M. Over 80 % of their mass resides in the form of
dark matter. The remaining mass is composed of baryons, most of which (about
85 %) is a diffuse, hot T > 107 K plasma (the intracluster medium, ICM) that
radiates primarily in the X-ray band. Thus in galaxy clusters, through the
radiation from the hot gas and the galaxies, we can observe and study the
interplay between the hot and cold components of the baryonic matter and
the dark matter. X-ray observations of the evolving cluster population provide
a unique opportunity to address such open and fundamental questions:

1. How do hot diffuse baryons dynamically evolve in dark matter potentials?
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2. How and when was the excess energy which we observe in the interga-
lactic medium generated?

3. What is the cosmic history of heavy-element production and circulation?

Clusters grow via accretion of dark and luminous matter along filaments
and merger of smaller clusters and groups. X-ray observations show that many
present epoch clusters are indeed not relaxed systems, but are scarred by shock
fronts and contact discontinuities, and that the fraction of unrelaxed clusters
likely increases with redshift. Although the gas evolves in concert with the dark
matter potential, this gravitational assembly process is complex, as illustrated
by the temporary separations of dark and X-ray luminous matter in massive
merging clusters such as the “Bullet Cluster” (see Fig. 2.1). In addition to the
X-ray emitting hot gas, the relativistic plasma seen through synchrotron emis-
sion in merging clusters is an important ICM component with at present few
observational constraints.

High-resolution X-ray spectral imaging can determine the subcluster velo-
cities and directions of motions by combining redshifts measured from X-ray
spectra (which give relative line-of-sight velocities) and total subcluster veloci-
ties deduced from temperature and density jumps across merger shocks or cold
fronts [281|. These measurements combined with high quality lensing observa-
tions from instruments such as the LSST will probe how the hot gas reacts in
the evolving dark matter potential.

Sensitive hard X-ray (10—40 keV) imaging can reveal inverse Compton
emission from ICM. Although this emission has so far not even clearly been de-
tected, it promises unique information on the energy density of the relativistic
particles, and when combined with next generation radio observations like
SKA, would probe the history of magnetic fields in clusters. Capabilities like
those of IXO are needed to understand these observationally elusive, but im-
portant components of the ICM.

Further crucial insight into cluster assembly can be gleaned from measure-
ments of the dark matter distribution in the most relaxed systems. Cosmologi-
cal numerical simulations of large-scale structure collapse robustly predict that
the dark matter distribution should be cuspy, vary with system mass, and evol-
ve with time. Current X-ray observations of bright, local systems confirm the
cuspy nature of the distribution, and show some indication for a variation with
mass [223]. With, IXO, we can dramatically increase the mass range available
for these test, and, for the first time, tackle the question of evolution by deter-
mining the mass profiles up to high redshift (z ~ 2), even for low mass systems.

One of the most important revelations from X-ray observations, supported
by recent optical and IR studies, is that non-gravitational processes, parti-
cularly galaxy feedback from outflows created by supernovae and supermassi-
ve black holes (SMBH), must play a fundamental role, both in the history of
all massive galaxies and in the evolution of groups and clusters as a whole.
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Galaxy feedback is lakely to provide the extra energy required to keep the
gas in cluster cores from cooling all the way down to molecular clouds, to
cure the over-cooling problem, to regulate star formation, and to produce the
red sequence.

It is now well established from XMM-Newton and Chandra observations of
local clusters and groups that their hot atmospheres have much more entropy
than expected from gravitational heating alone [54,262]. Determining when
and how this non-gravitational excess energy was acquired will be an essential
goal of the next generation X-ray observatory. Galaxy feedback is a suspected
source, but understanding whether the energy was introduced early in the
formation of the first halos (with further consequence on galaxy formation
history), or gradually over time by AGN feedback, SN driven galactic winds,
or an as-yet unknown physical process, is crucial to our understanding of how
the Universe evolved.

The various feedback processes, as well as cooling, affect the intergalactic
gas in different ways, both in terms of the level of energy modification and the
time-scale over which this occurs. Measuring the evolution of the gas entropy
and metallicity from the epoch of cluster formation is the key information
required to disentangle and understand the respective role for each process.
Since non-gravitational effects are most noticeable in groups and poor clusters,
which are the building blocks of today’s massive clusters, these systems are of
particular interest.

The first open question concerns the production of heavy elements over
cosmic time. Chandra and XMM-Newton observations of clusters hint at a Fe
abundance evolution from z = 1 to the present [36,180]. To give a definiti-
ve answer on when the metals are produced, we need to extend abundance
studies to higher redshifts and for all astrophysical abundant elements. In
local systems, the abundance pattern of elements from O to Fe group, that
are produced by supernovae, indicate that both type I and type II SN contri-
bute to the enrichment [146]. However, these measurements only provide a
fossilized integral record of the past SN enrichment and thus the evolution of
supernovae remains largely unconstrained. Furthermore, the main source of C
and N, which can originate from a wide variety of sources (including stellar
mass loss from intermediate mass stars, whose cosmic history is poorly known)
is still under debate.

The second fundamental — and even more complex — open question is how
the metals produced in the galaxies are ejected and redistributed in the ICM.
Although AGN outflows as well as galaxy — galaxy interactions can add metals
to the ICM, studies of local cluster abundance profiles suggest that the metal
enrichment of the ICM is due primarily to galactic winds and ram pressure
stripping of enriched gas from galaxies by the ICM [146], an example being the
ram-pressure stripped tail of the Virgo cluster galaxy M86. These processes
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would result in different distributions for the metallicity within the cluster and
over time. For example, at high redshifts, galactic winds are expected to be
effective at enriching the ICM, while at lower redshifts, when massive clusters
have formed, the dense ICM, especially in the cluster cores, can ram-pressure
strip the enriched gas from galaxies and can even suppress galactic winds and
quench star formation. The enriched material is not expected to be immedia-
tely mixed with the ICM, and in fact in the brightest, best studied nearby
clusters, current X-ray observations show that the metallicity distribution in
the ICM is inhomogeneous [251]. Thus by mapping the metallicity in samples of
clusters over cosmic time, one can untangle the various transport processes that
contribute to the enrichment. In addition, if the mass in metals is calculated
assuming that the metallicity is uniform, this will miss estimate the true metal
mass in the clusters.

Measurements of the metallicity distribution in clusters, for a wide range
of masses, dynamical states, and redshifts, are required in order to understand
the ejection and redistribution process within clusters. These studies would
also have far reaching consequences for our understanding of the excess energy
that is present in the ICM, as some of the transport processes (SNe winds and
AGN outflows) also inject energy into the ICM, as well as for our understanding
of environmental effects on the galaxy star formation history, when combined
with optical and IR observations.

Past and current X-ray mission allow us to observe only a fraction of the
volume occupied by the ICM. Indeed, typical measures of the surface bright-
ness, temperature and metal abundance extend out to a fraction of the virial
radius. The coming into operation of the second generation of medium ener-
gy X-ray telescopes at the turn of the millennium, has resulted in relatively
modest improvements in our ability to characterize cluster outskirts.

2.3.2. Observational studies of X-ray cluster evolution

X-ray emission process. The X-ray spectrum emitted
from an ionized plasma of the low density (~1073 ecm=3) ICM is described
with a combination of thermal bremsstrahlung (free-free) emission and line
emission from heavy elements. In the temperature range of typical cluster
(1kV < kT < 10 keV) the total emission is dominated by the free-free emission
if the abundance of heavy elements does not exceed the solar abundance by
very much. The emissivity of the free-free emission at a frequency v from hot
plasma with an electron temperature of T} is given by
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where Z; and n; are the charge and number density of the ion %, respectively,
and n, is the electrons number density. The Gaunt factor is a correction factor
for quantum mechanical effects and is approximately grr ~ 0.9(hv/kT)~%3.
The emissivity in a given bandpass, v1 < v < vg, is then

v2
el = /e{ffdy = A(T, Z)n?. (2.73)

V1

The A(T, Z) is the cooling function, with 7" and Z representing the plasma
temperature and the heavy element abundance, respectively. The contribution
of the bremsstrahlung continuum to A increases as oc T2, It is useful to define
the emission integral as

EI = / n2dv, (2.74)

where V' is the volume of the cluster. If we assume that the ICM has a spatially-
uniform temperature and abundance in the volume V', and that the ICM densi-
ty is constant over the projected sky area S, then the luminosity Lx is given as

Lx = /efde = EM x S x AT, Z). (2.75)
The EM is the emission measure defined as
EM = /ngdl, (2.76)

where [ is the depth of the plasma along the line of sight. The emission integral
determines the normalization of the spectrum, and the shape of the spectrum
depends only on the temperature 7" and the heavy element abundance Z, and
EI (or EM if S is known) from the observed X-ray spectra.

Emission of atomic lines becomes significant when the ICM temperature
falls below a few keV. Since the temperature of the ICM is the same order as
the K-shell ionization potentials of heavy elements such as O, Ne, Mg, Si, S and
Fe, these elements become mainly He/H-like ions and are completely ionized.
these ions are excited during collisions, and then emit their resonance K-lines.
In lower temperature clusters, in which Fe ions are not only He-like but also of
a low ionization status, the spectrum exhibits resonance L-lines at ~1 keV. The
emission lines and continuum spectra from the ionization equilibrium plasma
have been calculated by various authors, [54,223,283|, and so on (MEKAL
model is usually applied to describe emission from hot plasma).

The MEKAL model is the model which describe the emission from hot
intracluster diffuse gas (ICM) and named by Mewe—Kaastra—Liedahl. Mewe
et al. [187,188| calculated the atomic data for a hot optical thin plasma in
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Fig. 2.3. Calculated X-ray spectra from optically thin hot plasma with
various temperatures. The MEKAL plasma emission code is used, assuming
a metal abundance of 0.3 solar. Vertical scale is arbitrary

1985, also Kaastra [143| then wrote the first code for fitting from these data in
1992 and then Liedahl et al. [167] improved the data for the Fe lines in 1995.
This model is one of the most used models when fitting spectral data today
and is the standard model in Xspec.

The MEKAL model (see Fig. 2.3) is the Xspec implementation and it
takes a number of input parameters: temperature, metalicity, hydrogen densi-
ty and normalization parameter. We will call the set of input parameters,
par = ny, Z, z, Norm, (Ey, F1), which also contains the energy interval of the
observation.

The amount of radiation that a volume of gas outputs is given by the
emissivity € = A(T)n?, where n? is the number density of the gas inside the
volume we are looking at. The functional form Ay, (T") we select that to extract
must be a function of temperature alone. That means that we need to fix the
input parameters par, so that Xspec will output A(7") and so that the values
makes sense for the specific combination of instrument and source. But first
we take a look at the definition of A:

A=t (2.77)

2
e

31

S~ © or even
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3

photons cm?®s~!. Xspec calculates the flux form a model spectrum M (E) like,

Eq
1
F=—— [ M(F)FE. 2.
o [ M) (278)
Ey

1 2

This has the unit of either ergecm™2s™! or photons cm™2s™!'. And now we

want to turn flux into luminosity per electrons squared:

L  4ndiF
Apzzr - ;g = n2 . (279)

For specific combination of parameter par Xspec calculated the flux like:

Eq

Norm

Fyor = 5 [ F(EVE. (2.80)
Eo

where Norm and Ejy and E7 are the normalization and energy band parameters
in par = nyg,Z,z, Norm,(Ey, F1) and f(F) is the functional form of the
spectrum that Xspec calculates. In the documentation of Xspec [16] it is stated
how Norm should be interpreted:

1071 [nenygdV

N —
orm drd? (1 + 2)?

(2.81)

Metal distribution. The iron abundance in the intracluster gas is obser-
ved to be ~0.3 solar, with only small variations (£ ~0.1) from cluster to cluster
[275—278, 283|. A strong correlation between the total iron mass in clusters
and the total luminosity of the E + SO cluster galaxies is observed [176]. The
metal enrichment of the intracluster gas is likely caused by gas stripped out
of the elliptical galaxy members. The iron abundance profile as a function
of radius from the cluster center is generally flat, i.e., a constant abundance
at all radii (except for some poor, low-mass clusters dominated by a single
massive galaxy).

The existence and distribution of the chemical elements and their isotopes
are a consequence of nuclear processes that taken place in the past in the Big
Bang and subsequently in stars and in the interstellar medium where they are
still ongoing. These processes have been studied theoretically and observati-
onally (see, for example, the Chapter prepared by Pilyugin in the volume 2 of
this monograph).

The main source of metal production is supernovae (SN), which are classi-
fied roughly into Type Ia and Type II. Type la SN are important contributors
to iron-group elements in the galaxy. Type II SN are explosions of massive
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stars, which have short lives of about 10 Myr with initial mass above about
10 Mg. Type II SN produce mainly « elements such as O, Ne, Mg, Si and
S. The metal abundances for the elements are given by X-ray spectroscopy of
the ICM. Since part of metals are transferred into ICM by galactic wind or
ram pressure stripping, observation of the ICM, not galaxy only, gives total
abundance. The observed ratio of Fe to o elements constrains the ratio of Type
Ia to Type II and the explosion rate. This enables ua to study other essential
subjects such as the initial mass function, and star formation rate based on
z-evolution.

Sinse heavy elements can be produced only by thermonuclear reactions
in stars and by supernovae, the presence of the emission lines found in the
spectra from the ICM implies that heavy elements processed in galaxies largely
contaminate the ICM.

Moreover, recent observational studies of the clusters with Chandra and
XMM-Newton unveil a lot of new interesting abundance distribution in
the cluster.

2.3.3. The distribution of baryon
matter in the nearby X-ray galaxy clusters

To analyze the evolution of the baryon mass function of ga-
laxy clusters we should provide relevant measurements for galaxy clusters at all
redshifts, including the small ones. With this aim and to reveal the distribution
of visible/dark matter we compiled a sample of 34 X-ray nearby galaxy clusters
(z < 0.2). These clusters were selected from a larger sample of Chandra X-
ray galaxy clusters (0.01 < z < 1.5), which is described fully in our work
[34] (hereafter BVP sample). The main criteria were that clusters should be
sufficiently symmetrical and each X-ray cluster image should trace the surface
brightness profile at larger as possible radii. To satisfy the second statement we
selected clusters with a wide exposure interval (not less 5000 s) and, moreover,
under the condition that a virial radius fits on the line of sight. The value of
a virial radius was taken as Rogy (a providing accuracy is sufficient for the
purposes of our study). Following these criteria, we excluded A754, A1750,
A2151, etc. clusters from our BVP sample, nevertheless that are at z < 0.2,
because of their irregular morphology or double structure. Our sample of 34
nearby X-ray galaxy clusters is given in Table 2.1.

We have measured the brightness profiles in concentric rings of equal lo-
garithmic width, which were centered on the cluster’s maximum brightness;
the radii’s ratio of inner and outer rings is equal to 1.1. We have used two
types of profiles: the average azimuthal brightness profiles and profiles in six
angle sectors 0—60, ..., 300—360. It allowed us to verify the choice of other
“reasonable” centroid profiles: the measured surface brightness distribution at
large radii were practically identical.
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As for a cosmic X-ray background, we have measured it individually for
each cluster because of a significant contribution to the overall brightness of X-
ray galaxy cluster may occur even at large distances from the center. Usually,
the X-ray cluster’s surface brightness is about 5—20 % of the background near

Table 2.1. The sample and results of approximation
of the surface brightness profiles of galaxy clusters on z < 0.2 using (8-model

Name T, keV z R200, Mpc B Bout re, kpc
Al3 5767012 | 0.094 | 1.517037 | 0.65+£0.08 | 0.68+0.03 84+8
A85 6207512 | 0.055 | 2717955 | 0.754£0.03 | 0.76+0.03 | 374454
A119 5717016 | 0.044 | 2667312 | 0.64+£0.06 | 0.61+£0.04 | 342449
A400 2.337020 | 0.024 | 1.557933 | 0.5540.07 | 0.5840.03 | 185420
A401 8.1670%% | 0.074 | 3.07T53 | 0.63+£0.07 | 0.69+0.02 | 26751
A478 6.901055 | 0.088 | 2.60703f | 0.75+£0.04 | 0.80+£0.06 | 311430
A496 4897513 | 0.033 | 1.93703% | 0.704£0.06 | 0.75+£0.03 | 237422
A539 3.337929 | 0.028 | 1.88793% | 0.69+0.03 | 0.73+£0.04 | 244433
A644 6.597517 | 0.070 | 2927377 | 0.714£0.03 | 0.71+£0.04 | 244441
A780 4337015 | 0.054 | 1.6979% | 0.65+£0.08 | 0.61+£0.04 | 119+25
A1413 6.77 050 | 0.14 1.83%9:65 | 0.684+0.01 | 0.704+0.02 | 219+17
A1651 6117920 | 0.085 | 245704 | 0.70£0.02 | 0.77+£0.04 | 256443
A1689 9.027540 | 0.183 | 2.23795%% | 0.75+£0.05 | 0.81+£0.06 | 265464
A1795 6.8815-1% 0.063 | 246733 | 0.774+0.06 | 0.884+0.07 | 377448
A2029 8457097 | 0.077 | 2.947035 | 0.68+£0.03 | 0.66+£0.04 | 277474
A2052 3227522 1 0.035 | 1.9370%% | 0.644+0.03 | 0.66+0.03 | 133435
A2063 4217955 1 0.035 | 2.0175% | 0.6840.02 | 0.6940.04 | 210+45
A2124 10.887578 | 0.065 | 2.16%5% | 0.67+0.03 | 0.594+0.04 | 254+73
A2142 9.571092 0.091 | 2.8270:29 0.75+£0.05 | 0.73+£0.04 | 387447
A2163 14.0177%2 | 0203 | 4.2270%% | 0.73+£0.04 | 0.87+0.04 | 417436
A2199 4157928 0.030 | 2.14733 | 0.644+0.03 | 0.67+0.05 | 155425
A2218 7.397859% | 0175 | 1.657015 | 0.66+£0.03 | 0.714£0.03 | 234446
A2255 7307120 | 0.081 | 3.21703% | 0.74+0.04 | 0.73+0.06 | 552437
A2256 7531090 | 0.058 | 3.33T0%2 | 0.724£0.03 | 0.75+£0.04 | 436457
A2462 25510 1 0.073 | 2517927 | 0.65+0.03 | 0.66+£0.04 | 221436
A2597 4391037 | 0.085 | 2.017057 | 0.66+£0.03 | 0.66+£0.04 | 166445
A2657 37705 1 0.040 | 1.987071% | 0.754£0.05 | 0.73+£0.02 | 372440
A2717 2317098 | 0.049 | 2.1670%7 | 0.68+£0.03 | 0.66+0.02 7143
A3112 4.8670°5 | 0.075 | 2.43T53 | 0.6140.04 | 0.654+0.03 | 119412
A3391 7.01799 | 0.051 | 2457981 | 0.55+0.01 | 0.56+0.03 | 210+17
A3571 8211055 | 0.039 | 2.88703% | 0.69+£0.03 | 0.61+£0.05 | 271432
A4038 3.327055 1 0.030 | 1.87792% | 0.60+£0.04 | 0.61+0.03 | 162443
A4059 4117933 0.047 | 2.03732% | 0.654+0.04 | 0.66+0.03 | 222448
AWM4 | 2447352 0.032 1.737537 | 0.6240.04 | 0.674+0.07 | 125+42
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the radius Ragp. Since, in many cases, this radius is a quite close to the size of
the telescope’s field of view, it is practically impossible to isolate the studied
image for a direct determination of the background level.

Thus, we have considered that the surface brightness cluster radius at large
radii should follow the exponential law, and therefore the observation surface
brightness could be approximated as Ar~7+ const . Thus, this approximation
in the range of radii 7 > Rpgpo/3 allows us to find the intensity level of the
background. According to the observations of distant clusters, in which the
level of background can be measured directly, we verified that this method
gives the correct result.

Finally, using observations of blank fields, we checked the images align-
ment quality: the difference between the background level in the center and on
the end of the image does not exceed ~5% after eliminating all the sour-
ces. We notice that this 5% variation in the background levels gives an
additional uncertainty of S-parameter of the S-model at 68 ~ 0.3—0.4 and
2.1 % uncertainty in the value of Rs. We used the cosmological parameters
Hy =73 km/s/Mpc, Qpr = 0.27, and Q4 = 0.73 in our study.

Modeling the surface brightness profiles. We used the Sherpa software
package and S-model [60,64] to determine the galaxy cluster brightness profiles:

S(r)=2So 1+ r2/7‘g)735+0'5

) (2.82)
So, T and § are the free parameters. Such a model was used firstly by Jones &
Forman 1999 [142| when analyzing the images of galaxy clusters based on the
data from “Einstein” X-ray space observatory. The value of 5 for those clusters
was in the range from 0.5 to 0.8 (the better value is 0.67). The authors noti-
ced also a non-significant correlation between [-parameter and temperature
of clusters: X-ray clusters with a higher temperature have a higher value of
[-parameter.

The numerical simulations of that times provided more steeper profiles
of density matter distribution, and 5 =~ 0.8—1, which was contrary to the
observations. Bartelmann & Meneghetti [37| argued argued that the surface
brightness profiles may curl at the larger radii but we can not observe such a
process because the brightness of cluster is decreasing due to the influence of
background. They proposed to check an accuracy of modeling of brightness
profiles using S-model, because it allows to determine the mass of cluster
under the condition of the hydrostatic equilibrium of intracluster gas [136].
We decided to apply a simple S-model for analyzing the observational surface
brightness profiles in the studied nearby X-ray clusters as well as to clear up
how such a procedure likely the azimuthal corrections of surface brightness
profiles in galaxy clusters is fair one.

The most number of X-ray clusters with a normal morphology consists
of a strong central peak of surface brightness, which is usually explained as
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0.5

a consequence of radiative cooling of the gas. Using the central parts of such
clusters the approximation by S-model leads to the small values of the core ra-
dius r. and B-parameter as well as to the weak data approximation in general.
Obviously, a central part of the X-ray galaxy cluster images must be excluded
during their processing, if the aim of a study concerns with a correct analysis
of the gas distribution at large cluster’s radii.

There are several approaches to this problem. For example, [142] increased
gradually a value of the minimal radius until the approximation of the surface
brightness profile not leads to the acceptable values of x?. A new method
to resolve such a problem is concerns with the search of the required radi-
us parameter while a gas radiative cooling does not affect the distribution
of a gas in the galaxy cluster till a typical value of a gas cooling time not
exceeds the age of the Universe. Such a method, where a gas radiative cooling
parameter described in a value of the radius R, and a gas radiative cooling
time is 1.3 x 10! years, was introduced and analyzed [287]. Taking into account
these results and the aforementioned analytical approximation we calculated
R parameter and excluded range of radii r < Rg, for each cluster from
our sample.

Our results on the approximation of surface brightness profiles are given in
Table 2.1. The values obtained for the nuclei radii r. are often comparable with
the R, parameter in the case of clusters with the central peaks of a surface
brightness, indicating thus that r. can not be reliably measured. Meanwhile,
the value of S-parameter is measured accurately and reliably as well as such
an approximation responds well to the observations.

The obtained values of S-parameter are shown in Fig. 2.4. If we compare
these values with those from the work [142], where S-parameter had a fairly
narrow range 0.7+ 0.1, we may conclude as follows from Fig. 2.4: only a few
nearby Chandra X-ray clusters from our sample have 3 < 0.6.
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As concerns with the question on the correlation between S-parameter and
cluster’s temperature T' (left panel in Fig. 2.4). Our analysis allows to conclude
that the previous statement about the absense of 8 —Tx correlation was based
on the small values of 5 ~ 0.5 for the cold X-ray clusters (' ~ 3 keV), which
are characterized by the steeper surface brightness profiles. The most likely
explanation for this discrepancy is related to the incomplete removal of the
cooling central parts during processing the data on X-ray clusters in earlier
works. We considered the same radial range (by the coordinate’s position):
0.3 Ropo(T") < R < 1.5 Ropo(T"). The nuclei r. parameter can not be determined
in this range from the Chandra data, so we fixed it at 0.1 Rogg or at the value
that was obtained in the entire range of radii during approximation. Since 7.
is usually much less than 0.3 Rago(7T'), so the data approximation is equivalent
to the application of a power law model, S ~ r—68+1,

The obtained values of Syt are given in Table 2.1 and are presented depen-
dently on the cluster’s temperature T" in Fig. 2.4 (right panel). The measured
slope of a surface brightness profile in the outer part of this Figure was slightly
steeper than it follows from approximating S-model across the range of radii.
An extreme case is related to the A2163 cluster, where 3 is changed to 0.17. The
swirled surface brightness profile of the A2163 at r > 0.3 Rago(7’) is obvious
(Fig. 2.4). We notice that the changes of 5 in the outer parts of the clusters
are much smaller, A =~ 0.05, as well as are not statistically significant for the
most of galaxy clusters of our sample.

Thus, we concluded on the correlation between (B, parameter and clus-
ter’s temperature 7. It is caused mainly by a group of five hot (7' = 6—10 keV)
clusters (A85, A401, A478, A644, A1413, etc.) with 8 > 0.7, as well as by a
strong twist profile of the hottest A2163 cluster. However, one can see from
Fig. 2.4 that there are systematic changes in the slope of surface brightness
profile at the large radii of clusters, which are within the scatter at the high
temperatures. We notice that the observed trend is a weak for 5 ~ 0.67 for
clusters with T'= 3 keV to 8 =~ 0.7—0.75 with 7' = 10—13 keV.

“Mass-temperature-radius of cluster” relation. Under the condition
of spherical symmetry of the cluster and the observed surface brightness profile
we can find the volume of emitting ability, which is then easily transferred to
the gas density profile, using the fact that the plasma radiating capacity in the
soft X-ray range is proportional to the square of the density and dependent
very weakly on the temperature.

The theory of the formation of clusters provides correlation between mass
and temperature of clusters, M ~ T3/2. Since the mass and radius correspon-
ding to this density contrast associated as Magg ~ R3, We can expect the
following correlation Ragp and temperature: Rogy ~ T7/2. Since most of the
baryons are concentrated in the X-ray intergalactic gas, this ratio (Rego — T'x)
for baryons can be easily verified.
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cal model from correlation R ~ T°-5. This figure Fig. 2.5. We notice that since

is taken from [32] the measurement of the mass
of gas is almost independent of
temperature clusters, measuring R and 7' are also statistically independent.
The observed correlation has a small scatter and close to the theoretically
expected correlation of R ~ T, Note, that even A3391 with abnormally flat
surface brightness profile is well accumulated within the average dependence.
The measured correlation Rggg— 71’y was modeled [17]| using a power law model
that allowed us also to consider both statistical and internal variations in the
data on both axes.
The variation has value only 5.5 % for Rog at this temperature. Although
the obtained slopes differ formally from the theoretical value of 0.5 for 2—30,
the discrepancy between the best approximation and the power law R ~ 792
lies completely within the scatter of data. The resulting ratio is as follows:

Ronp = 850 kpe x 7061004 kev, (2.83)

Main difference with other relations, such as luminosity-temperature or
size-temperature, are related to the fact that the data, which are depending
on the parameters of concentrated gas distribution, were obtained from the
inner parts of cluster, but the correlation between Rsgy and 1" was obtained
based on the data from the outer parts. So, the properties of the central parts
of clusters can strongly affect various non-gravitational processes, which are
not important at large radii, where the main part of the cluster’s mass is
concentrated.

Small scatter observed in the correlation Rsgg — 1" can help us to find
upper limit on variation in the proportion of baryons in total mass between
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different clusters and its systematic dependence on temperature. We used the
theoretically expected fact that the total mass of the cluster within a radius
of density contrast correlated with temperature as Mo ~ T3/2. Observed
ratio for baryons, R ~ const x T2 is equivalent Mgas ~ T 3/2_ It means that
Joas = Mgas /Mot = const. Since the hot gas is the dominant baryon component
in clusters, we can conclude that the proportion of baryons in total mass is
constant too. The best approximation is Rogy ~ T°°7 and corresponds to a
small change in gas content in total mass: fgas ~ T92. However, if we consider
the fraction of stars in the mass of baryons, which is higher in cold clusters,
then this trend is significantly reduced and we can count that for wide range of
temperatures the fraction of baryon mass in total mass of clusters is constant.

We now consider possible the variations of fg.s between different clusters
with a given temperature. In the outer parts of the clusters radial correlation
of the contrast density of gas is 6 ~ 3%, Accordingly, the observed 6.5 %-
variations within the fixed dgas corresponds to approximately 35 x 6.5 % varia-
tion of contrast at a given radius. Hence, we can predict that the total mass
of clusters clearly related to temperature.

In fact, the ratio Mio,y — 1" has scatter of fyas for clusters with a given
mass of somewhat reduced. Thus, the findings suggest that the contribution of
baryons in the total mass is constant, the same for different clusters of galaxies,
and is independent from their temperature.

Vikhlinin et al. [278] calculated the correlation ratio between the baryon’s
mass and the total X-ray luminosity of clusters. This ratio provides an
opportunity to make a rough estimate of the mass in those situations when
the quality of the X-ray data are not available. More importantly that an avai-
lability of M — L ratio helps to determine the volume, which is covered by the
survey, with any restriction on the flow, depending on the mass of the cluster,
and thus, finally, the mass function. These authors obtained also an integral
function of the baryon mass which takes into account a statistical measurement
error of the mass function of close clusters as well as distortions caused by the
measurement errors for the masses of individual clusters.

We measured the mass profiles of intracluster gas in all the studied galaxy
clusters using Chandra data and aforementioned analysis. Afetr a very accuracy
applying the correlation ratio between the mass of hot gas and total optical
luminosity taken from [278|, we found not only the mass of gas, but also the
total mass of baryons (intracluster gas -+ stars) for the X-ray nearby clusters:

My = M, 1015 Mg,

M —0.52
1.33+0.05 (9> ] (2.84)

Here, My, is the mass of baryons at the contrast § = 200, M, is the mass of gas
at the same contrast without a fraction of stars. The fraction of stars in the
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total mass of baryons is significant and equal ~10—15% for massive clusters.
Considering that the mass ratio of the gas and stars do not evolve at large z
(i.e., galaxies do not associate themselves hot intergalactic gas), this ratio can
be used for a measurement of the total baryonic mass of distant clusters, for
which the sufficient quality optical observations are not available yet.

Thus, the baryon mass function for X-ray galaxy clusters at the small
redshifts can be estimated with the use of Eq. (2.84). Observations of Chandra
distant clusters can give us an opportunity to measure the baryon mass function
also at the large redshifts (see, for example, the related articles by Schmidt &
Allen [252] and on the distinguished use of this approach by Babyk, Del Popolo,
Vavilova [34]).

23.4. Lx — T — Mgy
relations in the distant X-ray galaxy clusters

The correlations between different physical parameters of
galaxy clusters allow to get information about the global properties of clusters.
The observations of the diffuse X-ray emitting medium (ICM) of galaxy clusters
provide such parameters like its temperature (77), X-ray luminosity (Lx) and,
after estimations, the mass (My). There are difficulties for theoretical predi-
ctions of these relations (e.g. [209,211]). A correlation between the mass of
hot intergalactic gas, temperature and X-ray luminosity of clusters has a small
scatter that indicates a similar formation history for all clusters [91,175,197].
However, the detailed studies showed that the observational correlation coeffi-
cient is at odds with theoretical predictions. One of the most famous example
is the slope of Lx ~ T27 for hot clusters [175], while the theory provides
Lx ~ T? [91]. Such differences can be explained by the fact that a heated
intergalactic medium plays an important role in the non-gravitational processes
as early heating of massive supernova [61] or radiation cooling as well as the
associated active star formation [284].

Among the works on the Lx — T relation for galaxy clusters at the large
redshifts we note the followings. In a series of papers, Mushotzky and co-
authors [197,198] have analyzed this ratio for a large sample of distant clusters
observed by ASKA and did not find the evolution in Lx —T relation. However,
the later observations [17,210| gave a support to an evolution parameteri-
sed in the form Lx(z) ~ (1 + 2)4, where A = 1.3—1.5. A similar result for
12 distant galaxy clusters was obtained by [135]. Nevertheless that a value
Lx — T for clusters has a considerable scatter, the dispersion in Lx — T for
the nearer clusters can be reduced if the central region is excluded when the
temperature and luminosity of clusters are evaluated [115,175] (hereafter FRB)
[13,116,136].

A Lx — T relation was derived for galaxy clusters in series of papers [61—
63] and [78,84,88|. Del Popolo et al. [78] used two models. The first model is
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a modification of the self-similar model, while the second one is a modification
of the punctuated equilibrium model [62]. They have shown that the above
models lead, in X-rays, to a Ly — T relation as L ~ T° at the scale of groups,
flattening to L ~ T3 for the rich clusters and converging to L ~ T2 at the
higher temperatures. A principal result of these works is that the non-similarity
in the Ly — T relation can be explained by a simple model that takes into
account the amount of the angular momentum acquisition by the protostruc-
tures during their expansion and collapse. It is important to note that this
result is in disagreement with a widely accepted idea that the non-similarity
is due to the non-gravitating processes, such a heating andor cooling.

In addition, Cavaliere et al. [62] have predicted the L x —T relation, which is
consistent with the data as for a shape and scatter. For getting this result, they
combine the mass distribution provided by the canonical hierarchical clustering
under the condition that the initial perturbation spectra are dominated by cold
dark matter but include enough baryons to account for the high abundance
sampled by the X-ray clusters. Thus they have obtained the z-resolved lumi-
nosity functions, with the associated source counts and redshift distributions.
They have predicted also the complementary contribution by the unresolved
groups and clusters to the soft X-ray background.

The mass-temperature relations and its time evolution for galaxy clusters
in different cosmological models were analyzed by Del Popolo [83]. The first
one is based upon a modification of the top-hat model in order to take into
account an angular momentum acquisition by protostructures and an external
pressure term in the virial theorem. The second one is based on the merging-
halo formalism, accounting for the fact that massive clusters accrete a matter
quasi-continuously. The final result is that, in both models, the M — T relation
shows a break at T' ~ 3—4 keV. The behavior of the M — T relation is as usual,
M ~ T3/2 at the high-mass end, and M ~ T7, with a value depending on
the chosen cosmology. Another recent observational studies accentuate on the
possible existence of a break in the M — T relation. For example, Finoguenov
et al. [115] have investigated M — T relation in the low-mass clusters and
found that M o« T2 as compared to M o T™3/% in the higher mass clusters
using the resolved temperature profile of X-ray clusters observed by ASCA.
Suggestions have been made to explain this behavior by attributing it to the
effect of formation redshift, cooling and heating processes.

We consider the luminosity-temperature-mass of gas (Lx —T — M) relati-
ons for galaxy clusters at the higher redshifts (0.4 < z < 1.4). Our sample
consists of 22 clusters with a large exposure time, which allows to determi-
ne the temperature of clusters with an accuracy better than 10—15%. Using
the Chandra data we were able to determine the evolution of these relations
more accurately. For most of galaxy clusters (first of all, from MACS and RCS
surveys) these results were obtained for the first time. We derived constraints
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on the mass-temperature relation of gas in galaxy clusters from their observed
luminosity-temperature relation. We parameterized the M, — T relation as a
single power-law and derived the best-fit values of their amplitude and slope
from the observed Ly — T relation. We also derived the Lx — M, relation for
our sample using a power-law model to describe this relation.

The most important observations of intracluster medium are conducted in
the soft X-ray range (0.5—10.0 keV) with the third generation of X-ray Space
Observatories. They allow us to measure the temperature and luminosity, and
from these readings we can find the total mass of a galaxy cluster within a
scaled radius assuming the hydrostatic equilibrium of gas with the gravitatio-
nal cluster potential. Since, the ICM emits extremely X-ray luminous, these
observatories may detect clusters out of z > 1. The distant clusters provide the
most important information for cosmological estimations, including the scaling
relationship between the main observed parameters and total mass (see, for
example, [115,175,199]). Various kind of such relations were predicted via self-
similar models of galaxy clusters [144], but the observed scaling relations are
still different from the theoretical models.

The correlations between temperature, luminosity and mass of clusters give
a great opportunity to get important information about the global properties
of galaxy clusters. There are many difficulties with the theoretical predictions
of these correlations. A small scatter in relations between temperature, lumi-
nosity and mass of clusters indicates the similar nature of formation for all
galaxy clusters. On the other hand, the detailed analysis showed significant
uncertainties in the correlation coefficient between observations and theory.
For example, the Lx — T relation has an observational slope of 2.7 [23—26, 30,
33, 78|, while theory gives a slope only of 2 (e.g., [10,11,275]). Such uncertainty
can be explained by the presence of non-gravitational processes or radiation
cooling inside these clusters.

A Lx — T relation was studied in series of papers [10,11,78]. Del Popolo
et al. [78] used self-similar model, and modification of the punctuated equili-
brium model from previous researches. They found that both models lead to
Lx — T relation so flattening to Lx o< T2 for the rich clusters but converging
to Lx o T2 at the higher temperatures. The main result of these researches
is that the non-similarity in Lx — T relation can be explained using a simple
model taking into account the amount of the angular momentum acquisition
by the substructures during their collapse and expansion.

The scaling relations between the luminosity, temperature, and mass of gas
(Lx —T — M,) are well-described for the relaxed clusters at the low redshifts
(z < 0.15) [276,277], while the relations at the higher redshifts are less well
determined. The Lx — T — M, correlations at very high redshifts have not yet
been well studied, however, more and more clusters are being detected at these
redshifts, which will provide a great opportunity for cosmological researches
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in the coming years. Being in the deepest gravitational potential wells, the
galaxy clusters reside an excellent cosmological probe as a tracer of the peaks
of structure formation.

Sample and methods. We accentuate on measuring the physical parame-
ters (temperature, surface brightness, total mass profiles, etc.) and the scaling
relation for yet one distant galaxy cluster XLSSJ 022403 — 041328. This galaxy
cluster was discovered by the XMM-Newton Observatory as an extended X-ray
source within the XMM Large-Scale Structure Survey [10,221,272|. Later on,
after conducting the analysis of NIR (K,-band) and R — z observations, its
belonging to the higher redshift cluster population was confirmed (z = 1.05)
by [11]. One can receive the more information also by [217] on the XMM-LSS
Class 1 cluster sample (pertaining to the first 5 deg of the survey) and its
cosmological modeling, [170] on the X-ray analysis methodology, and [290] for
an extensive spectral analysis and other parameters of X-ray distant clusters
in the XMM LSS survey, as well as their optical assessments [3]) including the
additional data on the studied galaxy cluster.

The gas in cluster is trapped by the cluster’s gravitational potential well.
If the hot gas is supported by its own pressure against gravitational infall,
it must obey the equation of hydrostatic equilibrium. The intercluster gas in
the most of clusters appears to be in an approximate hydrostatic equilibrium
Eq. (2.69). It was used the assumptions of spherical symmetry of clusters. Since
the density and pressure of hot gas have very low values, we can use the ideal
gas law,

p = Lot Ts(r) (2.85)
Bwmp
where p is the mean molecular weight of the gas, and my, is the proton mass.
Combining the equation (2.69) and equation (2.85), the total mass of cluster
as a function of the projected radius is as follows in Eq. (2.70).

Assuming an isothermal and spherical distribution of gas in clusters with

temperature T', the equation (2.70) becomes

kKTr (dlnp
Mp = — — 2.86
4 Gumy, <dlnr>’ (2.86)

where r is the outer radius of the cluster and p is constant with radius, since
the chemical composition of the gas is expected to be uniform throughout
the cluster.

Assuming an isothermal spherical gas in the hydrostatic equilibrium, the
density profile of the X-ray emitting gas can be approximated by an isothermal

B-model [60] 425
o\—
pg(1T) = po (1—}— (:(:) > , (2.87)
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where py(r) is the density of the gas as a function of the cluster’s projected
radius r, r. is the core radius, and pg is the density in the cluster’s center.
The values of 8 and r. are obtained by analysis of the X-ray surface brightness
profile for each cluster.

X-ray image analysis allows the determination of the X-ray surface bright-
ness profile. The assumption that the hot gas is isothermal one leads to a
B-model for the cluster’s brightness profile

o\ —36+1/2
S(r) = So (1 + <r> > +C, (2.88)

Tc

where S(r) is the X-ray brightness as a function of the projected cluster’s radius
r. So, re, B and C' are free parameters by fitting the model to the X-ray bright-
ness profile. In general, the X-ray surface brightness profile is approximated
well by the S-model.

There are cases, when the standard S-model leads to underestimating the
brightness in the central region of the clusters. The central X-ray excess is
one of the first pieces of evidence of cooling flows in galaxy clusters [142]. For
simplicity in our study, we use a single S-model [239].

The mass of the hot gas in the ICM is determined by the integration of the
gas density profile (Eq. (2.87)) over the volume of the cluster within a defined
radius Rgoo,
M, = / pdV. (2.89)

200
Equation (2.89) can be written as

Ra00

2 —3/28
M, = 4mpo / 7 (1 + <> ) dr. (2.90)
Tc
0

The value of pg is derived from combining the results obtained from fitting
a model to the X-ray spectrum, and from the best fit parameters obtained by
fitting a B-model to the X-ray surface brightness profile. The result obtained
by integrating the density profile over a defined volume of the cluster depends
on the cosmology assumed because of the projected radius of the cluster is
calculated using the cluster’s angular distance d4 [113].

Lx — T — Mg,s correlations. The obtained values of Ly — T for the
distant galaxy clusters are shown in Fig. 2.6. Variation in the ratio is very small.
It is almost entirely due to the measurement errors. The slope is consistent with
the ratio for clusters from our sample at the lower redshifts [25] (see Section
2.3.3). We used normalization parameter on z as L ~ (1 + 2)AexTTPixT and
found that fr,7 = 2.55 £0.07, and Ar,7 = 1.50 £ 0.23 at the confidence
level 68 %.
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Fig. 2.6. The scaled L—T relation of sample clusters observed by Chandra
and XMM-Newton. The lines correspond to the normalization parameter
Lg(1 + 2)ALTTPLT with Apr = 1.50 4+ 0.23, while 817 = 2.55 + 0.07; a
standard deviation is at 1o confidence level. The figure is taken from [29]

The Lx — T relation has been studied well at the lower redshifts, however,
the situation at the higher redshifts is less clear. Henry et al. [128] found that
there is moderate to no evolution out to a redshift of 0.33. Muzhotsky et al.
[197] found evidence for no evolution out to a redshift of 0.4. Fairley et al. [112]
found that Ly ~ (1 + 2)%60£03873:15 for an Q,, = 0.3, which is consistent
with no evolution in the Lx — T relation out to a redshift of 0.8. Borgani
et al. [46] constrained fr, 7 to be between 3 and 4. Using their constraints on
BrxT, they found 1 < A < 3 for an ,, = 1.0 and A = 0 implied a low density
universe. Muzhotsky et al. [197] found A = 0 also. Donahue et al. [95] found a
slightly negative value of A (for Q,, = 0.3, Qy = 0.7, A = —0.8Jj(1):?), and rule
out A = 1.5; their results were also consistent with A = 0. Reichart et al. [230]
determined the Lx — T relation for cooling flow’s corrected luminosities and
temperatures. They found 8,7 = 2.80+£0.15and A = 1.53J_r(1):g§ for our chosen
cosmological parameters. These results are in a good agreement with our esti-
mations [28,29]. Horner et al. [136] found Sr,7 = 2.98 £ 0.14 and A = 0.02 £
4 0.16 for no cooling flow corrections that is in confirmation with our results.

Using spherically symmetric clusters, the value of gas mass can be estima-
ted from a surface brightness profile. We decided to measure the mass of gas
within radius Ragg (our sample includes only two clusters in the temperature
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Fig. 2.7. The scaled M —T relation of sample clusters observed by Chandra
and XMM-Newton. The lines correspond the normalization parameter
My(1 4 2)*MTTPMT wwith App = —0.58 £0.13, and Barr = 1.77 £0.16; a
standard deviation (1o confidence level). The figure is taken from [29]

le+13

range from 2 to 3 keV, so we can say anything about the break in M, — T
scaling relation).

The relation My 200 — 1" is shown in Fig. 2.7. We used a functional relation
of the following form M, ~ (14 z)MeTTPMsT with parameters Bm,r = 1.77=+
+0.16, and Ay, = —0.58 £ 0.13.

The cluster formation simulations [186], which include supernova heating,
produce a slightly steeper slope (M, o< T'61) compared to the self-similar slo-
pe 1.5 in their results of simulations with no winds. They show that if all
the wind energy is thermalized and retained within a virial radius, the tem-
perature for the masses ~10'3 M may increase by 100 %, which would totally
break the scaling at the low temperatures. [206] found Ba,7 = 1.79 £0.14. In
addition, [157] found Bps,7 = 1.65£0.15 using the Chandra sample of galaxy
clusters at z = 0.4—0.7 spanning a temperature interval of 3keV < T' < 14 keV.

Relationship between the mass and luminosity (M, — Lx) of gas is
shown in Fig. 2.8. This value is useful in assessing the functions of the dis-
tant clusters by their X-ray luminosity. We used the functional relation as
M, ~ (1 + z)*Mex [PMLx  We found Bum,Ly = 0.73 £ 0.15 and obtained
Apyry =~ —1.86 4 0.34 for our model of the Universe. One can see that the
most independent M, — T relation observations are consistent with our results
and with the preheating scenario.
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Thus, the relationship bet- 100
ween X-ray temperature, lumi-
nosity and mass of gas at z > 0.4
has a strong evolution in relation- R
ship with respect to the correlati- -
ons observed at the lower z. The 2 10
evolution in the ratio M, — Lx g‘
and My, — T for baryon matter
and non-baryon cause ought to
be the same. .

Both the observed strong —— — —

. . 0.1 1 10
evolution based on M, — Lx is Ly, 10% ergs™!

weak, an.d n§gatlve eV.Ohltlon of Fig. 2.8. The relation between the luminosity of
the luminosity function mean clusters in 0.5—7 keV energy range and the mass
that the mass function evolves of hot gas at Rago. The dotted line represents the

strongly: the spatial density of M — Lx relation for galaxy clusters at the lower

clusters of the fixed mass at high- redshifts. The so.lid line is moved on (1 + z).l‘géf.
. X The two dotted lines show 68 % standard deviati-

z is much smaller than in the cur- |y, figure is taken from [28]

rent epoch of cosmological para-

meters [108,109,297|. The ratio between My — T — Lx, which we derived for

the considered X-ray clusters at the higher redshifts (0.4 < z < 1.4), indicates

that clusters of galaxies in the past had an higher density, they were hotter

and had a higher luminosity at the fixed mass than predicted actually with the

scaling relations obtained on the gravitational structure formation [52].

Using the new Chandra data on the cluster’s temperatures, luminosities
and mass of X-ray hot intercluster gas, we obtain the Lx — T — Mx relati-
ons in the 2—11 keV temperature interval with a greatly reduced scatter. The
large redshift sample has provided an evidence that clusters do not evolve self-
similarly in the last ~11 Gyr. Our normalization of the M, —T' relation is also
in a good agreement with those derived from the high-resolution numerical si-
mulations (e.g., [45]) that undertaken to model the non-gravitational processes
in the ICM (radiative cooling, star formation, and feedback from supernova).
We have presented the constraints on the mass-temperature relation of hot gas
of galaxy clusters.

For My — T relation we found that

[ kT 15 B
which can be compared with
Mooy = 5.88 x 1013 (L - h=1 M, (2.92)
200 = 1 keV © '

taken by [4].
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We revealed the constraints on the luminosity-temperature, the tempera-
ture-mass and the mass-luminosity relations of distant galaxy clusters based
on the Chandra observations. Our analysis adopted a simple parameterized
model for these relations. We note that the evolution in such relations with
redshift is a very sensitive to values of cosmological parameters 7,91, 176].
In overall, the clusters at the higher-z have stronger dependencies between
Lx —T — M, correlations that those for clusters at the lower-z. For the most
of galaxy clusters (first of all, from MACS and RCS surveys) these results
are obtained for the first time. We are in progress to compare such evolutions
(Lx —T — My) using the non-X-ray data for the studied galaxy clusters taking
into account the properties, which are not being sources directly from X-ray
range [12].

Our results showed that the M, — T relation at the high redshifts has a
strong evolution with respect to those at the small redshifts. It is significant to
note that the M — T relation has smaller variations than that predicted by the
theory (M ~ T?/2). This difference can be explained by the fact that heated
intergalactic medium plays a significant role in non-gravitational processes, as
early heating by massive supernovae, radiation cooling. In general, the main
physical characteristics are consistent with the self-similar evolution of the
cluster population. We note that the temperature values for this cluster are
reliable [222] and confirm the potential to investigate the evolution of X-ray
clusters in a statistical manner over a wide, uniformly-selected redshift, and
0.7 < T < 14 keV temperature, intervals using the XMM LSS survey.

The simulations of cluster formation, which include non-gravitational pro-
cesses, show a steeper slope for M, — T'x relation (~1.61) compared to the
self-similar slope (~1.5) [186]. As a result, if all the wind energy is thermali-
zed and retained within the virial radius, the temperature for the masses (in
10'3 M) may rise by 100 %, which would totally break the scaling relation at
the low temperatures [27,30,78]. We did not find any evidence of the presence
of a spectral break in M — T relation at lower (~1—2 keV) temperatures
(after adding new points). The assumption of virial equilibrium leads to the
expected relation M o T3/2 between total mass and temperature. A topic
of vigorous debate over the previous years that used recent investigations of
the X-ray mass-temperature relation have shown one percent-level agreement
in normalization showing that the slope is not greatly different from the self-
similar expectation [78|, although it may be slightly steeper [30]. We note that
for the distinguished analysis the more ambitious surveys covering 7000 deg?
should provide the 1% accuracy in the estimation of the M — T relation nor-
malizations (see, for accentuation, [42]).

L —T relation. Our results may also be used to test the evolution between
luminosity and temperature of ICM. We used the normalization parameter
Lx (1 + 2)A7TBLr with App = 1.50 £ 0.23, while Bz = 2.55 £ 0.07. Fig. 2.6
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shows the results of L — T relation, where our measurements together with the
data [180] are shown on a graph together.

There are a couple of models to describe the L — T relation, for example,
adiabatic, shock etc. The adiabatic model predicts a single, scale-free relation
L o< T35, or L o< T3 if the gas equilibrium distributed to virial radius. However,
at the cluster scales the universal baryonic fraction, one expects saturation
toward the scaling of L oc T? of the shock model. On the other hand, at
the group scales a much steeper dependence is indicated by observations. Such
opposite departures of the L —T correlation from a single power-law are beyond
the reach of the adiabatic model, but within the predictions of the shock model.
It is therefore instructive to consider trends in the L —T relation in anticipation
of a larger sample of distant clusters from the continuing XMM LSS survey as
that was concluded yet by [222].

Kaiser [144] described the thermodynamical processes of the ICM by
assuming it to be entirely determined by the gravitational processes, such as
adiabatic compression during the collapse and shocks due to supersonic accreti-
on of the surrounding gas. There are no preferred scales in the cosmological
framework (i.e. 0, = 1), and in physics (i.e. only gravity acting on the gas and
pure thermal, bremsstrahlung emission), then clusters of different masses are
just a scaled version of each other. Because bremsstrahlung emissivity predicts
Lx x MpgasTl/Q, as result, Lx o T)Q((l—i—z)‘g/2 or, equivalently for the Lx — M
relation as Ly oc M*/3(1 + 2)7/2.

The assumption of pure thermal, bremsstrahlung is quite accurate above
approximately 2 keV, but at lower temperatures the line emission becomes si-
gnificant, unless the value of metals is very low. We quantified that the value
of metal abundance does not effect on the value of temperature, i.e. total mass,
significantly. [41] have determined the dependence of the metal abundance on
the redshift and virial radius as Z(r,2z) = Zo(1 + (r/0.15,,,)%)"%(2/0.6)~7
with the best-fit model parameters of Zy = 0.36 £ 0.03, a = 0.32 £ 0.07,
and —y = 0.25 £ 0.57. This relation depicts an important negative trend of
Z with the radius and, although no important evolution with the redshift is
detected. It represents the first time that the abundance measured in ICM
has been parameterized as a function of both r and z in a way that could
be directly compared with the models of diffusion of metals. Pure thermal,
bremsstrahlung emission itself does not exactly scale as was predicted (T/2),
due to the additional Gaunt factor [276]. However, this factor varies by less
than 4% in the 1—10 keV temperature band. In contrast, the line emission
reaches about 18 % of the total emission at 2 keV for a typical abundance
of 0.3 Z. This extra line emission tends to flatten the slope of the Lx — T
relation, as low-T' clusters are boosted in luminosity more than their high-
T counterparts. This effect is amplified, because low-T' clusters tend to have
higher abundances.
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M — T relation. The four data points (two from our research and two
ones taken from [180]) are plotted in Fig. 2.7. We used the normalization
parameter M, (1+ 2)AMTTPMT to describe the M — T correlation with Ay =
= —0.58 +£0.13, and By = 1.77 + 0.16. Our measurements and calculations
made by Maughan et al. [180] are in a very good agreement with our previous
relations for 21 distant clusters observed by the Chandra. They are consistent
also with the M — T relation obtained by Kotov & Vikhlinin [157] for clusters
at 0.4 < z < 0.7 observed by XMM-Newton.

2.4. Dark matter halo
in the massive X-ray galaxy clusters

In the present section, we use Chandra X-ray data to study
the properties of 128 dynamically relaxed galaxy clusters. We selected the
sample with redshift range from 0.01 to 1.4. with the aim to recover their total
and gas mass profiles and analysis of the measured distribution of copg, Mo
and baryonic mass content. We determine the baryons content of each cluster
subtracting the DM from the total mass. Point out that fitting the density
profile with a generalized NFW model:

Po
A = et g (2:99)
the slope « is correlated with the baryonic mass content of the cluster, in
agreement with several studies [66, 232—234, 254].

2.4.1. Main properties of the Chandra
massive X-ray galaxy clusters at z < 1.4

The main criterion to generate the studied sample of galaxy
clusters was the value of the X-ray flux. This value should be low enough
to represent the largest number of galaxy clusters, while at the same time,
the value of the X-ray flux should be high enough to measure the total mass
of clusters more carefully. Usually, for the energy range 0.5—7.0, the flux is
considering as fy = 7.0 x 10712 erg s7! em™2 [177,282]. In our study we
selected the clusters having a larger value of the X-ray flux before mentioned.
In addition to flux criteria, a second criterion was to use a wide range of
redshifts. The cluster with highest redshift used is ISCS J 1438 + 3414 having
z ~ 1.41, while the most of clusters has a redshift in the range 0.01—0.3, and in
general 0.01 < z < 1.4. We added to our sample 14 MACS and 8 RCS clusters
as some of the most distant objects which are observed by Chandra. All the
target clusters have the mass weighted X-ray temperatures measured within
the radius 79500, k15500 < 5 keV.

To minimize systematic scatter and to allow the most precise test of the
CDM model predictions, we used only highly relaxed clusters. All other clusters
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in the sample have a regular X-ray morphology, indicative of a relaxed state and
allowing reliable determination of the total mass profile through the hydrostatic
equilibrium equation. We did not take into account observations of clusters
when the exposition time was smaller then 5 ks. This helped to decrease the
uncertainties in the spectrum modeling, and mass of clusters determination.
The list of observations results are presented in Table 2.2. It is significant to
note that coordinates of clusters were taken from the NED archive, where these
coordinates, in turn, were taken from the paper by [2]. Since the quoted authors
[2] used the Palomar telescope for its determination, some differences between
optically defined coordinates from NED and X-ray peak from intracluster gas
have been noted. These differences are not so critical or significant, however,
we have used the central coordinates from maximum of X-ray emission.

Advanced B-model. As we already told, because of the beta-model has
some limitations, we introduced a more precise model to get the distribution
of hot gas of galaxy cluster.

In order to get the hot gas distribution in galaxy clusters, we will solve
numerically the system of the following differential equations:

1 9pg _ 0¢(r)
pg Ox; kTy(r) Ox; ’

(2.94)

for the gas distribution, where x; = (z,y, z) are the Cartesian coordinates,
is the molecular weight, m,, is the proton mass, k is the Boltzman constant,
and ¢ is the gravitational potential. We performed the numerical integration
of the system of Eq. (2.94) through the Euler method. The integration step
was chosen in such a manner that the maximum error in the resulting X-ray
brightness was not bigger than 0.1 %.

After getting the gas density (pg), we were able to obtain the emission
measure profile in the X-ray energy band. The emission flux, that comes from
the observed regions, is proportional to the square of the integral density of
hot gas, pg, along the line of sight. We used the metal abundance of 0.3 and
assumed ne/np = 1.17 and py = 1.35mpn,,, where ne and ny are the electron
and proton concentrations, respectively [282]. We have to note that from the
model, we can obtain the gas density with precision of some constant factor a,
which depends on the integration boundary conditions of Eq. (2.94). Therefore,
the real density pzeal of gas is equal to p;eal =a- p;im, where pzim (sim stands for
“simulations”) is the density of gas obtained by solving the previous differential
equations. So, we can write pzim = p, in Eq. (2.94). Thus the value of EMgi,,
namely EM from simulations (see Section 2.3.2), can be found as:

EMgin, = / nenpdV = 0.64/m? / (pE™)dv. (2.95)

77



CHAPTER 2. Dark matter: observational manifestation in galazy clusters

Table 2.2. The massive Chandra X-ray galaxy clusters: total and baryonic
masses, dark matter profiles. Columns list the target name, redshift, number
of ID observation, the total mass in clusters at radius R200, the mass of baryonic
matter in clusters, and the fraction of baryonic matter in total mass,

and, in the case of the gNFW, we give the inner value of slope,

Cluster z ObsID | Maoo, 10 M | My, 10" Mo | fag, /e, a

A85 0.055 904 25.6875-59 42.861552 0.166 0.85102¢
A119 | 0.044 | 7918 24.06%5 15 47.97%555 0.199 0.82%0:37
A133 0.056 | 2203 16.3413:32 35.0275 %7 0.214 0.6979:9%
A168 | 0.045 | 3203 6.747793 19.767317 0.293 10149
A209 0.206 522 12.05%3:31 10474185 0.087 1721015
A262 0.016 | 2215 2.931063 7.2571 %3 0.246 0.6970:03
A383 0.187 524 5.6373 0 11.03%3 14 0.195 1584032
A399 0.072 | 3230 37.9075 91 94.531% " 0.249 0.5110-17
A401 0.074 518 37.977588 7591183 0.199 0.8670:37
A478 0.088 | 1669 23.357302 30.8615 15 0.132 0.9610:3%
A496 0.033 931 9.10139 10867135 0.119 0.8210:0°
A521 0.250 430 7.217118 14477593 0.200 0.937913
A539 | 0.028 | 5808 8.38+1-10 15.06%1°%5 0.179 | 1.08%03
A576 0.039 | 3289 21.117%19 23.8715 11 0.113 0.7470 18
A644 0.070 | 2211 32557556 44.6273 47 0.137 1.03196¢
A697 0.280 | 4217 13,5671 7] 13.491117 0.099 0.947913
AT54 | 0.054 | 577 40.304371 61.8075 15 0153 | 1.08T)4
ATT3 0.217 533 14.097172 24.471% 43 0.173 0.8210:1%
A907 0.150 | 3205 6541573 13.121175 0.200 1124513
A963 | 0206 | 903 8.2270% 22.63%% 18 0275 | 152151
A1060 | 0.012 | 2220 9.8171 %% 24.287% 35 0.247 0.8970:08
A1068 | 0.138 | 1652 7711071 14.6477715 0.189 0.98+919
A1201 | 0.169 | 4216 5.4319-39 9.79% 583 0.180 1724519
A1240 | 0.159 | 4961 7.3470:21 16.427 162 0.223 0.91%5:08
A1361 | 0117 | 2200 11071138 21.5615 13 0.194 0.807038
A1413 | 0.140 537 85370 83 14.487142 0.169 0.9370-58
A1446 | 0.104 | 4975 1266172 28.207319 0.222 1347073
A1569 | 0.074 | 6100 14.3571:34 37.0175-28 0.257 0.67915
Al1644 | 0.047 | 2206 14.6011 17 33.9575 18 0.232 0.75%0:07
A1650 | 0.084 | 5823 39.4415 72 81.4375% 0.206 0.4370 33
A1651 | 0.085 | 4185 19487312 37.8175 0% 0.194 0.9170 23
A1664 | 0.128 | 1648 22841295 40.3575 7% 0.176 0.7210:38
A1689 | 0.183 540 16.0972-82 39.5274%7 0.245 1.1075-18
A1736 | 0.046 | 4186 8.117713 11267573 0.138 1084055
A1795 | 0.063 493 19.341318 20.4613 15 0.105 1.0419:33
A1835 | 0.253 495 22.8672-86 41.93%5-1¢ 0.183 0.6870 13
A1914 | 0.171 542 76.85135% 93.76 193, 0.121 0.43%51%
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Continuation of the tabl. 2.2

Cluster z ObsID Mago, 10** Mg My, 1013 Mg Sty /Moo a

A1995 | 0.318 906 45.321518 56.2275 g1 0.124 0.55%01§
A2029 | 0.077 | 891 33.4375 71 42,4233 0.126 | 09155
A2034 | 0.113 | 2204 19.98+2:5% 21.22459% 0.106 1.0610:37
A2052 | 0.035 890 9.12%128 13.45%3:28 0.147 1.6215:27
A2063 | 0.035 | 6263 10.30%193 20.0613 4% 0.194 0.8010:5%
A2065 | 0.073 | 3182 39.4315%2 94.05719-3% 0.238 0.411922
A2124 | 0.065 | 3238 13.12%137 20.677215 0.157 0.91%912
A2142 | 0.091 | 1228 29.871247 21.691% 38 0.072 0.93%5:1%
A2147 | 0.035 | 3211 10.93%13% 18.0917:32 0.165 1.121949
A2163 | 0.203 545 111.18+5-%2 143.5171392 0.129 0.5119 1%
A2199 | 0.030 497 12.3873:18 24.2572-38 0.195 0.901939
A2204 | 0.152 499 23.357319 43.6713%2 0.186 0.851038
A2218 | 0.175 553 6.4610 %2 8.95%242 0.138 1.7875:1%
A2219 | 0.225 896 36.497%%2 47.06153% 0.128 0.831037
A2244 | 0.097 | 4179 36.5275 18 35.201385 0.096 0.81%5:1%
A2256 | 0.058 519 47.781337 57.77T5 50 0.120 1127531
A2319 | 0.056 | 3231 46.007537 71.4575 g3 0.155 0.8670 15
A2390 | 0.228 500 28.2113:15 50.891587 0.180 0.947313
A2462 | 0.073 | 4159 20.737548 28.3375 11 0.136 1.2170:10
A2537 | 0.295 | 4962 16.1273:19 31.45%575 0.195 1187013
A2589 | 0.041 | 3210 10.05%7°37 18.43%3:53 0.183 1347017
A2597 | 0.085 922 10.76%13] 12347730 0.114 0.9270 15
A2634 | 0.031 | 4816 11.88%%52 22.1175%3 0.186 1.2170:3
A2657 | 0.040 | 4941 9.897%1 19.5375:45 0197 | 1187913
A2667 | 0.230 | 2214 19.71735; 37.5975 13 0.190 0.7470:11
A2670 | 0.076 | 4959 16.6271°%3 30.0975 95 0.180 0.747013
A2717 | 0.049 | 6973 1294754 25.13739; 0.194 1.03+9:14
A2744 | 0.308 | 2212 22177558 48971575 0.220 0.7079:12
A3112 | 0.075 | 6972 18.84%3 15 13.61%757 0.072 0.8370 13
A3158 | 0.060 | 3712 25.80%377 16.767% 57 0.065 0.9575 15
A3266 | 0.059 899 33.257537 42.05751% 0.126 1234043
A3376 | 0.045 | 3202 26.617372 30.671537 0.115 1.6315-32
A3391 | 0.051 | 4943 18.9171 32 30.6115:33 0.161 0.727912
A3395 | 0.050 | 4944 33.6775 1] 45.40185% 0.134 0.827013
A3526 | 0.011 504 8.2610:72 18.2417°53 0.220 0.6910:13
A3558 | 0.048 | 1646 21.2715 % 28.6415%7 0.134 0.7670 38
A3562 | 0.049 | 4167 14.05%7°38 33.0715 3% 0.235 0.677015
A3571 | 0.039 | 4203 30411378 39357558 0.129 0.91+:17
A3667 | 0.055 889 26.8413% 44.18%5°2% 0.164 0.87101%
A3827 | 0.098 | 7920 78.90153¢ 70.79153¢ 0.089 0.5370:33
A3921 | 0.093 | 4973 29.611712 18.5673:35 0.062 1167035
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Continuation of the tabl. 2.2

Cluster z ObsID | Mago, 10 Mg | My, 1013 Mg | far, /atee: a
A4038 0.030 | 4992 8.2615:18 14.98+%19 0.180 | 0.77+5:12
A4059 0.047 897 | 10.72+0-92 13.64+125 0.127 | 0.83%9:12
AWMA4 0.032 | 9423 6.551952 | 15.617147 0.238 | 1.52+9:2
CLJ1226.9 + 3332 0.890 | 3180 | 143.19%1232% | 94.1273%15 | 0.065 |0.52791¢
Coma (A1656) 0.023 | 10672 | 41.947372 | 76.821792 0.183 | 0.6379:16
11Zw54 0.0311 | 4182 8.8175:93 17.99%57 0.204 |1.43%9:28

ISCSJ1438 + 3414 1.41 | 10461 | 293.1573327 |316.22711%5% | 0.107 |0.35%01%
MACSJ0011.7-1523 | 0.379 | 3261 | 48.34+3%2 | 59977188 0.124 |0.6379:16
MACSJ0159.8-0849 | 0.405 | 3265 | 44.007%45% | 52577515 | 0.119 |0.727524
MACSJ0242.6-2132 | 0.314 | 3266 | 27.447595 48.4875 2% 0.176 | 0.641517
MACSJ0429.6-0253 |0.399 | 3271 | 1850182 | 31317324 0.169 |0.93%9-17
MACSJ0647.7 + 7015 | 0.59 3196 | 89.517%* | 98.257%12 0.109 | 0.77+9:37
MACSJ0744.8 + 3927 | 0.697 536 | 106.4818%2 | 97.817935 0.091 |0.657919
MACSJ1115.8+0129 | 0.355 | 3275 | 23.59+417 | 49.38+170 0.209 | 0.64+9:2
MACSJ1311.0-0311 | 0.49 3258 | 55117484 | 68.151 115 0.123 | 0.5479:23
MACSJ1423.8 42404 | 0.545 | 4195 | 48.217472 34.9073-28 0.072 |0.63%91%
MACSJ1427.6-2521 |0.318 | 3279 | 25.04+236 | 34757317 0.138 | 0.8419:33
MACSJ1720.3 + 3536 | 0.391 | 3280 | 40.70*3L7 | 37.617429 0.092 |0.79%9:17
MACSJ1931.8-2635 | 0.352 | 3282 | 32.787%9% 42.24T70 14 0.129 |0.77+938
MACSJ2129.4-0741 | 0.589 | 3199 | 96.661192¢ | 95797791 0.099 |0.647918
MACSJ2229.8-2756 | 0.324 | 3286 | 46.067292 | 35647152 0.077 | 0.84%5:19

MKW3s 0.045 | 900 | 12.027317 | 20.871%9% | 0173 |0.85%0:17
MKW4 0.020 | 3234| 2.22+1% 7.69t1% | 0346 |1.7570%
MKWS8 0.027 | 4942 7477548 8.3412:37 0.111 |1.83%9:18
PKS0745-19 0.103 508 | 33.52%317 | 30.0473%3 0.089 | 1.887015

RXCJ0043.4-2037 | 0.292 | 9409 6.387052 10.2972%5 0.161 |1.43%918
RXCJ0232.2-4420 |0.283 | 4993 | 18.25%%1¢ 16.51+1-48 0.090 |1.3179:32
RXCJ0307.0-2840 |0.253 | 9414 | 12.627]72 21287219 0.128 |1.21%519
RXCJ0516.7-5430 | 0.294 | 9331 | 13.96%152 17.591219 0.126 |1.3479:17
RXCJ0547.6-3152 | 0.148 | 9419 | 11.06%117 18.82+212 0.150 | 1.64%9:1
RXCJ0605.8-3518 | 0.141 | 12899 6.3715°73 13.84+1:38 0.117 | 1.54%5:19
RXCJ1131.9-1955 |0.307 | 3276 | 1543714 20.92+%19 0.115 | 1.42%918
RX(CJ2014.8-2430 | 0.161 | 11757 | 10.537148 | 18.27+138 0.123 | 1.6475:19
RXCJ2129.6 +0005 | 0.235 552 8.4610-94 12.27+1:33 0.115 | 1.73%9:2
RXCJ2337.6 +0016 |0.273 | 3248 8.507 058 13.757 132 0.131 | 1.67%919

ZwCL1215 0.075 | 4184 | 33.717417 | 36.33517 0.118 | 0.74%5:14
RCSJ0224 0002 0.778 | 4987 | 10517111 | 22451019 0.113 |1.02%515
RCSJ0439 2904 0.951 | 3577 3.7910:56 9.0175°9% 0.207 | 1.84%9:36
RCSJ1107 - 0523 0.735 | 5825 5.27+0m 12.651147 0.219 |1.53%9:34

RCSJ1419.2 + 5326 | 0.64 3240 | 1291779 | 33.9173%% 0.222 |0.677912
RCSJ1620 + 2929 0.87 3241 7.57t1:02 | 14157147 0.147 | 1.04%0:14
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End of the tabl. 2.2

Cluster z ObsID | Mago, 10' Mg | My, 10'3 Mg | fan, /asie: a
RCSJ2156 + 0123 | 0.335 | 674 22.8075-28 42.971252 0.181 | 0.587311
RCSJ2318 40034 | 0.78 | 4938 28.3775 11 51.457321 0.141 | 0.647312
RCSJ2319 +0038 | 0.904 | 5750 40.961525 91.9173%% 0.204 | 0.547515
RXJ0439.0 + 0520 | 0.208 | 527 9.11117% 11.43+219 0.225 | 1.047329
RXJ0848.7 +4456 | 0.570 | 927 3.3270°73 9.3613:35 0.241 | 1.017314
RXJ0849 + 4452 | 1.26 945 4677098 67.8715-28 0.165 | 0.557317
RXJ0910+ 5422 | 1.106 | 2227 64.9275:67 66.847577 0.143 | 0.637313
RXJ1113.1-2615 | 0.730 | 915 5.3010708 12721738 0.219 | 1.0470:33
RXJ1221.4 +4918 | 0.700 | 1662 46.641522 75.087632 0.151 | 0.547318

Using equation (2.95), we found the next expression:
normgim = EMgim x 1071 /[4n(D (1 + 2))?], (2.96)

where normg;,, is the value of normygkar, in numerical simulations, D 4 is the
angular distance to cluster. From the observational data we got the normali-
zation parameter of the best-fit MEKAL model, normygkar,, which was fitted
by the normyg;, values obtained from the simulations. Since the normygkar
parameter can be expressed by:

64 real ZdV X 10—14
0.6 /(pg ) (2.07)

norm = ,
MERAL = 502" | T (Da(1 + 2))2]

by using Eq. (2.95, 2.96) and Eq. (2.97), we obtain that the normalization

factor a is given by:
. [POrmyEKAL (2.98)
NOrMgjy

Therefore we are able to obtain the field of hot gas density pgeal =aqa- pzim and

the emission measure EM,,1, using pzeal into Eq. (2.95) instead of pzim.

For each cluster, we performed a series of numerical simulations of the
emission measure profile. In our model we used two free parameters pg and rg
from NFW model. Sorting them out in the acceptable ranges for py = 1072°—
1071® and ry = 0.1 to 2 Mpc, we selected such pair of values, which is the best
convenient for describing the observational cluster profile. Using the x? test we
found the values py and rs with 90 % confidence level. Using these parameters
we have reconstructed the density profiles for DM and gas.

Galaxy cluster’s mass profile. In order to calculate the total mass
profiles of galaxy clusters, the spherical symmetry and hydrostatic equilibrium
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of clusters was assumed. We have determined the total mass of clusters using
two independent methods. In the first one, we have parameterized the cluster
total mass profiles (luminous + dark matter) using NF'W model (slope a = 1,
method 1). The gas profiles were also calculated at this stage (see [252]).

In method 2, we modeled the total mass profile as composed of three
components: the dark matter halo (fitted with a generalized NFW profile), the
gaseous component (an improvement on the beta model described in the previ-
ous paragraph), and the luminous component of the central galaxy (approxi-
mated with a Jaffe profile [139]). For the density profile of DM, we used the
NFW model having a DM density profile given by Eq. (2.22) and a mass profile,
within a fixed radius given by

M(<r) = 4mprd |Inf1+ =) — - 2.
(<r) Wpors[n<+rs> rﬁ—r]’ (2.99)

where pg, and rs were defined in section on the density profiles.

Mass contribution of X-ray diffused gas. As pointed out in [252],
they obtained the gas profiles through the method 1 and did not involve a
functional form for the gas profile.

In the method 2, in order to approximate the gas contribution to the total
mass allowing us to get the DM profile, it is necessary to apply a model for
the gas density profile. The so called beta model [60,64|, which is widely used,
is given by Eq. (2.71). This model is not quite precise for the gas distribution
determination. It overestimates the baryons density at high radii leading to
the flatter profiles in cluster centre, and to the biases in the gas distribution
and gas fraction in clusters. According to [252], the beta model has a slight
influence on the DM profile since a gas fraction is only 10 % of the total mass.
So, we improved the gas modeling (see subsection on the advanced 5 model)
and introduced a model that gives the better results than the beta model.

Stellar component. The studied clusters have a single, optically domi-
nant BCG near their centers. It allows determining the mass of the stars in
the central galaxy through the Jaffe model [139] with the same parameters as
in [252]:

pi(r) = 2.7
(r/re)*(L+1/re)*”

where pg ; is the central density and r. is the core radius. The total mass
profile was obtained adding the stellar mass to the generalized NFW potential
of DM, and the beta model for describing the emitting gas. Due to a small
effect of the including the model for the central galaxy on the results, we
limited the modeling of the stellar mass only to the central galaxy, since the
effect of the others is even less than the central one. Thus, two parameters of
the model, py, and r. were fixed as the following: R, = 0.76 7. = 25 kpc, and
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po.s = My/(4mrd), where My = 1.14 x 10'2 My, is the estimated value of the
stellar mass of the BCG of MS 2137-2353. We recall that the effective radius
R, is the radius containing half of the light. The stellar mass of all clusters is
assumed to be the same. It was shown by SA07, even using a different model for
the stars of the central galaxy (for example, [274]) does not change the results.

Mass profiles scaling. Simple analytical and numerical simulations of
structure formation predict that galaxy clusters are self-similar, both for what
concerns as the DM component and the hot ICM (intra-cluster medium). Sca-
ling laws relate each physical property to the total mass M of the cluster, and
to redshift [52,59,83,145,267].

The DM density profiles are approximately universal on a large mass scale
[139]. In our work we scaled the mass profiles with Ragg and Mago (here Rag is
the radius within which the mean halo density is 200 times the critical density,
and Mo is the total mass of galaxy cluster inside a sphere with radius Rag).
We defined the total mass within a given overdensity A as:

4
Ma = gwApcR‘Z, (2.101)

where (see section 1) RZ = caTs is the radius within which the mean cluster
overdensity is A times p. and the relation with the concentration ca and
the scale radius r¢ holds by definition of the NFW mass profile (we assumed
A = 200).

The important aim of our study is to analyze if the baryonic content in
the galaxy clusters has influences on the slope of the density profile. Thus, we
calculated the fraction My/Magg for each object from our sample, this ratio
will be obtained subtracting the DM mass from the total mass in each cluster.
Taking into account Rago, values for the clusters, the total mass profile of which
is Magg, modeled with our introduced method 2, namely, considering a three-
component model (luminous (stellar) matter, M., gaseous fraction, Mg, and
dark matter, Mpyr), we can obtain the total mass for each cluster:

Miot, = My + Mgas + Mpyn = My + Mpr. (2.102)

Taking into account Rgpg, values for the clusters modeled with method 1,
namely, considering a two-component model (luminous (stellar) matter and
dark matter), we can obtain the total mass for each cluster by this method:

Mtot1 = M, + Mpwm. (2.103)
Then the baryonic mass is given by:
Mb = Mtotg - Mtot1 + M, = Mgas + M,. (2-104>

As the result we get a relation between the obtained values of «, namely,
the fits to the dark matter component through a gNFW model, and the
baryonic content Mj,.
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2.4.2. Total mass and dark matter profiles

Total mass profile. We summarized our results obtained
from the modeling the total mass profiles of the Chandra galaxy clusters with a
NFW model (a = 1) in Table 2.2. We note that the quoted authors used both
the NFW model and the singular isothermal sphere model (SI) (p(r) oc 772).
They concluded that the latter model is a much worse fit for almost all clusters
in the sample. So, we used only the NFW model in our study.

The first column in Table 2.2 includes the target name, redshift, number of
ID observation, the total mass in clusters at radius Ragg, the mass of baryonic
matter in clusters, and the fraction of baryonic matter in total mass, and, in
the case of the gNFW, we give the inner value of slope, . Confidence levels are
68 %. The NFW model is a good fit for the most clusters, similarly to SAQ7.
We have found that for 110 of 128 clusters, the probability of the x2/d.o.f.
value based on a x? distribution is 0.04 or better, and only for 18 clusters the
probability drop is below 0.002. Combining the results for all studied galaxy
clusters, the NFW model gave a total x? of 2603.48 for 1267 d.o.f.

Dark matter profile. As already reported, we considered two approaches.
In the first case, we examined the models, in which the inner slope of the DM
profile was fixed at & = 1 accordingly to the NF'W model. In the second case, we
decomposed the total mass of galaxy cluster in its DM, diffused gas, and BCG
components. Our results, when the cluster mass distributions were separated
in the dark matter halo (fitted with a gNFW model), the X-ray emitting halo,
and the luminous mass of the central galaxy.

We calculated also the concentration parameter for each cluster to obtain
the mass-concentration parameter: cyiy = cago and Myiy = Moy 2. We define
the concentration parameters, similarly to [252], as ¢y, = (rigtal /pdarky 3,

The simplest analytic form that describes the mass-concentration relation
is a power-law model:

(&)) M “
- . 2.1
2 =G5 (8 x 1014h—1M@> (2.105)

The relation between concentration and total masses for CDM haloes is not
so well represented by Eq.(2.105) with b = 1 [94,252|. In order to improve
the description of Chandra data, we assumed differently from [53] to consi-
der a redshift evolution, namely b # 1 in Eq. (2.105). The motivation to the
new redshift dependence comes from the fact that clusters are more compli-
cated objects than those assumed in [53|. They contain X-ray emitting gas
and stars, as well as DM. At the highest mass, [53] argued that [292] model

2We note that cyir, and My, in [252] are connected through the equation M. =
= 23 Ac(2)pe, With Ac = 1780, (2)* [163)].
3 Both the virial radii and virial masses are calculated for the total mass model, including

all the mass components.
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could overpredict the evolution of cy; with z, and moreover, to date the mass-
concentration relation studies includes few clusters in the largest mass range
in Chandra data.

The result from a standard 2 fit, and using the three free parameters
¢p, a and b, is shown by the thick solid line (average value) and thin solid lines
(£20 CL) in Fig. 2.9. We have concluded that this model (b not equal 1) gives
an improved description of our sample with y? = 288.7 for 125 d.o.f. then the
same model with b = 1. For 34 galaxy clusters and with similar model, [252]
have obtained the best-fitting parameters ¢y = 7.55 +0.90, a = —0.45 + 0.12
and b = 0.71 £ 0.52 with x? = 41.5 for 29 degrees of freedom. We have also
compared our results to that of [97] and [38], plotted in Fig. 2.9. As shown,
these two models are in a good agreement with our data, and our mass-con-
centration relation. Using the best-fit parameters from our fit, we determine
the intrinsic scatter in our sample as ~0.2, which is also in a good agreement
with simulations and previous works [53,252].

The inner slope of DM profiles. Finally, we fitted the DM profiles
by means of a gNFW model to have hints on the inner slopes of the density
profiles. The results are summarized in Table 2.2. The goodness of fit for 110
from 128 galaxy clusters give x2/d.o.f. value with probability of 0.03 or better.

€20 [
—— Best-model (SA07)
—— 2o confidence level
—— Duffy et al. (2008) [9]
------ Bhattacharya et al. (2013) [40]
~_
\\\\ b
10 @I«-J\ "I"
- 3 r "I‘
N
1h i )
- —— >
= \\\
~
0.1 - et . — . .
1 10 100 My, 10" M,

Fig. 2.9. The mass-concentration relation for the total mass (c200 — M200)-
Thick (thin) solid line: best-fitting model and 20 CL. The dashed line
represents the [97] model, and the dotted line the [38] model (see the text
for details). The image is taken from [30]
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Ax* F The value of a obtained is @ = 1.1+

12 | +0.4 (95 % confidence limits) from the
summed y? data. The result was obtai-
B ned summing the x? (as a function
8 | of «) for the 128 clusters (Fig. 2.10).
- This result is consistent with predicti-

10 f

° ons from CDM simulations.

4F Similarly to [252], in order to get «
2 |k on the combined DM profile, we sum-
OE...u.... A med x? values as function of a for the

0.5 1 15 o  clusters for which the NF'W model pro-
Fig. 2.10. The summed > values as a vides a reasonable fit to the data. We
function of « for the clusters, for which showed the results in Fig. 2.11. The

the NFW model provides a reasonable fit  best fit is a = 1.101‘8‘3(83 (95% confi-
to the data. The dashed line indicates '

the 2 o confidence levels. Overall best fit:
a = 1.10f8‘ig (95 % confidence level). The Note, that three separate compo-

image is taken from [30] nents (DM, gas and BCG) to model

were included in the fits. The values of
the slope are in the range 0.4 < a < 1.8 and the density profile for the largest
number of clusters is compatible with the expectation from ACDM model
0.7 < a < 1.5. Some clusters (~32%) have a flatter profile than the cuspy
dark matter profile predicted by CDM simulations. A few clusters have the
slopes smaller than 0.7 and they are usually characterized by an higher M),
when comparing the clusters with larger a.

dence limits).

The correlation between the gas fraction and the inner slope indicates
that the baryonic component affect the dark matter distribution in the central
region of cluster, which is in agreement with some other results [84].

2.4.3. Inner slope
and baryons content of DM density profile

We discussed that there are clusters which have no the best
fitted profiles by the NFW model. Among the processes able to produce the
flat profile, the role of baryons has been several times claimed. Recently, |79]
studied the effect of baryons, and the central BCG in shaping the inner density
profile. It was also shown how higher content of baryons can give rise to profiles
similar to A611 and A383, which have the slopes flatter than NFW profile, and
small baryonic content can produce steeper inner profiles in agreement with
the NFW model (MACS J1423.8 + 2404, RXJ1133).

Being motivated by the previous arguments, we studied the eventual cor-
relation among the inner density profile slope, «, and the baryonic content
of the studied X-ray galaxy clusters. We performed an analysis, in which the
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total mass was separated in the DM halo, the X-ray emitting halo, and the
luminous mass of the BCG. We fitted the DM profile with a gNFW model and
calculated «, and reported the values in Table 2.2. M, was calculated from
the analysis of the baryonic content, summing the diffuse gas content and the
baryons contained in the central BCG in each cluster. We plotted the inner
slope, a, versus the baryonic content at the radius of Rogg in Fig. 2.11. The plot
shows a tight correlation between the inner slope a and the baryonic content:
the larger is the baryonic content the flatter is the inner profile. This result is
in agreement with studies of the role of baryons on the inner slope of clusters.

We have fitted the agnpw — My, relation using a simple power-law model
(y(x) = k*27?), and found the slope b = 1.72 4 0.37 at 68 % confidence level.
We calculated the intrinsic systematic scatter that can be present in the a— My,
relation. Using the simple power law model with k& and b as free parameters
we found that the scatter is Alg(b) ~ 0.2. The flattening of the slope can
be interpreted as due to the fact that the presence of a larger quantity of
baryons guarantees a larger transfer of energy and angular momentum from
baryons to DM, with the result that DM moves to larger orbits, reducing the
inner density and forming haloes rounder than those seen in DM simulations

Ol gNFW

10 100 My, 108 M,

Fig. 2.11. agnrw — My, relation for all sample of galaxy clusters. The data
were obtained fitting the DM profiles of clusters with the gNF'W model. The
baryonic mass was obtained, as described in the text, by subtracting the
DM component from the total mass. The solid line represents the power-
low fit with slope b =1.72£0.37 (68 % confidence level). The dashed lines
correspond to the region enclosed by the mean +1o standard deviation.
The image is taken from [30]
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[1,68,131]. However, as reported in the introduction, the slopes flatter than
those obtained in the simulations, o < 0.7 are observed in some clusters and
the largest number of dwarf galaxies and LSBs. A few of our studied clusters
have slopes a < 0.7.

As already reported, NF'W N-body simulations predicted a profile with
inner slope o< 7~! and an outer one o 3. More recently, it has been shown
that the density profiles are better fitted by an Einasto profile which becomes
shallower towards the centre of the halo (e.g. [205]). In any case, the lower
values for the inner slope obtained in N-body simulations are a = 0.8 at
120 pc [261] in agreement with the analytical and numerical works to solve the
Jeans equation [22,69]. Inner density slopes in the range 0.7 < a < 1.5 could
be considered in agreement with ACDM predictions [252].

Given the several and noteworthy pieces of evidence supporting ACDM on
large scales, the discrepancy could be connected to the fact that baryonic phy-
sics is a fundamental issue in cluster formation. It could originate just because
we are comparing dissipationless systems generated by N-body simulations
with real, dissipational structures, whose physics is different from the dissi-
pationless physics typical of DM. We should not forget that the inner 10 kpc
of clusters are dominated by baryons whose presence strongly influence the DM
distribution. While baryons can steepen the inner slope of the density profile of
clusters through the adiabatic contraction of DM [40,123,126], heating of DM
due to dynamical friction with cluster galaxies can counteract the adiabatic
contraction effect and flatten the inner profile.

Other mechanisms can give rise to flattening of the inner slope of the
density profile. The spatial distributions of components constituting the cluster
can be changed by feedback processes [178], gas cooling, star formation, and
dynamical interactions between different mass components (e.g., BCG galaxy
and the ICM in relaxed clusters). The already reported adiabatic contraction
steepens the density profile and may produce a rounder halo. AGN feedback
can flatten the inner density profile [178], as supernovae feedback can flatten
the inner profile of galaxies [266]. SMBH outburst also produces changes in
the inner gas distribution [164], and gravitational interaction (galaxy-gala-
Xy, ram pressure stripping, etc.) play a role in this very dense environment
[37,67,185,273].

Comparison with other studies of the inner DM slopes. We here
discuss how our results compare to previous studies of the inner density slope
of density profiles. The inner slopes of clusters are compatible in our and [252]
study. Other clusters, like A383, A611, A963, A1835, A2029, A2204, A2589
were studied by others authors. For example, A611 was studied in [207] who
combined weak lensing from multicolor Subaru imaging, strong lensing using
data of Hubble Space Telescope and stellar velocity dispersion measures (Keck
Telescope), sampling the dark matter profile from 3 kpc to 3.25 Mpec. It was
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found values of ry = 3207210 kpc and ¢ = 5.17 17 are in agreement with [252],

but o < 0.3(<0.56, <0.65) at 68 % (95 %, 99 %) CL. [252] found a value of the
slope o = 0.6470-94,

A383 was studied in [247] finding a flat inner DM slope (a = 0.45793,),
and in [208] who found o < 1 at (95 % CL) and a best fit (inferred from weak
and strong lensing, kinematics and X-ray data) of a = 0.597932. [252] found
a < 0.8, we found o = 1.1 £ 0.4. A flat slope was obtained also for A963 |22,
but [37,67,252] found values consistent with the NFW model. We found
a = 1.52%83,. In the case of A2029, [122] found o = 1.19 + 0.04 similarly
to [252], and we got 0.91J_r8:?;. In the case of A1835, A2029, A2204, [15] by
means of Chandra data obtained a >~ 0.9, o >~ 1.85, and «a ~ 1.8, respectively,
much larger than [252] values and ours.

A detailed analysis of DM and baryonic distributions in A611 and A383
is presented in [207,208] combining weak lensing, strong lensing and stellar
velocity dispersion for the BCG, and finding slopes flatter than the NFW
predictions. According to these authors, degeneracies in constraining the DM
profile can be broken only simultaneously using the three techniques. In reality,
the X-ray observations alone give information on clusters on cluster structure in
the range 50—500 kpc. At smaller radii, temperature determination is limited
by instrumental resolution, substructure, and they are also limited by “cooling
flows” presence and the breaking of assumption of hydrostatic equilibrium. So,
if the point of view by Newman et al. [207,208] is correct, for clusters con-
taining larger quantity of baryons the inner profile may be flatter than X-ray
observations provide.

Effect of the BCG model on the results. In principle, one expects that
the mass and model used to describe the BCG can influence the inner density
slope. In order to understand, if this is the case, Schmidt & Allen [252] tried
to understand how important was the role of central BCG in MS 2137.3 2353
(for which [204,205] found a flat profile). This BCG is one of the most massive
in the sample. Varying the ratio M /Ly and recalculating the a value, they
obtained a flattening of the profile for larger M /Ly, but in any case the inner
slope was still compatible with a NFW fit. As already reported, the modeling
of the mass associated to stars in the other galaxies in cluster has a negligible
effect on the result, since stars have a small contribution (~2 %) to the total
system mass [169].

Systematic uncertanities. The clusters used in our analysis, are the
most massive dynamically relaxed clusters known, and this should be a good
issue to let us think that hydrostatic equilibrium assumption is robust. Uncer-
tainties remain in disentangling DM and baryonic matter, geometric effects,
could introduce some systematic uncertainties.

Other systematic uncertainties that could change the results is the pre-
sence of non-thermal pressure support (due to gas motions, cosmic rays or
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magnetic fields). However for relaxed clusters, bulk and/or turbulent motions,
if present, could cause changes in the mass measurements of 10—20 % accuracy
[93, 200, 228]. Similar effects are expected by magnetic pressure [149]. Effects
of magnetic pressure on X-ray measurements were studied by [7]. Magnetic
pressure in relaxed clusters could produce effects of the order of 10—20 %, for
individual cluster, on measurements [114,159,160,182,191,293|.

Another important issue to recall is the fact that in our study the X-ray
data only extend to about ras00 (approximately a quarter to a third of the
virial radius in most clusters). Extrapolating the allowed range of NFW mass
models (discussed in the previous sections) to these larger radii gives also rise
to some systematic uncertainty [57].

General remarks. We presented the reconstruction the reconstruction
of the total mass (the fraction of dark matter, intercluster gas, and brightest
galaxy of cluster) of 128 X-ray galaxy clusters in the redshift range 0.01—1.4,
which is based on the Chandra observations. We measured the total mass Mgy
and the baryonic mass Mj, and also the concentration parameter coqg, that
characterized the size of halo of dark matter for all the objects of our sample.
We confirm that a tight correlation between ca0o and Magg, ¢ o< M4 /(1 + z)°
with @ = —0.56 4+ 0.15 and b = 0.80 £+ 0.25 (95 % CL) is present, which is in a
good agreement with the predictions from numerical simulations and previous
observations. Fitting the inner dark matter density slope o with a generalized
NFW model, we got @ = 1.10 + 0.48 at 20 confidence level combining the
results for our entire sample for which the model gives a good description of
the data. We obtained that the tight correlation between the inner slope of
the density profile of dark matter o and the baryonic mass content M, for
massive galaxy clusters is present, namely, « is decreasing with increasing the
baryonic mass content. We used the simple power-law model to fit the o — M
distributions and found an inner slope b = 1.72 4 0.37 (68 % CL) of the density
profile of dark matter.

2.5. Conclusion

The large scale structure of the Universe is defined by increa-
sing dark matter density and by the dynamical interaction of dark energy and
dark matter. A sufficient success was reached in recent years in constraining the
cosmological parameters, and in reconstructing the evolution in the large-scale
structure of the dark matter distribution, but we still lack an understanding
the evolution of the baryonic component of the Universe. We do not understand
well how the baryonic matter was collected in dark matter gravitational wells
and participated in the formation of galaxies and their groups/clusters.

Recent observations with theoretical researches show that a baryonic struc-
ture formation on different scales is interrelated; galaxy formation is dependent
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Galaxy Cluster MACS J0025.4 — 1222 The reconstruction of an unique-“‘mass map”
Hubble Space Telescope ACS/WEC of the galaxy cluster CL0024 +-1654-made
Chandra X-ray Obseryatry : by the Hubble Space Telescope.
(image is taken from Wikipedid) . (image is taken from the Chandra Archive

P il S Centre data webpage)

*

1.5 million li

460 kilo

Artist's impression of a halo of dark matter
around the glowing disk of a spiral galaxy

An extensive halo of hot gas around The image of galaxy group superimposed
a quescent spiral galaxy NGC5746 on a X-ray image from the ROSAT satellite
(image is taken from the Chandra (image is tdken from the ROSAT Archive
Archive Centre data webpage) Centre webpage) “¢

.

Fig. 2.12. Dark matter observational manifestation in galaxy clusters

on the large scale environment where galaxies were born and on the chemical
and physical properties of the environment from which they were formed. The
main progress in the studying of the behavior of baryonic matter has been
gotten by observations and by studies the evolution of the cold and hot com-
ponents of the Universe. The progress in this research field is going from the
high energy spectral range data.
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All the knowledge about baryons comes from studies of galaxy clusters in
the nearby Universe (z < 0.5). High spatial and spectral resolutions of X-ray
observations of clusters give us a great opportunity to define the thermodyna-
mic properties and metal abundance of the clusters at z ~ 2. In addition, a
high spectral resolution of X-ray observations also helps us to probe the hot
gas in different cosmological tests.

One of the main question in astrophysics is about the origin and evolution
of heavy elements. This is related to the star formation history, the physical
properties of environment where heavy elements have been produced, the cir-
culation of energy and matter during different evolutionary phases of the Uni-
verse, etc. Galaxy clusters are great laboratories to study a nucleosynthesis.
Using optical /IR /sub-mm observatories we can derive information on the his-
tory of star formation, but only with X-ray observations we can determine the
metal distribution in the intracluster gas at high redshifts.

A major challenging goal of a future next generation X-ray observatory
is thus to study the properties of the first small clusters emerging at z ~ 2
and directly trace their thermodynamic and energetic evolution to the present
epoch. Some observational confirmations of DM presense in galaxy clusters are
given in Fig. 2.12.
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CHAPTER

SUPERMASSIVE BLACK

HOLES IN GALACTIC NUCLEI

AND THEIR RELATION

TO THE HOST GALAXY PROPERTIES

S.G. Sergeev, N.G. Pulatova

3.1. Supermassive black
holes in AGNs: brief review

Active galactic nuclei (AGN) are relativistic objects with a
number of extreme properties: the presence of supermassi-
ve black hole (SMBH), the largest luminosity in our Uni-
verse, and the variable brightness in all wavelengths from
gamma rays to radio waves. The huge amount of energy is
released via accretion of gas onto SMBH. This giant lumi-
nosity in the continuum makes a strong light pressure. To
compensate this pressure, there should be a strong gravita-
tional field created by a body with a mass of millions of solar
masses. On the other hand, the rapid variability of AGNs is
the evidence that the millions of solar masses must be con-
centrated in a very small volume. Thus it was assumed that
the AGN phenomenon is caused by SMBH surrounded by
accretion disk. This assumption was subsequently proved
by observations. The most direct evidence for existing of
SMBHs in AGNs is the discovery of X-ray iron line, which
arises in the accretion disk at a distance of only few gravi-
tational radii from the central mass (e.g., [86]). So, the cent-
ral mass in AGNs is a supermassive black hole.

A black hole can be detected by the dynamics of the
surrounding material. The most direct and efficient method
for determining the masses of the SMBHs in galactic nuclei
is based on the study of the dynamics of stars and gas.
Such studies are mainly carried out with the Hubble Space
Telescope (HST) for nearby galaxies, where the region of
gravitational domination of the central black hole is spati-
ally resolved (e.g., [37,47,83,89]). Observations with HST
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allow to study the dynamics of matter in the galaxy up to distances of several
million gravitational radii from the black hole. As was found by observations
with HST, at least 30 % of all galaxies have such SMBHs, while AGNs consti-
tute only 1—2 % of all galaxies. So the most galactic nuclei with SMBH is not
active because a lack of accreting gas in these nuclei. Such SMBHs manifest
themselves by the gravitational field only and they are a real dark matter.

The SMBHs are more common in more massive galaxies. Almost all massi-
ve galaxies are thought to contain an SMBH. The observational evidences and
theoretical suggestions show that there are an upper limit on the SMBH masses
of 101°M,, (e.g., [59]).

As was found from observations, SMBH masses are in the range from
millions to billions of solar masses. Such masses are much less than the masses
of the host galaxies Mpos. As compared to the bulge masses, the Mgy /Mpyige
ratio is only 0.0014 +0.0004 according to [46] or ~0.006 according to [55|. The
mean Mpp/Myest ratio for the Local Universe was found to be as small as
~0.002 [24,57] or even more less if we consider total gravitational mass Mot
that includes dark matter mass Mpy. Under such mass ratio, the radius of the
gravitational influence of a typical SMBH is negligible with respect to the size
of its host galaxy.

For AGNs, it is very difficult to determine masses of SMBH from the stellar
dynamics because the strong radiation of the central source suppresses the
weak radiation of stars in the vicinity of the black hole. In early studies, it was
proposed several methods for determination the masses (e.g., 2,31, 54, 95]),
of which one should note the photoionization method proposed in 1980 by
Dibai [31]. However, the most direct method for the determination black hole
masses in AGNs is reverberation mapping technique (e.g., [9,50,68,69]) which
is based on the dynamics of gas that emits the broad lines. The broad-line
emission is a result of the high-energy continuum that ionizes and heats nuclear
gas. It is so called broad-line region (BLR). Here we approach to a black hole up
to distances of several hundreds of gravitational radii. In the gravity-dominated
motion, the mass related to the distance ¢ 7 and velocity ojime by the following
equation:

ferob

line
Mpy = oo (3.1)
where G is the gravitational constant, c¢ is the speed of light, 7 is a delay
between the line and continuum flux variations, oji,e is the line width, and f is a
factor of order unity that depends on the structure and kinematics of the broad
line region. The delay 7 is determined by the centroid of the cross-correlation
function between line and continuum flux variations at the level of 0.8 of the
maximum. The width o}, is measured by the profile dispersion. It was shown
that (e.g., [81]): f = 1.5 for the spherically symmetrical free-fall motion of
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gas in the BLR, f = 3.0 for Keplerian orbits with random inclinations, and
f = 2.0/sin?i for the Keplerian disk with the inclination angle of the disk
axis to the line-of-sight equals i. Onken et al. [61] have calibrated the factor
f by comparing the “reverberation” masses and the masses obtained by the
velocity dispersion of stars in the spherical component of galaxies (i.e., from
the Mpy — o, relation) and it was found to be: f = 5.5 4+ 1.7. The value
of this coefficient has been updated in by [41, 92|. Using the reverberation
method, there were measured masses of the central black holes in more than
forty AGNs [8,28,71]. It was found that the black hole mass depends on the
luminosity of the nucleus as M oc L0709 [71], The large scatter of the
data points on the mass-luminosity diagram is caused by uncertainties in the
mass measurements as well as real differences related to the differences in
the accretion rate and the uncertainties in the inclination angle of the accre-
tion disk.

The purposes of this review are:

1. To overview observed correlations among dark matter halos, the proper-
ties of galaxies that resides inside these halos, and, especially, the connection
of both halos and galaxies to the SMBH masses.

2. To overview modern views and theories about origin of the dark matter
halos, their role in the formation of galaxies and SMBHs, and co-evolution of
dark matter, galaxies, and SMBHs.

3. To summarize results on mass determination of the SMBHs by reverbe-
ration method.

4. To summarize results obtained in the Crimean Astrophysical Observa-
tory, especially the determination of mass of the SMBHs.

3.2. Spatially resolved kinematics
of galaxies and observed correlations

A concept of dark matter in galaxies has arisen from the
studies of spatially resolved kinematics of gas (emission lines) or/and stars
(stellar absorption lines), e.g., [14-17,63]. This concept has been supported
by theoretical expectations that galaxies are surrounded by extended halos of
dark matter [12,91]. Typically, the rotation curves were found to consist of a
linear part near a central region, which is indication of a solid body rotation,
and of a flat part with about a constant rotation velocity in an outer region
of galaxies. The mass distribution necessary to produce such rotation curves
was found to be strongly different from the brightness distribution with the
dynamic masses to be much larger than the light masses, especially in the outer
parts of galaxies. For some galaxies, the rotation curves were more complicated,
e.g., with some radial asymmetry. Examples of the rotation curves of galaxies
are shown in Fig. 3.1.
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Fig. 3.1. Examples of the observed rotation curves of galaxies. Top-Left: Rotation curve of
the Arp 102B elliptical galaxy along the position angle of 90 degree obtained from stellar
absorption lines. The velocities are in the nucleus frame. Top-Right: Brightness distribution
of the Arp 102B galaxy along the position angle of 90 degree obtained from absorption line
intensities. Both velocity and brightness curves are preliminary unpublished results from
CCD spectra obtained at the 2.6-m Telescope in 2005—2010. Bottom: Rotations curves of
the NGC 3521, NGC 6503, and M 82 spiral galaxies along major axes according to [15—17]
(emission line of gas). The velocities are given in the heliocentric frame

Similarly, the application of virial theorem to the clusters of galaxies
leds to the missing mass problem — the evidence for the existence of large
amount of dark matter in individual galaxies or/and in systems of galaxies
(e.g., [64,67]).

There was compiled a catalog of the galaxy rotation curves [3| containing
information about 271 galaxies from 332 papers. Later compilation of spatially
resolved kinematics of galaxies [66] contains 4165 observations of 2070 galaxies
referring to 743 published papers of which a largest source is [58]. See also a
review paper “Rotation curves of spiral galaxies” [74]. The catalog is updated
on a regular basis. The updated version of the catalog can be accessed at the
HYPERLEAD database at http://leda.univ-lyonl.fr/05/. This database gives
central velocity dispersion and rotation velocity. The observed central veloci-
ty dispersion represents the internal motions of stars along a column crossing
the center of a galaxy. It can be derived from the measurement of the li-
ne widths from spectra obtained at the central part of galaxies. Usually, it
is the width of the hydrogen radio line at 21 cm or the width of the optical
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stellar lines. It is reduced to a common standard aperture of 0.595h~! kpc.
Observed mazimum rotation velocity (usually designated as Viet or Vi) is
calculated from the rotation curves (generally in H,) or/and by analyzing 21-
cm line width at different intensity levels. Note, that the rotation velocity in
the outer parts of galaxies must be sensitive to the mass of the dark matter
halo, since the dark halo gravity controls the matter motion in this region.
Since the rotation velocity often remains almost a constant after reaching a
peak value (a “turn off”) in the rotation curve, the maximum rotation veloci-
ty can be roughly treated as a proxy for the mass of the dark matter halo.
For example, for a dark matter density profile p(r) oc r—2, the velocity is:
V(r) = /GM(<r)/r and after integration of M(r) from O to r, we obtain
that the rotation velocity is independent on r: V(r) = const. However, above
assumption lacks both theoretical and observational support. In a reality, the
maximum rotation velocity must depends on both the dark and light matter
distributions. Navarro, Frenk, and White have proposed, from the N-body si-
mulation, the following dark matter profile [60] (see Section 2.2.3):

_ Ps
plr) = (r/rs) (L +1/rs)2’

where 7, is a characteristic “inner” radius, and ps is a corresponding inner
density.

Much progress has been made recent years in understanding correlations
between the masses of dark matter halos, the properties of the galaxies that
reside in them, and the masses of the central black holes. The observed relati-
onships among above things are important in order to understand formation
of galaxies and their evolution over cosmic time. These relationships are consi-
dered below.

3.2.1. The relation between black
hole masses and properties of host galaxies

It was found that the SMBH masses are correlated with the
large-scale properties of their host galaxies and especially with the properties
of the spheroidal component of galaxies. The SMBH masses are closely tied to
the bulge luminosity, Lpylge [40,45,52], the mass of the bulge [46,55], the central
light concentration [39], the stellar velocity dispersion o, [38,45,52], and some
other. A key relationship is between black hole mass and bulge stellar velocity
dispersion, or so called Mpp — o, relation, observed in both quiescent [38,45,52]
and active galaxies [41,44,61]. According to [38] “the intrinsic scatter in black
hole mass mass at fixed o, is probably less than 0.15 dex”. The Mpp — o4
relation was predicted theoretically [35,84| and then was explained by various
analytical methods and from numerical simulations. According to [45]| this
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relation is as follows:
Mpp = (8.12 £ 0.08) 4 (4.24 + 0.41)log(0+/200), (3.2)

where Mgy is in Solar mass units and o, is in kms™!. The high degree of
the Mpup — 0. correlation permits to determine black hole masses via bulge
velocity dispersions, that is much easier than the stellar dynamics studies with
HST, and so, it can be used to infer Mpy in large sample of galaxies. The
stars outside the region of the gravitational domination of a black hole “know”
about the existence of the black hole! Fig. 3.2 illustrates Mpy — o, relation for
active galaxies (see also [44]). The o, velocities are central velocity dispersion
from HYPERLEDA database (see http://leda.univ-lyonl.fr/) and the black
hole masses are reverberation masses from various studies. Both Mpy and o,
are also given in Table 3.1.

The Mgn — Liulge relation, although suffered from a large scatter (a factor
of several in Mpy), indicates that the formation of SMBHs is connected to the
formation of bulges. Héring and Rix have found the Mpy — Liuge relation is
very tight (an observed scatter of 0.30 dex, including measurement errors) and
almost linear: Mpy ~ M:12%0:06 [46]. Perhaps SMBH masses are correlated

bulge
with the bulge properties rather than with the dark matter halos (see below).

3.2.2. The relation among properties
of host galaxies and mass of dark matter halos

The majority of work in the literature is concentrated to
the relation between halo mass and galaxy luminosity or stellar mass and the
relation between halo mass and galaxy kinematics, such as central velocity
dispersion or rotation velocity (e.g., [5,23,34,88]).

Tully—Fisher relation. The Tully—Fisher relation is an observed
correlation between the optical absolute luminosity and disk circular veloci-
ty (Veire) in the outer parts of galaxies where the matter motion is controlled
by dark matter gravity. It was discovered by Tully and Fisher [88] for disk
type galaxies. They measured luminosity versus 21-cm neutral hydrogen emis-
sion line width for a sample of 10 spiral galaxies. Later, this relation has been
investigated using other measures of disk rotation, such as optical H, emission
line. Note that the Tully—Fisher relation suggest a tight correlation between
the mass of the dark matter halos and the mass of a disk component of galaxi-
es because V. is a rough representation for the mass of the dark matter
in a galaxy, while the absolute luminosity represents the mass of the light
matter. Fig. 3.3 illustrates the observed Tully—Fisher relation according to
the catalog data by Mathewson, Ford, and Buchhorn [58]. To make this figure
from the catalog data, we took the total I, (Cousins) magnitudes corrected for
the internal and external extinction, the maximum rotation velocity, and the
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Fig. 3.2. Central velocity dispersion — black hole mass relationship (Mgu — o) for AGNs

Fig. 3.3. Observed Tully—Fisher relationship between the absolute luminosity and the maxi-
mum rotation velocity according to the catalog data from [58]. The solid line is the linear
regression. This relation suggests a close link between the mass of the dark halos and the
mass of their spiral hosts

line-of-sight velocity converted to the Local Group frame. The Hubble constant
to calculate absolute I, magnitudes was assumed to be 70kms~! Mpc. We have
applied the reduced major-axis linear regression to the data on Fig. 3.3 and the
following dependence between the absolute I, magnitude and the maximum
rotation velocity has been found:

I, = (—9.620 + 0.239) + (—7.654 % 0.108) log(Viirc).

where Vi is in kms™!. The power index of above relation for usual scale
(not magnitudes) is equal to 7.654/2.5, i.e., Iyps V5’£610'04 1 Note that rms
uncertainty in magnitude does not exceed 0.6 mag.

Faber—Jackson relation. The Faber—Jackson relation is the first scaling
relation discovered by Faber and Jackson [34] for elliptical galaxies. This is a
power law relation linking absolute luminosity to central velocity dispersion of
early-type galaxies. It suggests, from the Mpy — o4 relation, that for elliptical
galaxies, the absolute luminosity and the masses of SMBHs are linked each
together as well (see also black hole mass — bulge luminosity relation above).

Later there were attempts undertaken to find more general relations lin-
king effective radius, mean effective surface brightness, central velocity disper-
sion, and total absolute magnitude. These relations are very useful tools for
understanding the processes of formation and evolution of galaxies.

1 Cf.: Ordinary linear regression gives: L ox V~274%0-04 Tpy the original paper by Tully
and Fisher [88], it was claimed that L oc V*5%0-3,
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Table 3.1. Central velocity dispersion and black hole mass estimates for AGNs

Target o, kms™1 Type | BH mass, 107 Mg |log ALy, ergs s~ 1| Reference
NGC 5548 197.60 +10.90 | S0-a 6.54 4 0.25 43.51 7]
NGC 4151 103.20 £9.90 | SABa 4571057 42.64 [6,75]
NGC 4051 88.40+3.10 |SABb| 0.15875:9¢ 41.93 [27]
NGC 4593 197.60 +29.50 | Sb 0.98 4 0.21 43.09 [25]
Mrk 279 197.00 £12.00| SO 3.49 + 0.92 43.88 (71,73
3C 390.3 268.00 + 15.00 | — 196 + 30 43.92 [76,79]
Ark 120 214.80 £13.90| E 15.0+£1.9 44.23 [32,71,81]
Mrk 6a — S0-a 18 +2 43.32 33,80, 81]
1E 0754.6 + 3928 — — 10 44.65 [77]
Mrk 290 — E 2.43 +0.37 43.49 28]
Mrk 817 127.00 + 12.00 | S0-a 4.3371:0° 43.82 28]
NGC 3227 134.60 +5.70 | SABa| 0.76370152 42.38 [28]
NGC 3516 157.10 £13.40 | SO 3.177923 42.88 [28]
Mrk 335 — E? 2.5+0.3 43.70 [42,43]
Mrk 1501 — — 18.4 +£2.7 44.32 [42]
3C 120 170.90 +£17.10| SO 6.7+0.6 43.96 [42]
PG 2130 + 099 — — 4.6 +0.4 44.15 [42]
PG 0026 + 129 — — 39.3+9.6 45.02 [71]
PG 0052 + 251 — — 36.94 7.6 44.96 [71]
Fairall 9 2482 +21.8 | SO 25.5 4 5.6 44.25 [71]
Mrk 590 187.94+ 6.7 Sa 4.75 4 0.74 43.81 [71]
Mrk 79 130.04+10.0 | Sb 5.24 + 1.44 43.72 [71]
PG 0804 + 761 — — 69.3 4 8.3 44.94 [71]
PG 0844 + 349 — — 9.24 4+ 3.81 44.35 [71]
Mrk 110 8714120 | — 2.51 4 0.61 43.72 [71]
PG 0953 + 414 — — 27.6 £5.9 45.22 [71]
NGC 3783 115.14+20.6 | SBa 2.98 + 0.54 43.26 [71]
PG 1211 + 143 — — 14.6 £ 4.4 44.75 [71]
PG 1226 + 023 — — 88.6 + 18.7 45.96 [71]
PG 1229 + 204 — — 7.32 4 3.52 44.08 [71]
PG 1307 + 085 — — 44.0+12.3 44.88 [71]
PG 1411 + 442 — — 44.3 4+ 14.6 44.63 [71]
PG 1426 + 015 — — 129.8 4 38.5 44.72 [71]
PG 1613 + 658 — E 27.9+12.9 44.98 [71]
PG 1617 + 175 — E 59.4 +13.8 44.48 [71]
PG 1700+ 518 — — 78.17182 45.63 [71]
Mrk 509 — — 14.3+1.2 44.28 [71]
NGC 7469 133.0+6.4 Sa 1.2240.14 43.72 [71]
Mrk 142 — — 0.21910:078 43.62 8]
SBSG 1116 +583A| 5594200 | — 0.5879:2% 42.93 18]
Arp 151 129.74+ 7.5 S0 0.6780 5% 42.73 8]
Mrk 1310 549+175 | E 0.22610:001 42.84 8]
Mrk 202 89.74+ 7.9 - 0.14475-587 42.87 [8]
NGC 4748 — S? 0261015 42.97 8]
NGC 6814 111.80 + 17.50 | SABb 1.86705% 42.24 8]

a — According to [42] the BLR size in Mrk 6 is equal to 10.1 + 1.1 light days, while the black
hole mass is equal to (13.6 £ 1.2) x 10" M.
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3.2.3. The relation among masses
of the dark halos, masses of the supermassive
black holes, and the total masses of galaxies

Theoretical models of SMBH formation predict that the
black hole mass Mgy has to be connected to the total mass of the host galaxy,
including dark matter, rather than to the bulge mass (e.g., [1,85]). The key
ingredient in these studies is that the formation of the SMBHs is controlled by
the dark matter halos and there must be a tight correlation between SMBH
masses (Mpp) and the masses of the dark matter halos (Mpwm).

Since the correlation between o, and the circular velocity Vi was found
in several studies, it was suggested from the Mpy — o, relation [36,65] that
there is a link between Mpy and Vi, or equivalently, with the mass of the
dark matter halo because V. is a velocity in the outer parts of galaxies where
the motion is controlled by dark matter halo.

However, it is difficult to find observation support for above relation sin-
ce measurement of the total mass is non-trivial. Most direct observational
methods to obtain the total mass of galaxies are the galaxy-galaxy lensing
[12,13,49] and satellite kinematics in combination with the spatially resolved
kinematics of galaxies [11,93,94|. Unfortunately, a mass estimate for indivi-
dual galaxies is usually too insignificant statistically. The indirect observational
evidence that SMBHs and dark matter halos are tightly connected has been
provided by Ferrarese [36], who studied the correlation between bulge velocity
dispersion o, and the observed circular velocity Vg for a sample of 20 ellipti-
cal and 16 spiral galaxies. As already mentioned above, V¢ is dependent on
the total gravitational mass, M., and the o, — Vi relation is translated into
an equivalent Mgy — Mot correlation. Ferrarese argued that the scatter in the
Mpu — Mpm relation could be even smaller than that in Mpy — o« relation.
More direct evidence for the correlation between Mpg and the total gravi-
tational mass of the host galaxy, M., was found by Bandara et al. [4] who
used 43 galaxy-scale strong gravitational lenses from the Sloan Lens Survey to
measure Mo, while Mgy was determined from the Mgy — o, relation. The
best fit correlation was found to be:

log(Mgn) = (8.18 £ 0.11) + (1.55 4 0.31) (log( M) — 13.0)

over 2 orders of magnitude in Mpgy. This result is in a striking agreement
with the result of simulation of the co-evolution of the SMBH and galaxy
populations [10]. Since the power index of the Mpy — Mo relation is greater
than 1, it indicates that massive halos are more efficient in forming black
holes. Volonteri et al. [90] proposed that dark matter halos play role in both
the formation and growth of SMBHs.

However, Kormendy and Bender [53] argued that “supermassive black holes
do not correlate with dark matter halos of galaxies”. They studied a sample of
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bulgeless galaxies and concluded that there is almost no correlation between
the SMBH and dark the matter halo, unless the galaxy also contains a bulge.
Indeed, it is known that SMBH masses do correlate with galaxy bulges (e.g.,
Mgy — o, relation), while Tully—Fisher relation [88] indicates that the dark
matter correlates closely with galaxy disks. So, it can be concluded that black
holes do not correlate directly with dark matter. Indeed, if Vi is a proxy
for the dark matter halo mass then less strong (more scatter) My — Veire
relation and more strong (less scatter) Mpy — o, relation suggests that SMBH
masses are more coupled to the baryonic, rather than to the dark matter [5].
Volontery et al. [90] claimed, however, that “although the black hole masses are
not uniquely determined by dark matter halo mass, when considered for the
current sample as a whole, the Mgy — Vire correlation may be as strong (or
as weak) as Mpy — 0,”. There were pointed out by [22,48| that the Veire — 04
relation actually depends on galaxy morphology (or equivalently, on its light
concentration) thus precluding a simple connection between Mpp and Viiyc.
Treuthardt et al. [87] have noted that the SMBH-bulge connection is no so
tight because discovery of SMBHs in the centers of late-type galaxies with
little or no bulge and the mass of SMBHs may be tied to the dark matter halo
virial mass, or its concentration.

Thus recent papers have argued both for [4,36,90] and against [53] a
tight correlation between SMBHs and dark matter halos. Perhaps, the mass
of SMBHs is indeed related to the bulge properties rather than to the mass of
dark mater halo.

3.3. Researches
at the Crimean Astrophysical Observatory

3.3.1. Pre-CCD era

The Crimean Astrophysical Observatory keeps one of the
first position in the world in the study of AGNs. It carried out researches in
this area since the 1960s. Thus, the CrAO is to be at the very beginning of
studies of the AGN phenomenon. The term “broad-line region” (BLR), that
is now widely used, has appeared after the pioneer works of V.I. Pronik and
E.A. Dibai [29,30]. Systematic observations of the emission lines in AGNs were
initiated in the CrAO since 1972 by K.K. Chuvaev, who is really pioneered
spectroscopic monitoring of AGNs [19-21,72]. However, the fact that the acti-
vity phenomenon is directly related to the presence of supermassive black holes
in galactic nuclei has been realized much later, only in the 1980s, and the
researches in this area basically begin in the CCD era. It must also be menti-
oned the outstanding contribution to the study of AGNs of our colleagues from
the Southern Station of the Sternberg Astronomical Institute of the Moscow
State University, which is located in the close vicinity of the CrAO. For the
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first time (and much earlier than other similar studies), the reverberation-map-
ping method has been applied to determine the size of BLR in the nucleus of
NGC 4151 by Cherepashchuk & Lyutyi in 1973 [18]. Dibai [31] was the first who
have developed the photoionization method to measure masses of the central
black holes in AGNs. He has measured black hole masses of many AGNs and
obtained accretion rates onto black holes. Again, this study was performed
much earlier than other similar studies and it was really a pioneer work.

3.3.2. CCD era

The CrAO was a pioneer of CCD observations among the
astronomical institutes of the Soviet Union. The spectral observations with the
Astromed-2000 CCD have been started at the 2.6-m Shajn Telescope in 1985.
The observations of AGNs with this telescope have been initialized by V.I. Pro-
nik, who has developed a special spectrograph for this purpose. The first CCD
spectra of AGNs have been acquired in February 1988 by V.I. Pronik and
S.G. Sergeev. During the next several years, the CCD observations of AGNs
have been continued on a regular basis (usually once per month). The main
target was the NGC 4151 nucleus.

At present, the instrumental setup for spectral observations of AGNs
includes a modern SPEC-10 CCD and the computer controlled “SPEM”
spectrograph mounted in the Nasmith focus of the 2.6-m Shajn Telescope.
The spectropgraph with the CCD camera is shown in Fig. 3.4. At present,
more than 1500 spectra of about thirty AGNs are obtained with this CCD.

In the beginning of our monitoring program, we had no more than one
observational set (2—3 nights) per month. Since 1993, the observational rate
has been increased up to 2 sets per month. The spectra were registered at the
two separate spectral regions near ha and hb lines. The “extraction window” is
equal to 11 arcs. Most of observations were performed with position angle of
the entrance slit of 90 degree (i.e., the slit is aligned on right ascension). The
typical exposure time is from twenty minutes to one hour. Generally, all the
spectra were obtained with a single exposure within a night.

As a rule, four short-time (~5—30°) exposures of bright standard stars (B—
A spectral type) per each galaxy exposure have been obtained at approximately
the same zenith distance. Only a single star has been selected for a given galaxy.
The spectral energy distribution for this star has been taken from [51|. The
standard star spectra were used to remove telluric absorption features from
the galactic spectra as well as to provide the relative flux calibration. Using
the standard star, we have also measured the “seeing” defined as full width at
half-maximum (FWHM) of the cross-dispersion profile on CCD image.

We have considered the following uncertainties in our measurements of the
broad line fluxes and continuum fluxes:
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Fig. 3.4. Top: “SPEM” spectrograph mounted in the Nasmyth focus of the 2.6-m Shajn
Telescope. Digits denote: I — Controller of the SPEC-10 CCD camera; 2 — Meade CCD
camera to view and to track targets; 3 — Unit to set a title of the grating dispersion unit by
steeper engine; 4 — Collimator; 5§ — 12 V Power supply; 6 — Unit to control the spectrograph;
7 — Wheel to change a position angle; and 8§ — SPEC-10 CCD camera. Bottom: Optical
scheme of the spectrograph

1. The error related to the S/N of source spectra.

2. The atmospheric dispersion.

3. The effect of “seeing”.

Two-dimensional images of AGNs were unbiased and then corrected for
the flat field. The sky background spectra were subtracted from the extracted
nucleus spectra and then wavelength calibrated. After flux calibration using
comparison star spectra, the final absolute calibration in flux was performed
using the narrow-line fluxes which were assumed to be constant over the durati-
on of the monitoring program.

A powerful and effective software tool for observations, and for data pro-
cessing and analysis, more than 100 programs have been developed, including;:

1. Computer-controlled interface for the 70-cm AZT-8 Telescope [82] and
for the SPEM spectrograph.

2. The programs for photometric observations and for spectroscopic ob-
servations.
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3. The program for the primary processing of the CCD images.

4. The program to view two-dimensional images and to extract one-dimen-
sional spectra.

5. “SPE” program and related programs, including command interpreter,
for processing and analysis of one-dimensional spectra.

Observational and instrumental setup, data processing and analysis are
described in [56,79,80].

One of the major goal of our scientific program is the reverberation map-
ping studies, i.e., determination the size, geometry, and kinematics of the
broad-line region (BLR) as well as masses of the central black holes from the
time delay between line and continuum flux variations. The first estimates of
the BLR size and the black hole mass were obtained at CrAQO for the NGC 4151
nucleus [75,76]. In subsequent years, the number of such estimates for various
AGNs has increased significantly. E.g., Sergeev et al. in 1999 have determined
or revised black hole masses for total of 12 AGNs using Crimean observational
data as well as literature data [81].

The Crimean reverberation program is generally intended for the AGNs
with a moderate or high absolute luminosity, for which a temporal resolution of
order ten days is sufficient to determine the time lag. However, to obtain reli-
able lag estimates, especially for the low-luminosity AGNs, the international
cooperation is strongly required. The Crimean observatory participates in the
international programs of spectroscopic and photometric monitoring of AGNs
(such as AGN Watch, see [28,70] for example). The Crimean team takes part
in the determination the sizes and masses in total of eleven AGNs (e.g., [28]).
For Mrk 6 [33,80,81] and 1E 0754.6 +3928 [77] the sizes and masses have
been determined for the first time, and by the efforts of the Crimean team
only. The position of 1E 0754.6 4+ 3928 in the black hole mass—luminosity di-
agram agrees with the positions of similar AGNs (so called narrow-line Seyfert I
galaxies) and can be explained by an enhanced mass accretion rate in the
central source. In contrast to 1E 0754.6 4+ 3928, our reverberation results on
3C 390.3 suggests even larger black hole mass to its nucleus than previously
though, and, therefore, lower accretion rate, thus providing more evidence for
anti-correlation between broad line widths and Eddington luminosity ratios
[76, 96—98]. Summary of the reverberation measurements of the black hole
masses from various studies is present in Table 3.1. CrAO made a contribution
to the determination of the black hole masses in the first 17 targets of the
table. Also given in this table are the central velocity dispersion, oy, from the
HYPERLEDA catalog, the host galaxy type, the absolute luminosity of the
nucleus, log A Ly, obtained from optical spectra in various studies, and the last
table column gives references.

The reverberation BLR sizes and black hole masses allow to establish the
most important relationships for AGNs: the size-luminosity and the mass-
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Fig. 3.5. Luminosity — black hole mass relationship. The data for reverberation-mapped
AGNs are from [71] (see their table 8 and fig. 16). Open circles show the AGNs of the NLS1
type. Open squares show the AGNs, for which the reverberation masses were measured at
the CrAO: 3C 390.3 [76,79], 1E 0754.6 + 3928 [77], and Mrk 6 [33,80,81]. The large filled

circle represents data for 3C 390.3 from [71]. The diagonal lines show the Eddington limit
Lgqq, 0.1Lgad, 0.01Lgaq

luminosity diagrams [8, 71]. These relationships are often considered in the
frame of the AGN models. The mass-luminosity relationship is shown in
Fig. 3.5. Also shown in Fig. 3.5 are estimates of the black hole masses made
by the Crimean team only.

However, there remained some doubts about the correctness of the rever-
beration method because it is only valid under virial assumption, i.e., under
gravitationally dominated gas motions in the BLR. The reverberation map-
ping and stellar dynamic mass measurements for NGC 4151 nucleus have been
compared by Onken et al. in 2007 [62] and both mass estimates were found
to be in a reasonable agreement. The role of the CrAO in this project was to
carry out regular photometric measurements of the brightness of the NGC 4151
nucleus to watch whether its brightness is low enough to initialize observations
with the Hubble Space Telescope. NGC 4151 is now among the small sample of
galaxies in which the SMBH mass has been constrained from two independent
techniques.

In order to check the virial assumption, the lag estimates were obtained
as a function of the line-of-sight velocity of the HS line profile in six AGNs
by Denney et al. [26,28]. They found indications of apparent infall, outflow,
and virialized motions, which would indicate that the BLR is a complicated
region that differs from object to object. This fact put limitations on the preci-
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sion of the mass estimates by the reverberation technique and thus introduce
more scattering in the Mpyp — L relationship derived from the reverbera-
tion method.

The large archive of many AGN spectra observed at CrAO allows us to
achieve a signal-to-noise ratio high enough to study kinematics of the host
galaxies along the slit position angle of 90 degree from the galaxy centers
to far peripheral regions. Recently, we have undertaken such a study for the
Arp 102B galaxy (unpublished). The rotation curve and brightness profile of
this galaxy is shown in Fig. 3.1. The rotation curve has been obtained by
measuring centroids of the stellar absorption features at various distances from
the galaxy center, while the profile brightness has been obtained by measuring
intensities of these features. It is seen, that the brightness profile is nearly
symmetric, while the rotation curve is strongly asymmetric relatively to the
galaxy center. The “turn off” in the rotation curve is poorly seen, probably
because uncertainties for outer galaxy regions are large enough.

3.4. Summary

The observed correlations among dark matter halos, the pro-
perties of galaxies that resides inside these halos, and, especially, the connection
of both halos and galaxies to the SMBH masses are briefly reviewed. Special
attention has been paid to the supermassive black holes (SMBHs) in galactic
nuclei and to the AGN phenomenon. We have also reviewed modern views and
theories about origin of the dark matter halos, their role in the formation of
galaxies and SMBHs, and co-evolution of dark matter, galaxies, and SMBHs. It
was described the reverberation method to determine SMBH masses in AGNs.
It is shown that the Crimean Astrophysical Observatory (CrAO) has tradi-
tionally been one of the leaders in studying AGNs. In particular, the CrAO
contributed to:

1. Determination SMBH masses for a number of AGNs.

2. Refining the “mass—luminosity” and the “radius—luminosity” relationshi-
ps for AGNs (black hole mass, nucleus absolute luminosity, and the size of the
broad line region).

3. Comparison reverberation masses and the masses obtained by other
methods.

4. Verification of the virial assumptions for the gas motion in the broad
line region.

We also present first preliminary result on the spatially resolved kinematics
of AGN hosts observed spectroscopically at CrAQO.

The most of SMBHs do not cause the activity phenomenon, so they are a
real dark matter. But their contributions to the total galaxy masses are negli-
gible: 0.2% (on average) or more less if we consider total gravitational mass,
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including dark matter mass, and so the radius of the gravitational influence of
SMBH is negligible as well.

It is not clear how tight is the SMBH phenomenon connected to the dark
matter halo. Some authors believe that there is a tight correlation between
black hole mass, Mpy, and dark matter mass, Mpys. If so, the obtained SMBH
masses can be used as a proxy for the dark matter masses. However, other
authors argued that there is no correlation between Mpyg and Mpy. The
Tully—Fisher L — V¢ relation suggests that the masses of spiral galaxies are
tightly correlated with the masses of the dark matter, while Mgy — o, relation
suggests that SMBH masses are tightly connected to the properties of galaxy
bulges. Whether Mpy is correlated with Mpys or not, is probably dependent
on how strong is Vii.c — 0, correlation. It seems that the last correlation is poor
rather than strong.
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CHAPTER

DARK AND BARYONIC MATTER
DISTRIBUTION IN THE SPARSELY
POPULATED GALAXY GROUPS

A.A. Elyiv, O.V. Melnyk, |.B. Vavilova

4.1. Dark matter halo in galaxy groups

Where is the dark matter located in galaxies and clusters?
is one of the important questions related to the large-sca-
le structure of the Universe. Observational manifestation
in favour of dark matter in the halos of individual galaxi-
es includes rotation curves for spiral galaxies, star motions
for elliptical galaxies, and X-ray observations. For groups
and clusters the evidence for dark matter in a common
halo includes the virial theorem, gravitational lensing, and
the temperature of the hot int-racluster gas (ICM). Bahcall
et al. [2] suggested that a virial paradox could be resolved
if dark matter is concentrated in galaxy halos extending up
to 200 kpc.

In 1966, Karachentsev [34] was the first who argued
that there is a steady growth of mass-to-luminosity ra-
tio (M/L) with galaxy system population from pairs to
superclusters. In 2002, when the needed observational data
were accumulated, Girardi et al. [28] compared virial mass-
to-luminosity ratios for poor groups up to rich clusters
and found that the mass of systems grows with system
population faster than luminosity (M /L)34£0-93 (the range
covers 30—1000 My /Lg)). Evaluation of the virial masses
of poor groups meets several difficulties because of the non-
stationary properties of these systems and projection effects.
Thus, virial mass estimates may vary by a few orders of
magnitude. It is not a trivial task also to derive galaxy
group properties or determine the algorithms for selecti-
on of galaxies into groups. For instance, Karachentsev [41]
obtained the following values of the M/L ratio for the
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7 nearest galaxy groups with populations from 8 to 29 galaxies: median
Myiy/L = 29 My /Le with a range of values for individual groups from 8 up
to 88 My /Le; the virial mass of the Local Group is equal to (1.2940.14)
10'2 M); the virial mass-to-luminosity ratio for the Local Group is equal to
12.8 +1.4 M /L (size is about 1 Mpc). These estimates were based on the
direct measurement of distances, and they are much less than, for example,
median estimate by Tully [86] for galaxy groups of the Local Supercluster,
Myir/L =94 Mg /Le.

Physical properties of galaxies depend on the formation conditions and
evolution. In addition to intrinsic evolution, galaxies are exposed to significant
environmental influence (among others [7,8,18,20,50,62,67,101]). The density
of galaxies (number of galaxies per volume unit) or luminosity density as well
as the number of galaxies in group/cluster or distance to the nearest galaxy is
often implied as regarding the environment.

The influence of an environment can be found till 1 Mpc and even farther
[7,46], where small galaxy groups are observed. We obtained that the Dress-
ler effect may be observed even in such poor groups as galaxy triplets and
even pairs [22,58,63,97|. The study of “enviromental effects” in such poor
galaxy groups is helpful for understanding the galaxy evolution on intermediate
scales between isolated galaxies and rich groups/clusters. The isolated galaxi-
es that have not sufficiently undergone the influence of environment allow us
to consider them as the “autonomous laboratories” for studying evolutionary
processes in the galaxies. Individual properties of isolated galaxies (mass, lumi-
nosity, morphology, colour-index etc.) can be served as the standard when
studying galaxies in the different environment (see, for example, [42] (KIG),
[62,73,75,81,98]).

The dark matter in small groups seems to be distributed in the whole
volume of system in the case of compact groups and to be concentrated in the
halo of individual galaxies in the case of sparsely galaxy groups [16,59-61,64].
At the same time the amount of dark matter in galaxy groups is not enough
to be explained in frame of the Standard Cosmological Model.

In this section we will analyze the mass-to-luminosity ratio for homoge-
neous samples of the sparsely populated galaxy groups of the Local Superclus-
ter and groups selected from the Sloan Digital Spectroscopic Survey (SDSS).

4.1.1. Methods for identifying galaxy groups

For studying galaxy properties in different environment it is
important to define the galaxy’s isolation degree. The principle of overdensity
in comparison with background is widely used for the group identification by
different selection methods. The richer the group population, the overdensity
is more strong and therefore more likely that such a galaxy group is physically
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bound. Poor groups identification depends strongly on the limiting parameters
of the method. These systems can be easily confused with the random physi-
cally not bound systems. For this reason, many authors prefer to study rich
groups/clusters only. That is why the elaboration of the reliable methods for
identifying small groups will allow us to pay more attention to these structures.

For example, 2D method for galaxy pairs and triplets selection was used in
studies [35,36,43,44] with taking into account the isolation degree in compari-
son with the foreground and the background, while the environment of each
pair and triplet was inspected using POSSI, POSSII and ESO/SERC plates.
This method selects effectively the isolated systems, which are compact in a
projection with characteristic distance between galaxies R ~ 50—100 kpc. Ano-
ther approach was developed by these authors in [39], where the tidal index
for each galaxy was introduced to study global properties of nearest galaxies
in different environments.

With appearance of the large databases and surveys (LEDA, NED, SDSS,
CfA2, SSRS2, DEEP2, 2dF etc.) and the data on the the galaxy’ radial veloci-
ties, an application of three-dimensional methods for detachment of galaxy
groups became generally accepted.

3D methods of group’s identification use as a rule the two limited parame-
ters: projected distance between galaxies R and radial velocity difference AV.
For example, the isolation criterion was ignored in [3,4, 26, 103|, where the
selected close galaxy pairs from CfA2 catalogue with R < 50 kpc and AV <
< 1000 km s~! have been considered. Patton et al. [68] have investigated galaxy
pairs from SSRS2. They considered all pairs with R < 100 kpc and didn’t find
pairs with the signs of interaction with AV > 600 km s~!, but most of galaxy
pairs with interaction signs had R < 20 kpc and AV < 500 km s~ (see, also,
[17,69,70,105]). Nikolic et al. [65] obtained similar results for galaxies pairs from
SDSS. These authors found that a star-formation rate is significantly enhanced
for the projected separations less then 30 kpc. Lambas et al. [49] and Alonso
et al. [1] have considered galaxy pairs with R < 1 Mpc and AV < 1000 km s~!
from 2dF survey. They analyzed the star formation activity in the pairs as a
function of both relative projected distance and relative radial velocity and
found that the star formation activity in galaxy pairs is significantly enhanced
over that in isolated galaxies at similar redshifts for R < 25 kpc and AV <
< 100 km s~!. Soares [80] has showed that more than half of the simulated
pairs with projected distance R < 50 kpc have 3D separations greater than
50 kpc. Therefore, for the selection of real physical pair it is important to take
into account the signs of interaction, but that is not always possible.

Triplets of galaxies are less studied than pairs. Mainly, they have been se-
lected from the catalogues of galaxy groups of different population. For examp-
le, we compared the kinematic, dynamical, configurational, and morphological
properties of triplets from the various galaxy samples formed by different me-
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thods ([45, 57, 59, 60, 94], including the galaxy triplets selected in [85]) and
obtained that physical properties of galaxy groups strongly depend on selec-
tion criteria.

One major question is what method is most effective for selecting group
members within a volume-limited catalogue? Various methods are widely used
including the Boxcounts [76,108|, n-point Correlation functions [220], Percolati-
on [77|, Hierarchical analysis [55], nearest neighbor (friend-of-friend clustering)
analysis [9], taxonomic studies [71], Wavelets (23,24, 78, 92|, Fractals |14, 96],
Fourier-transforms [79], Voronoi tessellation [31, 56|, Void probability functi-
ons [21,104] as well as its modifications. The best approach is to apply several
methods for identifying groups from the same catalogue, because it allows us
to avoid selection effects, which are inherent in each of these methods when
you try to select physically bound galaxies.

Most authors mentioned above used simple selection algorithms for pair
identification: they consider all pairs with the fixed limitation parameters R
and AV, which describe properties of galaxy pair only as a separate system, wi-
thout information about their neighbours. Contrary to this in our several works
an another approach was developed. Namely, this is the second-order Voronoi
tessellation for galaxy pairs identification, where the fundamental elements are
pairs, as well as the third-order Voronoi tessellation for galaxy triplets identifi-
cation, where the fundamental elements are triplets. The geometric properties
of the high-order tessellations give information about relative location of neigh-
bouring galaxies. This allowed to analyse the correlations of group properties
with environment. The high-order (second or third -order) Voronoi tessellation
method has not been applied earlier for groups detection, unlike the first-order
Voronoi tessellation. These methods were applied by us to the galaxies from
SDSS DR5 spectroscopic survey with known redshifts and the galaxy sample
of the Local Supercluster |58] allowing us realizing the 3D approach [22].

4.1.2. High-order Voronoi tessellation

Voronoi diagram was introduced by G. Voronoi in 1908 [99].
The most popular is the first-order Voronoi diagram (so called Voronoi tessel-
lation), Fig. 4.1. Tt is a geometric method of space partition on regions. Each
region consists of one nucleus and all the points of space that are closer to a
given nucleus than to other nuclei [51,56|. Kiang found analytic function of
Voronoi cell volume distribution for random points in 2D and 3D space [47].
A Voronoi tessellation is used widely in astrophysics, especially for model-
ling the galaxy and void large-scale structure distribution [30, 88,90, 91, 106,
107], for studying periodicity in deep pencil-beam sky surveys [29, 32,83, 89,
102], extragalactic radiosources distribution [6], for modeling of the cosmic
microwave background anisotropy [13, 83| etc. Ebeling & Wiedenmann [19]
were the first who applied Voronoi tessellation for finding groups and clusters
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Fig. 4.1. 2D Voronoi tessellation of the first- (a), second- (b) and third- (¢) order for the
same distribution of the random nuclei

of galaxies in 2D case (see, also, on the early review, the textbook for stu-
dents prepared by Vavilova [93] in 1998). Later such approach was used by
[3,48,66,72,74].

3D Voronoi tessellation for galaxy groups identification was realized by
Marinoni et al. [54] and Cooper et al. [15]. The application of 3D Voronoi tessel-
lation to DEEP2 survey was introduced by Gerke et al. [27]. We applied at first
the first-order 3D Voronoi tessellation for the identification of galaxy groups in
the Local Supercluster [58] and demonstrated that the first-order tessellation is
more useful for searching the rich clusters of galaxies than the small groups. In
the first-order Voronoi tessellation the key parameter is the volume of galaxy’s
Voronoi cell V. This parameter characterizes a galaxy environmental density.
The condition of cluster/group membership of certain galaxy is the relatively
small value of V. This condition is true when the galaxy is surrounded by
close neighbouring galaxies (Fig. 4.1). That is why the first order Voronoi
tessellation is not corrected for the identifying small isolated galaxy systems
(see aforementioned paper for details).

Contrary to the first-order tessellation the second-order tessellation for
set S distribution of nuclei is the partition of the space which associates a
region Vi 9 with each pairs of nuclei 1 and 2 from S in such a way that all
points in Vi o are closer to 1 and 2 than other nuclei from S. Region Vi is
a common cell for nuclei 1 and 2'. In such a way the second-order Voronoi
tessellation is available for the identification of single galaxies and pairs. The
third-order Voronoi tessellation is appropriate for the triplets identification. It
is the partition of the space which associates a region Vj 23 with each triplet
of nuclei 1, 2, 3 in such a way that all points in V; 2 3 are closer to nuclei 1, 2,
3 than other nuclei from S [51].

! However it is not necessary that these nuclei lie in the common cell. For example nuclei
1 and 5 create the common cell V; 5 and they do not lie in this cell (Fig. 4.1).
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We considered galaxies as the nuclei of the Voronoi tessellation taking
into account equatorial coordinates «,d and radial velocities of galaxies V},
only. For the constructing of the 3D Voronoi tessellations it is necessary to
determine the distances in 3D space. Spatial distance between two galaxies
one can split on projected (tangential) distance r and radial v (difference of
the radial velocities). We can determine the projected distance with a relati-
vely high accuracy, while radial component has errors owing to inaccuracy
of radial velocity measurement of each galaxies and existing strong peculiar
velocities (due to virial motions of galaxies in groups and clusters). As a result
the galaxy distribution in space of radial velocities is extended along radial
component, so-called fingers-of-god effect. This is attributed to the random
velocity dispersions in galaxy volume-limited sample that deviate a galaxy’s
velocity from pure Hubble flow, stretching out a group of galaxies in redshift
space [33|. Various authors take into account this effect in their own way in
dependence on the specificity of their problem. For example, Marinoni et al. [54]
chose some cylindrical window of clusterization, which is extended along the
radial component. We propose other approach that is based on the introduction
of weight for a radial component. Such approach allows us to avoid a problem
of tangential and radial distance inequivalence and to apply high-order 3D
Voronoi tessellation method |22, 58|.

The second-order Voronoi tessellation was applied by us for the identifi-
cation of pairs and single galaxies in the following way. Each galaxy ¢ from
set S forms the common cells with the certain number of neighbouring galaxi-
es. So under neighbouring galazies of galaxy i we understand only galaxies
which create common cells with this galaxy. For example, galaxy 1 creates
only 4 common cells (V12, Vi3, V14, Vi5) with neighbouring galaxies 2, 3, 4
and 5, respectively (Fig. 4.1). Each pair of galaxies i, j is characterized by the
dimensionless parameters p; ;:

D Vz‘,j
Dij my (4.1)
where D — space dimension, V; ; — the area (for 2D) or volume (for 3D) of
cell, m; ; — distance between galaxies ¢ and j.

Each galaxy has the set of p;; parameters. For example, galaxy 1 has
the set pi12, p13, P14, p1,5. We choose the maximum value from the set of
parameters for galaxy 1: pmax(1) = max(pi2,p1,3,P1,4,P1,5). In general case
for galaxy i: pmax(i) = max(p; j) where j assume numbers of k neighbours.

We named the geometric pair in the second-order Voronoi tessellation such
a pair which contains two galaxies with the common cell that have the same
Pmax Parameters, Pmax(l) = Pmax(2) = p. The parameter p characterizes a
degree of geometric pair isolation. Under degree of pair isolation we understand
the overdensity under background. We used the principle which was applied
in 36] for the selection of isolated galaxy pairs: if all galaxies have the same
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angular diameter, a neighbour of a pair of galaxies should be located on the
sky more than five times farther from a pair than the separation of the pair
members from each other. In our 3D approach the degree of pair isolation is
described by the relation between volume V; 2 of common cell (it characterizes
distance to neighbours) and the distance my 2 between pair members according
o (4.1). For example, strongly isolated pair has a large value of p due to a large
V1,2 and small m; 2 (Eq. (4.1)).
We also introduced the parameter p. which describes only pair environment
and does not depend on distance between pair members directly. We defined it
as the mean value of p;(1) and p;(2) parameters of the first and second galaxy,

excepting p from both sets: .

5 pi(1) + 3 mi(2)
7j=2 =2

e — 5 4.2
P k+n—2 (42)

where k and n — number of neighbouring galaxies for 1 and 2 galaxies of
geometric pair, respectively. We start sums from j = 2 and [ = 2 for excepting
2 - p, because the first galaxy is neighbour for the second galaxy and vice versa.
Therefore k +n — 2 is sum of neighbouring galaxies of pair members excepting
of pair galaxies as neighbouring for each other. Parameter p. depends on the
distribution of neighbouring galaxies. Small value of p, points out that such
pair is located in loose environment. In such case the average volume of common
cells of pair components with neighbouring galaxies is relatively small, and
distance between them is large, see Eq. (4.1).

Single galary is a galaxy which is not member of any geometric pair.
The single galaxies are field galaxies in the environment of geometric pairs.
Every single galaxy has the own neighbours, single galaxies and geometric pair
members can be among them. According to the second-order Voronoi tessel-
lation the larger is the degree of galaxy isolation, the greater is the number
of neighbours, but these neighbours locate farther. The best parameter which
describes the isolation degree of the single galaxy is the mean value of all
parameters p; of this galaxy: )

> j=1Pj

§= = (4.3)

where k is the number of neighbours. Therefore the smaller is s value, the more
isolated is the single galaxy.

Method of the third-order Voronoi tessellation can be introduced the same
as the second-order approach. All points of the common triplet’s cell are the
most closer to galaxies of this triplet than to other galaxies. Similarly to the
parameter p; ; for pairs we set up the parameter ¢; ;. for triplets:

D L.
VVida (4.4)

)
max (1m;,j, Mi,u, Mju)

biju =
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Fig. 4.2. Different configurations of the galaxies: isolated close pair (a) and isolated single
galaxy (b) in the second-order tessellation; isolated close triplet in the third-order tessel-
lation (c)

;

where D — space dimension, V; j, — the area (for 2D) or volume (for 3D) of
cell, m; j, mj ., mj, — distances between galaxies in the triplet.

Geometric triplet in the third-order Voronoi tessellation contains three
galaxies that have the common cell and the same maximal parameters
tmax(1) = tmax(2) = tmax(3) = t. The parameter ¢ characterizes a degree of
geometric triplet isolation. We defined parameter of triplet environment t. as
the mean value of parameters ¢;(1), t;(2) and ¢,(3), except ¢ from three sets:

k n
> 1)+ 3 4(2)+ 2 63
fe = kE+n+q—3 ’ (45)

here in case of third-order Voronoi tessellation k, n and g denote the number of
neighbouring triplets which contain galaxies 1, 2 and 3, respectively (Fig. 4.1).
Therefore k 4+ n 4+ ¢ — 3 is number of neighbouring triplets for certain triplet,
which contain at least one galaxy from this triplet. For the triplet with highest
degree of standing out against a background, the isolation parameter ¢ has the
highest value. At the same time, if the triplet neighbours locate far from it,
parameter t. has the small value (see, Fig. 4.2).

Parameters p, s, t are the basic ones and define the isolation degree of
galaxy pair, single galaxy or triplet in comparison with background, respecti-
vely. Parameters p. and t. are additional ones and contain information about
the distribution of the neighbouring galaxies (environment). Similarly to the
second- and third-order Voronoi tessellation it is possible to apply more high-
order Voronoi tessellation for the identification of galaxy quartets, quintets
and so on.
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4.2. Galaxy groups at the small redshifts

4.2.1. Galaxy sample
from the SDSS spectroscopic survey

For our investigation we used Northern part of the SDSS
DR5 spectroscopic survey. Our sample is volume-limited and consists of objects
that are classified as galaxies. The primary sample had contained approxi-
mately 11000 galaxies with radial velocities from 2500 kms™! to 10000 km s,
Hy = 75 kms~'Mpc~!. It is known that completeness of SDSS is poor
for the bright galaxies because of spectroscopic selection criteria and the
difficulty of obtaining correct photometry for object with large angular si-
ze. We tried to decrease this effect’s influence in a way to limiting of our
sample V3, > 2500 km s~!, i.e. in the way not to take into account nearest
objects with the large angular diameter. Such a volume limiting also helps
us to avoid influence of Virgo cluster where strong peculiar motion exists.
We checked additionally all pairs of galaxies with a small angular resolution
and excluded identical objects (parts of galaxies), which are presented twi-
ce and more in SDSS survey. All galaxy velocities V}, were corrected for the
Local Group centroid Vi, accordingly to [40]. When we had applied the high-
order Voronoi tessellation method to SDSS catalogue we limited our sample
3000 kms™! < V¢ < 9500 kms~!. We did not consider also galaxies that
located within 2° near borders, because the correct estimation of Voronoi cell
volume is not possible in this case. Our volume-limited sample is completed
up to 17.7™ but contains also about 100 more fainter galaxies. Final number
of galaxies in the sample was 6786.

We applied the second-order 3D Voronoi tessellation to our sample of 6786
galaxies and obtained 2196 geometric pairs and 2394 single galaxies (65 %
galaxies of whole sample are in pairs and 35 % are singles). We divided our
samples of geometric pairs and singles on four equal parts by the parameter
of isolation p and s, respectively. A quatre of each sample with the highest
isolation degree we called as isolated (549 pairs and 598 singles). It means that
the isolated pairs and singles have p > @3 and s < )1, respectively, Q3 is third
quartile and @7 is the first quartile. Independently we applied the third-order
3D Voronoi tessellation to our galaxy sample and obtained 1182 geometric
triplets (52 % of whole sample). The quatre (297) of triplet sample with the
highest isolation degree t > @3 we called as solated.

We cross-correlated our results with other samples. In the first order we
compared pairs and triplets of our sample with Tago et al. (2008) groups
selected by modified friends-of-friends method using the same release of SDSS.
From 965 galaxies of Tago’s pairs that are located in our region of investigation,
686 galaxies (343 pairs or 71 %) coincide with our pairs with different isolation
degree. Median value of isolation parameter p is 9.89 that does not differ
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strongly from our isolation limit (@3 = 10.17). Other 121 galaxies coincide
with one of our pair members, median value of p for these pairs is 3.94. We can
conclude that they locate in the field. The remaining 158 galaxies coincide with
our single galaxies having isolation degree s = 0.87 i.e. the also associated with
the field galaxies (our isolation limit is less than Q1 = 0.57). 63 triplets (51 %)
by Tago et al. triplets [84] that fall in our region coincide with our triplets.
Median value of isolation degree for these triplets ¢ = 4.83 is higher than our
isolation limit @3 = 3.90.

We also compared our pairs with 28 isolated pairs from [36] that located
in our region of investigation: 16 pairs coincide with our pairs (median value
of isolation degree p = 21.16 is very high). Among 7 our “pairs” one of the
component is interacting galaxy which corresponds to the pair from [36], second
component is more fainter galaxy, these “pairs” are not isolated (median value
of pis 3.95). Such cases appear because of difficulties in spectroscopic measure-
ment of interacting (very close)
i - galaxies in SDSS. The remaining
. 5 pairs coincide by components
with different pairs and single ga-
laxies with small isolation deg-
ree because of these pairs are sur-
rounded by fainter satellites. We
S found that 10 from 36 KIG ga-

laxies coincided with our single

; galaxies, but 24 KIG galaxies fall
07.5 ] 8'.5 9 9'.5 10 Log L, in our pairs with different isolati-
on degree (median value is not

very high p = 5.8). Such dif-

NIN i1

0.15 |

0.1 |

0.05

Fig. 4.3. Luminosity distributions of isolated ga-
laxies (dotted line), galaxies in isolated pairs (solid

line), galaxies in isolated triplets (thick line) ference can be explained by the
presence of fainter galaxy in im-
Table 4.1. Comparison mediate vicinity of KIG galaxy.

between the luminosities
of the galaxies from different samples

Actually, all 34 isolated galaxies
with fainter satellites from [73],

Ly x 10%(Lg) which locate in our region, coin-

Sample of galaxies cide with our pairs and triplets.
Median | Mean (SD) We may conclude: singles,
All single 2.2373:65 | 517 (8.00) pairs danbd trlg)le? O}f gacllames ob-
All geometric pairs 2387127 | 5.79 (8.66) tal,ne y t, ¢ g ,_Or er Voro-
All geometric triplets | 2.48%136 | oo (s.77) | 1ol tessellation are in a good ag-
Tsolated 1.807310 | 3.52 (4.47) reement .Wlth other samples, es-
Isolated pairs 2.897720 | 6.74 (9.46) pecially it concerns the systems
Tsolated triplets 2.687959 | 653 (9.97) | With the high isolation degrees.
Some lack of coincidence can be
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explained by differences in primary catalogues, for example, by the magnitude
depth or spectroscopy of interacting galaxies in SDSS.

In addition to the isolation and environmental parameters p, pe, s, t
and t., we calculated also other characteristics [37, 94|: root-mean-square
(rms) velocity of galaxies with respect to the group centre (in kms™1), S, =

1/2
= [% S (Ve - (VLg>)2] , Sy = AV/2 for pairs, N is the number of
galaxies in the group; harmonic mean radii of the system (in kpc) — Ry =
-1
= {% sz Ri_kl} , where R;, = Xi,k(VLg>H0_1 and X is the relative angular

distance; R — maximal distance between galaxies in triplets, for galaxy pair
Rp, = R; dimensionless crossing time

T = 2H()Rh/SU (4.6)
expressed in units of the cosmological time H L. virial mass
Myir = 37TN(N — 1)71G7153Rh (47)

in Mg; galaxy luminosity L,, which corresponds to Petrosian magnitude in
r-band, Lg; mass-to-luminosity ratio Myi,/L = Myiy/ > Ly in Mg /Le.

4.2.2. Luminosity-density relation

As considering the luminosity-density relation (for example,
[67], and references therein) we can note the following: galaxies are more lumi-
nous in the high density regions than in the field. Karachentseva et al. [41]
showed that galaxies even in such poor groups as the triplets are more lumi-
nous than the isolated galaxies. We compared the luminosities of single /isolated
galaxies with the luminosities of galaxies in pairs and triplets. One can see from
Table 4.1 and Fig. 4.3 that the median and mean values of luminosities are
greater for galaxies in pairs and triplets than for single/isolated galaxies. The
mean values of luminosities of isolated galaxies and galaxies in isolated pairs
differ significantly (with the probability of >0.99 by t-criterium), but differen-
ces for “All” samples are not statistically significant. The same conclusions we
made from comparison of the sample of single/isolated galaxies with galaxies
in triplets.

So, galaxies in isolated pairs and triplets are two times more luminous
than isolated galaxies. It is necessary to note that our method of group identi-
fication doesn’t take into account individual physical characteristics of galaxies,
therefore the effects of selection are absent here. The fact that for “All” samples
the mean values have small difference may serve as the evidence of influence
of non-physical (accidental) groups in these samples, the wide systems are
dominated among them.
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4.2.3. Mass-to-luminosity ratio

For studying dark matter presence and distribution in small
galaxy groups we used the mass-to-luminosity ratio (M, /L) as the quantitati-
ve indicator of dark matter contribution. We checked the mass-to-luminosity
ratio in dependence on isolation degree of pairs and triplets. We plotted the
dependencies of system isolation p, t on My, /L in the narrow bins of R, because
the isolation parameters p, t and virial mass M, depend on the projected di-
stance between the galaxies R (see Egs. (4.1), (4.4), and (4.7)). Fig. 4.4 presents
the dependence of slope « in p, t — My, /L relation on R, and Fig. 4.5 presents
dependence of correlation coefficient on R (details in signatures to the figures).

We see from Fig. 4.4 that if the system is located in denser environment,
it has greater value of M;/L (a < —0.1, correlation coefficient <-0.3).
Moreover, such dependencies are true only on the scales approximately up to
150—200 kpc for pairs and up to 250—300 kpc for triplets. For greater values
of R the p, t — Myi;/L dependencies were not observed. This conclusion only
confirms our results where we showed that the widest systems most probably
are accidental formations, because they don’t stand out against a background.
The strong dependence of morphology on the nearest neighbour was found at
the distances of about 200 h~! kpc. On the other hand, several authors (see, for
example, [1,17,49,70,103]) on the base of analysis of physical properties such
as star formation rate and colour indices concluded that differences between
galaxies in pairs and fields galaxies are significant in pairs with R < 20—50 kpc.
Dependence on velocity dispersion is weaker, but Lambas et al. [49] and Alonso
et al. [1] found significant differences in AV < 100 kms~1.

o

01 pi !

0 200 400 600 800 1000 1200 R, kpc

Fig. 4.4. Dependence between slope « and R: for the pairs log(p) =
= alog(Myi:/L) + b (thin line) and for the triplets log(t) =
= alog(Myir/L) + b (thick line)
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Correlational coefficient

0 200 400 600 800 1000 1200 R, kpc

Fig. 4.5. Dependence between correlation coefficient in relations from
Fig. 4.4 on R: for the pairs (thin line) and for the triplets (thick line)

Because of maximal distance R is a constant, enhancement of M, /L va-
lue is a result of increase of rms velocities in groups. In other words, if the
relatively compact pairs and triplets located in denser environment, then they
have greater value of mass-to-luminosity ratio due to larger virial motions. The
same result was obtained by Einasto et al. [20]. The authors found that sparsely
populated groups in the neighbourhood of a rich cluster are typically 2.5 times
more massive and 1.6 times more luminous than groups on average, and these
loose groups have velocity dispersions 1.3 times greater than groups on average.

Table 4.2 presents the medians and quartiles of system crossing time 7
and mass-to-luminosity ratio M, /L for samples of pairs and triplets that
characterized by different isolation degree and compactness.

From Table 4.2 and Fig. 4.5 follows that values of Myi,/L at R < 50 kpc for
pairs and R < 100 kpc for triplets is 7—8 Mg /Le and increase with enhancing
of Ry, faster for triplets than for pairs.

Table 4.2. Medians and quartiles of the system
crossing time and mass-to-luminosity ratio for pairs and triplets

Pairs N T My /L Triplets * N T Myir/L
p>Qs | 519 | L1253 | 1285 | ¢>Qs | 207 | 1.06%05 | 4475
R < 50 133 | 0.187320 7iee R < 100 16 | 0.247997 8+3°
R<100 | 335 | 0.40703] 9t3t | R<200 70 | 0437037 | 20715

R<150 | 549 | 0.617953 1477 R<300 | 136 | 0.70%533 24148
R<200 | 684 | 070700 | 1783 | R<400 | 240 | 07135 | 3173

* Maximal distance R correlates with Rp: R = 1.41 - R, + 266, the correlation coefficient is
0.87 for triplets, and R = R}, for pairs.
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The values of My;/L are in a good agreement with the corresponding
values within IQR for groups which were selected by dynamical method. The
values of My, /L are 18739 M /Le, and 32135 M /L for pairs and triplets,
respectively ([53] and for triplets [94]) 35759 M /L. The median of most
compact triplets is in agreement with median M;,/L = 13719 M /L obtai-
ned for interacting triplets, where star formation rate is high [57]. The median
of isolated triplets is in a good agreement with median M, /L = 47735 My /Le
which corresponds to the sample of isolated Northern [37] and Southern [44]
triplets (N&S triplets). An observable agreement with previous results is addi-
tional evidence of the correctness of applying the high-order Voronoi tessellati-
on method for identification of pairs and triplets.

4.3. Poor galaxy
groups in the Local Supercluster

We reviewed results published since 1990 yrs and found that
estimates of M, /L for galaxy groups derived by the different authors are in
a range of 30—200 My /Lg. Such a result depends on the galaxy population in
groups, applied method of clustering, measurement accuracy of distances (radi-
al velocities), and completeness of samples at the faint end of the luminosity
function. Moreover, Tully et al. [48], (2006) found a special class of galaxy
groups, which consist wholly of dwarfs of low surface brightness, for which
the M/L is 100—1000 Mg /L. During the last years we undergone exhaustive
investigation of the physical properties of poor groups in the Local Supercluster
(LS) [22, 45, 53, 59—61, 94, 97]. The goal of these investigations was to esti-
mate mass-to-luminosity ratios and to analyze the location of the dark matter
in sparsely populated groups.

4.3.1. Homogeneous galaxy sample

The catalogue of LS galaxies [53] was compiled from the
LEDA database. After excluding questionable and fake objects objects, the
final catalogue consists of 7087 galaxies with known radial velocities up to
3100 km/s, magnitudes, morphological types, and sizes. The examination of
objects proceeded independently with NED, POSS-I plates, and ESO/SERC
plates. Due to selection effects, especially as concerns the faint end of the
luminosity function, the catalogue is not homogeneous.

The catalog is fairly inhomogeneous, in particular, there is no clear boun-
dary absolute magnitude (as would be in the case of observations with a
single instrument). The sample is selective in depth relative to the LS dwarf
(low-luminosity) galaxies. The presence of a large number of dwarf galaxies
in the Local Group, i.e., in the immediate neighborhood of the Galaxy, also
affects the sample inhomogeneity. In addition, since the radial velocities are
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used as distance estimates, the supercluster is more elongated along the radi-
al component. Calculating the Voronoi cell volumes for the galaxies of this
sample, we would obtain much smaller volumes for nearby galaxies than those
for distant ones. Therefore, it is inappropriate to directly apply the geometrical
Voronoi tessellation method to such an inhomogeneous catalog.

Without consideration of the luminosity function and galaxy dynamics, a
homogeneous catalog can be compiled by two techniques.

The first one is implemented by limiting the sample in absolute magnitude;
Mgbs = —17.5™ for the LS. The boundary apparent magnitude is 15.5™ and
the absolute magnitude My of a galaxy with m = 15.5™ at a distance of
3100 kms™! is M,C?bs. In this case, galaxies more luminous than M5 remain
in the catalog.

The second technique provides for the inclusion of all catalog galaxies.
It involves an artificial re-scaling of the distances in such a way that the
concentration of galaxies varies with sample depth as a power law with the
same index as that for the full homogeneous catalog. The slope was estimated
for a homogeneous (in luminosity) catalog (Maps < —17.5™) to be = 0.7 (see
below). If this value is extrapolated to the LS sample under consideration, then
the variation in galaxy concentration with distance will be related to the real
galaxy distribution in space and not to the deficit of low-luminosity galaxies
at large distances. Consider this approach in more detail.

Let us introduce a new distance as a function of the radial veloci-
ty, u= f(v). The concentration of galaxies in the “new” space varies as

pu) = A-ub.
The concentration of galaxies at distance v is
dn
= 4.8
p(U) 47TU2dU ( )
in the “old” space and
dn
= =A-uP 4.9
plu) = 5 u (4.9)

in the new space.

2
W d
e find from Egs. (4.8) and (4.9) that p(v)  udu

AubB  Zdv
A/uQﬁdu: /p(v)dev. (4.10)

The number of galaxies within the sphere of radius v is

v

= 7T'U2 v)av. .
N(<v) _0/4 p(v)d (4.11)
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Fig. 4.6. New distance u versus radial velocity v
Fig. 4.7. Galaxy concentration in the new space versus new distance u

Substituting (4.11) into (4.10) and integrating yields

u(v) = <347r f (<v)>1ﬁ. (4.12)

We set the boundary condition %(vmax) = Umax, Where vpax = 3100 kms ™!

is the maximum radial velocity. Using the boundary condition, we obtain the

3
constant from Eqs. (4.12): A = <43ﬂ>6’ where N = 7064 is the number of
T Umax

galaxies in the sample. Then,

) = e (S 13

This approach (distance re-scaling) can be interpreted as the choice of a
unit of length for the corresponding supercluster depth. It allows nearby small
and distant large groups to be reduced to the same scale. Latter equation
relates the “old” distance v to the “new” distance wu. This relation is shown
in Fig. 4.7 for the following values of the parameter 8: 8 = 0, 1, and 2 that
correspond to uniform, pancake, and threadlike galaxy distributions in depth
(Fig. 4.6), respectively. We decided to dwell on 8 = 0.7 [3] and to consider
B =0 in order to determine how sensitive the method is to this parameter.

In Fig. 4.7, the concentration of galaxies is plotted against distance u in
the new space. The concentration now varies within one order of magnitude, in
accordance with the specified slope 8 and has no sharp negative trend toward
the supercluster boundary. Fig. 4.8 (a and b) show the galaxy distributions in
the v and u spaces; for comparison, Fig. 4.8, ¢ shows a random distribution
of the same number of galaxies. Also there are shown the distributions of
galaxies from the absolute-magnitude-limited LS subsamples: galaxies with
Mps < —17.5™ (Fig. 4.8, d), luminous galaxies with M,ps < —19™ (Fig. 4.8, ¢)
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Fig. 4.8. Projection of the LS sample galaxies onto the plane perpendicular to the galactic
plane: @ — in the v space; b — in the u space; ¢ — a random distribution of the same number
of galaxies; d — the distribution of LS galaxies with Maps < —17.5™ in the v space; e —
the distribution of LS galaxies with Maps < —19™ in the v space; f — the distribution of LS
galaxies with M,ps < —20.5™ in the v space

and the most luminous galaxies with M,,s < —20.5™. Even a visual comparison
demonstrates that the galaxy distributions in these subsamples are different.
The distribution of the most luminous galaxies with M, < —20.5™ is closer to
the random one (but does not correspond to it). This effect in the distribution
of galaxies may depend not on their luminosity, but on their number (the fewer
the galaxies, the weaker their clustering.

4.3.2. Methods

We applied two different methods to the LS catalogue for
detecting groups:

Dynamical method was introduced by Karachentsev [38], whose criteri-
on for membership is based on the assumption of closed Keplerian motions of
companions around the dominating component of a system within their radius
of gravitational influence. The criterion accounts for individual galaxy properti-
es and excludes optically projected groups. The resulting catalogue includes
238 poor groups (4—10 members) containing a total of 1315 galaxies.

Geometrical method. Geometrical method of 3D-Voronoi tessellation
introduced by Melnyk et al. [58| is based only on galaxy positions and allows
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identifying over dense regions of galaxies compared to the background. To
avoid aforementioned selection effects, we over scaled the space of radial veloci-
ties in such a manner that the concentration of galaxies increased with radi-
al velocity as a power law function with the same exponent as for the full
homogeneous catalogue. This method is sensitive to both elongated and spheri-
cal structures while, for instance, the wavelet transform is more sensitive to
identifying spherical structures and substructures [95]. In this sample there are
226 poor groups containing 1222 galaxies. To reveal how the different group
membership methods affect the derived properties of galaxy groups selected
from the same catalogue (Local Supercluster), we compared groups obtained
by Voronoi tessellation with those groups obtained by Karachentsev’s dynami-
cal method. The number of groups, for which all members coincide, is 22 % on
average (most of them are pairs and triplets). This value is in a good agreement
with results by Garsia [25], when hierarchical and percolation methods have
been applied to the same catalogue.

When the percolation and hierarchical methods are applied, this effect is
taken into account by introducing a luminosity function in the calculation of
clustering parameters; in this case, the sample is limited in apparent magnitude
m. In the dynamical method the sample is not m-limited and this effect is
indirectly taken into account in the dynamical clustering conditions (more lu-
minous and more massive galaxies are considered to be group members, being
at a larger distance from one another than less massive ones).

We have calculated a set of median values of the following physical
parameters for poor LS groups (4—10 members) selected by Voronoi tessellati-
on and dynamical methods (value in parentheses), respectively: velocity dis-
persion of galaxies S, = 34 km/s (58 km/s), harmonic radius of the group
R;, = 240 kpc (183 kpc), dimensionless crossing time (in units of the Hubble
time 1/Hy s = 1.02 (0.48), the logarithm of the virial mass log Myi, = 11.89
(12.31), the logarithm of the luminosity of galaxy groups log L = 10.32 (10.52).
The luminosity was calculated using LEDA total B magnitude corrected for
extinction. Throughout we assume a Hubble constant of Hy = 75 km/(s Mpc).
Median value of mass-to-luminosity ratio is Myi;/L = 34 M /Le (50 My /L),
mean value is 76 M /Le (78 My /Lw), SD is 130 (82). These results agree at
the 80 % confidence level. The differences arise since the Voronoi technique is
more sensitive to selecting large and elongated structures. For instance, some
groups detected by Voronoi tessellation can include at least two groups detected
individually by the dynamical method. For isolated systems, we find perfect
coincidence between these two methods.
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4.3.3. Dark matter and properties
of galaxy triplets in the Local Supercluster

From the larger catalogue, we identified a sample of 173
groups of galaxy triplets that includes about 14 % of the total number of
LS galaxies [94]. We have considered also two samples for comparison: the
joint sample of the Northern and Southern triplets [43,44] and the sample of
triplets from the catalogue of Interacting galaxies by Vorontsov—Velyaminov
et al. [100]. The velocity dispersions for galaxy triplets of both samples are
less than 300 km /s because the majority of physically non-bound triplets have
Sy > 300 km/s [37]. We will refer to these samples as N&S and Interacting
triplets, respectively. The general properties of these galaxy triplets were con-
sidered in [57,59,94].

We used also two samples of isolated galaxies: non-clustering galaxies from
the LS catalogue [45,53] and isolated galaxies from the KIG catalogue. We will
refer to these samples as ILS and KIG, respectively. For LS triplets we find
a harmonic radius R, = 160 kpc (median value), relative fraction of E/S0 is
18 %, and median value of crossing time of the system is s = 0.87. For Northern
& Southern (N&S) triplets, R, = 55 kpe, E/S0 galaxy fraction is 25 %, and
s = 0.09. For Interacting triplets, R, = 28 kpc, E/SO faction is 30 %, and
s = 0.04. For comparison, ILS and KIG samples contain 11 % and 19% of
early type galaxies, respectively.

We suggest that the Dressler effect (higher fraction of E/SO galaxies asso-
ciated with denser systems) is seen even in such poor groups as galaxy triplets.
Therefore, the analysis of morphological content and crossing times suggests
that LS triplets are dynamically younger systems whereas N&S and Interacting
triplets are dynamically older systems. We note that LS triplets were selected
in radial velocity space whereas N&S and Interacting triplets were selected
by visual inspection of POSS-1, 2 plates. For this reason, the latter samples
are more compact and, so, dynamically older systems. We present our new re-
sults for the mean colour indices of galaxies from these samples as well as the
colour indices for galaxies of early and late types in Table 4.3. The mean indi-
ces show that galaxies in triplets are redder than isolated galaxies, and early
type galaxies in triplets are redder than isolated early type galaxies. These
differences are not significant when you consider subsamples of early and late
galaxy types separately. When you consider complete samples, these differences
are significant at the confidence level 95 %. This result can be explained by
morphological content (aforementioned Dressler effect). From modelling the
dynamical evolution of triplets, more than half of the time two components
are close to each other while the third component is at a relatively large
distance from the pair. Such a configuration is called hierarchical. We have
analyzed also the projected configurations of triplets from these samples and
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Fig. 4.9. Distribution of the mass-to-luminosity ratio for LS triplets
(thick line), Northern and Southern triplets (dashed line), Interacting
triplets (thin line), respectively

found an excess of hierarchical configurations in LS triplets (3r) compared to
the N&S and Interacting triplet samples [59]. Chernin et al. [12]| argued that
the observed configuration of triplet can be a good indicator of the distribution
of dark matter.

Thus, our results suggest that for the LS triplets dark matter is located in
the individual galaxy halos which are the dynamically younger systems while
for the Interacting and late type N&S triplets the dark matter preferentially
lies in a common halo.

The distributions of virial mass-to-luminosity ratio for these samples are
given in Fig. 4.9 and Fig. 4.10. One can see that Interacting triplets have
systematically smaller M,;,/L values than LS triplets and N&S. Thus, the
median luminosity for the Interacting triplet sample (L = 5.66 x 10'° L),
exceeds that for the LS triplets (1.57 x 10! L) and N&S triplets (4.14 x
x 101 L). The mean values of the mass-to-luminosity ratio and standard
deviations (value in parentheses) for LS triplets, N&S triplets, and Interacting
triplets are 53 Mg /L (65), 77 Mo /Le (98), 27 Mg/ Le (61), respectively. The
median values of the mass-to-luminosity ratio for these samples are 35 M,/ L),
47 M /Lg, 13 Mg/ Lg), respectively. For the hierarchical triplets in these same
subsamples, the My, /L ratios are 24 M /Le, 21 M /Le, 14 Mg/ L, respecti-
vely. We note that the values for LS and N&S hierarchical triplets are lower
than the values for the total samples. The values for the Interacting triplets are
equal. This could be additional evidence for the higher compactness of interac-
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Fig. 4.10. Luminosity vs. mass-to-luminosity ratio. Triangles designate

LS triplets, inverted triangles — Northern and Southern triplets, circ-
les — Interacting triplets

ting systems while it is not possible to distinguish between a common dark
matter halo and individual dark matter haloes associated with each galaxy.
The examples of galaxy triplets are presented in Fig. 4.11.

4.4. Conclusion
For the first time we introduced and applied the high-order
3D Voronoi tessellation method for identification of isolated galaxies, pairs and
triplets using the SDSS DR5 spectroscopical survey. We revealed that com-
pact pairs (Rp < 150 kpc) and triplets (R, < 200 kpc) are more isolated in
average than systems in geometric samples, thus they are characterized by dif-
ferent isolation degree. The wider pair (triplet), the smaller isolation degree is
observed. Small values of parameters p, and ¢, are the evidence of loose environ-
ment of these systems (they have not a “free space” to be the isolated groups).
Thus, we consider wide geometric pairs and triplets as accidental ones in the
common field. We compared the luminosities of single galaxies and galaxies in
geometric pairs and triplets. It was shown that galaxies in isolated pairs and
triplets are two times more luminous than isolated galaxies. On one hand it
is the evidence of our geometric method accuracy. On the other hand, we can
conclude that in such small groups as pairs and triplets the luminosity-density
relation is observed.
We considered dark matter content in these groups. The median values of
M, /L for our samples limited by different criteria are 12 My /L, for isolated
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Fig. 4.11. Galaxy triplets from the SDSS spectroscopic survey

pairs, 44 M /L for isolated triplets, 7 (8) Mg /Lg for most compact pairs
(triplets) with R < 50 (100) kpc. Note, that for most compact (close or inte-
racting) systems is not very large difference in dark matter content for pairs
and triplets, but for isolated triplets the My, /L is larger in three times than
for pairs. These results are in agreement with works of other authors. We also
found that the pair/triplet is less isolated system (in denser environment),
when M, /L greater. This relation testifies that galaxy systems in denser en-
vironment have greater rms velocity (because of My, ~ Sg at fixed distance
between galaxies). The p,t — M, /L dependencies are observed only for com-
pact systems (up to 150—200 kpc for pairs and up to 250—300 kpc for triplets).

We at first obtained the values of “mass-to-luminosity” ratio for sparsely
galaxy groups, which were identified by the Voronoi tessellation method in the
Local Supercluster and from SDSS spectroscopic survey (Fig. 4.12).

We studied physical properties of very poor groups (3—10 galaxies)
with the aim to estimate localization and content of the dark matter. The
main samples of these groups were selected from the catalogue of the Local
Supercluster by Voronoi tessellation and dynamical methods. We estimated
a median value of the mass-to-luminosity ratio for poor LS groups (4—10
members) and find My, /L = 34 Mg Le and 50 Mg L), for the Voronoi tessel-
lation and dynamical methods, respectively. We expect to derive more precise
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Fig. 4.12. “Mass-to-luminosity ratio” diagram for galaxy systems of dif-
ferent population (star clusters, galaxies, galaxy groups, clusters and su-
perclusters), where our result [60] for sparsely populated galaxy groups is
pointed

values of the parameters as the catalogue of LS galaxy groups is refined and
improved. We studied the dynamical and colour properties of LS galaxy triplets
compared to samples of Northern & Southern triplets and Interacting triplets.
Analysis of morphological content and crossing times provides evidence that LS
triplets are dynamically younger systems whereas N&S and Interacting triplets
are older.

The Dressler effect may be observed even in such poor groups as galaxy
triplets. Median values of the mass-to-luminosity ratio for LS triplets, N&S
triplets, Interacting triplets are 35 My /La, 47 Mo /Lg, 13 Mg /La, respecti-
vely. The derived results led us to conclude about the dark matter distribution
that for the dynamically younger sparsely groups (triplets), dark matter is
more likely associated with the individual galaxy halos, for the interacting and
late sparsely groups the dark matter lies in a common halo of galaxy groups.
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CHAPTER

INTERACTION IN THE DARK SECTOR
Yu.L. Bolotin, A.V. Kostenko, O.A. Lemets, D.A. Yerokhin

5.1. Introduction

The discovery of the accelerated expansion of the Universe
[43,47] completely changed our understanding of the com-
position of the Universe, and led to the replacement of the
traditional Big Bang model with the Standard Cosmological
Model (SCM). This model turned out to be immensely suc-
cessful a vast number of observations can be reconciled if
we assume that we live in a planar Universe undergoing
accelerated expansion [13|, for which the current relative
densities of dark energy (DE), dark matter (DM), baryonic
matter and radiation are, respectively, Qqge0 =~ 0.73, (DM)
Qamo =~ 0.23, Qo ~ 0.04 and Q0 ~ 5 x 1075,

Unlike fundamental theories, physical models only ref-
lect the current state of our understanding of the process or
phenomenon that they were created to describe. A model’s
flexibility plays a big role in its success — a model must be
able to modernize and evolve as new information comes in.
For this reason, the evolution of any broadly applied model
is accompanied by multiple generalizations that aim is to
resolve conceptual problems as well to explain the ever-in-
creasing array of observations. In the case of the SCM, one
of the more promising way of generalization is the replace-
ment of the cosmological constant with a more complicated,
dynamic form of dark energy [3,8,25] as well as the inclusion
of interaction between the dark components [4,11,40,60,63|.

Typically, DE models are based on scalar fields mini-
mally coupled to gravity, and do not implement the explicit
coupling of the field to the background matter. However
there is no fundamental reason for this assumption in the
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absence of an underlying symmetry which would suppress the coupling. Given
that we do not know the true nature of neither DE nor DM, one cannot exclude
that there exists a coupling between them. Whereas new forces between DE
and normal matter particles are heavily constrained by observations (e.g. in the
Solar System and gravitational experiments on Earth), this is not the case for
DM particles. In other words, it is possible that the dark components interact
with each other, while not being coupled to standard model particles. In the
absence of the aforementioned underlying symmetry, the study of the interacti-
on of DE and DM is an important and promising research direction. Moreover,
disregarding the potential existence of an interaction between dark components
may result in misinterpretations of the observational data. Since the gravita-
tional effects of DE and of DM are opposite (i.e., gravitational repulsion versus
gravitational attraction), even a small change of their relative concentrations
can have an effect on cosmological dynamics (see, for example, Chapter 1).
Models where the DM component of the Universe interacts with the DE field
were originally proposed as solutions to the cosmic coincidence problem, since
in the attractor regime, both DE and DM scale in the same way. It is remarkable
that the scaling solutions in such models can lead to late-time acceleration, whi-
le this is not possible in the absence of coupling. It can also produce interesting
new features in the large-scale structure. Therefore, the possibility of DE-DM
interaction must be looked at with the utmost seriousness.

5.2. Physical mechanism of energy exchange

Models where DM interacts with the DE field can be realized
if we only make an obvious assumption: the mass of the cold DM particles is a
function of the DE field responsible for the present acceleration of the Universe.
Variable-mass particles generally arise in models where the scalar (quintessen-
ce) field is coupled to the non-baryonic DM. Such a coupling represents a
particularly simple and relatively general form of modified gravity. These par-
ticles appear, in fact, in scalar-tensor models and in simple versions of higher-
order gravity theories in which the action is a function of the Ricci scalar. In
the Lagrangian, these couplings could be of the form g(¢)mowy or h (p) m3¢?
for a fermionic or bosonic DM represented by 1 and ¢, respectively, where the
functions g and h of the quintessence field ¢ can, in principle, be arbitrary.

The inclusion of interaction leads to the appearance of a source in the right
side of the “conservation equation”. The quotation marks denote the presence
of a flux from one dark component to the other.

Let’s now look at the various approaches we can take to introduce interacti-
on in the dark sector. DE represents the simplest explanation of the accelerati-
on of the Universe within the SCM paradigm. DE is generally associated with
a cosmological constant, and can be thought of as vacuum energy.
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5.2. Physical mechanism of energy exchange

We define [57] a vacuum energy, V, as being the proportionality coefficient
between the metric and the energy-momentum tensor

Th =Vgh. (5.1)
Comparing this with the energy-momentum tensor of a perfect fluid
T} = (p+p) v, — pgy (5.2)

the vacuum energy density and pressure with p = —p = V. A vacuum energy
that is homogeneous throughout spacetime, V,V' = 0, is equivalent to a cosmo-
logical constant in Einstein gravity A = 87GV. We will consider the possibility
of a time and/or space dependent vacuum energy. From Eq. (5.1) we have

VTV =F, F,=V,V. (5.3)

We can therefore identify an inhomogeneous vacuum, V,V # 0, with an
interacting vacuum, F), # 0. The conservation of the total energy-momentum
(including matter fields and vacuum energy)

Vi (T(de)’,f + T(dm)’,f) =0 (5.4)
implies that the vacuum T(de)l,j or DE transfers energy-momentum to or from
the matter fields T(qy)"

ViTiaoy, = —Tam, = Fo- (5.5)
Now we must see what kind of an effect the interaction of the dark components
will have on the actual dynamics, i.e. on the Friedmann equations, and obtain
the general equations of motion for DE interacting with DM [54]. We assume a

Universe formed by only DM and DE. The equations of motion that describe
the dynamics of the Universe as a whole are the Einstein field equations

1
Ry = 5 R = 87G (T(de)w + T(dm)W> (5.6)
whereas the conservation equations for each component are
V' Tide),,,, = Fus

V' Tidm),, = —Fps

(5.7)

where the respective energy momentum tensor for the component 1
(i = dm,de) is
’ T(i);u/ = (pz + pi) UpUy — PiGuv (58)
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CHAPTER 5. Interaction in the dark sector

here u,, is the velocity of the fluid (the same for each one) and p; and p; are,
respectively, the density and pressure of the fluid ¢ measured by an observer
with velocity u,. F), is the 4-vector of interaction between dark components
and its form is not known a priori. Equations (5.7) can be projected on the time
or on the space direction of the comoving observer. We project these equations
onto to the velocity u*

UMVVT(dm)/W = —’LL'MFM,

(5.9)
UMVVT(de)/W = ’LLMFM

and in other part orthogonal to the velocity using the projector hg, = gg,—

—uguy, h'uﬁvyT(dm),ul/ — —hMﬁFM,

PN T ey = WP .

Using (5.8) in (5.9) we obtain energy conservation equations for each dark
component

(5.10)

UV pam + (Pam + Pam) Vul = ubFy,

UV pde + (Pde + Pae) Vyut = —ulFy,.

On the other hand, substitution (5.8) in (5.11) leads to the Euler equations for

every component,

RPN i pdm + (Pam + Pam) UV, uf = —hHPF,,
WOV pae + (pae + pae) uHV u’ = WP E,.

(5.11)

(5.12)

These formulas describe the interaction of the dark components. If we want to
move further, we need to choose a model (metric), which will be done later.

5.3. Phenomenology of Interacting Models

We have already stated that since there is no fundamental
theoretical approach that may specify the functional form of the coupling bet-
ween DE and DM, presently coupling models are necessarily phenomenological
ones. Of course, one can always provide arguments in favour of a certain ty-
pe of correlation. However, until the creation of a microscopic theory of dark
components, the effectiveness of any phenomenological model will be defined
only by how well it corresponds to observations.

We assumed that the background metric is described by the flat FLRW
metric. In the comoving coordinates we choose u# = (1,0,0,0). With this

choice V,ut = 3H,

utV, u” = 0.

Using notation u#F, = Q(a) let’s transform the equations (5.11) to the
final form fdm -+ 3H pam = Q,

pde + 3H(pde +pde) = _Q

(5.13)

(5.14)

162



5.8. Phenomenology of Interacting Models

The function Q(a) is known as the interaction function depending on the scale

factor. We note that the equations (5.14) are satisfied identically (taking into

account the condition h*F),, = 0), and do not produce any new equations.
The sign of ) defines the direction of the flux of energy:

dark energy — dark matter

Q >0 — energy transfer is
<0 &Y dark matter — dark energy "

We will focus our attention on DE in the form of a scalar field (. In this case

Py %902 -V (‘P)

Wae = Wy = —— = 4 . (5.15)
T e 3@V ()
The modified (by interaction) Klein—Gordon equation is
av
g smps W -9 (5.16)
dp ¢

It is useful to note that the system (5.12), which describes the interacting
dark components, can be transformed into the standard form that corresponds
to non-interacting components by re-defining the parameters wqe and wqy, = 0
[12]. If we write the equations (5.14) in the form

pi +3H (1 4+ wegi)pi = 0, i = de,dm (5.17)

then

Weff,dm = Weff,de = Wde (518)

- 4+ —
3dem Sdee

If we “turn off” the interaction (Q = 0), we return to the original equation
of state (EOS) parameters: Wef dm = Wam = 0, Weff,de = Wde-

The system (5.14) has be given an alternative interpretation. It is conveni-
ent to introduce the effective pressures Iy, and 1y, [6]

= —3HIlg, = +3HIIg, (5.19)
with the help of which
pdm + SH(pdm + 1_Idm) = 07

. (5.20
Pde t+ 3H (pde + Pde + Hde) = 0. )

In this case the conservation equations formally look as those for two inde-
pendent fluids. A coupling between them has been mapped onto the relation
Hgm = —1lge.

In order to illustrate how interaction between the dark components acts on
cosmological dynamics, consider the time evolution of the ratio 7 = pqm/pde,

. . 1
f:Pdm (,Om_pde> =3Hr (wde—f-—i_rQ). (5.21)
Pde m Pde Pdm 3H
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CHAPTER 5. Interaction in the dark sector

Let’s analyse the obtained expression [6]. We take r = roa™¢ (rg is the energy-
density ratio at the present time and £ is a constant, non-negative parameter).
In this case, for the interaction term, we obtain

Q __wde+§

= . 5.22
3H pam 1+r ( )

Eq. (5.22) demonstrates that by choosing a suitable interaction between both
components, we may produce any desired scaling behavior of the energy densi-
ties. The uncoupled case, corresponding to @ = 0, is given by £/3 + wge = 0.
The SCM model ( the special uncoupled case) corresponds to wge = —1, £ = 3.
Generally, interacting models are parameterized by deviations from £ = —3wge.
Any solution which deviates from £ = —3wg. represents a testable, non-
standard cosmological model. For £ > 0, interaction @ (5.22) becomes very
small for a < 1. Consequently, the interaction is not relevant at high redshifts.
This guarantees the existence of an early matter-dominated epoch. Note also
that energy transfer from DE to DM, i.e. wqe + % < 0.

During comparisons of model dynamics with observational results, it is
useful to analyse all dynamic variables as functions of redshift, not of time.
Let’s use the fact that

d ddzdai

d

dz
and transform the base equations (5.14) to the form

dpdm 3 Q (Z)

dz 14277 Tt 2)H(2)

dpde 3 _ Q(Z)
dz m(l + Wde ) pde = m

(5.23)

Also, let’s introduce [54| the dimensionless interaction function Ig(2),

1
10) = e @)

Moving to relative densities, we finally get

o , (5.24)
e 2 (1 wge) e = (14 2T 2).

The function Ig(z) is useful during analysis of the observational data [54].
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5.8. Phenomenology of Interacting Models

Simple Linear Models. In general, the coupling term () can take any
possible form Q = Q (H, pam, pde, t). However, physically, it makes more sense
that the coupling will be time-independent. Among the time-independent opti-
ons, preference is given to a factorized H dependence Q = Hq(pam, pde). Du-
ring this kind of factorization, the effects of the coupling on the dynamics of
Pdm and pge become effectively independent from the evolution of the Hubble
scale H. The latter is related to the fact that the time derivatives that go into
the conservation equation can be transformed in the following way: d/dt —
— Hd/dIna. It is important to note [64] that the decoupling of the dynamics
of the two dark components from H is valid in any theory of gravity, because
it is based on the conservation equations. Any coupling of this type can be
approximated at late times by a linear expansion

q= C]S + qzm (pdm - pdm,O) + qze (pde - pde,O) (525)

the constants qg, ¢J,,, ¢, can always be redefined in order to give the coupling
q the form

4 = q0 + ¢dmPdm + GdePde- (5.26)

Special cases of this general expression:

q X pdms 90 = qde = 0;
q X pdes 40 = gdm = 0; (5.27)
q X Ptotal;, o0 = 0, ddm = 4de-

Let’s look at these special cases in greater detail. It can be shown [48],
that the introduction of the coupling function §(a) between DE and DM as

5(a) = W (5.28)

(see Section 2) results in the following equation for the evolution of the DM
energy density pqm
Pdm + 3H pam — 0 (a) Hpam = 0. (5.29)

The time dependence of the DM energy density is easily obtained as the soluti-
on of (5.24)

1
Pdm(a) = p((ﬁl)la*?’ exp —/5(a')dlna’ . (5.30)

This solution shows that the interaction causes pgqpy, to deviate from SCM sca-
ling a 3. This is related to the fact that if DE is decaying into DM particles, this
component will dilute more slowly as compared with its conserved evolution.
Consider the simple example of a constant coupling d. In this case we obtain

pdm(a) = pdm,Oa_S—Hs' (5'31)
165



CHAPTER 5. Interaction in the dark sector

The deviation from the standard evolution is characterized by a positive
interaction constant d.
Conservation of the total energy density implies that the DE density should

obey pde + 3H (pde + pac) + 0(a) Hpam = 0. (5.32)

The solution of this equation for a constant EOS parameter wq, and constant
coupling ¢ is

1)
pde(a) = paepad1Hwae) 4 _0Pdmo (a—3(1+wde) _ a—3+‘5). (5.33)

) + 3’LUde

The first term is the usual evolution of DE at 6 = 0. From this solution, it
is easy to see that one must require a positive value of the coupling § > 0 in
order to have a positive value of pge for earlier epochs of the Universe. For

wge = —1, 0 # 0 this expression reduced to
5pd 1,0
pa(a) = pao — ﬁa 349, (5.34)

This expression can be interpreted in terms of a time-dependent cosmological
constant A(t) (see section 5.5.1)

Before going further, let’s also write, without any additional comments,
the forms of the densities of energy pge(a) and pgm(a) for the case of @ =
= dHpge (0 = const):

pde(a) = pdeoa_[3(1+wde)+6]7
_ —0de0 —[3(1+wge)+4] 0Pde0 -3 (5.35)
Pdm (a) - 3wae + 5a + \pamo + 3wge + 0 @

5.3.1. Non-linear interaction in the dark sector

We have already stated multiple times that our current lack
of understanding of the structure of the dark components leaves us with
only dimensional limitations on the choice of the form of interaction between
them. Previously, we analysed linear interactions: the interaction term in the
conservation equations of the individual components is proportional either
to DM density, to DE density, or to a linear combination of both densities.
However, from a physical point of view, an interaction between two components
should depend on the product of the abundances of the individual components,
as, for instance, in chemical or nuclear reactions. Consequently, a product
coupling, i.e., an interaction proportional to the product of DM density and
DE density looks more appealing. An analysis of cosmological models with
specific non-linear interactions was performed in [7,30, 38].

Following [6], we investigate, in a flat Universe, the dynamics of a simple
two-component model (de 4+ dm) with a number of non-linear interactions.
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5.8. Phenomenology of Interacting Models

Motivated by the structure

T 1 —_ Pdm

m=— 7, P =37, P T= y P = Pdm > 9.36

Pam = T2 P Pde = T P TS0 P = pam t pae (5.36)

we consider the ansatz concern to effective pressure (QQ = —3HII)
II=—yp™r" (1+71)%, (5.37)

where 7 is a positive coupling constant. The powers m, n, s specify the interacti-
on. For fixed values m,n, s the only free parameter is . A linear dependence
of IT on p corresponds to m = 1. The effective interaction pressure II is propor-
tional to powers of products of the densities of the components for the special
cases m = s. Notice that, according to Friedmann’s equations, p oc H?. This
implies that the interaction quantity @) is not necessarily linear in the Hubble
rate. For m = s the ansatz (5.31) is equivalent to

Q =3vHpge "pdwm = 37Hpger™. (5.38)

The ansatz (5.31) also includes the previously analysed linear cases. The combi-
nation (m,n,s) = (1,1, —1) corresponds to @ = 3vHpam, while (m,n,s) =
= (1,0, —1) reproduces @ = 3vH pgo. We can therefore state that the ansatz
(5.31) contains a large variety of interactions, which have been studied in the
literature (see [6]) as special cases.

We consider now three particular combinations of the parameters (m,n, s)
which give rise to analytically solvable models with non-linear interaction
terms.

Case Q = 3H7M

, (m,n,s) = (1,1, —2). For such an interacti-

on, the conservation equations for p and r are reduced to

— _ 1 Wde
P <+1+r P (5.39)
=71 (wde +7),

where the prime denotes differentiation with respect to Ina. The solutions of
this system are

r= T0a3(wde+'y)’
_%de
5 — poa-3u | Lt roatect) e
1 + To )
. 2
1 + 7 ag(’lUde"F’y) Wae T (540>
= —3(1—y) | L FToa™ e
" e 1+ T0 )
I 2
- 1 + T0a3(wde+’y) wyet+y
Pde = Pde0@ 3(14w) | L+ roa”mdem V)
1 + To
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CHAPTER 5. Interaction in the dark sector

An ansatz r = rga~¢ for the energy density ratio corresponds to v =
= — (wge + £/3). For a < 1 (matter-dominated epoch), we obtain the correct
behaviour of the density p oc a=3. The SCM model is recovered for wge = —1,

7=0(=3). \
Case Q = 3H’ypd—m, (m,n,s) = (1,2, —2). The analytical solution
in this case is P
Wde
(wde +yro) a3 — g’

=T
B (5.41)
P poa—S( —eae ) [ (wae +Y70) a4 + 1o (Wae — 7)
wae(1 +10)

For a <« 1 (the high redshift limit) the ratio r becomes a constant, r — |w| /7.
In the opposite limit (a > 1), r oc a=3, as in the SCM case.

2
Case Q = 3H'ypde

, (myn,s) = (1,0, —2). For wge < 0, i.e. wge =

= — |wge| the solutions are

r = <7"0 — v > (1_3|wde‘ + 2 5
’wde‘ ‘wde|
|wde‘ (542)

w2 - w,
p= poa_g(l_‘wdﬁ> ‘wde’ +7+ (‘wde’ o — ’}/) a 3|wde| | |wael+r
|wde‘ (1 + To)

The ratio r scales as a=3%dl for ¢ < 1. For wge = —1, this coincides with the
scaling of its SCM counterpart. In the opposite limit a > 1 (far future), the
“de
p -solution corresponds to matter dominated period, p x a 3<1 |“’de‘+”), which
generally does not correspond to a de-Sitter phase.
In conclusion of this section, let’s try to solve the opposite problem. Instead
of postulating the form of the interaction, let’s fixate the ratio

r=2dm _ r), (5.43)
Pde

where f(a) is any differentiable function of the scale factor. We then have

Pdm = pdef + paef’ @;

s Pdm B pdmf’d f/ _ ﬁ (5.44)
Pde f f2 s da_
From this, we find that
/
Q= 1—{f <'}}a — dee) Hpge. (5.45)
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To see that the interaction is non-linear in nature, note that /(1 + f) = Qqm.

Therefore, ( 1

Q= 7& — 3wde> Hpgeam- (5.46)

We note that if f = af, then

Q= (E - 3wde) HpaeQlam- (5'47)
For SCM ¢ = 3, wge = —1 and we return to the obvious result — @ = 0.
5.4. Structure of phase
space of models with interaction

The evolution of an Universe filled with interacting compo-
nents can be effectively analysed in terms of dynamical systems theory. Let us
consider the following coupled differential equations for two variables

&= f(z,y,t),
5.48
y:g($,y,t). ( )

We will be interested in so-called autonomous systems, for which the functions
f and g do not contain explicit time-dependent terms. A point (z.,y.) is said
to be a fixed point or a critical point of the autonomous system if

/ (xw yc) =g (xw yc) =0. (5'49)

A critical point (z.,y.) is called an attractor when it satisfies the condition
(2(t),y(t)) = (x¢,yc) for t — oo. (5.50)

Let’s look at the behavior of the dynamical system (5.48) around the critical
point. For this purpose, let us consider small perturbations around the critical
point

T=2xc+0x, y=yc+ 9y (5.51)

Substituting into Egs. (5.48) leads to the first-order differential equations:

) (2)

Taking into account the specifics of the problem that we are solving, we made

d d .
the change — — ——, where N = Ina. The matrix M is given by

dt — dN
of of
~ | 0r Oy
M = dg g (5.53)
dr Jy
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The general solution for the linear perturbations is

oxr = CreMN + C’geAQN,

5.54
Sy = C3eMN + Cuet2lN. ( )

The stability around the fixed points depends on the nature of the eigenvalues.
We will look at the interacting dark components as a dynamical system
described by the equations [62]

Phe + 3(1 + wae) pde = —Q,

5.95
pijm + 3(1 + wdm)pdm = Q. ( )

Here, a prime denotes the derivative with respect to the e-folding time N =
= Ina. Note that, what although the interaction can significantly change the
cosmological evolution, with proper interactions, the system is still an autono-
mous system. We consider the following specific interaction forms, which were
already analysed before:

Q1 = 3YmPdm, Q2 = 37aPde, @3 = 3VtotPtot- (5.56)

Let’s write the effective EOS parameters for both DE and dark matter:

1-Q
Q = Ql; Weff,de = Wde (Qde) + ’}’deea Weff,dm = Wdm — Tm (5'57)
e
Q
Q = Q2, Weft,de = Wde (de) +Vdy Wettdm = Wam — Va7 _(Sd ;o (5.58)
e
1 Ytot
Q = Q3, Weff,de = Wde (Qde) + Ym 55 Weff,dm = Wdm — . (559)
Qde 1 — Qqe

The system (5.55) can be turned into a system of equations for fractional

density energies
Qélm = 3ijdedea

Qije = _Sijdede'

where j = 0,1,2,3. Here j = 0 corresponds to the non-interacting case fo =

(5.60)

= Wde — Wdm-

For ] = 17273 (Q17Q27Q3):
fj = Weff,de j — Weff,dm ;>
i=/fo+
_ Vd (5.61)
f2_f0+ 1—Qde,

_ Ytot
fs=fo+ PRI TNE
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5.4. Structure of phase space of models with interaction

Let us now obtain the critical points of the autonomous system (5.59) by
imposing the conditions ) = Q) = 0 and Q4m + Qge = 1. Critical points
can be broken up into the following categories. The critical point M is the
matter dominated phase with 4, = 1 and the critical point E is the DE
dominated phase with Qqe = 1. If f; &< 1/Qq4m or fj o< 1/Qqe these two fixed
points may not exist. Besides the above two fixed points, there are other soluti-
ons with f; = 0. Note that an attractor is one of the stable critical points of
the autonomous system.

If we analyse the linear perturbations about the critical point (Qde, Qde)
of the dynamical system Eqs. (5.60) and linearize them, we get

r <3f (Qde) Qe 3 (f (Qde) Qam + f’Qdede))) (5.62)

" 237 (Qae) Qe =3 (F (Qe) Qam + F'QumQac

Here, f' = df /dQ2ge. The two eigenvalues of the matrix M that determine the
stability of the corresponding critical point are

AL =0,

)\2 = 3f (2Qde — 1) — 3f,Qde (1 . Qde) ) (563)

When Ay is positive, the corresponding critical point is an unstable node.
“Unstable” means that the present phase will evolve, eventually, to other
phases. When As is negative, the corresponding critical point is a stable node
and the phase will last long.

Let’s analyse the structure of phase space with non-linear interactions of
the type (5.37). For the system of equations (5.55) the eigenvalues of the matrix
M are roots of the equation

oyI1
22 + |:2 + Wde — Wde (1 + wde) I :| A+ (1 + Wqe + wdeapﬂ) =0,
oIl oIl (5.64)
ol = 5 0,1l = 37p

The Eq. (5.64) has the solutions

1 oIl
Ay = 2{|:wde (1 + wde) I — (2 + wde)] +

0,11\?
i\/(Z + Wae — Wae (1 + Wae) H) — 4 (14 wge + wdeapﬂ)} (5.65)

where we have to require 1 4+ wge + wge0pll # 0. In case these solutions are
non-degenerate and real, they describe a stable critical point for AL < 0, an
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unstable critical point for A+ > 0 and a saddle if Ay and A_ have different
signs. For complex eigenvalues A+ = a+i/, it is the sign of « that determines
the character of the stationary point. For o = 0 the critical point is a center,
for o < 0 it is a stable focus, and for o > 0 it is an unstable focus.

5.5. Examples of realization
of interaction in the dark sector

5.5.1. A(t) the simplest
possibility of interaction of the dark components

Possibly the simplest explanation of the observed accelerated
expansion of the Universe is DE in the form of a cosmological constant A, which
modifies the Einstein equations

GM =8nGTH — GM = 8nGTH + Agh”. (5.66)

It is well known that flat models with a very small cosmological term (SCM)
are in good agreement with almost all sets of cosmological observations. From
the theoretical viewpoint, however, at least two problems arise: the so-cal-
led cosmological constant problem and the so-called coincidence problem. At-
tempts to resolve these problems on a phenomenological level are mainly tied to
the introduction of interaction between the dark components. In cosmological
models with interaction, A is necessarily a time-dependent quantity: the vacu-
um energy density is a time-dependent quantity because of its coupling with
the other matter fields, the characteristics of which depend on time.

Historically, the possibility of a time varying A(t) was first advanced in the
paper by Bronstein [15]. A summary of the evolving ideas and their state at
the beginning of the XX century can be seen in the review papers by Peebles
and Ratra [42], Lima [36], and J.M. Overduin and F.I. Cooperstock [40]. An
overview of the current state of the A(t) problem can be found in [44].

From Eq. (5.66) the Bianchi identities imply that the coupling between a
A(t) term and DM particles must be of the type

12 A v
uHTim;u = —uy, <87rGgM ) (5.67)

)

or, equivalently,
Pdm + 3H pam = —pa, (568)

where py = A/87G is the energy density of the cosmological constant. This
equation necessarily requires some kind of energy exchange between matter and
vacuum energy, e.g. through vacuum decay into matter, or vice versa. It must
be emphasized that the equation of state of the vacuum energy density retains
its usual form pp(t) = —pa (t), despite the fact that A evolves with time.
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It should be noted [36] that the equation (5.68) may be rewritten to yield
an expression for the rate of entropy production in the A(t) model as

as Aa?

= =l (5.69)

From this equation, it immediately follows that A must over the course of time
A < 0 (dS/dt > 0), while the energy is transferred from the decaying vacuum
to the material component.

Although we have been using the notation A(t), the truth is that, in the
majority of the papers, it depends only implicitly on the cosmological time
through the scale factor A = A(a) or the Hubble parameter A = A(H), or even
a combination of them. Phenomenological models with a variable cosmological
constant are listed and reviewed in [40].

All these models have the same general defect: the expression defining A(t)
is obtained either using dimensional arguments or in a completely ad hoc way.
The interaction between matter and DE cannot be derived in these models from
the principle of least action in a relativistically covariant form. The expression
defining A(t) is obtained either using dimensional arguments or in a completely
ad hoc way. Essentially, we have come face to face with the previously described
general problem that plagues interaction in the dark sector. In the absence of
a microscopic theory of interaction, we are prevented from pointing out the
exact mechanisms of energy transfer between the components.

In the field of the Lagrangian description of the dynamic cosmological con-
stant, a certain degree of progress was achieved within the framework of so-
called A (T') gravity [45]. In this theory the cosmological constant is a function
of the trace of the energy-momentum tensor 7. Within the framework of this
approximation, the dynamics of the time-dependent cosmological constant can
be described directly in terms of interacting components with the densities pp
and pdm,

Pdm + 3H pam = Q,

. 5.70
pa +3H (pa +pa) = —Q, G70)
where @ is the rate of the energy transfer from DE to DM,
AN+ 2N pam
Q= 3H pam i Pd (571)

1+ 3N + 20 pgm

dA
Here A’ = —. We see that in this case, the interaction retains H dependence,

but is now a non-linear function of pg,. We return to a linear dependence when
"

dem < 1
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5.5.2. Interacting models in f(R) -gravity

One of the possible ways to explain the acceleration of the
Universe is to modify Einstein gravity by making the substitution Rn — f(R).
The action in f(R) gravity in the Jordan frame is

S = i /d41’\/jgf(R) + Sm (gubﬂﬁ)? Sm = /d4x\/ngm (glu?w)? (572)

where R is the Ricci scalar, & = 87G, and L™ is the matter Lagrangian. and 1
represents all matter fields. It is possible to transform the action (5.72) from the
original Jordan frame to the Einstein frame by using conformal transformations
[31,46|. In the Einstein frame, the model contains a coupling between the
canonical scalar fields (DE) and the non-relativistic matter.

The variation (5.72) with respect to the metric g, yields the field equation

daf

= (5.73)

1
' Ryw = 589 = ViV f + gu0f" = KT, f =

Here, the matter stress-energy tensor T,ST) is

m) _ 2 0(V=9Lm)
L) = === (5.74)

f(R) gravity may be written as a scalar-tensor theory, by introducing a
Legendre transformation {R, f} — {¢, U} defined as

¢ = f'(R),
U(¢) = R(¢) [ = f[R(9)].

(5.75)

In this representation the field equations of f(R) gravity can be derived from
a Brans—Dicke type action given by

1
§=5- /d4xs/g (6R — U(¢) + L) (5.76)
This is the so-called Jordan frame representation of the action. One can perform

a canonical transformation and rewrite the action (5.76) in what is called the
Einstein frame. Rescaling the metric as

Guv — gw/ = f/ Guv (577)

and redefining ¢ — ¢ with ~ 3 do
i — \/7 do (5.78)
2k ¢
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5.5. Examples of realization of interaction in the dark sector

the original theory can be mapped onto the Einstein frame, in which the ‘new’
scalar field ¢ couples minimally to the Ricci curvature and has canonical kinetic
energy,

R . -
S = / d'ry/~g [% 530D~ V()| + 5 (Pg). (5.79)

The self-interacting potential V(q;) is given by

- Rf —
(ORE t=8

(5.80)

Clearly, a coupling of the scalar field ¢ with the matter sector is now induced.
The strength of this coupling § = \/m 6 is fixed and is the same for all
matter fields.

Taking g,,,, and é as two independent variables, the variations of the action
(5.79) yield the following field equations

Gy = 5 (T¢ + T;';), (5.81)
O¢ — d(;(;ﬁ) = —BET™, (5.82)

where T = g T!Z’,”j The latter equation shows that the evolution of the field
¢ is directly coupled to matter. Radiation, for which 7™ = 0, is an obvious
exception.

For a spatially flat homogeneous isotropic Universe the field equation (5.82)
reduces to

G4 3H + d¢ — —Bv/Fpm. (5.83)

Utilizing the usual definitions of density and pressure of a scalar field, the
equation (5.83)can be transformed into

po +3H (1 +wy) pg = —Q, Q = BVkdpm (5.84)

In the final expressions (the formulas (5.84) and (5.86)), we opted not to wri-
te the tildes overhead. Let’s now move to the Einstein frame for the matter
conservation equation, which has the standard form p,, + 3Hp, = 0 in the
Jordan frame. The transfer is realized by the transforms

1 da 1 F
=VF =VFa, H=-"— H F =e 2PVré (5,
Fdt, a =V Fa, adi - JF ( + 2F> e (5.85)
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Performing the transforms, we will obtain

The equations (5.84) and (5.86) represent a standard system of interacting
components. It is important to note that interaction is “created” by our de-
viation from general relativity. Interaction vanishes when ¢ = const i.e. when
f(R) is linear function of R.

5.6. Interacting DE models in fractal cosmology

The fractal properties of quantum gravity theories in D di-
mensions have been explored in several contexts. To start off, the renormali-
zability of perturbative gravity at and near two topological dimensions drew
much interest to D = 2+ ¢ models, with the hope of improving our understan-
ding of the D = 4 case better [22,29,59].

Assuming that matter is minimally coupled with gravity, the total action
is [16]
S =S5y + S, (5.87)

where S is
M?
Sg = 2p /dg(x) V=9 (R =2\ — wiwd"v), (5.88)

and

Sm = /dQ\/ —9Ln (5'89)

is the matter action. Here, g is the determinant of the dimensionless metric
Guvy My 2 = 871G is reduced Planck mass, R is the Ricci scalar, A is the
bare cosmological constant, and the term proportional to w has been added
because v, like the other geometric field g,,, is now dynamical. Note that
do(x) is Lebesgue—Stieltjes measure generalizing the D-dimensional measure
dPz. The scaling dimension of g is [o] = —Da # —D, where a > 0 is a positive
parameter.

The derivation of the Einstein equations goes almost like it does in scalar-
tensor models. Taking the variation of the action (5.87) with respect to the
Friedmann—Robertson—Walker (FRW) metric g,,, one can obtain the Fri-

edmann equations in a fractal Universe, as was shown in [17]

D v 1w 1 A k
— —1)H*+H-— ? = - = .
(2 ) MRS s L V10> B s Lo B R (5.90)
Uv 9 v w9 2A
v_(D_2)<H +H—HU+D_1U>+D_1—
1
=——[(D—- D-1 91
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5.6. Interacting DE models in fractal cosmology

where H = a/a is the Hubble parameter, p and p are the total energy densi-
ty and pressure of the ideal fluid composing the Universe. The parameter k
denotes the curvature of the Universe, where k = —1,0,+1 for the close, flat
and open Universe, respectively. Clearly, when v = 1, Egs. (5.90) and (5.91)
transform to the standard Friedmann equations in Einstein GR.

If p+ p # 0, the following (purely gravitational) equation is valid:

. o% O ;
H+(D—-1)H?+ 5 + — + Ho + w(wv — %) = 0. (5.92)
a v v

The continuity equation in fractal cosmology takes the form
P+ [(D —1)H + ﬂ (p+p) =0, (5.93)

when v = 1 and D = 4, we recover the standard Friedmann equations in four
dimensions, Egs. (5.90) and (5.91) (no gravitational constraint):

1 Ak

H? = - 94
H2+H——L(3 + )+5 (5.95)
ezt Ty '
On the other hand, for the measure weight
v=1t" (5.96)

where (3 is given by 8 = D(1 — «), the gravitational constraint is switched on.
The UV regime, in fact, describes short scales at which inhomogeneities should
play some role. If these are small, the modified Friedmann equations define a
background for perturbations rather than a self-consistent dynamics.

Recently [32] the holographic, new agegraphic and ghost DE models in
the framework of fractal cosmology were investigated. In the next section we
consider the universe in which DE interacting with DM.

For four-dimensional space with a FRW-metric in the fractal case, and
the natural parameterization of the function as v = t=%, the equations (5.93)
transform to:

+ (3H = Bt™) pm = Q, (5.97)
po+ (L4+w) (3H — Bt p, = —Q, (5.98)

where p,, and p, are densities of DM and DE respectively, and w is the EOS
parameter for DE. It is convenient to use the relative energy densities of DE
and DM in accordance with standard definitions:

Pm P

Q= Q :
"3MZH? Y 3M2H?

(5.99)
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The above equation can be written in terms of these density parameters as the
following:

. H Q
O, H—- Bt Q420 — = ——,
+ (3 B ) + H 3M2H2
g 0 (5.100)
+ ( tw ) ( B ) + H 3M3H2

where the dot denotes a derivative with respect to the cosmic time ¢. The
differential equation for the Hubble parameter has the form
2
H+ H? - 52—? - 5(52; D - 3;(5“) = —%((1 4+ 3w) Qe + Q) H%  (5.101)
In order to obtain the Friedmann equation in terms of the relative densities, it
is necessary to introduce the fictitious density in same way as Q, = k/(a®>H?).
So, we introduce the fractal relative density:
Cwit b
7 6H?  Hv
Taking into account the ansatz v = t~?, we obtain the equation of motion for
fractal relative density
wf? p

Qf = 6H212(8+1) + Ht
Thus, the Friedman equation can be re-written in a very elegant form

Y Q=1 (5.104)

a=k,fx,m

(5.102)

(5.103)

Note that within the framework of this definition, the values of the relative
densities €, or €}, can exceed 1.

5.6.1. Linear interaction of DM and DE

Below, we consider the simplest form of interaction — a li-
near combination of the decompositions densities of DM and DE in a flat
Friedmann—Robertson—Walker fractal Universe with:

Q= H(0ps +vpm)- (5.105)

In this case, the equations of motion take the form

: H
Qu + (3H — Bt1) Qp + 2037 = H(00% +7m),

: H
Qo+ (1+w,) (BH — Bt Qp + 20 7 = —H (82 +Shn), (5.106)

(1+28)8

=0.
Ht

Qp + (Z +2(1 —|—B)t‘1> Qs —
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5.6. Interacting DE models in fractal cosmology

Since the equations explicitly depend on time, it is not possible to find their
analytical solution.

5.6.2. Analyzable case of DM—DE interaction

The analytical solution can be found only in the case when
the Hubble parameter is inversely proportional to time, which is typical, for
example, at the stage of nonrelativistic matter dominance. Suppose that at
this stage the Hubble parameter has the form H = ot~!. Then the equations
(5.100) take the following form

QL =0Q, + 06y,

5.107
Q= =670, + vy, ( )

where § = 2+4+~0+3—30, v =2—(1+w)(30 — ) —do, and the prime denotes

a derivative with respect to the logarithm of cosmic time ' = Tt Note also
n

that the parameter @ is physically meaningful under condition ¢ > 0, because
we do not consider the collapsing universe. In this regime of evolution of the
Universe the system of equations is autonomous and can be solved exactly.
The characteristic equation of the system (5.107) has the form

2 — (0 +0)T + 6%0y + v =0, (5.108)
its roots are equal to:
0+v (0207 + Ov)
= 1£4/1—-4—-—|. 5.109
b \/ 0+ v)2 (5:109)

Let us consider possible types of solutions, and indicate the critical points that
correspond to them. As one can see, this model contains many parameters,
making it cumbersome to analyze. Note that due to this feature, the system
describes all possible types of critical points typical of coarse equilibrium states.

Recall that the values of 8 in the IR and UV regimes are Sig = 0 and
Buv = 2, respectively. The UV regime, in fact, describes short scales at which
inhomogeneities should play some role. If these are small, the modified Fried-
mann equations define a background for perturbations rather than a self-con-
sistent dynamics.

There are six types of critical points:

1. Stable node 74+ € R, 74+ < 0,7 > 7_ >0, 0 +v < 0, 4(6%0y + v) <
< (0 +v)?, %0y + v > 0.

2. Unstable node: 74 € R, 7+ > 0, 74 > 7_ >0, 0+v > 0, 4(6207+0v) <
< (0 +v)2, %07+ 0v > 0.

3. Saddle point: 7+ € R, 7,7 < 0, 6?0y + v < 0.

4. Stable spiral point: 74 € C, 7 = 7 +imo, 71,2 € R 71,72 > 0, 0+v < 0,
(0 +v)? < 4(6%0y + Ov).
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Fig. 5.1. Phase portraits for some types of critical points for w = —1: a — stable node,

vy=-2,0=3,8=—-1,§ =3, b — stable focus, vy = -3, 0 =1, 8 =2, § = 3, ¢ — center,
vy=3,0=3,08=—-1,0 =1, d — unstable focus, y=3,0 =1, 8 =2, § = 3, e — unstable
node,y=3,0=-3,=2,d=3, f—saddle, y=3,0=-3,8=1,§ = =2

5. Unstable spiral point: 7+ € C, 7= = 71 £ i1, 71,2 € R 71,72 < 0,
0+v>0,(0+v) <4820y + Ov).

6. Elliptic fixed point 74 € ¥, 74 = +ir, 7 € R, 0 = v, 620y + v > 0.

This completes a variety of critical points in the system (5.107). Some
types of critical points that are typical for this system are shown in Fig. 5.1.

In most cases, the eigenvalues of the linearized system (5.107) will have
eigenvalues with either positive, or negative and/or zero real parts. In these
cases it is important to identify which orbits are attracted to the singular
point, and which are repelled away as the independent variable (usually ¢)
tends to infinity.

The local dynamics of a singular point may depend on one or more para-
meters. When small continuous changes in the parameter result in dramatic
changes in the dynamics, the singular point is said to undergo a bifurcati-
on. The values of the parameters which result in a bifurcation at the singular
point can often be located by examining the linearized system. Singular point
bifurcations will only occur if one (or more) of the eigenvalues of the lineari-
zed system is a function of the parameter. The bifurcations are located at
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5.7. Interacting holographic DE

the parameter values for which the real part of an eigenvalue is zero. The
Fig. 5.1 actually shows such bifurcations. Different types of critical points
correspond to different values of parameters and hence different roots (5.109)
of the characteristic equation (5.108).

5.7. Interacting holographic DE

The cosmological constant problem consists of the enormous
difference (120 orders of magnitude) between the observed DE density in the
form of the cosmological constant and its ’expected’ value. The expectations
are based on quite natural assumptions concerning the cutoff parameter of
the integral that represents the density of zero-point vacuum oscillations. The
holographic principle allows replacing 'natural assumptions’ by more rigorous
quantitative estimates.

In any effective quantum field theory defined in a spatial region of a
characteristic size L and using an ultraviolet cutoff A, the entropy of the system
has the form S oc A3L3. For example, fermions situated at the nodes of a spati-
al lattice of characteristic size L and period A~! are in one of the 2(AL)? gtates.
Consequently, the entropy of such a system is S oc A3L3. In accordance with
the holographic principle, this quantity should satisfy the inequality [23]

L3A® < Spy = jl“ll?* = wL2M2, (5.110)
where Sy is the entropy of a black hole and Ay is the surface area of a black
hole event horizon, which in the simplest case coincides with the surface of a
sphere of the radius L. Relation (5.110) shows that the value of the infrared
(IR) cutoff cannot be chosen independently of the value of the ultraviolet (UV)
cutoff [23]. In other words, physics at small UV scales depends on the physical
parameters at large IR scales. For instance, when inequality (5.110) tends to
an exact equality,

L~AM. (5.111)

Effective field theories with UV cutoff (5.111) necessarily involve numerous
states having a gravitational radius exceeding the size of the region within whi-
ch the theory is defined. In other words, for any cutoff parameter a sufficiently
large volume exists in which the entropy in quantum field theory exceeds the
Bekenstein limit. To verify this, we note that the effective quantum field theory
is usually required to be capable of describing the system at the temperature
T < A. For T > 1/L, this system has the thermal energy M ~ L3T* and
entropy S ~ L*T®. Condition (5.110) is satisfied for T < (M7/L) 1/3, which
corresponds to the gravitational radius ry ~ L(LM,) > L. To overcome this
difficulty, an even stringent limitation is proposed in [23] for the IR cutoff,
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L ~ A1, which excludes all states that are within the limits of their gravitati-
onal radii. Taking into account that
A4
Pvac ~ 1672

we can rewrite condition (5.110) as

L’pp < LM} = 2Mgm, (5.112)

where Mpp is the mass of the black hole of the gravitational radius L. So, by
the order of magnitude, the total energy contained in a region of size L does
not therefore exceed the mass of the black hole of the same size. The quantity
pa is conventionally called the holographic DE (HDE).

In the cosmological context we are interested in, if the total energy contai-
ned in a region of size L is postulated to not exceed the mass of the black hole
of the same size, i.e., 3 9
L°pp < Mpu ~ LM, (5.113)
we reproduce the relation between small and large scales in a natural way. If
inequality (5.113) were violated, the Universe would only be composed of black
holes. Applying this relation to the Universe as a whole, it is natural to identify
the IR scale with the Hubble radius H .

pa ~ L7?M} ~ H*M. (5.114)

Taking into account that M, ~ 1.2 x 10 GeV; Hy ~ 1.6 x 10742 GeV. The
last quantity is in good agreement with the observed value of DE density
pa ~ 3 x 107%7 GeV*. Therefore, in the framework of holographic dynamics,
no problem with the cosmological constant exists.

We represent the holographic DE density as

L =3MIL™2. (5.115)

The coefficient 3¢? (¢ > 0) is introduced for convenience, and M, further stands
for reduced Planck mass: M, 2 =8nG.

There are many opportunities to choose from the infrared cutoff scale and,
therefore, the same number of HDE models. Some of these models are flawed: a
problem with the equation of state arises in choosing the Hubble radius as the
IR scale: in this case, the HDE does not account for the accelerating expansion

of the Universe. The first thing that suggests itself is to replace the Hubble

7
radius by the particle horizon R, = a / dt _ / ——. Regretfully, such

a replacement does not yield the desired result For solvmg this and other
problems that arise in the models with HDE, models of interacting HDE was
proposed.
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5.7. Interacting holographic DE

The HDE model with interaction between DE and DM was first investi-
gated by B. Wang, Y.G. Gong, and E. Abdalla in [58]|. As mentioned above, if
dark energy interacts with cold dark matter, the continuity equations for them

are Pam + 3Hpam = @, (5116)
oL+ 3H(,0L —i—pL) =—-Q. (5.117)

where @) represent the interaction term.

The interaction between the dark components in the HDE model has been
extensively studied in [49]. It was found that the introduction of interaction
may not only alleviate the cosmic coincidence problem, but also help to arrive
at or cross the phantom divide line.

Next, we consider some models of interacting HDE, the main difference
between them consists in the the choice of the infrared cutoff scale. There are
various choices for the forms of (). The most common choice is

Q= 3aHp,
where « is a dimensionless constant, and p is taken to be the density of HDE,
DM, or the sum of them. In this section, unless otherwise stated, we will

consider the case Q = 30Hpy. (5.118)

We will obtain some useful expressions, without specifying the type of HDE.
For the beginning we can differentiating in time the expression, we obtain a
simple relation To start, we differentiate both sides of the expression (5.115)
with respect to time in order to find

oL = —2pL (5.119)

Ea
substitute this expression in the conservation equations can be obtain the
effective equation of state parameter for the interacting HDE:

wp=—=-——a— L (5.120)

5.7.1. The HDE with the Hubble radius as an IR Cut-off
Setting L = H~! in the above bound and working with the

equality, it becomes o =3 2 Mg H2. (5.121)
The effective equation of state parameter takes the form
2 H

It is easily seen that in the case when the interaction between HDE and DM
is reduced to the decay of the HDE, interaction parameter oo > 0, that contri-
butes to the accelerated expansion of the universe. In this case, the Friedmann
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equation has the exact solution, so for the Hubble parameter, we obtain
2(1—ac?) A

3—2ac? t’
where A is an integration constant, and t is the cosmic time. The time
dependence of the scale factor a(t) has the form

H= (5.123)

2(170¢c2)

a(t) = apt 3-2a¢% (5.124)

where qg is an integration constant. In conclusion, we find for this model, the
. ) H
deceleration parameter is ¢ = —1 — ik
1
t)= ———, 5.125
alt) 2(1 — 2ac?) ( )

is easily seen that if we assume in equations (5.123)—(5.125) o = 0, we obtain
expressions for the universe filled by the non-relativistic matter. As seen in
this model, the deceleration parameter is constant throughout the evolution
of the universe and, therefore, can not explain change of phases slow (matter
dominated) expansion to the accelerated (DE dominated) expansion of the
universe.

Evidently, a change of pg/pm, needs a corresponding change of ¢2. Within
the framework of this model so far, a dynamical evolution of the energy density
ratio is impossible. In the article [41], the authors not only consider L = H~!
model, but also studied the case of ¢(¢). In this case, the deceleration parameter
is not a constant, which makes it possible (for the appropriate choice depends
¢(t)) to describe transient acceleration (see Section 5.8.3). As a way out it
has been suggested again to replace the Hubble scale by the various suitable
cosmological scales, like the event horizon.

5.7.2. Interacting HDE
with the event horizon as an IR Cutoff

Although the suggesting as the infrared cutoff the scale
Hubble radius that is the most simple and theoretically motivated, we have seen
above such a choice can not provide the observed Universe even in the presence
of interaction between HDE and DM. And furthermore, if the interaction rate
is given by @ = 902aM5H3 (aw > 0), it happens that the matter density p,
becomes negative for a < 1. This problem does not occur for @ < 0. Never-
theless, the case o < 0 is disfavored by observational constraints.
In this subsection we will consider the cosmological models where the in-
frared cutoff scale is applied to the cosmological event horizon [33]. In this case,

Lf:a(t)/ ! dt'. (5.126)
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Fig. 5.2. On the left picture display the volution of the deceleration parameter ¢ with a fixed
parameter c. In this plot, we take ¢ = 1, Q59 = 0.73, and vary « as 0, 0.02, 0.06, and 0.10,
respectively [61]. The right picture represent the evolution of the deceleration parameter g
with a fixed coupling a. In this plot, we take oo = 0.10, Qo = 0.73, and vary c as 0.9, 1.0
and 1.1, respectively [61]

This horizon is the boundary of the volume which a stationary observer may
ultimately observe. In the presence of big rip at t = t5, oo in (5.126) must be
replaced with ts. Using

Ly=HL; 1. (5.127)
Substituting (5.126) to (5.120) yields
1 2

=— — —/Qr —a. 5.128
w=-3-gVif-a (5.128)

Then we can compute the deceleration parameter

a 1 3 1 1.3/2

- _ = 20 ZwQr=—(14+30)0r — =Q/" 5.129
0= g = g Tty =5 — (L4 3a)y = 20 (5.129)

So, that to reveal the effect of interaction to the evolution of the Universe,
the cases with dependence of the interaction parameter « for the deceleration
parameter g are shown in Fig. 5.2. On the left picture in Fig. 5.2, we fix
¢ = 1 and take the coupling constant a as 0, 0.02, 0.06, and 0.10, severally.
Furthermore, the cases with a immutable a and various values of ¢ are also
interesting. The right picture represent fixing the coupling constant a = 0.10,
was plotted the evolution diagram of the deceleration parameter ¢ with dif-
ferent values of ¢ (here we take the values of ¢ as 0.9, 1.0, and 1.1, severally).
From Fig. 5.2 we find that the Universe passed an early deceleration and a late-
time acceleration. Fig. 5.2 displays that, for a constant parameter ¢, the cosmic
acceleration starts earlier for the cases with interaction than the ones without
coupling (formerly, it was discussed by Amendola in [2]). Besides, the stronger
the coupling both DE and DM is the earlier the acceleration of Universe began.
Nevertheless, the cases with smaller coupling will lead to bigger acceleration
conclusively in the distant future.
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5.7.3. Interacting Holographic Ricci DE

The present subsection concentrates on the holographic Ricci
DE (RDE) model. In this model, the IR cutoff length scale L takes the form

of the absolute value of Ricci scalar curvature ]R]_l/ 2 indeed in this instance
the density of the holographic DE is pr « R.

The energy density of DE in the interacting RDE model is defined as [28|
—3aM2 (F+2m2 4 & 5.130
pr =3aM, (H +2H" + ) (5.130)

where « is a dimensionless parameter. Note that pr is proportional to the
Ricci scalar curvature

: k
R=—6 (H +2H? + a2> (5.131)

In this subsection, for completeness and following article [55] a relativistic
matter will be also considered as one of the components filling the Universe.
The time evolution of the scale factor a(t) is described by the Friedmann
equation 1
- 2
3M,

where pr, pm, py and p; represent energy density of DE, matter, radiation,
and curvature, respectively. The interaction rate is given by

Q = yHpr. (5.133)

where -y is a dimensionless parameter. The energy density of radiation is given
by p, = pyga_‘l, where p,g is the present value of radiation density. We adopt
a convention that a(tg) = 1 for the present age of the Universe ¢y ~ 14 Gyr.
According to Eq. (5.14) with @ in Eq. (5.133), the interaction can be relevant
if ypr and p,, are comparable, whether or not the Universe is in the radiation-
dominated epoch.

Combining with Egs. (5.130) and (5.14), the Friedmann equation (5.132)
is written as

d*H? dH?
2 —<1—7a—m>—(3—6a—2afy)H2—

H? (PR + pm + Py + Pr), (5.132)

2 da? 2 2 ) dx
PO _—4 -2z _
_3Mge T —{l—-a(l+7)}tke =" =0, (5.134)
where x = Ina. The solution to Eq. (5.134) is obtained as
H—Q — A" 4 AT 4 A 4 Ape ™ (5.135)
Hg - + - Y k ) .
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where

2—Ta—ay++/(2—a)? —2a(a+2)y+ a?y?
B 2a

o4 , (5.136)
Q0 = pyo/peos Qo = —k/Hg and pep = 3M5Hg. Note that o+ can be imagi-
nary for sufficiently large e and ~y. This implies that there is a parameter region
where H? has oscillatory behavior. However, this region is not phenomenologi-
cally viable. The constants €,9 and Qo are the present value of €2, and €,
respectively. The constants A, Ay and A4 are given by

Ay = Qy, (5.137)
Ar = Qgo, (5.138)
3)Q 2000 — (1 —Q 4
Ay = + 2407 3o + Ao —all = D)oz +4), (5.139)
aloy —o-)
In the non-interaction (v = 0), Eq. (5.135) the result reduces to be obtained
in [28]. In this case, the constants in Eq.(5.136) are o4 = —4 + 2/a and
o_=—3.
Replacing Eq. (5.135) to Eq. (5.130), the Ricci DE density is given by
oi :
PR = et Z; a (5 n 2) AgeoiT, (5.140)
i=+,—
Moreover, the matter density is
pm=rp0 > {1 —a (% + 2)} Azeoi®, (5.141)
i=+,—

The equation of state of DE can be found by substituting Eq. (5.140) into the

following expression:
1Ly Lder (5.142)
wpr =—1—— PR, .
R 3 7 PR dx

In Egs. (5.140) and (5.141), the term proportional to e~* is dominant in the
past a < 1, while the term proportional to e°*+* is dominant in the future
a > 1. As an illustration, let us consider the case a« = 0.45 and v = 0.15
which corresponds to o4 =~ 0.25 and o_ = —3.0. In the past a < 1, the ratio
of Eq.(5.141) to Eq. (5.140) is pm/pr ~ a (2 +0_/2)"! — 1 ~ 3.4, while
pPm/pr = 2+ 04 /2)71 — 12 0.045 in the future a > 1.
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5.8. Impact of interaction
on cosmological dynamics

5.8.1. Transition from decelerated
to accelerated expansion through interaction

In SCM, the transition from decelerated to accelerated ex-
pansion is related to the increase of the relative density of the cosmological
constant. During analysis of interaction in the dark sector, we ask ourselves
an obvious question: can we build a viable cosmological model in which this
transition is the result of interaction in the dark sector [64,65]. The question
appears to be a valid one, since interaction regulates the relative densities of
the accelerating (DE) and decelerating (matter) components.

We assume the dark components interact with each other according to

pdm + 3dem = ipdrm
f (5.143)

pde +3H (1 + w) Pde = —;Pdm,

where the interaction is described by a time dependent function f(t¢). Let’s
write the Friedmann equations in the form

3H? = 87Gp,

H 3 5.144
H_ 3 ,p) ( )
H? 2 p

where p = pam + Pde, P = Pde- The matter energy density behaves as
a0>3 /
fo'

Because the total energy has to be conserved, the DE density therefore, behaves
according to

pam = pamo ( (5.145)

a

pde+3H (1+weff)pde:07 Weff = W + 3Hfr, (5146)
where r = pgm/pde- In the case of r = const we find that
Weff = “3HT w = (14 7r)weg. (5.147)
Under this condition, the total equation of state is
P Pde Y e (5.148)

P_Pde+Pdm B 1—|—’I”_
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H
From the last equation (5.144), the deceleration parameter ¢ = —1 — e is
1 /3p
=—(—+1) 5.149
732 (p i > (5149)

Using (5.147) and (5.148), we obtain

1 f
1=5 <1 - Hf> (5.150)

The sign of ¢ crucially depends on the ratio Hif For Hif < 1 we have g > 0, i.e.,
decelerated expansion. For }{ 7> 1 we have g < 0 and accelerated expansion. If,

in particular, f is such that the ratio Hf changes from hj,cf <1to I}cf > 1, this
corresponds to a transition from decelerated to accelerated expansion under
the condition of a constant energy density ratio r. Consequently, this transition
occurs solely due to interaction.

The analysed case of r = const seems exotic, and clearly contradicts SCM,
where r < a™3. But, as we saw, it is exactly this dependence that is found in
the context of holographic DE models. This relation has the attractive feature
that, by identifying the infrared cutoff length with the present Hubble scale, the
corresponding ultraviolet cutoff energy density turns out to be of the order of
the observed value of the cosmological constant parameter. However, the choice
of infrared cutoff length is not consistent with the accelerated expansion of the
Universe. As we see, this clear contradiction can become a positive feature [64],
if we take into account interaction in the dark sector.

5.8.2. Interacting models
as solutions to the cosmic coincidence problem

For constant wqe, the energy density of DE scales as pge
o a3+wae) - Obgervations constrain wye to be very close to —1. Thus, the
DE density varies relatively slowly with the scale factor. The matter density,
in contrast, scales as pqm o< a~3. This leads to the “well-known coincidence
problem”: while the matter and DE densities today are nearly within a factor
of two of each other, at early times pqm > pge, and in the far future we expect
Pde >> Pdm- 1t would appear, then, that we live in a very specific time. Now the
question is why is it happening now? Is it a mere coincidence or is there some
deep underlying reason behind it? For the sake of viability any cosmological
model should give an answer to this question. Models attempting to solve the
coincidence problem must take into account interactions between components.
Attempts to resolve the coincidence problem as a consequence of interaction
between the matter sector and DE have a rich history [19,21,26,37].
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Let’s analyse the main approaches we can take to resolving the coincidence
problem in models with interaction in the dark sector. The key idea is excee-
dingly simple [21]. A numeric ratio of the “coincidence” is the ratio r = pam/pde-
As we saw in Section 5.3, if we assume that r < a~¢, then it can be shown
that & is related directly to the interaction between the dark components — Q)
(see Eq. (5.14)). In SCM ¢ = 3. Therefore, for any value £ < 3 the coincidence
problem is less severe than for the SCM model. Let’s stop and think about that
statement. Using the first Friedmann equation for a spatially flat Universe, and
the conservation equation we obtain (87G = 1)

2
wde_i_i(r—i-l) .

r=3Hr Ve "

(5.151)

For @Q > 0 (i.e., when energy transfers from DE to DM) the ratio r evolves
more slowly than in the SCM model. This certainly alleviates the coincidence

problem.
Using
. dr . 1 314+ wge+7, 9
=H— H=-Z> =——————H" 5.152
r dHa 2(pdm+pde+pde) 9 1+r ( )

Let’s write (5.151) as

dr I 1+7r

12
N A Q (r+1)°
1+wge +7

1
9H3 ¢ (5.153)

dH ~ H’

The Eq. (5.153) can be integrated whenever an expression for the interaction
Q in terms of H and r is given. Three following linear models for the coupling
were considered

Q = 3aH (,Odm + pde) , Q= 35dema Q= 3vH pge,

where the phenomenological parameters, «, 5, and n are dimensionless, positive
constants. Consider as example the first model. This model fits very well data
from SN Ia, CMB, and large scale structure formation provided o < 2.3 x 1073
[39]. The remarkable property of this model is that the ratio r tends to a
stationary but unstable value at early times, r} and to a stationary and stable
value, ry, (an attractor) at late times. Consequently, as the Universe expands,
r (a) smoothly evolves from 7} to the attractor solution 7 .
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5.8.3. The problem of transient acceleration

Unlike fundamental theories, physical models only reflect the
current state of our understanding of a process or phenomenon for the descrip-
tion of which they were developed. The efficiency of a model is to a signifi-
cant extent determined by its flexibility, i.e., its ability to update when new
information appears. Precisely for this reason, the evolution of any broadly
applied model is accompanied by numerous generalizations aimed at resolving
conceptual problems, as well as a description of the ever increasing number
of observations. In the case of the SCM, these generalizations can be divided
into two main classes. The first is composed of generalizations that replace
the cosmological constant with more complicated dynamic forms of DE, for
which the possibility of their interaction with DM must be taken into account.
Generalizations pertaining to the second class are of a more radical character.
The ultimate goal of these generalizations (explicit or latent) consists in the
complete renunciation of dark components by means of modifying Einstei-
n’s equations. The generalizations of both the first and second classes can
be demonstrated by means of a phenomenon that has been termed “transient
acceleration”.

Barrow [10] was among the first to indicate that transient acceleration is
possible in principle. He showed that within quite sound scenarios that ex-
plain the current accelerated expansion of the Universe, the possibility was
not excluded of a return to the era of domination of nonrelativistic matter
and, consequently, to decelerating expansion. Therefore, the transition to
accelerating expansion does not necessarily mean eternal accelerating expansi-
on. Moreover, in Barrow’s article, it was shown to be neither the only one
possible nor the most probable course of events.

5.8.4. Observational evidence

Based on the independent observational data, including SNe-
Ia brilliance curves, signatures of baryon acoustic oscillations (BAO) in the ga-
laxy distribution and fluctuations in the cosmic microwave background (CMB),
it was shown in [53| that the acceleration with which the Universe expands has
reached its maximum value and is decreasing at present (Fig. 5.3). In terms of
the deceleration parameter, this means that this parameter has reached its mi-
nimum value and is increasing at present. Hence, the main result of the analysis
in Ref. [53] is that the SCM is not the only explanation of the observational
data (although it is the simplest), and the accelerated expansion of the Universe
in which DE presently dominates is merely a transition phenomenon. We note
that it is also shown in Ref. 53| that using the Chevallier—Polarski—Linder

(CPL) parametrization, We 2

1+ 2

w(z) = wo + , (5.154)
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for the EOS parameter does not allow us to unambiguously combinine data
obtained from observations of close supernova, such as SNe-lIa, and of the
CMB anisotropy. A possible resolution of this contradiction is to renounce this
parameterization and adopt a different one. In Ref. [53], a parameterization
was proposed that is capable of uniting these arrays of data:

w(z) = — 1+ tanh [2(2 - zt)A]' (5.155)

In this approximation, w = —1 at the early stages of the evolution of the Uni-
verse, and w increases to its maximum value w ~ 0, at small z. Figure 5.3 shows
the dependence of the deceleration parameter ¢ restored using the parameteri-
zation (5.155).

In 2010, in the framework of the Supernova Cosmology Project (SCP), the
most recent array of data on bursts of supernova was published [1]|, which in-
cludes 557 events, making it the largest present-day body of data in this field.
Moreover, the array of data on supernova with small red shifts (z < 0.3) has
been significantly enlarged.

At present, there are already several studies [34,35] in which these obser-
vations are analyzed in order to check the hypothesis of transient acceleration.
All the authors agree that the final answer can only be given by the repeated,
more precise observations. Moreover, it seems that in order to obtain consistent
results, the entire technique of data handling has to be corrected. For examp-
le, as shown in [34,35] (Fig. 5.4), there are contradictions between the data
obtained from observations of SNe-Ia and BAO at small red shifts and CMB
observations at large z. The contradiction consists in the fact that the analysis
of two separate series of data
yields opposite results. For exam-
ple, when only the SNe-lIa and
BAO data are used, the proba-
bility that the acceleration rate
of the expansion of the Universe
has already reached its maximum
z ~ 0.3 and is at present starting
to decrease turns out to be quite
high. However, if these data are

: : ‘ . ' . supplemented with the CMB ob-
02 04 06 08 1 12 14 =z servations, the results of the ana-

Fig. 5.3. The cosmological deceleration parame- lysis change substantially and no

ter g(z), reconstructed using a combination of SN deviations from the SCM model
TIa, BAO and CMB data and the ansatz (5.155).

The solid red lines show the best fit reconstructed &€ revealed. )
results, while the dashed green lines show recon- Therefore, the restoration of

structed results within 1o CL [53] the DE evolutionary dependence

192

q(2)

-0.6 | lc CL
—— Dbest fit




5.8. Impact of interaction on cosmological dynamics

q(2)

-10

—1.0 L | L ! I L
0.0 0.5 1.0 1.5 z -2.0 -1.5 -1.0 -0.5 w,

0

Fig. 5.4. The left panel represent the results reconstructed from Union2 + BAO and show
the evolutionary behaviors of ¢(z) at the 68.3% confidence level. The gray regions and the
regions between two long dashed lines show the results without and with the systematic
errors in the SNIa, respectively. The right panel represent the 68.3% and 95 % confidence
level regions for wg versus w; in the CPL parametrization, w = wo+w1z/(1+z). In the right
panel, the system error in the SNIa is considered. The dashed, solid and thick solid lines
represent the results obtained from Union2S, Union2S + BAO and Union2S + BAO + CMB,
respectively. The point at wo = —1, w1 = 0 represents the spatially flat ACDM model

and the answer to the question of whether the expansion of our Universe will
decelerate or if the accelerating expansion will go on forever (as in the SCM)
depends strongly on the data obtained from observations of SNE-Ia, their quali-
ty, the technique used in the reconstruction of the cosmological parameters
(such as ¢(z),w(z) and Qg.), and actual parameterization of the DE equati-
on of state. For a detailed answer to this question, we must wait for more
precise observational data and find methods of their analysis that are less
model-dependent.

Decaying cosmological constant and transient acceleration. As a
simple example of transient acceleration, we consider a model with a decaying
cosmological constant: G
Pm + 3apm = —pA, (5'156)

where p,, and pp are the densities of the DM energy and of the cosmological
constant A. A the early stages of the expansion of the Universe, when py is quite
small, such a decay does not influence cosmological evolution in any way. At
later stages, as the DE contribution increases, its decay has an ever increasing
effect on the standard dependence of the DM energy density p,, o a™> on the
scale factor a. We consider the deviation to be described by a function of the
scale factor €(a) o = =@ (5.157)
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where ag = 1 in the present epoch. Other fields of matter (radiation, baryons)
evolve independently and are conserved. Hence, the DE density has the form

1

e(a) + ae'In(a) .
PA = PmO0 / (>&4_€(a)()da + X, (5.158)
a

where the prime denotes the derivative with respect to the scale factor and X is
the integration constant. If radiation is neglected, the first Friedmann equation
takes the form

H = Ho [0 + Qop(a) + x0] >, (5.159)
The function ¢(a) is then written as

1

4 ae In(a
o(a) = a=3e(@ 4 [ €@ FacIn(@) o (5.160)
gd—e(a)
a

where (x o, is the relative contribution of the constant X to the common relati-
ve density. To proceed, it is necessary to make some assumptions concerning
the concrete form of €(a). Here, we follow the original work [24], and consider
the simplest case

e(a) = epa® = eo(1+2)7¢, (5.161)

where €y and & can take both positive and negative values. It follows from the
expression (5.158) that

[1+In(a)] .
a

We note that the case €9 = 0 corresponds to the SCM, i.e., X = pp. Using

the formulas presented above, it is not difficult to also obtain the dependences

for the relative densities Qp(a), Qn(a) and Qp(a):

-3
a
9] = 5.163
(@) A+a3+B1p(a) ( 2)
—3+e€(a)
Qla) = —— , (5.163b)
D + Ba=3 + ¢(a)
_ ,—3+e(a)
Qp(a) = 2 #l0) —a (5.163c)

D+ Ba=3 + ¢(a)
where A = QX70/Qb’0, B = Qb,O/QmO and D = QXyO/QmQ.
Within this simple model, it is practically possible to obtain any dynamics
of the Universe with the aid of an appropriate choice of the parameters ¢; and
&. The case of immediate interest is where ¢y > 0 and & takes on large positive
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values (§ 2 0.8). The solid curve  ¢(a) [ — t=1,5-0.1 o
in Fig. 5.5 shows the dependence 0.4 [ % gz_’l,ioz 0.1 /
of the deceleration parameter for 02 | \-\\ --£=08,6,=0.5
§ = 1.0 and ¢¢ = 0.1. We note 4 | N, - £=-0.5,5,=-0.1
that at present, for these para-
meters, when a ~ 1, the expansi-
on of the Universe is accelerating,
but the dominance of DE is not -0.6 |
eternal, unlike in the case of the _pg |
SCM, and when a > 1, the Uni- ol TSeeel A
verse will enter a new era of domi-
nance of nonrelativistic matter.
Such a form of dynamic behavior
is unusual for most models with
A(t) or models with interacting quintessence discussed in the literature, but
it is characteristic of the so-called thawing [18] and hybrid [5] potentials that
follow from string theory or M-theory.

To better represent the phenomenon of transient acceleration, we find the
explicit form of the deceleration parameter ¢ = —ad/a?, in this model:

B 3 Qb70a*3 + Qm()ae(a)*3
- 2 Qb70a—3 + Qmotp(a) + QX,O

The parameter ¢ is represented as a function of log(a) for different values of £
and ¢y in Fig. 5.5. We note that in the distant past (a < 1), the deceleration
parameter g(a) — 1/2, which corresponds to a matter-dominated Universe.
However, for certain values of parameter £, a long (but finite, in contrast to
the case of the SCM) era of accelerated expansion sets in. In the distant future
(a > 1), the Universe again returns to decelerated expansion (¢ > 0).

Transient acceleration in an Universe with the interacting com-
ponents. We consider a spatially flat Universe consisting of three components:
DE, DM, and baryons. The first Friedmann equation for such a Universe has
the form

02

1

|

|

I
04 | !
]

2 -1 0 1 2 3 log(a)

Fig. 5.5. The deceleration parameter as function
of log(a) for some selected values of €y and &

1, (5.164)

q(a)

3ME H? = pae + pm + b, (5.165)

where, as usual, pqe is the DE density, p,, is the DM energy density, py is the
baryon energy density. The equation of state for DE has the form pge = wpge-
When interaction is present, the conservation equations become

pde + 3H(]. + w)pde = _Q;
pm + 3Hpm = Q.

The conservation equation for the baryon component is

(5.166)

) ao\3
py+3Hpy =0 = pp = pro (;0) : (5.167)
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The total density is p = ppm + pp + pde- Without loss of generality, we assume
that the energy density p,, is expressed as

ag

o = w0 (22 f(a), (5.168)

where pr,0 and ag are constants and f(a) is an arbitrary differentiable function
of the scale factor. From (5.166) and (5.168), we obtain

Q= pm§ = pmo (%)Bf. (5.169)
Let's take Fla) =1+ g(a). (5.170)

In the absence of interaction, f(a) = 1; therefore, the function g(a) is respon-
sible for interaction. Then, taking into account that

. dg
== -2 5.171
f=g9=_ra (5.171)
we obtain i ,
= pmo o () 5.172
Q medaa o) ( . )
This means that
_ ap\3
Pm = PmO (1 + g) (;) ) (5'173)
where ppo = pm(ag) if the interaction exists, and pno in the absence of

interaction. The two initial values of the DM density are related as

Pm0o = ﬁmO (1 + gO)a (5'174)

where gg = g(ag). As can be seen from (5.169) when @ > 0, DE decays into

DM, Z—Z > 0. When % < 0, the decay proceeds in the opposite direction. From

(5.166) and (5.172) we obtain

. _ . dg. rap\?
pac +3H (1+w) pae = —pmo 70 (E> . (5.175)

When w = const the solution of (5.175) has the form

B ao 3(14w) B ap 3
pde = (Pmo + Pmo9o) (E> — Pm0 (;) g+
y (5.176)
+3wﬁmoaga3(1+w)/daga3w1.
ao
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q 1 Q7
0.8 1
0.6 1
0.4 1

024

0.0 1

Fig. 5.6. On the left: the dependencies of relative densities on the scale factor for n = 7 and
o = 1.5 (on the left). On the right: the dependencies of deceleration parameter on the scale
factor in the model with interacting DE and DM g(a)(solid line) with n =7 and ¢ = 1.5 in
comparison to SCM (dashed line)

We rewrite the second Friedmann equation in terms of g(a)

a 1. ag\3 ap\3
= ——{hmo (1 <7) (—) 1
. G{P o(1+9) L) Tl + (14 3w) x
_ ap\3(1+tw) ag\3
X |:(me + Pmogo) <;) — Pmo (;) g+ (5.177)
sacta49 [},

ao

To solve Eqn. (5.177) it is necessary to define the function g(a). Since the
nature of DE and DM is unknown, it is impossible to indicate the form of g(a)
based on first principles; therefore, we introduce the interaction in this model
in such a way as to make the that the dynamics of the model be consistent
with observational data.

Consider the interaction for which the function g(a) is represented as
g(a) = a"exp (—a?/c?), where n is a natural number and o is a positive real
number. The existence of transient acceleration implies that the DE density

L d . . .
starts to decrease, i.e., its decay occurs, dfg > 0. This condition requires that
a

n and o satisfy the inequality no? > 2.

In Fig. 5.6, the dependences of the relative densities on the scale factor
are shown for n =7 and a = o = 1,5. The model considered permits ensuring
transient acceleration for a certain choice of the interaction parameters, but
it is indistinguishable from the SCM for large (as well as small) values of the
scale factor.
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5.9. Constraint on the coupled DE models

5.9.1. Cosmography as a way
of testing models with interaction

The method used in this section for testing interaction bet-
ween dark components is fully based on the cosmological principle and has
been termed “cosmography”. The cosmological principle allows us to construct
the metric of the Universe and take the first steps toward the interpretation of
cosmological observations. Like kinematics, that is, the part of mechanics that
describes the motion of bodies regardless of the forces causing this motion,
cosmography only represents the kinematics of cosmological expansion.

The rate at which the Universe expands is determined by how the
Hubble parameter H(t) depends on time. A measure of this dependence is
the deceleration parameter ¢(t). For a more complete description of the ki-
nematics of cosmological expansion, it is useful to consider an extended set of

parameters: ® l@
adt’
()= _1&% (1day”
T ="aez \aat)
. 1d3 (1da\"?
i) = PTES (adt) ) (5.178)

o(p) = 1l (1day™
S adt* \adt) ’

1d%a (1da\"®
(t)y=——"=75(—-——) -
a dtd \a dt

We will not make any phenomenological assumptions about the dynamics of the
dark components. Based solely on kinematics (cosmography), we will show [56],
that the observation of distant SNIa offers the possibility of testing the energy
transport from the vacuum sector to the nonrelativistic matter sector which
includes DM. We show that the measurements of the third order term in the
expansion of the luminosity distance relation with respect redshift z (jerk)
allows us to detect the energy transport. Higher order terms in the expansions
(snap, crackle, etc.) control the velocity, acceleration of energy transport.

We analyse, for simplicity, a two-component fluid with effective pressure
and energy P = Pde; P = Pde T Pdm- (5.179)

The conservation condition can be rewritten to the form

1d 1 d

- 3 - 3(1+wdc) —
g (pdma ) + e @ (pdea ) =0. (5.180)
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The first term describes the net rate of absorption of energy per unit time in
a unit of comoving volume transfered out of the decaying DE to the nonrelati-
vistic DM. The relation (5.180) can be written as

1d 1 d

el 3) — - - =z
a3 dt (pdma ) - V(t)a a3(1+wde) dt

(pdea3(1+‘”d°)) = —7(t). (5.181)

The function y(t) describes the interaction between the two dark components.

Integration of (5.181) gives
t

PAm@” = pamoay + /V(t)GBdt,
o (5.182)
pdea3(1+wdc) = pdmoag(lerdE) + /W(t)a?)(l—‘rwdC)dt'

Using (5.182), we find

1] A(@) (143w Blo)
C=517"2 ~ 2 F3va ;
, , (5.183)
A(a) = =pama’®, B(a) = =a3(Fwae),
3 3
Lets’s represent (5.183) in the form
1 [A(a) | (1+3uae) Bla)
2 4 e
qH? = 3 [ - | (5.184)

To describe higher derivatives of the scale factor we use the cosmographical
parameters (5.178) and to describe the interaction we introduce the dimensi-
onless transfer parameter

_ ()

v(t) = 5375 (5.185)

Deriving by time both sides of (5.183), we obtain the basic relations connecting
the jerk (j(¢)) to the transfer density parameter (v(t))

o3 1
J— zWaeV = Qgm + 3 (14 3wge) (2 + 3wge) Qdes

2
5 9 ; (5.186)
j — iwdel/ — 1= §QUde (1 =+ 'U)de) Qde — QC) Qc = —ﬁ
Since
1 143w
q= §Qdm + TdeQde (5187)
for any €., we obtain
.3 3 1
J = SWaev +q= §Qdm + 5 (1 + 3wge) (1 4+ wge) Nde- (5.188)
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In the special case of the flat model (Qgm + Q4e = 1) the formula (5.188)
reduces to

.3 3 3
J = 5Waev +q= —§Qdm (4 + 3wge) Wae + 5 (14 3wge) (1 + wge).  (5.189)
Therefore, interaction between nonrelativistic matter and DE is described by
the third (and and higher) derivate of the scale factor.

5.9.2. Statefinder diagnostic for interacting models

The lack of a microscopic theory of dark components, as well
as our inability to properly interpret the results of observations, has led to the
creation of many phenomenological models. To start off, we pick out the models
that do not explicitly contradict fundamental theories and observations. This
process can be divided into two phases. First, we test how well the model
corresponds to certain fundamental physical principles, as well as how well it
corresponds to “well studied” areas of parameters. Second, models must be in
agreement with the massive amount of data that has been obtained by mo-
dern cosmology. Obviously, the second step should come after the first. It must
be said, however, that on the fundamental level, most of today’s popular mo-
dels stand their ground, which means that we are forced to test them using
observations. Among the most popular testing methods are the so-called Om-
diagnostic [51] and the use of a method based on the introduction of so-called
statefinder parameters [50].

At the heart of Om-diagnostics is a construct that depends only on the
Hubble parameter
h2(z) — 1

Om(z) = 5o &= 1+ 2z, h(z) =

H(x)
o (5.190)

For a planar Universe composed of DE with an EOS parameter w = const and
non-relativistic matter

h%(z) = Qoz® + (1 — Qo) 2%, a = 3(1 + w). (5.191)
Therefore, o1

From this relation, it follows that Om(x) = €0 for when DE is the cosmologi-
cal constant (o =0), and Om(z) > Qo for the quintessence case (a > 0),
Om(z) < Qo for phantom energy (o < 0). Therefore, measurements of
Om(z), which are equivalent to measurements of the Hubble parameter at
two different redshifts, provide us with a possible test, and help us to choose
an adequate DE model.
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As it turns out, Om-diagnostics is proved to be ineffective when analysing
models with interaction. The reason is simple. The derivative H is related to
the deceleration parameter

g=—1—(H/H)* =1/2(1 + 3wacQue)

and does not depend on whether or not both components are interacting. On
the other hand,

H 9 Dde 9 Pde IT  wge pde
A2 (P} L2 e (1 wae) P2 — g — WdePde| 5 g3
3 2<+p>+2{wd(+wd)p wdp SH p ( )

Unlike with H and H, the second derivative H does depend on the interaction
between the components. Consequently, in order discriminate between models
with different interactions or between interacting and non-interacting models,
it is desirable to additionally characterize cosmological dynamics by parameters
that depend on H. This role is filled by the statefinder parameters

a r—1

TS uHd T T 3(g—1/2)

(5.194)

The parameters are dimensionless, and are constructed from the scale fac-
tor and its derivatives. The parameter r is the next (after the Hubble parameter
and the deceleration parameter) member of the set of kinematic characteristics
that describe the Universe’s expansion. The parameter s is a combination of
q and 7, chosen in such a way so as not to depend on the density of dark
energy. What are the reasons behind this choice? The characteristics chosen to
describe dark energy can be either geometric, if they are derived directly from
the space-time metric, or physical, if they depend on the characteristics of the
fields that represent dark energy. Physical characteristics are, obviously, model-
dependent, while geometric characteristics are more universal. Moreover, the
latter are free from the uncertainties that arise during measurements of physi-
cal values like density of energy. For this very reason, geometric characteristics
are more reliable during analysis of DE models. The values of the geometric
parameters with a good degree of precision, are reconstructed from cosmologi-
cal data. After this, statefinder parameters can be successfully used to identify
various DE models.

For a planar Universe filled with a two-component liquid, composed of non-
relativistic matter (dark matter + baryons) and dark energy with the relative
density 40,the statefinder parameters take on the form
Wde X
?a
1 ’(i]de . _ @

=1 _ =
§ e 3 wdeH7 e Pde

9 3
r=1+ §Qdewde(1 + Wqe) — §Qde
(5.195)
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Let’s write the statefinder parameters {r, s} for a) the cosmological constant;
b) for time-independent wgqe; ¢) quintessence

a) {Ta 5} = {17 0};

b) {’I", S} = {1 + dee(l + wde)a 1+ wde};
(5.196)

O {rs} = 414 227G se 2(7+ )
’ H? H3 7 2 =2V
Much like with Om(x)-diagnostics, the statefinder parameters demonstrate the
clear difference between the cosmological constant and dynamical forms of DE.
For interacting (QQ = —3I1H) two-component fluids (de,dm) in a flat Uni-
verse, the statefinder parameters take the form [66]

9 wge II Wde _ Pdm

r=14+- 14+ wye — — — , R= , 5.197

21+R ae Pde 3wdeH Pde ( )
wde

s=14w——— 5.198

Pde 3Hwge ( )

For non-interacting models i.e., for II = 0, these parameters reduce to (5.195).

Previously, we saw that the scaling solution of the form R o a~¢, where
¢ is a constant parameter in the range [0, 3|, can be obtained when the DE
component decays into the pressureless matter fluid. If wgqe = const, it can
be shown [66] that the interactions which produce the scaling solutions are

given by ¢
Ro(1+ 2
T = pae <wde n 5) 0(—)5 (5.199)
3/ 1+ Ry (1+2)
Inserting this into Eqs. (5.197) and (5.198) yields the following expressions for
the statefinder parameters

. Ro(1+ 2)
r= +7w—d£ 1+wde_<wde_|_£>O(Z)£7 (5.200)
214+ Ro(1+2) 3/ 14+ Ry (1+2)
5) Ro(1+ 2)°
s=14+wge — |Wge + 2| —mM—. 5.201
de < de 3 1—|—R0(1—|—Z)§ ( )

202



5.9. Constraint on the coupled DE models

5.9.3. Observational data

For the observational data, the observational Hubble para-
meter data H(z) have become an effective probe both in cosmology and ast-
rophysics compared with the SNe Ia data, the CMB data, and the baryonic
acoustic oscillation (BAO) data, and it is more rewarding to investigate the
observational H(z) data directly. The reason is quite simple, it is obvious that
these probes all use the distance scale (e.g., the luminosity distance dr,, the
shift parameter R, or the distance parameter A) measurement to determine
cosmological parameters, which needs to integrate the Hubble parameter and
therefore lose the fine structure and some more important information of H(z).
The Hubble parameter depends on the differential age as a function of redshift
z in the form

1 dz

S T

which provides a direct measurement for H(z) through a determination of
dz/dt.

In order to obtain constraints on cosmological parameters, we use Pearson’s
chi-squared test. This test, sometimes called the y? (Chi-square) — test, is most
commonly used when testing hypotheses about distribution laws. In many
practical problems, the exact dispersion law is unknown, and is therefore a

hypothesis that demands statistical verification.
x? for H(z) can be defined as

(5.202)

2 i [H (1) = Hows(2))” (5.203)
=1

Ohi

where oy; is the 1o uncertainty in the H(z) data.

As it is known, the baryonic oscillations at recombination are expected
to leave baryonic acoustic oscillations (BAO) in the power spectrum of gala-
xies. The expected BAO scale depends on the scale of the sound horizon at
recombination, and on the transverse and radial scales at the mean redshift
zpao = 0.35 of galaxies in the survey. Eisenstein in [27] measured the quantity

PR 1 70 4z 123 5200
~ E(zpa0)Y/3 [ 2Ba0 E(z)] '

The SDSS BAO measurement [27] gives Agps = 0.469(ns/0.98) — 0.35 + 0.017
where the scalar spectral index is taken to be ns = 0.963, as measured by
WMAP?7. In this case, x? can be defined as

A= Agpe)?
o = 2olos) ‘ (5.205)
A
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Meanwhile, the locations of the peaks in the CMB temperature power
spectrum in [-space depend on the comoving scale of the sound horizon at
recombination, and on the angular distance to recombination. This is summari-
zed by the so-called CMB shift parameter R [14] which is related to cosmology

by Zrec
— dz'
0

where zpe. & 1091.3 is the redshift of recombination. The 7-year WMAP data
gives a shift parameter R = 1.725 4+ 0.018. In this case, x? can be defined as

R— Rob 2
Xems = % (5.207)
R

Notice that both A and R are independent of Hy, thus these quantities can
provide robust constraint as complement to H(z) on DE models.

It is commonly believed that SNe Ia all have the same intrinsic lumi-
nosity, and thus can be used as “standard candles”. Recently, the Supernova
Cosmology Project (SCP) collaboration have released their Union2 compilation
which consists of 557 SNe Ia. The Union2 compilation is the largest published
and spectroscopically confirmed SNe Ia sample to date. Theoretically, the di-
stance modulus can be calculated as

dr,
=5log + 25 = 5logyg Hodr, — po, (5.208)

Mpc
where 119 = 5logg[Ho/(100 km/s/Mpc)] +42 - 38, and the luminosity distance

dy, can be calculated using dy, = (1;02) OZ Edél,). Then x? from SNe Ia data is:

B? c
2 — J—
Xsn=A- "7+ <2ﬂ> (5.209)

where A — 2?57 (Iudata i th) /O_Z 7 B — 2557 data Mth/0.127 C = 2?57 1/0_1127
pdata is the distance modulus obtained from observations and o; is the total

uncertainty of SNe Ia data.

5.9.4. Comparison of the cosmological
parameters in different models

In this section, we will compare cosmological parameters
with various models. Table 5.1 contains the best-fit values of parameters for
three different models with interactions in the dark sector. In Fig. 5.7 you
can find the probability contours for wge versus d for different models. The
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) ) ' )
0.02 | : 0.03 1 o1 | SNLS + BAO + CMB
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Fig. 5.7. The 68.3% and 95.4% confidence level contours for wqe versus § with
SNela + BAO + CMB in different models. Q@ = 36 Hpy, (a); Q = 36 Hpae (b); pm = pmoa >
(¢); The dashed lines represent § = 0 and wqe = —1

E.> | Wie
SNLS + BAO + CMB
45 | | -0.4
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Fig. 5.8. Left: probability contours in the varying coupling models on the (wde,&) plane
marginalized over Q4eo. The line { = —3wqe corresponds to the uncoupled models. In this
case we have the constraint 2.66 < £ < 4.05 (95% CL). Right: contour Plots of the first
three Doppler peaks and the first trough location in the (£, wqe) plane with Q0 = 0.2 and
h = 0.71. The upper line corresponds to the non-interacting case (£ + 3wqe = 0)

interaction term J is near zero. Note, however, that even such a small value of
interaction can facilitate the solution coincidence problem.
Let us now consider a situation in which the ratio of DE and DM has the
following relation:
Pde _ Paco ot (5.210)
Pm Pm0
where £ is a constant which quantifies the severity of the coincidence problem.
In the absence of the coupling § with constant wge, the energy density of
DE scales as pge o a~31+wx) Here the ratio Pde/ Pm 18 proportional to a " 3Wde
namely, the £ = —3wqe case in Eq. (5.210). Note that the standard SCM model
corresponds to wge = —1 and £ = 3.
As we see from Fig. 5.8 (left), the ACDM model, which corresponds to the
point (wqe, &) = (—1,3), is within the 1o contour bound. We remind that the
uncoupled models are characterized by the line ¢ = —3wx. Thus, provided that
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Table 5.1. The best-fit value of the parameters {Qmo, Wde, 0}
for the Q = 36 Hpm, Q = 30Hpge and p,, = pmoa_3+5 with 1-o0
and 2-o0 uncertainty for SNe Ia+ BAO 4+ CMB data

Model Qim0 Wee 5
Q = 30Hpm 0.274%:635 ~1.02+912 ~0.009+.013
Q = 30Hpac 0.2720:550 —1.02+0:09 —0.02370:039
pm = pmoa” " 0.27075:630 ~1.034012 0034008
ACDM 0.27025035 ~LO7L0+3 972 0
the points are not on the line { = —3wge, the coupled models are observati-

onally allowed in the parameter regions 2.66 < { < 4.05 (95% CL). From
Fig. 5.8 (left) it is obvious that the scaling models with £ = 0 are excluded
from the data.

In Fig. 5.8 (right) the noninteraction line (solid yellow) stays well beyond
the reach of the parameter space allowed by the CMB data. This includes the
concordance SCM model as well. Thus, the scaling model is better consistent
with the CMB data and it is compatible with a larger parameter space than
the noninteracting standard model.
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CHAPTER

STERILE NEUTRINO DARK MATTER
A.M. Boyarsky, D.A. lakubovskyi

6.1. Dark matter problem and particle physics

The nature of dark matter (DM) is among the most intri-
guing questions of modern physics. There is a body of strong
and convincing evidence of its existence. Indeed, numerous
independent tracers of gravitational potential (observations
of the motion of stars in galaxies and galaxies in clusters;
emissions from hot ionized gas in galaxy groups and clus-
ters; 21 cm line in galaxies; both weak and strong gravi-
tational lensing measurements) demonstrate that the dyna-
mics of galaxies and galaxy clusters cannot be explained
by the Newtonian potential created by visible matter only.
Moreover, cosmological data (analysis of the cosmic micro-
wave background anisotropies and of the statistics of galaxy
number counts) shows that the cosmic large scale structu-
re started to develop much before decoupling of photons at
recombination of hydrogen in the early Universe and, the-
refore, much before ordinary matter could start clustering.
This body of evidence points at the existence of a new sub-
stance, universally distributed in objects of all scales and
providing a contribution to the total energy density of the
Universe at the level of about 25 %. The relative abundance
of baryonic dark matter is strongly constrained by nume-
rous microlensing experiments probing the Massive Com-
pact Halo Objects (see e.g. [7,74,99], for an overview see
[136] and references therein) and the results of Big Bang
Nucleosynthesis [62]. Attempts to explain dark matter by
the existence of primordial black holes has not been fully
successful (see e.g. [55,56]). No attempts to explain the dark
matter phenomenon by the modification of Einsteinian gra-
vity and/or Newtonian laws of dynamics has been successful
in explaining the dark matter at the cluster and cosmologi-
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cal scales (see the recent discussion in [65,194], see also [17,134] 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 [22,23,69,179] and refs. therein). Therefore, a microscopic origin of
dark matter phenomenon (i.e. a new particle or particles) remains the most
plausible hypothesis.

The only electrically neutral and long-lived particle in the Standard Model
of particle physics (SM) are neutrinos. As the experiments show that neutrinos
have mass, they could play the role of dark matter particles. Neutrinos are in-
volved in weak interactions that keep these particles in the early Universe in
thermal equilibrium down to the temperatures of few MeV. At smaller tem-
peratures, the interaction rate of weak reactions drops below the expansion
rate of the Universe and neutrinos “freeze out” from the equilibrium. There-
fore, a background of relic neutrinos was created just before primordial nuc-
leosynthesis. As interaction 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 DM this mass should be about 11.5 eV (see e.g. [104]). Clearly, this
mass is in conflict with the existing experimental bounds: measurements of the
electron spectrum of -decay put the combination of neutrino masses below
2 eV [21] while from the cosmological data one can infer an upper bound of the
sum of neutrino masses is > ,m; < 1 eV [105]. The fact that neutrinos could not
constitute 100 % of DM follows also from the study of phase space density of
DM-dominated objects that should not exceed the density of degenerate Fermi
gas: fermionic particles could play the role of DM in dwarf galaxies only if their
mass is above few hundreds of eV (the so-called ‘Tremaine—Gunn bound’ [181],
for review see [45] and references therein) and in galaxies if their mass is above
few tens of V. Moreover, as the mass of neutrinos is much smaller than their
decoupling temperature, they decouple relativistic and become non-relativistic
only in matter-dominated epoch (“hot dark matter”). For such a dark matter
the history of structure formation would be very different and the Universe
would look rather differently nowadays [63]. All these strong arguments prove
convincingly that dominant fraction of dark matter cannot be made of the
Standard Model neutrinos and therefore the Standard Model of elementary
particles does not contain a viable DM candidate. Therefore, the DM particle
hypothesis necessarily implies an extension of the SM.

Phenomenologically little is known about the properties of DM particles.
The mass of fermionic DM particles is limited from below by the ‘Tremaine—
Gunn bound’ !. They are not necessarily stable, but their lifetime (with respect

LA much weaker bound, based on the Liouville theorem, can be applied for bosonic
DM, see e.g. [118,119].
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to radiative decay) should significantly exceed the age of the Universe (see
e.g. [44]); DM 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 candidates
called weakly interacting massive particles (WIMPSs) (see e.g. |23, 72| for re-
view). These hypothetical particles generalize the neutrino DM [102]: they also
interact with the SM 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 it is heavy
enough. This “universal” density happens to be within the order of magni-
tude consistent with DM density (the so-called “ WIMP miracle”). Due to their
large mass and interaction 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 relation
to the electroweak symmetry breaking, which is being tested at the LHC in
CERN. In many models trying to make the Standard Model “natural” like, for
example, supersymmetric extensions of the Standard Model, there are parti-
cles that could play the role of WIMP dark matter candidates. The WIMP
searches are important scientific goals of many experiments. Dozens of dedi-
cated laboratory experiments are conducted to detect WIMPs in the Galaxy
halo by testing their interaction with nucleons (direct detection experiments)
(see e.g. [160] and references therein). Searches for the annihilation products
of these particles (indirect detection) are performed by PAMELA, Fermi and
other high-energy cosmic missions (see e.g. reviews [20, 101]). No convincing
signals has been observed so far in either “direct” or “indirect” searches.

Additionally, no hints of new physics at electroweak scale had turned up
at the LHC or in any other experiments. This makes alternative approaches to
the DM problem ever more viable.

6.2. Sterile neutrino dark matter

Another viable generalization of the neutrino DM idea is
given by sterile neutrino dark matter scenario [3,4,9,64,66,170|, see [49,95]| for
review. Sterile neutrino is a right-chiral counterpart of the left-chiral neutrinos
of the SM (called ‘active’ neutrinos in this context). Adding these particles to
the SM Lagrangian makes neutrinos massive and is therefore their existence
provides a simple and natural explanation of the observed neutrino flavor oscil-
lations. These particles are singlet leptons because they carry no charges with
respect to the Standard Model gauge groups (hence the name), and therefore
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Va

V, Vo Va

Fig. 6.1. Example of interactions of sterile neutrino. Left: decay of sterile neutrino N —
— VelValq through neutral current interactions. A virtual v, is created and the quadratic
mixing (marked by symbol “x”) is proportional to 6. Center: at energies Exy < Mz, the
process in the left panel can be described by the Fermi-like interaction with the “effective”
Fermi constant 6. x Gr. Right: Two-body radiative decay N — 7 + v, of sterile neutrino.

The energy of the photon is E., = %MN

along with their Yukawa interaction with the active neutrinos (= ‘Dirac mass’)
they can have a Majorana mass term (see e.g. [2] for details). They interact
with the matter via creation of virtual active neutrino (quadratic mixing) and
in this way they effectively participate in weak reactions (see e.g. Fig. 6.1).
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 Gy suppressed by the active-sterile neutrino mixing angle § — the
ratio of their Dirac to Majorana masses (Fig. 6.1):

2= >

sterile N

2
MDirac, o

(6.1)

Majorana

(this mixing can be different for different flavours «).

It was observed long ago that such particles can be produced in the Early
Universe through mixing with active neutrinos [64] and have a correct relic
density for any mass [3,10,11,64,98,168,170|.

The existence of sterile neutrinos is motivated by the observational phe-
nomena beyond the Standard Model (unlike WIMPs that are motivated first
of all by the theoretical considerations of stability of the Higgs mass against
quantum corrections that could require a fine-tuning of parameters of the
model). Namely, sterile neutrinos would provide a simple and natural explanati-
on of the neutrino flavour oscillations [129, 135,151, 196]. However, 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 sterile neutrino play the role of DM, its mixing with
active neutrinos would be too small to contribute significantly to the flavor os-
cillations — its life time should be very large and, therefore, interaction strength
should be too feeble [9,40]. Therefore, in order to explain dark matter and
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neutrino mass (one for each SM flavor), the minimal model should contain
3 right-handed neutrinos [9]. In such a model, the lowest mass eigen-state of
the active neutrinos will be (almost) zero and the sum of neutrino masses
S my, & ky/|Am2,,, |, where kK = 1 or 2 for normal (inverted) hierarchy [40].
This is one of the predictions of such a model.

In spite of the fact that dark matter sterile neutrino plays essentially no
role in the neutrino oscillations, the fact that three 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 oscillati-
ons, are below ~2 GeV (mass of c-quark), such particles can be searched with
existing experimental techniques [76,77|. This is a unique situation when one
can directly test the nature of neutrino oscillations in ‘intensity frontier’ [83]
experiments. For masses above 2 GeV the searches become more difficult.

It turns out that in the region of masses between 100 MeV and electroweak
scale out-of equilibrium reactions with these two sterile neutrinos are capable
of generating the observed matter—antimatter asymmetry of the Universe
(baryogenesis) [12]. These observations motivated a lot of recent efforts for
developing this model, called the vMSM — Neutrino Minimal Standard Model
(see [49] for review). Therefore, finding these particles in intensity frontier
experiments would provide an unparalleled possibility to test baryogenesis
in 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 steri-
le neutrino DM.

Because its interaction with the Standard Model particles is very feeble,
sterile neutrino does not need to be stable. The decay channel for sterile neutri-
nos of all masses is to 3 (anti)neutrinos (Fig. 6.1, left panel)?. However, the
most characteristic feature of sterile neutrino DM is its ability to decay to
photon and neutrino (with cosmologically long lifetime) [4,66,143]|, see Fig. 6.1,
right panel. The emitted photon is almost mono-energetic (the width of the
DM decay line is determined entirely by the motion of DM particles). Although
the lifetime of the DM particles turns out to be much longer than the age of
the Universe, humongous amount 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.

2 For masses above 1 MeV additional decay channels become kinematically possible.
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In summary, one sees that three sterile 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” [9,12,49, 54]:

1. neutrino flavour oscillations;

2. the absence of primordial anti-matter in the Universe;

3. existence of dark matter.

6.2.1. Production of sterile
neutrinos in the early Universe

The active-sterile neutrino mixing is strongly suppressed at
temperatures above a few hundred MeV (see e.g. [142]) and peaks roughly
at [64] 1/3

M,
Tpeak ~ 130 <]_kg\l\//[> MeV. (62)
Sterile neutrinos DM are never in thermal equilibrium (see e.g. [49]) and
their number density is significantly smaller than that of the active neutri-
nos (that is why they can account for the observed DM abundance without
violating ‘Tremaine—Gunn bound’). In particular, the shape of the primordial
momentum distribution of thus produced sterile neutrinos is roughly propor-
tional to that of the active neutrinos [66]:

SN (t,p) = (6.3)

X
eP/Tu(t) 41’
where the normalization xy ~ 63 < 1 and where T,(t) is the temperature
of the active neutrinos®. Comparing the production temperatures Eq. (6.2) of
DM sterile neutrinos with their masses shows that they are produced relativi-
stically in the radiation-dominated epoch. Indeed, for the primordial DM di-
stribution of the form (6.3) one has (p) ~ Tpeak < Mn,,, for My, < 40 GeV.
Relativistic particles stream out of the overdense regions and erase primordial
density fluctuations at scales below the free-streaming horizon (FSH) — par-
ticles’ horizon when they becomes nonrelativistic (for a detailed discussion of
characteristic scales see e.g. [35] and references therein). This effect influences
the formation of structures. If DM particles decouple nonrelativistically (cold
DM models, CDM) the structure formation occurs in a “bottom-up” (or “hie-
rarchical”) manner: specifically, smaller scale objects form first and then merge
into the larger ones [144]. CDM models fit modern cosmological data well. In
the case of particles, produced relativistically and remaining relativistic into
the matter-dominated epoch (i.e. hot DM, HDM), the structure formation
goes in a “top-down” fashion [200], where the first structures to collapse have

3 The true distribution of sterile neutrinos is in fact colder than that shown in Eq. (6.3).
Specifically, the maximum of p? fx, (p) occurs at p/T, ~ 1.5—1.8 (depending on Mx, ), as
compared with p = 2.2T), for the case shown in Eq. (6.3) [10,11].
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sizes comparable to the Hubble size [27,29,68|. The HDM scenarios contra-
dict large-scale structure (LSS) observations [63]. Sterile neutrino DM that
is produced relativistic and is then redshifted to nonrelativistic velocities in
the radiation-dominated epoch is an intermediate, warm dark matter (WDM)
candidate [3, 28, 66]. Structure formation in WDM models is similar to that
in CDM models at distances above the free streaming scale. Below this scale
density fluctuations are suppressed, compared with the CDM case. The free-
streaming scale can be estimated as [29]

(6.4)

co keV \ (p
rs ~ 1 Mpc ( > \ow)

MNdm <pl’> ‘

where 1 Mpc is the (comoving) horizon at the time when momentum of active
neutrinos (p,) ~ 1 keV. If the spectrum of sterile neutrinos is nonthermal, then
the moment of non-relativistic transition and i is shifted by (pn)/(py)-
This mechanism specifies a minimal amount of sterile neutrinos that will be
produced for given M7 and 6;. The requirement that 100 % of DM be produced
via such mixing places an upper bound on the mixing angle 6; 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. (6.2) [13,24].
The production of sterile neutrino DM may substantially change in the pre-
sence of lepton asymmetry when the resonant production (RP) of sterile neutri-
nos [170] occurs, analogous to the Mikheyev—Smirnov—Wolfenstein effect
[128,195]. 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 DM sterile neutrinos occurs.
The maximal amount of sterile neutrino DM that can be produced in such a
way is determined by the value of lepton asymmetry, n;, = |n, — np|/s, where
s is the entropy of relativistic species in plasma. The present DM abundance
Qam ~ 0.25 translates into the requirement of 7, ~ 1075 (keV/My,_) in order
for RP sterile neutrinos to constitute the dominant fraction of DM. One noti-
ces that the resonant production occurs only for values of lepton asymmetry,
nr much larger than the measured value of baryon asymmetry of the Uni-
verse: g = npg/s ~ 10710 [146]. Such a value of 17, does not contradict to any
observations though. Indeed, the upper bounds on 7y, are based on either pri-
mordial nucleosynthesis (BBN) or CMB measurements (as chemical potenti-
al of neutrinos would carry extra radiation density) [88,103]. These bounds
read |ng| < few x 1073 (see e.g. [58,121,165]). We see, therefore, that the
lepton asymmetry, required for resonant sterile neutrino production is still
considerably smaller than the upper limit. Notice, that at epochs prior to
BBN even 7y, ~ 1 is possible (if this lepton asymmetry disappears later). Such
a scenario is realized e.g. in the Neutrino Minimal Standard Model, vMSM
(see [49] for review), where the lepton asymmetry keeps being generated below
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the sphaleron freeze-out temperature and may reach 7, ~ 1072+107! before
it disappears at T' ~ few GeV [168].

6.2.2. Structure formation
with sterile neutrino dark matter

Non-negligible velocities of ‘warm’ sterile neutrinos alter the
power spectrum of density fluctuations at scales below the free-streaming
horizon scale. Additionally, the suppression of the halo mass function below
a certain scale [19] and different history of formation of first structures
affects the way the first stars were formed and therefore the reionization hi-
story of the Universe, abundance of the oldest (Population III) stars, etc.
[73,80,169,172,197,198|.

The effects of suppression of the matter power spectrum are probed with
the Lyman-a forest method |81, 163, 186—188| (see [35] for critical overview
of the method and up-to-date bounds). Using neutral hydrogen as a tracer of
overall matter overdensity, one can reconstruct the power spectrum of densi-
ty 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 di-
stant quasars.

If all DM is made of sterile neutrinos with a simple Fermi-Dirac-like
spectrum of primordial velocities (6.3), the matter power spectrum has a sharp
(cut-off like) suppression (as compared to ACDM) at scales below the free-
streaming horizon (6.4) (similar to the case of ‘thermal relics’ [28]). In this case
the Lyman-a forest data [35,81,163,187,188,191] 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) [35]. Such WDM models produce essenti-
ally no observable changes in the Galactic structures (see [35,59,138,162,175])
and therefore, from the observational point of view such a sterile neutrino DM
(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 [98,170]. The primordial
velocity distribution of RP sterile neutrinos contains narrow resonant (cold)
plus a nonresonant (warm) components — CWDM model (see [35,36] for de-
tails) 4. In the CWDM case, however, Lyman-« constraints allow a significant
fraction of DM particles to be very warm [35]. This result implies for example,
that sterile neutrino with the mass as low as 1—2 keV is consistent with all
cosmological data [36].

The first results [107] demonstrate that RP sterile neutrino DM, compa-
tible with the Lyman-a bounds [36], do change the number of substructure
of a Galaxy-size halo and their properties. Qualitatively, structures form in

4 Axino and gravitino models may have similar spectra of primordial velocities, c.f. [84].
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these models in a bottom-up fashion (similar to CDM). The way the scales are
suppressed in CWDM models is more complicated (and in general less severe
for the same masses of WDM particles), as comparable with pure warm DM
models. The first results of [107] demonstrate that the resonantly produced
sterile neutrino DM models, compatible with the Lyman-a bounds of [36], 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 [89,137])
can simply mean that these substructures did not confine gas and are therefore
completely dark (see e.g. [18,53,117,173]). 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
observations [51,89,137,176]. Resonantly produced sterile neutrino DM with its
non-trivial velocity dispersion, turns out to be “warm enough” to amend these
issues [107| (and “cold enough” to be in agreement with Lyman-« bounds [36]).

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 observable
effects of particles’ free streaming and decays are expected in terms of

e formation and nature of the first stars [73,158,169,177|;

e rejonization of the Universe [26,80,96,122,198];

e the structure of the intergalactic medium as probed by the Lyman-a
forest [35, 36, 159, 163, 188—191];

¢ the structure of dark matter haloes as probed by gravitational lensing
[70,124,133,171,189|;

e the structure and concentration of haloes of satellite galaxies [107,114,
115,147, 166).

The results of this analysis will be confronted with measured cosmologi-
cal observables, using various methods: Lyman-« analysis (with BOSS/SDSS-
IIT [161] or X-Shooter/VLT [185]), statistics and structure of DM halos, gravi-
tational lensing, cosmological surveys).

The weak lensing surveys can be used to probe further clustering properties
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 [86], LSST [111], WFIRST [78|, Euclid [16]) can provide
sensitivity, compatible with the existing Lyman-a bounds [124,171|. 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 velocities can
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be extremely challenging to disentangle from the modification of the matter
power spectrum due to baryonic feedback [61,164,190]. Finally, the modified
concentration mass relation, predicted in the CWDM models, including those
of resonantly produced sterile neutrinos [36,116] can be probed with the weak
lensing surveys (see e.g. [87,120]) if their sensitivity can be pushed to halo
masses below roughly 10'2 M.

6.2.3. Sterile neutrinos as decaying dark matter

Although the lifetime of any realistic decaying dark matter
should be much longer than the age of the Universe (see e.g. [44]), 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 par-
ticles 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 ~107 decays per
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 smal-
ler, (1.8 £0.3) x 10%? erg/s [178], 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.

Sterile neutrino is an example of decaying dark matter candidate. The ast-
rophysical search for decaying DM is very promising. First of all, a positive re-
sult would be conclusive, as the DM origin of any candidate signal can be unam-
biguously checked. Indeed, the decay signal is proportional to the column densi-
ty S = [ pam(r)dr along the line of sight and not to the [ p3 (r)dr (as it is the
case for annihilating DM). As a result, a vast variety of astrophysical objects
of different nature would produce a comparable decay signal (c.f. [38,42,46]).
Therefore

¢ one has a freedom of choosing the observational targets, avoiding compli-
cated astrophysical backgrounds;

e if e.g. a candidate spectral line is found, its surface brightness profile may
be measured (as it does not decay quickly away from the centers of the objects),
distinguished from astrophysical emissions (that usually decay in outskirts) and
compared among several objects with the same expected signal. This allows to
distinguish the decaying DM signal from any possible astrophysical background
and therefore makes astrophysical search for the decaying DM another type of
direct (rather than indirect) detection experiment.

The case of the astrophysical search for decaying DM has been presented in
the recent White Papers [1,32]. This approach has been illustrated on the recent
claim of [108] that a spectral feature at E' ~ 2.5 keV in the Chandra observation
of Willman 1 can be interpreted a DM decay line. Ref. [47] demonstrated
that such an interpretation is ruled out by archival observations of M31 and
Fornax/Sculptor dSphs with high significance (see also [109,130]).
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Fig. 6.2. 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 neutrinos). The blue shaded region in the upper
right corner is excluded by the non-observation of decaying DM line in X-rays [5,34,37,39,42,
43,110,153,192|. Gray regions between ~5 keV and ~20 keV show exzpected sensitivity from
a combination of a large number of archival observations (as described in Section 6.5.1).
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 DM is ‘too light’ and is ruled out based on 'Tremaine—Gunn’ like
arguments [45] and on the Lyman-« analysis [35, 36]

The ‘Tremaine—Gunn bound’ restricts the lowest energies in which one
can search for the fermionic decaying DM to the X-ray range. An extensi-
ve search of the DM decay signal in the keV range using archive data was
conducted recently, using XMM-Newton, Chandra and Suzaku observations
of extragalactic diffuse X-ray background, galaxies and galaxy clusters [5, 6,
34, 37, 39, 41—43, 48, 110, 153, 154, 192]. This search allowed to probe large
part of the parameter space of decaying DM (between 0.5 keV and ~14 MeV)
and establish a lower bound on the lifetime of dark matter decay for both
DM — v+~ and also DM — ~ 4+ (the latter would be the case e.g. for axion
or majoron [100]). The combined restrictions on the lifetime (see [44]) turns
out to exceed 10?6 s, almost independent on the mass.

Let us consider the implications of the negative results of searches for de-
caying dark matter line in the vYMSM, taking it as a minimal (baseline) model.
Its parameter space is presented in Fig. 6.2. For any combination of mass and
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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). If interaction strength is too high, too much dark matter is
produced in contradiction with observations. If the interaction strength is too
low — one cannot account for 100% of dark matter with sterile neutrinos
and additional “dark” particles would be needed). The shaded region in the
upper right corner is excluded due to non-observation of decaying dark matter
line with X-ray observatories |5, 6, 34, 37, 39, 41—43, 48, 110, 153, 154, 192].
Confronting the requirement to produce the correct DM abundance with the
X-ray bounds, one is able to deduce the upper limit on the mass of sterile
neutrino DM to be about 50 keV [37]. Finally, a lower limit on the mass of DM
sterile neutrino My ~ 1—2 keV comes from the analysis of the Lyman-« forest
data [35,36] °. As a result, the combination of X-ray bounds and computations
of primordial abundance shows that in the vMSM the parameter space of sterile
neutrino DM is bounded on all sides.

6.3. 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 order to estimate the dark matter decay map and determi-
ne optimal observational targets and detection strategy. 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 relati-
on 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 exi-
sting numerical 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 possi-
ble astrophysical background and therefore makes the astrophysical search for
decaying dark matter an “almost direct” detection experiment.

6.3.1. Dark matter column density

The flux from the dark matter decay from a given direction
cm™2) is given by

I'E pdm(r)

Fy = —L — " dr. 6.5

dm Mdm / 47|Dyp + r|? g (6:5)
fov cone

(in photons s~!

5 Notice, that the lower bound on the mass of sterile neutrino DM, produced via non-
resonant mixing (having a simple Fermi-Dirac-like spectrum) is at tension with the upper
bound on the mass, coming from X-ray observations (see e.g. [34,35] and refs. therein).
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Here Dy is the luminosity distance between an observer and the centre of
an observed object, pgm(r) is the dark matter density, and the integration is
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 objects®, Eq. (6.5) can be simplified:
T E,

Fm = —4
" 4rD? My

(6.6)

where M é?;; is the mass of dark matter within a telescope field of view, mgm, —
mass of the dark matter particle. In the case of small FoV, Eq. (6.6) simplifies to

TS QE,

F
dm 4drm

: (6.7)

where

Sum = / petm (1) (6.8)

lo.s.

is the dark matter column density (the integral goes along the line of sight),
2 <« 1 — FoV solid angle.

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 [43]

Sﬁﬁlw(gﬁ) = /pdm ( r% + 22 — 227 cos gb) dz, (6.9)
0

where ¢ is the off-the-Galactic-center region, so that for the direction with
galactic coordinates (I, b)
cos ¢ = cosbcosl. (6.10)

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

It can be seen (e.g. [37,42,43]) 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”.

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.

8 Namely, if luminosity distance Dy, is much greater than the characteristic scale of the
dark matter distribution.
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To properly compare the dark matter distributions in different objects,
fitted by different density profiles, one needs to average dark matter column
density within a central part of an object:

S= i/rdr/dzpdm(\/ﬂ—i—z?). (6.11)
r*
0

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 definition (6.11)
implies that S is proportional to the dark matter surface density within r,
(S o psrs), where p, is the average dark matter central density and r, is its
characteristic scale .

It has been argued for some time that p, and r, for galazies are inversely
proportional (for review see e.g. [91], see [67, 75| for recent results). Similar
result, extended to cluster scales, was originally discussed in [42]. 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 co-
lumn density in the objects in Local Universe, we altogether with coauthors [46]
produced a catalog of more than 1000 dark matter density profiles of about
300 unique dark matter-dominated objects 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 more than four orders of magnitude in 7,
(0.2 kpe < 7 £ 2.5 Mpe).

The resulting dependence of dark matter column density on the type and
mass of the objects is shown in Fig. 6.3. By studying dark matter distribution
in a large dataset of cosmic objects of different scale including dwarf, spiral
and elliptical galaxies, galaxy groups and galaxy clusters [46] we found the fol-
lowing relation between the characteristic dark matter column density & and
the halo mass My, °:

Mhalo
lgS§=021lg———— + 1. 12
gS=0211g 1000 AL +1.79 (6.12)

(with S in Mgpc2).

The fit to the data without the dwarf spheroidal galaxies (dSphs) has the
slope ~0.23, much better quality of fit, and coincides extremely well with the
results of N-body simulations [113] for isolated halos (black dashed-dotted line
on Fig. 6.3). At masses below 10'% M, no isolated halos were resolved in [113]

" For Navarro—Frenk—White (NFW) dark matter profile [139,140] p. = ps and 7. =
= r,. For other types of DM distributions, see [46] for relations between (p«, r«) and their
characteristic density and radius.

8 We use Mago as halo mass Mhaio. A proper definition of Mago can be found e.g. in [113].
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Fig. 6.3. Column density S as a function of halo mass Mhalo. The black dashed-
dotted line is the & — Mhaio relation obtained from N-body simulations [113], using the
WMAP fifth year cosmological parameters [90]. The shaded region shows the 3o 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 [52,113].
The gray dashed line showns the results from the Aquarius simulation for satellite
halos [174]

and a simple toy model [52,113| was used to predict the relation between
parameters of NF'W profile in a given cosmological scenario. The model (dotted
line in the Fig. 6.3) 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 observational data with N-body simulations indicates
that, despite the presence of various systematic errors in the data, the dark
matter distributions in the observed objects exhibit an universal property — a
systematic change of the average column density S as a function of the object
mass (S oc M2 | relation (6.12)). This is different from the flat S = const
dependence, previously suggested [67,75,91]. The latter is based, in our view,
on a confusion between the properties of isolated and non-isolated halos. Ex-
cellent agreement with pure dark matter simulations suggest also that the
observed scaling dependence is insensitive to the presence of baryons, details
of local environment, formation history.
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The relation (6.12) can be used to search for deviations from cold dark
matter model (e.g. warm dark matter models [28]) or modifications of gravity
at large scales [71]. This motivates the dedicated astronomical observations
with all the data processed in a uniform way. Studies of galaxies with the
masses below 100 M, and galaxy clusters would be especially important.

Various scaling relations are known in astrophysics (“fundamental plane
relation” for elliptical galaxies [92], “Tully—Fisher relation” for spiral galaxi-
es [183], etc.). The relation (6.12) discussed in this Section differs in one crucial
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 Modified
Newtonian dynamics [127] theory considered as an alternative to dark matter.
That is why this relation, further confirmed, studied and understood analyti-
cally, may serve as one more evidence of the existence of dark matter.

6.4. Existing X-ray bounds
on decaying dark matter parameters

Table 6.1 summarizes existing works that put bounds on
decaying dark matter from observations of individual objects. In this Table,
we do not discuss the claim [149] that the intensity of the Fe XXVI Lyman-y
line at 8.7 keV, observed in [93], cannot be explained by standard ionization and
recombination processes, and that the dark matter decay may be a possible
explanation of this apparent excess. Spectral resolution of current missions
does not allow to reach any conclusion. However, barring an ezact coincidence
between energy of decay photon and Fe XXVI Lyman-v, this claim may be
tested with the new missions, discussed in Section 6.5.2.

6.5. Strategy of further
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 range ?. Indeed, the virial theorem
immediately tells us that the temperature of the intercluster medium is

Tyas ~ Gn mp Rpar?, (6.13)

where p,,r, are characteristic density and size, R is a typical overdensity in
objects of a given type, m,, is the proton mass. For galaxy clusters the over-
density R ~ 103 and size r, ~ 1 Mpc, the temperature Tgas is always in the

9 When 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. [60].
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CHAPTER 6. Sterile neutrino dark matter

Table 6.1. Summary of existing X-ray
observations of different objects performed by different groups

Reference Object Instrument Cleaned exp, ks
[39] Diffuse X-ray background HEAO-1, XMM-Newton 224, 1450
[41] Coma & Virgo galaxy clusters XMM-Newton 20, 40
[42] Large Magellanic Cloud XMM-Newton 20
[155] Milky Way halo Chandra/ACIS-S3 Not specified

[192]* | M31 (central 5) XMM-Newton 35
[156] Abell 520 galaxy cluster Chandra/ACIS-S3 67
[43] Milky Way halo, Ursa Minor dSph | XMM-Newton 547, 7

[5] | Milky Way halo Chandra/ACIS 1500

[48] Galaxy cluster 1E 065756 Chandra/ACIS-I 450
(“Bullet”)

[31] Milky Way halo X-ray microcalorimeter 0.1

[199]® | Milky Way halo INTEGRAL/SPI 5500
[34] M31 (central 5—13") XMM-Newton/EPIC 130
[37]° | Milky Way halo INTEGRAL/SPI 12200
[110] Ursa Minor Suzaku /XIS 70
[157] Draco dSph Chandra/ACIS-S 32

[108]¢ | Willman 1 Chandra/ACIS-I 100
[50]¢ | M31, Fornax, Sculptor XMM-Newton/EPIC, 400, 50, 162

Chandra/ACIS

[131]¢ | Willman 1 Chandra/ACIS-I 100
[132] Segue 1 Swift/XRT 5
[30] | M33 XMM-Newton/EPIC 20—30
[193] M31 (12—28’ off-center) Chandra/ACIS-I 53
[109] Willman 1 XMM-Newton 60
[97] Ursa Minor, Draco Suzaku/XIS 200, 200

“ Mistakes on calculating the bound, see discussion in [34]. * INTEGRAL/SPI is sensitive

at 20 keV—7 MeV. € Claimed presence of 2.5 keV feature. ¢ 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.

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
gas [42]. However archival observations of dwarf spheroidal galaxies have rather
short exposure.

Objects with comparable column density and X-ray quiet (at least in ener-
gies above 1—2 keV) are the nearby spiral galaxies. Of these objects the Milky
Way (including Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC) satellites) and Andromeda galaxy had been observed for the longest
(combined) time. The strongest bounds on parameters of decaying dark matter
particles come from either Milky Way halo [43] or the central part of the And-
romeda galaxy [34].
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6.5. Strategy of further searches for decaying dark matter

The strongest existing bounds (those of [34,42,43]) used the X-ray obser-
vations of LMC, Milky Way and Andromeda galaxy whose effective exposure
was below 200 ksec (see Table 6.1) 1.

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

* Deep (few mega-seconds) ! observations of the most X-ray quiet objects.
“Classical” dwarf spheroidal galaxies (Ursa Minor, Draco, Sculptor, Fornax),
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 candi-
date 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.

e 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 all these observations, while the astrophysi-
cal backgrounds in the combined spectrum would “average out”, producing
a smooth continuum against which a small line would become visible. Nai-
vely, 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.

¢ Finally, drastic improvement in the decaying dark matter search is pos-
sible with a new generation of spectrometers, having large field of view and
energy resolution close to several eV [1,31,32,145|. In Section 6.5.2, we discuss
this possibility in more detail.

10 For Milky Way halo [43], 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.

1 Fven longer exposure will not improve the situation, as the error bars will begin to be
dominated by systematic uncertainties, see the next Section 6.5.1 for detailed discussion.
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6.5.1. Advance with existing
missions: stacking of observations

Significant improvement of sensitivity for decaying DM line
with the current X-ray missions (XMM-Newton, Chandra, Suzaku) is quite
challenging. Indeed, an improvement by an order of magnitude would require
an increase of observational time by two orders of magnitude. The best exis-
ting constraints in X-rays are based on observations with exposure of seve-
ral hundreds of ks. Therefore, one would need 210 Ms of dedicated X-ray
observations. Such a huge cleaned exposure is extremely difficult to obtain for
a single DM-dominated object (for example, the whole year of observational
programme of the XMM-Newton satellite is only 14.5 Ms).

Using archive of the XMM-Newton observations '? it is possible to collect
about 20 Ms of observations of nearby spiral and irregular galaxies [33| (galaxy
clusters have much stronger emission in the keV range and their combined
analysis would require a completely different strategy). Therefore a possible
way to advance with the existing X-ray instruments is to combine a large
number of X-ray observations of different DM-dominated objects. The idea
is that the spectral position of the DM decay line is the same for all these
observations, while the astrophysical backgrounds in the combined spectrum
would “average out”, producing a smooth continuum against which a small
line would become visible. Naively, this should allow to improve the existing
bounds by at least an order of magnitude.

However, this turns out to be a highly non-trivial task. Indeed, such a large
exposure means that the statistical errors in each energy bin can be as small
as 0.1 %. To extract meaningful bounds one would need therefore comparably
small systematic errors. However, the level of systematics of the XMM-New-
ton is much higher (at the level 510 %, see e.g. [79]) due to the instrument’s
degradation with time and variability of the instrumental (=cosmic-ray indu-
ced) background that constitutes a significant part of a signal in each energy
bin (and becomes a dominant component above few keV (c.f. [57,94,141,152]).
The exposure of ‘closed filter’ dataset 2 is ~1 Ms. As a result, the usual practice
of subtraction of rescaled instrumental background data (see e.g. [57,94,148]|)
would mean at least ~3 times larger errorbars due to the smaller exposure of
the instrumental dataset. Moreover, the instrumental component of the XM M-

12 XMM-Newton has the largest ‘grasp’ (=product of the field-of-view and effective area)
as compared to Chandra and Suzaku, which would allow to collect the largest amount of
photons from ‘diffuse sources’, such as the signal from DM decays in the DM halos of the
nearby galaxies.

13 A special dataset (obtained with the filter of the X-ray telescope closed, so that no
X-ray photons can reach the detector) created specifically to determine the (time-averaged)
shape of the instrumental background and used to remove the most prominent instrumental
features from observations of diffuse sources, see e.g. [94,112].
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Newton background is self-similar only on average which would introduce ad-
ditional errors (at the level of few %, see [43]). Another standard procedure
of working with diffuse sources — subtraction of the ‘blank sky’ data* will
not be applicable in this case as well. First of all, such a dataset would also
contain decaying dark matter line originating from the decays in the Milky
Way halo (this fact has been exploited before to put bounds on decaying DM
in [5,43]). Secondly, subtracting the ‘blank sky’ data would again reduce all
the advantages of a large dataset by lowering statistics (as the exposure of the
latest blank-sky co-added observations is again of the order of ~1 Ms).

This means that to take all the advantages of this long-exposure dataset,
one cannot use the standard data-processing methods. Therefore, an alternative
method of data analysis has to be developed, that has the sensitivity towards
the searching for narrow lines at the level, dictated by the statistics of the
combined dataset. The results will be reported in [33]. The estimated level of
sensitivity of this method is shown as the gray line in Fig. 6.2.

6.5.2. X-ray micro-calorimeters

Really significant progress (that allows, for example, to cover
the whole region of parameter space in Fig. 6.2) in searching for decaying DM
cannot be achieved with the existing instruments by simply increasing the
exposure of observations. Indeed, the width of the DM decay line, AE/E,
is determined by the virial velocities of DM particles in halos and ranges
from O(10~%) for dwarf spheroidal galaxies to O(1073) for the Milky Way-
size galaxies to 1072 for galaxy clusters. If the spectral resolution 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. [182]) and where the spectral resolution is at the level AE/E > 1072, see
Fig. 6.4. Therefore, an X-ray spectrometer with the energy resolution at least
AE/E ~ 1073 is crucial for detection of a decaying DM line.

The technology behind such spectrometers (known as X-ray micro-calo-
rimeters, see e.g. [125,150]) 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 (including
the ESA’s call for Fundamental Physics Roadmap), see e.g. [15, 32, 82, 145,
180]. Astrophysical interest to X-ray spectrometer is motivated by a number
of important applications to observational cosmology, providing crucial insight
into the nature of dark matter by studying the structure of the “cosmic web”.

4 Combination of many observations of X-ray quiet parts of the sky [57,152]. Unlike the
‘closed filter’ dataset collects the physical emission from the Milky Way.
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In particular,

e search for missing baryons in the cosmic filaments; through their emission
and absorption;

¢ trace the evolution and physics of clusters out to their formation epoch;

e usage of gamma-ray bursts as backlight to observe the warm-hot
intergalactic media in absorption;

e 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. [15,82,145]).

The first spectrometer based on this technology was flown (albeit un-
successfully) on Suzaku mission [85] and another one is being planned for
the Astro-H [14, 180]. However, currently planned and proposed X-ray mic-
ro-calorimeter missions (Astro-H [180], Athena [15], ORIGIN [82], etc.) are
not optimal for the purpose of decaying dark matter search. These missi-
ons are optimized for the astrophysical goals and have limited field-of-view
(usually, much below 1 deg?), 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. 6.4):

* aspectral resolution AE/E < 1073 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);

e large ‘grasp’ ~103—10* cm? - deg?. There are essentially two possibilities
to achieve such a grasp. One can either launch a non-imaging spectrometer
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Fig. 6./4. Comparison of sensitiviti-
es of existing and proposed/planned
X-ray missions for the detection of
the DM decay line in a nearby dwarf
spheroidal galaxy of the angular si-
ze of 1 deg. The sensitivity of XMM-
Newton EPIC camera is taken as a
reference. Solid lines indicate imp-
rovement of the sensitivity by fac-
tors of 1, 10 and 100 (the top left
is the most sensitive). The dashed
lines show the improvement of the
sensitivity towards the detection
of a strong line (in an effectively
background free regime). See also
[31,32]
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Fig. 6.5. Galactic diffuse background (observed with XMM-Newton (red)

and the same data, observed with the X-ray spectrometer (XQC pro-
ject [126])

(with a ‘collimator’ having a field-of-view as large as ~10% deg?) '°; or install
mirrors (thus increasing the effective area beyond the geometric size of the de-
tectors, probably to as much as 10% cm?). The latter option allows to have also
imaging capabilities, however, it is usually extremely costly to cover the requi-
red energy range and to have sufficiently large (at least 1° x 1°) field of view.
Fig. 6.4 summarizes the data on sensitivity of existing and proposed mis-
sions and demonstrates that none of them would provide a sufficient improve-
ment with respect to the existing constraints (see [31, 32| for discussion).
Currently, there exists a project (the X-ray quantum calorimeter, XQC
[126]) that can be considered a prototype of the proposed mission. It has the
field of view of about 1 sr (3.5 x 10% deg?), an effective area of ~1 cm? and
the energy resolution of 10 eV over the energy range 0.1—4 keV [126] 6. This
calorimeter has been flown several times on sounding rockets [126]. Although

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

16 A similar calorimeter used in Suzaku was capable of delivering a similar resolution up
to the maximal energy range of 12 keV [85].
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each flight had been very short (about 100 s), it allowed to demonstrate that the
Milky Way emission in the energy range 0.1—1 keV (which looks as a continuum
in the spectra obtained with X-ray imaging instruments, see e.g. [57,123] is
actually a “forest” of thin lines (see Fig. 6.5). Because of its superior spectral
resolution, decaying DM bounds based on the ~100 s exposure of the flight
of this spectrometer [126] are comparable with 10* s of the XMM-Newton
exposure [31].

To detect a dark matter decay line, that is much weaker than the lines
resolved with the XQC spectrometer, a significantly longer exposure (~1 year)
would be required. The requirement to keep the cryostat of such a spectrometer
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.

6.5.3. Laboratory searches for sterile neutrino DM

Finally, several words should be said about laboratory sear-
ches of DM sterile neutrinos. As Fig. 6.2 demonstrates, their mixing angle is
always smaller than ~10~* (even for the lightest admissible masses of ~1 keV).
This makes their laboratory searches extremely challenging. One possibility
would be to measure the event-by-event kinematics of S-decay products [25].
This experiment, however, is plagued by the bremsstrahlung emission of the fi-
nite state electrons that changes their energy. Other possibilities of searches for
the keV-scale sterile neutrinos are discussed e.g. in [8,106,184]. All these experi-
ments require essentially background-free regime and it is not clear whether any
of them can realistically touch cosmologically interesting region of parameters
of sterile neutrino.

6.6. Conclusion

After almost 20 years of research the sterile neutrino remains
a viable dark matter candidate. Observations of neutrino flavor oscillations
further increased the interest to this candidate. Recent discovery of a Higgs
like particle with the mass 125—126 GeV and absence of signs of new phy-
sics at the LHC or in DM direct detection experiments call for alternative
(not related to electroweak symmetry breaking) testable beyond the Standard
Model (BSM) models (including dark matter). Attempts to solve all BSM prob-
lems with particles with masses below electroweak scale [49,167]| provide an
novel approach to the problem of naturalness of the SM.
Dedicated cosmic experiment, an X-ray spectrometer, searching for signa-
tures of decaying dark matter, has a capability to identify the dark matter
particle. Combination of this experiment with the searches for neutral leptons
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at beam-target experiments gives a unique possibility to resolve experimentally
three major BSM problems: the nature of neutrino flavor oscillations; the
mechanism of generation of matter-antimatter asymmetry in the Universe; and
the existence of dark matter. It could provide not only a possibility to detect
new particles, but also do independent cross checks of the mechanisms of DM
production and baryogenesis. Even negative results would allow to shed a light
on the DM properties and therefore restrict the class of extensions of the SM.

Although the current data, describing formation of structures, is fully con-
sistent with the ACDM ‘concordance’ model, sterile neutrino DM (that can
be ‘warm’, ‘cold’ or ‘mixed’ (cold + warm)) is also fully compatible with the
observations. Future cosmic surveys will be able to measure the matter power
spectrum with the sufficiently high precision to detect the imprints that such
DM leaves in the matter power spectrum at sub-Mpc scales.
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CHAPTER

SEARCH FOR EFFECTS

BEYOND THE STANDARD MODEL
OF PARTICLES IN LOW
COUNTING EXPERIMENTS

F.A. Danevich, V.V. Kobychev, V.I. Tretyak

In fundamental physics,
if something can be tested,
it should be tested.

L.B. Okun [355]
7.1. Introduction

Properties of particles and interactions — and, in particular,
properties of neutrino and weak interactions — play a key
role not only in particle physics, but also in cosmology and
astrophysics. Measurements of neutrino fluxes from the Sun,
from cosmic rays in atmosphere, from reactors and accele-
rators give strong evidence of neutrino oscillations, an effect
which cannot be explained in framework of the Standard
Model of particles. Search for neutrinoless double beta decay
is considered now as an unique tool to study properties of
neutrino. Study of this extremely rare nuclear decay with
the help of nuclear spectrometry methods, without building
of rather expensive accelerators, allows to investigate quite
wide range of interesting and important effects beyond the
Standard Model: nature of neutrino (is neutrino Dirac or
Majorana particle), an absolute scale and the mass scheme of
neutrino, to check the lepton number conservation, examine
existence of hypothetical Nambu—Goldstone bosons (majo-
rons) and right-handed currents in weak interaction.
Experiments with neutrino detectors, in addition to
fundamental investigations of neutrino oscillation parame-
ters, provide important knowledge of electromagnetic pro-
perties of neutrino, examine possible existence and mixing
with heavy neutrino. Furthermore, the experiments direc-
ted to detect solar or/and reactor neutrinos can study
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neutrino flux from the Earth providing an unique information on our planet
structure.

Development of sensitive experimental technique to search for double beta
decay, the rarest process ever observed, allow in parallel to study several hy-
pothetical particles and processes, such as decay of electron or nucleons, viola-
tion of the Pauli principle, search for mass of photon, etc. Another direction of
astroparticle (underground) physics is search for axions, hypothetical particles
predicted to explain the strong CP problem in quantum chromodynamics.
Axions are also considered as very promising candidates to explain dark matter
in the Universe.

There is an evidence for a large amount of invisible (dark) matter in the
Universe, which reveals itself only through gravitational interaction. Weakly in-
teracting massive particles (WIMPs), in particular neutralino predicted by the
Minimal Supersymmetric extensions of the Standard Model, are considered as
one of the most acceptable components of the dark matter. A few current large
scale projects to search for dark matter require development of massive (hund-
reds and thousands kg) ultra-low background detectors which contain certain
elements (or variety of elements), have low energy threshold, are extremely
radiopure, and are able to distinguish very weak effect from background.

Scintillation detectors possess range of unique properties for the low coun-
ting experiments: low radioactive contamination, presence of different elements,
stability over tens of years of operation, reasonable price. Moreover, develop-
ment, during the last decade, of the technique of low temperature scintilla-
ting bolometers give a “second wind” for the scintillation method allowing to
reach very high energy resolution and low energy threshold, excellent partic-
le discrimination ability, which are especially important features for the next
generation double beta and dark matter experiments.

Double 8 decay and dark matter experiments demand super-low radioacti-
ve background which can be reached only in deep underground laboratories and
with detectors constructed with super-pure materials. Development of experi-
mental methods to search for the rare events gives possibility to search for
other rare processes in nuclear and particle physics, such as transition of nuclei
to super-dense state, nuclear decays with cluster emission, rare 5 and « decays.

We present here brief reviews of current status and describe several recent
results obtained in the field over last few years.
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7.2. Double beta decay
7.2.1. Basic theory and experimental status

Double beta (23) decay of atomic nuclei was considered by
Maria Goeppert—Mayer in 1935 as nuclear process changing a nuclear charge
by two units [257]. As an example, scheme of decay of '9Cd is shown in Fig. 7.1.
Two neutrino (2v) double beta decay, a process of transformation of nuclei
with simultaneous emission of two electrons (positrons) and two antineutrinos
(neutrinos):
(A, Z) = (A, Z +2) + 2e + 20,

(A, Z) = (A, Z —2) +2e" + 20,

is allowed in the Standard Model (SM). In addition to decay with emission of
two positrons, capture of electron with positron emission, and double electron
capture are possible:
e +(A,Z) = (A, Z —2) +et + 2u,,
2¢ + (A, Z2) = (A, Z —2) + 2v..

However, being the second order process in weak interaction, 25 decay is
characterized by an extremely low probability: to-date it is the rarest decay
observed in direct laboratory experiments. It was detected only for 11 nuclides;
corresponding half lives are in the range of 108—10%* yr [410,411]. The posi-
tive experiments where the two neutrino double beta decay was observed, and
experiments giving the most stringent limits on two neutrino channel are listed
in Table 7.1 (more detailed information, especially on geochemical experiments

1" 0
0" 0 18 In
116
48 Cd ____________________
]
03 2027
07 1757
2° 1294
0,5=2809(4) keV
0" 0
"1 Sn

Fig. 7.1. Decay scheme of *'°Cd. Energies of excited levels and emitted
~ quanta are in keV. Qap is the double beta decay energy [57]
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Table 7.1. Half lives relatively to 2023~ decay. The data
are presented for transitions to the ground states of the daughter nuclei.

Transitions to the first 01*' excited levels of the daughter nuclei (07 — Of)

are observed for Mo and '5°Nd. If two uncertainties are given,
the first one is statistical, and the second one is systematic
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Isotope Ty 2, years Experimental method Ref.
18Ca (4.3721 +1.4) x 10*° Enriched *®*Ca in time-projection chamber [65]
(4.2733) x 10" Enriched “®Ca between planar Ge detectors  |[168]
(44705 £0.4) x 10" Tracking calorimeter NEMO-3 [413]
6Ge (9.0 £ 1.0) x 10*° HPGe detectors with enriched "®Ge [418]
(1.178:8) x 10* Same [332]
(8. 4+}) 9) x 10%° " [167]
(1.1£0.2) x 10* ” [4]
(1.77 £ 0.01731%) x 10% ” [261]
(1.55 £ 0.017012) x 10* ” [291]
(1.74 4+ 0.017918) x 10! " [215]
828e (1.24 0.1+ 0.4) x 10" Geochemical [318]
(1.0873:2%) x 10%° Enriched %2Se in time-projection chamber [228]
(8.34+1.040.7) x 10" Tracking calorimeter NEMO-2 [45]
(9.6 £0.3+1.0) x 10 | Tracking calorimeter NEMO-3 [46]
967y (3.940.9) x 10" Geochemical [280]
(2.1758) x 10%° Tracking calorimeter NEMO-2 [44]
(9.44+3.2) x 10'® Geochemical [429]
(2.3540.14 £ 0.16) x 10'? | Tracking calorimeter NEMO-3 [36]
100Mo | (3.3%29) x 10*® Enriched '°°Mo between plastic scintillators | [419]
and proportional chambers
(1.275-2) x 10*° Enriched '°°Mo between plastic scintillators | [221]
in a proportional chamber (ELEGANT V)
(9.540.440.9) x 10'8 Tracking calorimeter NEMO-2 [202]
(7.6722) x 108 109Mo foil between Si(Li) detectors [22]
(6.8270:3% +0.68) x 10'® | %Mo foil in time-projection chamber [387]
(72409 +1.8) x 10'8 109\o in ionization chamber with liquid argon | [50]
(2.14+0.3) x 10*® Geochemical [265]
(7.11 4 0.02 £ 0.54) x 10'® | Tracking calorimeter NEMO-3 [46]
100Mo | (6.111°5) x 10%° HPGe v spectrometry of 1°°Mo sample [71]
0" — 07 [(9.313%) x 10%° HPGe v spectrometry of '°°Mo samples [78]
(5.9717 4+ 0.6) x 10%° HPGe v spectrometry of 1°°Mo sample [166]
(5.7752 +0.8) x 10%° Tracking calorimeter NEMO-3 [48]
(5.5% 5% +£0.3) x 10%° HPGe ~ spectrometry of °®Mo sample [281]
(6.975:3 +0.7) x 10%° HPGe v spectrometry of *°°Mo sample [91]
HiCd  |>1.3 x 10*® at 90% CL CdWOy crystal scintillator [92]
Hecd | (2.6%99) x 10*° 16Cd foil between plastic scintillators [222]
in a proportional chamber (ELEGANT IV)
(2.975%) x 10%° H6CAdWO, crystal scintillators [200]
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End of the tabl. 7.1

Isotope Ty /2, years Experimental method Ref.
(3.75 4 0.35 £ 0.21) x 10" | Tracking calorimeter NEMO-2 [47]
(2.88 +0.04 + 0.16) x 10" | Tracking calorimeter NEMO-3 [413]
128Te (1.840.7) x 10** Geochemical [317]
(7.740.4) x 10** Geochemical [150]
(2.440.4) x 10* Geochemical [329]
130T (2.60 4 0.28) x 10*! Geochemical [287]
(7.540.3 +£2.3) x 10%° Geochemical [317]
(2.740.1) x 10** Geochemical [150]
(7.941.0) x 10%° Geochemical [404]
(6.141.4752) x 10%° Cryogenic bolometer with TeOs crystals | [42]
(9.0 £1.4) x 10*° Geochemical [329]
(7.0+£0.9+1.1) x 10*° Tracking calorimeter NEMO-3 [43]
136Xe >1.0 x 10*? at 90% CL Scintillation detector with liquid xenon [148]
enriched in *%Xe
>8.5 x 10%! at 90% CL High-pressure proportional counter [245]
filled by enriched '3¢Xe
(2.11 4£0.04 +0.21) x 10** | EXO time projection chamber 8]
filled by liquid enriched **®Xe
(2.38 £0.02 £ 0.11) x 10*' | KamLAND-Zen liquid scintillator [243]
loaded by enriched **¢Xe
150Nd (1.8815:55 £0.19) x 10*° 159Nd sample in time-projection chamber | [39]
(6.751557 £0.68) x 10'® 159Nd sample in time-projection chamber | [387]
(9117525 £0.63) x 10'® | Tracking calorimeter NEMO-3 [35]
1‘Z(—)Nd . (1.3315:35+027) x 10%° HPGe v spectrometry of '*°Nd sample [79]
0" — 07
160Gd >1.9 x 10™ at 90% CL Gd2SiOs(Ce) crystal scintillator [201]
186y >2.3 x 10" at 90% CL ZnWOy crystal scintillators [93]
B8U (2.040.6) x 10* Radiochemical [415]

with 82Se, 128Te, 130Te can be found in [410,411]). Estimation of average half
lives of the nuclides is proposed in [70]. It should be stressed, that comparison
of the measured half lives of different isotopes relatively to the two neutrino
mode allows to tune theoretical calculations for the neutrinoless mode (see
below), important to derive values of the effective neutrino mass from experi-
mental data.

In 1937 Ettore Majorana has introduced a true neutral neutrino equivalent
to its antiparticle (Majorana neutrino, v = ) [323]. In 1939 W.H. Furry [240]
considered at the first time possibility of neutrinoless double beta (0v2(3) decay,
a process of transformation of (4, Z7) to (A, Z £+ 2) through exchange of vir-
tual Majorana neutrinos and accompanied by emission of only electrons or

249



CHAPTER 7. Search for effects beyond the Standard Model of particles

positrons:

(A, Z) = (A, Z +2) + 2¢F.

Neutrinoless 28 decay of atomic nuclei is forbidden in the SM because this
process violates the lepton number by two units |52, 53, 75,225, 227,229, 253,
259,347,374,420,421,435|. However, this decay is predicted in many SM exten-
sions which expect in a natural way that the neutrino is a Majorana particle
with non-zero mass. While experiments on neutrino oscillations already gave
evidence that the neutrino is massive [216,341], these experiments are sensitive
only to neutrino mass differences. Double beta decay experiments are conside-
red to-date as the best instrument to determine an absolute scale of neutrino
mass, establish the neutrino mass hierarchy, probe the nature of the neutrino
(is it a Majorana or a Dirac particle?), test conservation of the lepton number.

The half life of 0v23 decay is inversely proportional to the square of the
effective Majorana mass of neutrino (m,):

(Tys7) 7 = G™(Qps, Z) x [M™|? x (m,,)? with (m,) = [SUZm,|, (7.1)
where G% (Qpp, Z) is the phase space integral, M% is the nuclear matrix
element, m,, are the mass eigenstates of neutrino, U,; — matrix elements of
mixing between the mass eigenstates and flavor states of neutrino.

Experimental investigations of double 3 decay are carried out by different
approaches: geochemical (measurements of daughter isotopes in old minerals
containing element of interest), radiochemical (detection of alpha activity of
daughter nuclei in a sample of uranium), direct counting methods by using
nuclear detectors. According to Yu.G. Zdesenko [435], the last approach can
be divided in two different classes: (a) experiments using a “passive’ source
placed near detectors; and (b) experiments involving an “active” source, in
which a detector contains 25 decay candidate nuclei and thus serves as both
source and detector simultaneously.

Developments in the experimental techniques during the last two decades
lead to an impressive improvement of sensitivity to the neutrinoless mode of
23~ decay up to 10?2>-10%° yr. Readers can find an interesting historical review
of double beta decay studies in [76]. History of false discoveries of this rare
process is presented in [409]. Results of the most sensitive experiments to search
for 028~ decay are given in Table 7.2.

In more general terms the half life relatively to the 0v28 decay should
include also admixtures of hypothetical right-handed currents in weak inte-
ractions:

(i) = O, (2 4 00 ) ) o (2]
+ O + Co ) + CX (N (),
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Table 7.2. Results of the most sensitive experiments
to search for 0v23~ decay. If not specified explicitly, the limits are given
for the transition to the ground state of the daughter nuclei. The values
of the effective Majorana neutrino mass (m,) and coupling constants (\),
(n) derived from high sensitivity 0v23 decay experiments are also presented.
The limits on (m, ) and (n) from the observation of 23 decay of '**Te
were derived under assumption that the 23 decay of this isotope

is due to the neutrinoless decay [150]

Iso- CL, _6 _8 .
tope Ty 2, years o my, eV n(107°) A(1078) Experimental method Ref.
4BCa | >1.4x 10?2 | 90 CaFy crystal scintillators 353
>5.8 x 1022 416
T6Ge | >7.4x10%* | 90 <1.1 <0.64 |HPGe detectors from 261
>1.9x 1025 | 90 <0.35 enriched "6Ge 291
>1.57 x 10%%| 90 |<(0.33—1.35) [5]
(2.23t8;§j) x| 68 | 0.32+0.03 |0.69275:53810.30510-928 [290]
x 102°
82Ge | >2.7x 1022 | 68 828e foil in time-projection |[228]
chamber
>2.7%x 1022 | 90 | <(1.7—4.9) <3.8 NEMO-3 [46]
967Zr | >9.1x 102 | 90 NEMO-3 [36]
100Mo| >5.5 x 1022 | 90 | <(2.1)—4.8 100Mo foil between plastic  |[220]
>4.2 x 1022 <(3.2—4.7) scintillators in proportional
>4.9 x 1022 <(2.4—2.7) |chamber (ELEGANT V)
>4.6 x 1023 | 90 | <(0.7—2.8) <2.5 NEMO-3 46
>8.9 x 1022 | 90 NEMO-3 48
4cd | >1.1 x 102t | 90 CdWOy4 crystal scintillator | [92]
16Cd| >1.7x 1023 | 90 | <(1.5—1.7) <2.2 <25 [116CAWO4 crystal [200]
>1.4 x 1022 scintillators
>1.4 x 1022
(07)
>2.9 % 1022
@7)
128Te | >1.1x 1023 | 90 TeO3 cryogenic bolometers | [42]
(7.2+0.4) x <(1.1-1.5) <5.3 Geochemical [150]
x 1024
130Te | >2.1x 1023 | 90 | <(1.6—2.4) <(0.9—5.3)| TeO2 cryogenic bolometers | [42
>3.0 x 104 <(0.19—0.68) 41
>3.1 x 1022 42
@)
134Xe | >5.8 x 1022 | 90 Liquid xenon scintillation  |[148]
detector
136Xe | >3.4x 1022 | 90 | <(1.8)—5.2 Time grojection chamber [424]
>2.6 x 1023 <4.4 <2.3  |with ¥6Xe
>1.2 x 1024 <29 Liquid xenon scintillation [148]
detector
150Nd| >1.2 x 1021 | 90 Time projection chamber [387]
with 159Nd foil
>1.8 x 1022 | 90 | <(4.0—6.8) NEMO-3 [35]
160Gd | >1.3 x 102t | 90 Gd2SiO5(Ce) crystal [201]
scintillator
186W | >1.1x 102! | 90 CdWOy crystal scintillators |[200]
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here () describes the coupling
2v2B OvM2 OvM™* 0vM1 0v2 W
b B\ Y v V¢ ¢V lv P between the right-handed lepton

current and right-handed quark
current, and (n) describes the
coupling between the right-han-
ded lepton current and left-han-
ded quark current. The effective
Majorana neutrino mass and the
right-handed current coupling
constants derived from the most
sensitive 0v23 decay experi-

Fig. 7.2. Response functions of a detector with ments are presented in Table 7.2.
the energy resolution 4 % (full width at the half of

peak maximum, FWHM) for the 2v and Ov modes Neutrinoless 2/3 decay may
of the 28 decay of 1'°Cd also occur due to existence of

majorons, hypothetical neutral
pseudoscalar zero mass (or very light) Nambu—Goldstone bosons, which coup-
le to Majorana neutrinos and may be emitted in the neutnoless 238 decay
[180,181,246]. The most sensitive experiments to search for majorons are pre-
sented in Table 7.3.

According to the Schechter—Valle theorem [383], observation of neutrino-
less double 8 decay implies the Majorana nature of neutrinos with non-vani-
shing mass. Generally speaking, the neutrinoless double beta decay can be
mediated by different hypothetical processes beyond the SM.

1.0}

05F

Arbitrary scale

0 1000 2000 3000
Energy, keV

Broad energy spectra of two electrons are expected in case of two neutrino
2/ decay and neutrinoless double 8 decay with emission of one, two and bulk
[342] majorons. A sharp peak with the energy equal to Qgs and the width
determined by the energy resolution of a detector is expected in a case of 0v20
decay (see Fig. 7.2).

Table 7.3. The most sensitive experiments to search for double
B decay with majoron emission. All the limits are given at 90 % CL

Isotope Ty /2, years Experimental method Ref.
6Ge >1.7 x 10%2 HPGe detectors with enriched "®Ge [87]
828 >1.5 x 102 NEMO-3 [49]
100Mo >2.7 x 10%? NEMO-3 [49]
1ecd >8.0 x 10%! H6CAWOy, crystal scintillators [200]
128 e >7.2 x 10%* Geochemical [150]
130T >2.2 x 10! TeO2 cryogenic bolometers [42]
136X e >5.0 x 10% Liquid xenon scintillation detector [148]
150N d >1.5 x 10*! NEMO-3 [35]
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Fig. 7.3. Decay scheme of 1°°Cd. Energies of excited levels and emitted
quanta are in keV (relative intensities of v quanta are given in parentheses).
Q23 is the double beta decay energy

Several high sensitivity double beta decay projects are in preparation or in
R&D stage: CANDLES (search for 23 decay of *Ca with the help of CaF5 scin-
tillators [433]), CUORE (!3°Te, low temperature TeOz bolometers [40,234]),
GERDA [385] and MAJORANA [3] ("%Ge, semiconductor high-purity germa-
nium detectors), LUICFER (3?Se, ZnSe scintillating bolometers operated at
20 mK [254]) and SuperNEMO (track detector based on NEMO-3 technolo-
gy [72]), AMoRE (1Mo, CaMoQy crystal scintillators [314]), EXO (136Xe,
time-projection chamber filled by liquid xenon with detection of scintillati-
on [23]) and KamLAND-Zen (13¢Xe dissolved in large volume liquid scintilla-
tor [405]), SNO+ (1%°Nd, neodymuim loaded liquid scintillator [178]). All the
experiments (except the CANDLES and CUORE projects in their first stages)
intend to use hundred kilograms of enriched isotopes.

Experimental investigations are concentrated mostly on 25~ decays, pro-
cesses with emission of two electrons. Results for double positron decay (2571),
electron capture with positron emission (¢47), and capture of two electrons
from atomic shells (2¢) are much more modest (as an example, the decay sche-
me of 1%6Cd is presented in Fig. 7.3). The most sensitive experiments give li-

253



CHAPTER 7. Search for effects beyond the Standard Model of particles

Table 7.4. Results of the most sensitive experiments

to search for double electron capture (2¢), electron capture with emission

of positron (¢87), and double positron emission (281). In those cases where
it is not specified, the limits are given for the transitions to the ground
state of the daughter nuclei. Results correspond to 90 % CL, except

of [98,145,328] which correspond to 68 % CL

Modes and channels .
Isotope of decay Ty /2, years Experimental method Ref.
40Ca 20v2e >5.9 x 1021 CaF32(Eu) crystal scintillators [94]
647n 202K >1.1 x 1019 ZnWOy4 crystal scintillators [95]
Ov2e >3.2 x 1020 Same
2ueft >1.0 x 1021 ”
Oveft >8.7 x 1020 ”
7Se 0v2e(25,1204.2 keV) >5.5 x 1018 HPGe ~ spectrometry of enriched 74Se [73]
8Kr 202K >1.5 x 1021 Proportional counter with enriched "8Kr | [244]
9Ru 0v2K >1.2 x 1019 HPGe « spectroscopy of Ru sample [96]
2vepBt >2.5 x 1018 Same
2026+ >3.9 x 1018 ”
106cq 2v2¢ >3.6 x 1020 |106Cd foil between HPGe (TGV) [378]
2uvepBt >4.1 x 1020 106Cd sample between NaI(T1) detectors| [98]
Oovept >3.7 x 1020 Same
(2v + 0v) 287+ >1.6 x 1020 ”
Ov2e >1.3 x 1021 106 CdWO, crystal scintillator [99]
OveBt >2.6 x 1021 Same
2026+ >6.0 x 1020 ”
028t >1.3 x 1021 ”
108¢dq 202K >1.1 x 10'®  |CdWO4 crystal scintillator [92]
Ov2e >1.0 x 1018 Same
120 2vepBt >7.6 x 1019 | TeOq cryogenic bolometers [26]
OveBt >1.9 x 1021 Same
130, 2e +eBt + 28T [(2.240.5) x 102! | Geochemical [328]
1328, 2 >2.2 x 1021 | Geochemical [328]
136 Ce 202K >3.2 x 1016 CeCl3 crystal scintillator [100]
02K >3.0 x 10'®  |Same
2vefBt >2.4 x 1016 ”
Ovept >9.0 x 1016 ”
20267+ >1.8 x 1016 Gd2S05(Ce) crystal scintillator [201]
ov28+ >6.9 x 107 CeF'3 crystal scintillator [145]
156 Dy 22K >6.1 x 10'*  |HPGe v spectrometry [101]
02K >1.7 x 1016 |Same
(2v + 0v) Bt >1.9 x 1016 ”
180w 202K >1.0 x 1018 ZnWOy4 crystal scintillators [95]
0v2e >1.3 x 10'®  |Same
190py, 202K >8.4 x 1014 HPGe ~ spectrometry [102]
02K >5.7 x 1015 Same
2ueBt >9.2 x 1015 ”
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mits on the 2e, ¢8T and 28T 10%41
processes on the level of 1016— 1031 (m=0.02 eV
10* yr (see Table 7.4). Reasons 103
for this situation are: (1) lo- 10°'] (my=0.3eV
wer energy releases in 2e, e E (3] (my=1eV
and 23T processes in compari- i:‘ 102
son with those in 287 decay, % ;4]
that result in lower probabiliti- = 7]
es of the processes, as well as 1021
making background supp ressi- 1021
on difficult; (2) usually lower na- ; v ; ' v
1 10 10> 10° 10*

tural abundances of 287 isoto-
pes (which are typically lower- AE, eV

than 1 % Wlth Only few excep- FZg 74. Calculated dependence of the half life
tions). Nevertheless. studies of of 1°°Cd relatively to the resonant Ov2e capture
’ to excited levels of '°°Pd on parameter AE (see

- - S
neu‘Frlnoless 2e and 5? decays text) for different values of the effective neutrino
are important to explain the me-  pagss [99]

chanism of neutrinoless 23~ de-
cay: is it due to non-zero neutrino mass or to the right-handed admixtures
in weak interactions [266]. Another important motivation to search for double
electron capture appears from a possibility of a resonant process due to energy
degeneracy between initial and final state of mother and daughter nuclei. Such
a coincidence could give a resonant enhancement of the neutrinoless double
electron capture. The possibility of the resonant neutrinoless double electron
capture was discussed time ago in [149,398,422,432|, where an enhancement of
the rate by some orders of magnitude was predicted. Such a resonant process
could occur if the energy of transition (Qgg) minus two binding energies of
electrons on atomic shells of daughter nucleus is near to the energy of the
ground or an excited level (Feyx.) of a daughter isotope. Fig. 7.4 shows results
of calculations [99] for one of the most promising isotopes %Cd.

The half life relatively to 0v2e decay is expected to become shorter with
decrease of the difference between the initial and the final state of mother

anddaughter nuclei:
AE = Qﬁﬁ — Eexc - (.EbZ + Eb]-),

where Fj, and Fj; are the energies of binding electrons on ¢ and j shells of
daughter atoms (a combination ¢ = j is also possible). The potentially 2¢ active
nuclei having excited levels with energies satisfying such a condition are listed
in Table 7.5.

It should be stressed that the present accuracy of the data on the energy
of 23 decay (which come from the accuracy of atomic mass measurements) in
most of the cases is on the level of a few keV. Therefore, precise measurements
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of atomic mass difference for the potentially interes-
ting isotopes and accurate determination of the excited
levels characteristics (spin, parity, decay channels) are
requested. Meanwhile, development of experimental
technique to search for double electron capture in dif-
ferent nuclei is important. The resonant double elect-
ron capture experiments can be realized both by the
“passive” and “active” source techniques. One should
keep in mind that nuclei with high nuclear charge Z
are favorable from the point of view of the decay pro-
bability.

Recently several experiments were performed to
search for resonant double electron capture. Scintilla-
tion technique was applied to investigate °6Cd [99]
and '80W [95], while ultra-low background HPGe 7
spectrometry was used to search for resonant processes
in ™Se [73], %Ru [96,97], 5Dy, 8Dy [101] and %Pt
[102]. According to estimations 226, 389], in case of
152Gd and '%*Er the sensitivity can be comparable
to the favored Ov28~ decays of nuclei. However, the
energy release in double electron capture of these
nuclei is expected to be very low (several keV) which
makes certain difficulties to carry out high sensitivity
experiments.

7.2.2. Search for 23 processes
with the help of low background ~ spectrometry

Search for 283 processes in %6 Ru, %4 Ru, 156 Dy,
158 Dy, 190 Pt and 198 Pt. A search for 23 decay of
9Ru and '"“Ru was carried out by using a ruthenium
sample with mass of 473 g with the HPGe detector
GeCris (468 cm?) over 986 h, and in the GeMulti set-
up (four HPGe detectors, ~225 cm? volume each one)
over 1176 h in the Gran Sasso underground laboratory
of INFN (Italy). The measurements allowed to estab-
lish limits on 28 processes in ruthenium on the level
of T 5 ~ 101810 yr [96,97]. In 2010 the ruthenium
(the total mass of the initial material was increased
to ~900 g) was purified by electron beam melting to
remove potassium (the activity of “°K in the rutheni-
um before the purification was 3.3 +0.6 Bq/kg, while
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CHAPTER 7. Search for effects beyond the Standard Model of particles

after the purification the activity was reduced by one order of magnitude). Now
measurements are in progress in the GeMulti set-up. We estimate a sensitivity
of the experiment to search for 23 processes in Ru and '°*Ru at the level of
1020—-10?! yr depending on the decay channel.

A search for 2 decay of dysprosium was realized for the first time with
the help of an ultra-low background HPGe ~ detector of 244 cm?® volume.
After 2512 h of data taking with a 322 g sample of DysOg3 limits on 20
processes in 196Dy and Dy have been established at the level of T} 2~ 10M4—
106 yr [101].

The measurements performed over 1815 h with a 42.5 g sample of platinum
with the GeCrys HPGe v spectrometer were used to set limits on double
processes in '%OPt in the range of Typ ~ 104106 yr [102]. The search for
the possible resonant Ov2e capture to the 1382.4 keV level was realized for the
first time.

Main results of investigations of possible resonant neutrinoless double
electron capture in °Ru, 9Dy, ¥Dy and '"YPt are summarized in Table 7.5.

7.2.3. Two neutrino 23 decay
of 199Mo to the first 01 excited level of 1°°Ru

A 1199 g sample of molybdenum oxide with molybdenum
enriched in Mo to 99.5 % was measured over 18120 h in the GeMulti set-up.
Two v quanta of 540 keV and of 591 keV emitted in the deexcitation process
after 20203 decay of 1%Mo to the 0] excited level of “Ru (FEex. = 1131 keV)
were observed both in coincidence and in the sum spectra (the sum spectrum is
shown in Fig. 7.5 together with the background data). The measured half life
Typ = 6.9 8 (stat.) £0.7(syst.) x 102 yr [91] is in agreement with positive
results obtained in previous experiments [48,71,281].

7.2.4. Double 3 experiments
with the help of scintillation detectors

Search for 283 processes in $4Zn, 0Zn, W and
186 W with low background ZnWOQOy, crystal scintillators. A search for
23 processes in %4Zn, 07Zn, ¥OW and W has been performed in the low
background DAMA /R&D set-up at the Gran Sasso underground laboratory
by using ZnWQy, crystal scintillators. First results of the experiment were
reported in [93,103]. New improved half life limits on double beta decay of
Zn and W isotopes were set on the level of 10'®—-10%' yr by analysis of the

total 0.3487 kg x yr exposure [95]. In particular, limits on 23 decay in %4Zn
were set as: T22K > 1.1x101 yr, T72° > 3.2x10% yr, T12725B+ > 9.4%10% yr,
and T8 > 8.5 x 10?2 yr (all the limits at 90 % confidence level). The energy

1/2
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Fig.7.5. The energy spectrum collected for 18120 h with the 1199 g

1090Mo003 sample (top) and the background spectrum collected for 7711 h
(bottom; normalized to 18120 h)

spectrum of the ZnWQ, crystal scintillator @41 x 27 mm measured over 2798 h,
corrected for the energy dependence of detection efficiency, together with the
202K peak of %4Zn with le/’/ZQK = 1.1 x 10" yr excluded at 90% C.L. is
presented in Fig. 7.6. The measured energy spectrum of the ZnWOy scintillati-
on crystals (the total exposure is 0.349 kg x yr) together with the GEANT4
simulated response functions for 3% process in %4Zn excluded at 90 % C.L.
is shown in Fig. 7.7 together with the most important components of the
background.

The 0v2¢ decay in YW was restricted to the level of T} 2> 1.3 % 108 yr
(possibility of this decay can be increased through the resonant enhancement).

Search for 283 decay of cerium with CeClg crystal scintillators.
A search for 23 processes in 26Ce, 138Ce and '#2Ce has been performed over
1638 h by using a 6.9 g CeCls crystal scintillator. New improved half life

limits have been obtained, in particular for 36Ce: T12/”22K > 3.2 x 106 yr,

2 + 0 +
TOZK > 3.0 % 1016 yr, Tl/”;ﬁ > 2.4 x 1016 yr, Tl/”;ﬁ > 0.9 x 107 yr [100].
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The development of radiopure CeCls scintillators is of particular interest: a
resonant Ov double electron capture in 36Ce is possible to a few excited levels
of 135Ba.

Search for double 3 processes in 1°6Cd, 198 Cd, 114 Cd and 16 Cd
with the help of cadmium tungstate crystal scintillators. Search for
double beta processes in '%8Cd and *Cd was realized by using data of
the low background experiment with CdWOQOy crystal scintillator at the the
Gran Sasso underground laboratory. The CdWOy detector, experimental set-
up, measurements and data analysis are described in detail in [104]. Fits of

the measured spectra in different energy regions give the limits on double
processes in 1%Cd and M4Cd (at 90% CL): T12/”22K(108Cd) > 1.1 x 108 yr,

TY2E(198Cd) > 1.0 x 10' yr, TP (M14Cd) > 1.3 x 1018 yr, 7777 (114Cd) >
> 1.1 x 10% yr [92].

Cadmium tungstate crystals enriched in 1°6Cd (231 g, isotopic abundance
of 1%6Cd 66 %) [105] and in '6Cd (1868 g, 82%) [77] were developed (see
section 7.9.2) to search for 23 decay of 19°Cd and 1!6Cd. The scintillators show
excellent optical and scintillation properties thanks to a careful purification
of initial materials and to the use of the low-thermal-gradient Czochralski
technique to grow the crystals. Limits on different channels of 28 decay of

1060d: T2 > 3.6 x 10% yr, Tos” > 7.2 101 yr, TP > 2.1 x 1020 g,

T12/V22ﬁ+ > 2.5 x 10?0 yr, Tlo/z/225+ > 2.1 x 10%° yr were derived from the 1320 h

experiment [106]. The resonant Ov2e processes were restricted as Tlo/"22K >

> 1.4 x 10%° yr and Tf/'fzKL > 3.2 x 10?0 yr. An analysis of 6591 h data is in
progress. A new phase of the experiment with the enriched '%CdWOy, crystal

in coincidence with the GeMulti set-up is in preparation.
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Fig. 7.7. The measured energy spectrum of the ZnWQO4 scintillation
crystals (the total exposure is 0.349 kg x yr) together with the GEANT4
simulated response functions for e3% process in °Zn excluded at 90 % C.L.
The most important components of the background are shown. The energi-
es of 7 lines are in keV

A low background experiment to search for double 8 decay of ''6Cd with
the help of the enriched "'5CdWOQy crystal scintillators is in progress. We esti-
mate a sensitivity of a 5 yr experiment (depending on a level of background)
as T} /2~ (0.5—1.5) x 10%* yr. It corresponds, taking into account the recent
calculations of matrix elements [270,298,388|, to the effective neutrino mass
(my) =~ 04—1.4 ¢eV.

Development of crystal scintillators, rather promising technique to search
for double beta decay, will be discussed in section 7.9.2.

7.3. Search for solar axions

7.3.1. Introduction of axions

The general form of the Hamiltonian of quantum
chromodynamics (QCD) contains a term that violates the CP symmetry in
the strong interaction [179,282]. However, this violation is not observed experi-
mentally. For example, only upper (and very strict) limit is measured for the
neutron electric dipole moment, which is related with the CP violating term:
d < 2.9 x 1072 ¢ x cm [347]. This contradiction is known as the strong
CP problem of QCD. One of the most simple and elegant solutions of this
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contradiction was proposed by Peccei and Quinn in 1977 [359,360] by introdu-
cing a new global symmetry. The spontaneous violation of the PQ symmetry
at the energy scale f, totally suppresses the CP violating term in the QCD
Hamiltonian. Weinberg [426] and Wilczek [431] have independently shown that
this model leads to existence of axion — a new pseudo-scalar neutral particle.
The mass of axion is connected with the scale of the PQ symmetry violation:
ma(eV) =~ 6 x 108/ f,(GeV).

The interaction of axion with different components of usual matter is
described by different effective coupling constants: g, (interaction with pho-
tons), gee (electrons), gon (nucleons), which are also inversely proportional to
fa and those values are unknown (additionally, one should note that relations
of gav, Gae, gan With f, are model dependent).

In the first works, the energy of the PQ symmetry violation was considered
to be close to the scale of the electro-weak symmetry violation and, therefore,
the axion mass is &~ 100 keV. But this value of the axion mass was soon
excluded by experiments with radioactive sources, reactors and accelerators
(see reviews [51,179,282, 283,319,347, 368, 369] and references therein). Then
the standard axion (known as PQWW by names of authors) was substituted
by other models which allow much bigger values of f, up to the Planck mass
of 10! GeV: the hadronic axion model (KSZV) [284,384] and the model of
the GUT axion (DFSZ) [212,441|. The axion mass and the coupling constants
9a~s Gaes gaN , Which are inversely proportional to f,, can have very small values
(mgq down to 10712 eV) in these models, and these axions are sometimes named
as “invisible”. It should be noted that, besides the solution of the strong CP
problem, axion is one of the best candidates on the role of the dark matter
particles [51, 146,283, 319,368,369, 393|.

If axions exist, the Sun can be an intensive source of these particles. They
can be born: (1) in the interaction of thermal v quanta with fluctuating elect-
romagnetic fields within the Sun due to the Primakoff effect and (2) in nuclear
magnetic transitions in nuclides present in the Sun.

The first effect generates the continuous spectrum of axions with energy up
to ~20 keV and the mean value of 4.2 keV [152|. The total thermal axion flux
on Earth depends on the coupling constant g as ¢ = (gay X 100 GeV)2 3.5 x
x 101 ¢cm~2 s~1. The relation of the axion mass m, with Ja~ is model de-
pendent; for example, this flux is equal (in terms of m,) to ¢ = (my/1 eV)?
7.4x 10" cm™2 s7! in the model with GUT axion, whereas other models can
possess a deeply suppressed axion-photon coupling constant [152].

In the second effect, de-excitation of excited nuclear levels in magnetic
(M1) transitions can produce quasi-monoenergetic axions instead of gamma
quanta, due to axion-nucleon coupling g,n. The total energy of axions is
equal to the energy of gamma quanta. These levels can be excited by thermal
movement of nuclei (the temperature of the solar core is equal to ~1.3 keV,
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7.8. Search for solar axions

and, therefore, only low-lying levels, like 14.4 keV level of 5"Fe or 9.4 keV level
of 8Kr, are excited effectively). Other possibility of populating the excited
levels is the nuclear reactions in the Sun (for example, the 477.6 keV level of
"Li is populated in the main pp cycle).

In spite of the theoretical attractivity of axions, any direct experimen-
tal evidences of their existence are still absent. Indirect astrophysical and
cosmological arguments give advantage to the axion mass in the range 1076—
1072 eV or about 10 eV [51,284,319, 347, 368, 369]. The laboratory searches
for axion are based on several possible mechanisms of axion interactions with
the ordinary matter [51,283,319, 368, 369|: (1) the inverse Primakoff effect,
i.e. conversion of axion to photon in laboratory magnetic field (an example of
such the experiment is CAST [443]) or in a crystal detector (for example,
NaI(T1) [144]); (2) the Compton conversion of axion to photon (analogue
of the Compton effect) a + e — v+ e [122]; (3) the decay of axion to two
photons a — v [122]; (4) the axioelectric effect of interaction with an atom
a+ (A, Z) - e+ (A, Z)" (analogue of photoeffect) [122]; (5) the resonant
absorption of axions emitted in nuclear M1 transitions in a radioactive source,
a nuclear reactor or the Sun by the analogue nuclei in a target (see details
below). It should be noted that these mechanisms are based on different kinds
of interactions of axion with matter, they are sensitive to different coupli-
ng constants (gay, Gae, gan), and the limits on the values of the constants
and on the axion mass are model dependent. Thus, diverse experiments are
mutually complementary. While the most of experiments concern the axion-
photon coupling constant g4, only the mechanism (5) is related to the axion-
nucleon constant g,n both in emission and in absorption of axion. This allows
to exclude uncertainty related to the values of g, and gge.

Coming to the Earth, such quasi-monoenergetic axions could resonantly
excite corresponding levels of the same nuclei (“Li, >"Fe, 3Kr, ...). In the
subsequent deexcitation process, v quanta are emitted; they can be observed
with the help of some detectors located near a sample with “Li, 57Fe, 83Kr, ...
nuclei (or incorporating these nuclei). Experiments searching for these ’s have
the following advantages: (1) probability of emission of such axions at birth
and at capture is related only with coupling constant of axions with nucleons
gqN; uncertainties related with gy, gee dissapear; (2) flux of "Li axions is
directly related with the main pp cycle, which determines luminosity of the
Sun (in contrast to axions, connected with thermal excitation of 5"Fe and 83Kr
which have some uncertainties in their solar abundances and distribution of
temperature inside the Sun). Summary of all experiments searched for resonant
excitation of nuclei by solar axions is given in Table 7.6.

As one can see from Table 7.6, the best limits on axion mass in the resonant
excitation experiments were obtained in measurements with " Fe. However, it
should be noted that, because energy of °“Fe excited level is 14.4 keV, axions
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with mass greater than 14.4 keV (if they exist) just cannot be emitted instead
of ¥ quanta in >"Fe deexcitation. What is why experiments with 7Li, which
has greater excitation energy of 477.6 keV, are also valuable: it is important to
set in “Li measurements m, limit lower than 14.4 keV widening a window in
excluded axion masses to [477.6, 0.145] keV limits. This was done at the first
time in [107]; improved results were reached in [108].

7.3.2. Limit on axion mass from measurements
with different samples containing lithium

In previous experiments searching for solar “Li axions, peak
at energy of 477.6 keV was not observed, and only limits on the peak amplitude
and the corresponding mass of the axions m, were set: (1) in [305], Li sample
with mass of 61 g was measured with HPGe detector 78 cm? during 2667 h that
gave m, < 32 keV; (2) in [204], LiOH target of 3.9 kg was measured with HPGe
160 cm?® during 3036 h resulting in m, < 16 keV. Both these experiments were
performed at the Earth level.

Recently, the following samples were measured in the Gran Sasso under-
ground laboratory of the INFN (Italy) with low background HPGe detectors
to search for solar "Li axions:

e LiF powder 243 g, HPGe 408 cm?, 722 h; it was found that the sample
is polluted by U/Th at ~0.5 Bq/kg, see Fig. 7.8;

e LiF powder 47 g (of different producer), HPGe 408 cm?®, 914 h; polluted
by U/Th at 0.2 Bq/kg;

e LiF(W) crystal 224 g, HPGe 244 cm3, 633 h; radiopure, U/Th <
< 0.02 Bq/kg, see Fig. 7.9.

Table 7.6. Summary of searches for quasi-monoenergetic
solar axions coupled to nucleons through resonant excitation of nuclei

Axion source, Ey (keV) Short description limmg (keV) | Year [Ref.]
"Li, B, = 477.6 HP Ge 78 cm?, Li 61.4 g, 2667 h 32.0¢ 2001 [305]
HP Ge 160 cm?®, LiOH 3.9 kg, 3028 h 16.0° 2005 [204]

HP Ge 408 cm?®, LiF powder 243 g, 722 h 13.9° 2008 [107]
HP Ce 244 cm?®, LiF crystal 553 g, 4044 h 8.6° 2012 [108]

"Fe, B, = 144  |Si(Li), Fe 33 mg (°*"Fe 95%), 1472 h 0.745% 1998 [306]
Si(Li), Fe 16 mg (°"Fe 80%), 712 h 0.360° 2007 [207]
Si PIN, Fe 206 mg (*"Fe 96 %), 334 h 0.216" 2007 [348]
Si(Li), Fe 290 mg (°"Fe 91 %), 2028 h 0.159" 2009 [205]
Total Earth heat flux 1.6 2009 [185]
Si(Li), Fe 1.26 g (°"Fe 91 %), 1075 h 0.145  |2010 [206]
®¥Kr, B, =94 | PC® 243 cm®, Kr gas 1.7 g, 564 h 5.5 2004 [274]

@At 95% C.L. ° At 90% C.L. ¢ Proportional counter.
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Fig. 7.8. Energy spectrum of LiF powder 243 g measured with HPGe
detector 408 cm® during 722 h at LNGS in comparison with background

The 477.6 keV peak was not observed in any measurements; only limit on
the peak area and corresponding axion mass can be derived as:

ma = 1.55 x 10" x (S/eN7t)'/4 eV,

where mg is in eV, S is the area of the peak, ¢ is the efficiency of registration of
the 477.6 keV v quanta by the detector, N7 is the number of "Li nuclei in the
target, t is the time of measurement in seconds. While the LiF powder shown
in Fig. 7.8 was polluted, nevertheless it gave slightly better limit on axion mass
of mg < 13.9 keV at 90 % C.L. than other two samples, due to better efficiency
reached with greater HPGe detector [107].

However, it was clear that in the following measurements a LiF (W) crystal
should be used because of its radiopurity. Bigger sample was prepared with
mass of 553 g. It was measured in the underground conditions of the Gran
Sasso underground laboratory with HPGe detector 244 cm?® during 4044 h.
Only limits on U/Th pollutions were set as < 0.01 Bq/kg, see Fig. 7.10 (left).
With the values of: S < 37, ¢ = 2.3 x 1072, Ny = 1.2 x 10%°, the following
limit was obtained: m, < 8.6 keV at 90 % C.L. This is the best limit for the
Li axion mass to-date.
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Fig. 7.9. Spectrum measured with LiF(W) crystal 224 g with HPGe

244 cm® during 633 h. In lower panel, region around the expected energy
of 477.6 keV is shown in more detail

The best limit on axion mass related only with the g,y coupling constant
was determined in a similar search with ®*"Fe nuclei: m, < 145 eV [206].
However, as we already noted, possible masses of axions which could be born
in 5"Fe deexcitation cannot be greater than 14.4 keV. Thus, a window of 14.4—
16.0 keV in axion masses was not closed in previous experiments (14.4 keV —
maximum axion mass emitted in °“Fe; 16.0 keV — limit on sensitivity in previ-
ous experiments with “Li). Now this window is closed. Current situation wi-

th limits on axion masses from resonant excitation experiments is shown in
Fig. 7.10 (right).

7.3.3. Resonance capture of solar
57Fe axions and heat flow of the Earth

It is possible to obtain upper limit on the axion mass if —
very conservatively — to suppose that the total heat flow of the Earth is caused
exclusively by resonance capture of solar axions inside the Earth [185]. Accor-
ding to the contemporary conceptions [25], the Earth mantle (which gives
~68 % of the Earth’s mass) contains 6.26 % of Fe; core (~32 % of the Earth’s
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Fig. 7.10. Left: Energy spectrum of LiF(W) crystal measured during 4044 h with HPGe
244 cm®. Right: Current situation with limits on axion masses from resonant excitation
experiments. Empty arrow shows improvement reached in measurements with LiF targets

mass) contains 78.0—87.5% of Fe. Altogether, the Earth in total consists of
29.6—32.6 % of Fe; isotopic natural abundance of ®"Fe is 2.119 %; this gives the
number of *Fe nuclei in the Earth as: N57 = (4.0—4.4) x 10%7.

Flux of ®"Fe axions from the Sun is estimated as the greatest one [263]
because of small excitation energy of ®’Fe (14.4 keV) and big occurrance of Fe
in the Sun. Number of resonance captures per 1 sec in a target at the Earth
with N7 nuclei of 5"Fe is equal [207]:

R =4.5 x 10733 N37(mq/1 eV)*.

In each capture, energy of 14.4 keV is released; it is totally absorbed in the
Earth. Equalizing this energy release to the Earth’s heat flux (which is equal
(31—46) x 10'2 W in different estimations, see details in [185]; here we will
take maximal value of 46 x 10'2 W and minimal value of N5; = 4.0 x 10%7),
one can get: my = 1.8 keV.

The mass of axion m, cannot be greater than this value. If to subtract
energy release from radioactive decays of U/Th chains and “°K in the Earth
(conservative estimation is 20 x 102 W [233]), this limit can be slightly

i d:
Huprove mg < 1.6 keV.
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Both these values are better than that obtained here earlier for ’Li
(mg < 8.6 keV) and for 83Kr (m, < 5.5 keV [274], but worse than limits
from specialized experiments with 5"Fe (145745 eV, see Table 7.6). It should
be also noted that this estimation has evident drawback: such a limit depends
on our knowledge of the Earth structure.

7.3.4. Possible experiment with the TGV
detector: sensitivity to the mass of solar 5”Fe axions

Limit on the solar °"Fe axion mass could be further improved
in measurements with the TGV detector (Telescope Germanium Vertical,
created by JINR, Dubna, Russia in collaboration with France, Czech Republic,
Slovakia). The TGV set-up [379] consists of 32 HPGe detectors @60 x 6 mm
with total sensitive volume ~400 cm?; it is installed in the Modane under-
ground laboratory (France, 4800 m w.e.). Currently it is used for search for
283 decays of '%Cd (with thin ~50 um '9°Cd foils located between HPGe
detectors). Energy threshold of the detector allows to detect X-rays/y quanta
with energy more than 5—6 keV.

After finish of the experiment with 1°°Cd, the TGV set-up could be used
for search for the solar >"Fe axions with energy of 14.4 keV. For their effective
registration, thin foils, as in case of 1%°Cd, should be used; and it is important
that low enough energy threshold is already achieved with the set-up.

Sensitivity of possible experiment is estimated: it is related with the maxi-
mal value of the product eN5;. Calculations for Fe foils’ thickness from 10 to
100 pm show that after 50—70 pm, value of eNs7 is increased only slightly
due to self-absorption in the sample (eN57 ~ 7 x 10?0 for a foil with 100 %
enrichment in 57Fe).

For measurements with >Fe, m, = 2.15 x 108 x [S/eNs7t]'/* eV. In mea-
surements during ¢ = 1 year and 0 events in the peak of 14.4 keV, maximal
sensitivity to m, can be reached with 16 samples of ®"Fe of 100 % enrichment
and thickness d = 50 pm (total mass of ®"Fe — 12.8 g): m, < 9.2 eV. More
real estimation (8 samples of 5"Fe, 80 % enrichment, d = 70 pm, total mass of
5TFe — 9.0 g) is the following: m, < 33 eV. It is ~5 times better than the most
stringent limit known today (m, < 145 eV [206]).

7.3.5. Search for solar axions emitted
in the M1-transition of 7Li* with Borexino CTF

The described above searches for Li solar axion (E =
= 478 keV) were performed with resonant absorption on “Li target. Non-
resonant interactions of mono-energetic axions have much lower cross-sections,
but it can be compensated by using larger targets. Other possible reactions
for detections of 7Li solar axions are interactions with electrons by Compton
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axion to photon conversion a + e — e + ~ and the axioelectric effect
a+ e+ Z — e+ Z (cross-sections of these reactions are defined by axion-
electron gqe coupling constant), as well as the Primakoff conversion on nuclei
a + Z — v + Z and the decay of the axion into two v quanta (amplitudes
of these processes depend on axion-photon coupling ge); Z is the charge of
the nucleus. All these reactions would lead to appearance of 478 keV peak in
the energy spectrum of a calorimeter. In this chapter we describe an experi-
mental search for “Li solar axions performed with the prototype of the Borexino
detector !, Counting Test Facility (CTF).

CTF is a large liquid scintillation detector constructed in order to test the
key concepts of Borexino, namely the possibility to purify a large mass of liquid
scintillator down to the level of contamination for U and Th of 10716 g/g. The
detector is placed in the Hall C of the Gran Sasso underground laboratory. The
active volume of CTF is 4 tons of liquid scintillator contained in a transparent
spherical nylon vessel, 2 m diameter and 0.5 mm thick, which is viewed by
100 PMTs with light concentrators mounted on a support structure. The
construction is immersed in 1000 m? of high purity shielding water, contai-
ned in an external cylindrical tank 10 m diameter and 11 m high. The water
shielding covers the scintillator against gamma quanta emitted by radioactive
contaminants in the PMTs and their support structure and by nuclei capturing
neutrons generated within the walls of the experimental hall. On the bottom
of the tank, 16 upward-looking PMTs of the muon-veto system are mounted,
for detection of the Cherenkov light of muons that cross the water. One can
find a detailed description of the CTF in [157].

The extremely low background level and the large mass of the CTF allowed
to set limits on many processes including hypothetical particles and interacti-
ons. The data taken during 548 days of live-time in the CTF-3 campaign, when
the detector was filled by 3.75 t of pseudo-cumene (1,2,4-trimethylbenzene)
with PPO (2,5-diphenyloxazole, 1.5 g/L), have been used by the Borexino
collaboration to set limits on the properties of axion.

The response functions of the detector for the above listed reactions of
axions were obtained by Monte-Carlo simulation. No statistically significant
indications on axion interactions were found. Using the experimental data one
can set new, model independent, upper limits on constants of interaction of
axion with electrons, photons and nucleons: ggegany < (1.0—2.4) x 10719 at
me < 450 keV and gaygan < 5 x 1072 GeV™! at m, < 10 keV. For heavy
axions the limits gse < (0.7—2.0) x 1078 and goy < 10791078 at 100keV <
< mg < 400keV are obtained in assumption that g,y depends on m, as for
KSVZ axion model [122]|. All the limits were set at 90 % CL.

! The detector Borexino is described in the next chapter.
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7.4. Study of neutrino

properties in underground experiments
7.4.1. The Borexino detector

at the Laboratori Nazionali del Gran Sasso

The detector CTF (Counting Test Facility) described in the
end of the previous chapter is a prototype of the Borexino, a large liquid
scintillation detector, which was designed for real-time detection of low-energy
solar neutrinos. The primary aim of Borexino is detection of monoenergetic
"Be neutrino with energy of 862 keV, emitted in solar pp-cycle in the electron
capture reaction of "Be(e,v)Li. The measurement of this flux provides an
information on the mass and mixture matrix of neutrino. Additionally, the
unique properties of the detector (large target mass and very high radiopurity)
have been used in order to obtain limits on probabilities of many hypothetical
processes.

The Borexino detector is placed in the Hall C of the Gran Sasso under-
ground laboratory, on the depth of 3600 m of water equivalent. The active mass
of the target scintillator in Borexino is 278 tons of pseudo-cumene (PC, 1,2,4-
trimethylbenzene), doped with a fluorescent dye (1.5 g/L of PPO, 2,5-dipheny-
loxazole). The scintillator is contained in a thin (125 pm) transparent spherical
nylon vessel (the volume is 315 m?3) which is enclosed in two concentric buffers
(323 and 567 tons of PC with admixture of 5.0 g/L of dimethylphthalate,
a component quenching the PC scintillation light). The two PC buffers are
separated by a thin transparent nylon film to prevent diffusion of radon towards
the scintillator. The scintillator and the buffers are contained in a stainless
steel sphere (SSS, ©13.7 m) which is surrounded by a 18.0 m diameter, 16.9 m
high domed water tank (WT), containing 2100 tons of ultrapure water as
an additional shield. The scintillation light is detected via 2212 8-inch PMTs
uniformly distributed on the inner surface of the SSS and directed to the center
of the sphere. Additional 208 8-inch PMTs are placed on the external surface
of the SSS to view the water tank, serving as a muon veto; they detect the
Cherenkov light radiated by muons in the water shield. The key features of the
Borexino detector are described in [158,159].

The first physical run of the detector started on 16 May, 2007. The
main achievement of the Borexino Collaboration was the first real-time di-
rect measurement of the low energy (0.862 MeV) "Be solar neutrinos which
had been performed from an analysis of data obtained during 192 live days in
the period from 16 May, 2007 to 12 April, 2008, totaling a 41.3 tonxyr fiducial
exposure to solar neutrinos [160].
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7.4.2. The first direct real-time
measurement of “Be solar neutrino flux

Before the observations performed by Borexino, the real-time
measurements were available only for high-energy solar neutrinos (more than
4.5 MeV) with water Cherenkov detectors SuperKamiokande [181—183] and
SNO [390,391]. The flux of lower (sub-MeV) energy solar neutrinos was measu-
red by the chlorine-argon [182] and gallium-germanium [242,256,380] radioche-
mical detectors which integrate the neutrino flux over periods of ~1 month and
cannot provide spectral information. The preferred explanation of the observed
lack of electron neutrinos in the flux was the mechanism of neutrino flavour os-
cillations. The oscillations were observed also for atmospheric neutrinos [401],
for reactor anti-neutrinos [276| and for accelerator neutrinos [278,334].

Solar neutrinos are detected in Borexino through their elastic scattering on
electrons in the scintillator. Electron neutrinos interacting through charged and
neutral currents have a cross section ~5 times larger than muon neutrinos and
tau neutrinos in the energy range of interest, because v, and v, interact only
through neutral currents. The electrons scattered by neutrinos are detected by
means of the scintillation light retaining the information on the energy, while
information on the direction of the scattered electrons is lost. The basic signa-
ture for the monoenergetic 862 keV "Be neutrinos is the Compton-like edge of
the recoil electrons at 665 keV.

The interaction rate of "Be solar neutrinos in the pseudo-cumene target is
expected to be of 0.5 counts/(ton x day), so the requirements to the radioactive
contamination of the target are extremely strict. The thick layers of the shield
cover the internal part of the detector and screen the target from the external
radioactivity. The liquids are purified during the filling of the detector. Posi-
tion sensitivity of the detector (as obtained from the PMTs timing data via a
time-of-flight algorithm) allows to distinguish events in the innermost spherical
part of the active target, approximately 1/3 of the scintillator (78.5 tons); the
external layer of the target serves as an active shield. Alpha and beta/gamma
particles can be distinguished by different scintillation pulse shape for alphas
and gammas [163].

In the spectrum in the Fig. 7.11, one can see C beta-decays (Qp =
= 156 keV) in the low energy part (<100 photoelectrons, p.e.); the peak around
200 p.e. due to alpha decay of 2!%Po (5.14 MeV) is moved to the lower energies
by alpha-quenching (about 13 times) of pseudo-cumene. The Compton-like
edge at 300350 p.e. is created by solar “Be neutrinos. The spectral continuum
from 400 to 900 p.e. is created by 51 decay of cosmogenic ' C which is produced
by neutron spallation from '2C by muons n situ.

The Bi-Po fast chains allow to define the content of U and Th in the scin-
tillator (assuming non-broken equilibrium in the families): 1.6(1) x 10717 g
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Fig. 7.11. The charge spectra of Borexino measured during 192 live days, all curves scaled
to exposure of 100 days X ton: line I — after base cuts suppressing time-correlated events
related to muons, 2'*Bi—2'"Po chains, and pile-ups (removing about 0.7 % of events); line
2 — after fiducial cut removing events in the external part of the target; line & — after the
statistical subtraction of the alpha-emitting contaminants, mainly >'°Po

[238U] /g and 6.8(15) x 10718 g[?32Th]/g. The 8°Kr content in the scintillator
is dangerous because it overlaps with the expected spectrum of "Be solar
neutrinos. The activity of 8°Kr in the detector was estimated via the rare
decay sequence 8°Kr — 8™Rb (7 = 1.5 us, branching ratio 0.43 %) — %°Rb
that allows to apply the delayed coincidences technique; the activity is
29(14) counts/(day x 100 tons). The light yield is about 500 p.e./MeV, and
the energy resolution is ~5% - (F/1 MeV)~1/2.

The spectral fit of the spectrum in the 160—2000 keV energy region gives
the solar "Be scattering rate equal to 49+ 3(stat.) +-4(syst.) counts/(day - 100 t)
(see Fig. 7.12). The main background components have amplitudes (in the sa-
me units) of 25 4 3(stat.) £ 2(syst.) for ®Kr B~ decay (this is in a good ag-
reement with the independent measurement of 3Kr activity, see above); 25 &
+ 1(stat.) & 2(syst.) for 11C B+ decay; and 23 4 2(stat.) £ 2(syst.) for 219Bi g~
decay together with scattering of CNO solar neutrinos which should produce
a very similar spectrum.

The expected flux of "Be neutrinos for the Standard Solar Model
with high metallicity [62] is 5.08(25) x 10°cm™2 - s~!, which would give
74(4) counts/(day - 100 t) if no oscillations occur. The scenario of MSW-LMA
(Large Mixing Angle, Mikheev—Smirnov—Wolfenstein effect of neutrino fla-
vour oscillation in matter) would give the rate of 48 £4 counts/(day - 100 t),
which is consistent with the measured rate. The MSW-LMA scenario predicts
the dominant mode of neutrino oscillations to be the matter oscillations for
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Fig. 7.12. The spectral fit in 160—2000 keV region
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E > 3MeV and the vacuum oscillations for £ < 0.5 MeV. Before the Borexino
result, the direct measurements of the electron neutrino survival probability
P.. were performed only for energies £ > 5MeV, in the matter-dominant
region [390,391]. The measurement of P, around the transition region is an
important test of the MSW-LMA scenario.

7.4.3. The limit on electromagnetic
properties of neutrino from Borexino measurements

A minimal extension of the electroweak standard model with
a massive neutrino requires a non zero neutrino magnetic moment proportional
to the neutrino mass [239,315,324|. The experimental evidence from solar and
reactor neutrinos has demonstrated that neutrinos are massive, and should
thus possess a non-null magnetic moment. The non-zero values of neutrino
mass yields the lower limit for the magnetic moment to be 4 x 1072 up [64]
where ug = e/2m. is the Bohr magneton. The current experiments are not
sensitive enough for such low magnetic moments, but larger values are possible
in other extensions of the Standard Model (89, 248|.

In case of a non-null neutrino magnetic moment, a new term

do _ gmagy (1 1
dT)gy " m2 \T B,

should be added to the standard electroweak cross section

do 2G2me (5 TY meT
- — 1— —) —
< dT)W . 9L+ 9r B, gLIR B2 )
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where FE, is the neutrino kinetic energy and T is the recoil electron kinetic

d 1
energy. At the low energy, <d;> ~ T The coupling of neutrinos to an elect-
EM

romagnetic field due to a neutrino magnetic moment is expressed by a 3 x 3
matrix. Dirac neutrinos can have both diagonal and off-diagonal (transition)
moments, whereas the Majorana neutrino can have only transitional moments.

The analysis of Borexino data with the same statistics as for the measu-
rements of “Be solar neutrino allowed to set the upper limit on the neutrino
magnetic moment to be 5.4 x 107 up (90 % CL) which was the best expe-
rimental limit on the time of publication (currently, the best limit is set for
the electron anti-neutrino in a reactor experiment [249], 3.2 x 10~ 'up). The
sensitivity of Borexino to the magnetic moment, due to the larger target, is
about 10 times better than it was obtained for similar search performed by the
Borexino Collaboration in the CTF detector [164], 5.5 x 107 10up.

The searches of different electromagnetic properties of neutrino had been
performed [164] with the second phase of the CTF detector (CTF-2), the pilot
version of the Borexino detector described above. The liquid scintillator used
at this stage was a phenylxylylethane (PXE, Ci6H1g) with p-diphenylbenzene
(para-terphenyl) as a primary wavelength shifter at a concentration of 2 g/L,
along with a secondary wavelength shifter 1,4-bis-(2-methylstyrol)-benzene
(bis-MSB) at 20 mg/L. The density of the scintillator is 0.99 kg/L. The total
number of target electrons in CTF-2 N, = 1.36 x 10%°, the live time of data
taking t = 32.1 days.

If neutrinos have mass and the flavour lepton number is not conserved,
then the heavier neutrino flavours could decay to lighter ones: vy — v, + 7.
The above-mentioned minimal extension of the Standard Model (modified by
non-zero neutrino mass and non-conservation of the flavour lepton number)
predicts the lifetime for neutrino via this channel as high as 7/m,, ~ 10% yr/eV.
In the laboratory frame, the spectrum of photons emitted by decaying ultra-
relativistic neutrino is described [208] as

dN — m,1—a+2aE,/E,
dE, T E? ’

where £, and E, are energies of the gamma quantum and the decaying
neutrino, respectively. The parameter « defines the angular distribution of
the photon, relative to the spin of the decaying neutrino in the neutrino

rest frame:
dN 1+ acos )

d(cos ) 2 ’

where 1 is the angle between photon momentum and the spin of neutrino in
the rest frame. This parameter relates to the space-time structure of the decay
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Fig. 7.13. Monte Carlo simulation of the signal in CTF-2 from radiative decay of solar
neutrino for 7/m, = 4.2x 10%s/eV (o = 0) and the experimental background data of CTF-2
for 32.1 days of live time

vertex and should be 0 for Majorana neutrino, —1 < a < 1 for Dirac neutrino;
for the case of total parity violation, a = +1.

The CTF detector is irradiated by the flux of solar neutrinos and can detect
the gamma quanta emitted in this neutrino radiative decay. The limits on the
ratio of lifetime of neutrino to their mass had been derived from a likelihood
function analysis at 90 % CL (Fig. 7.13): 7/m, > 4.2 x 103s/eV (a = 0),
7/m, > 9.7 x 103s/eV (a = +1) and 7/m,, > 1.5 x 103s/eV (a = —1).

The sensitivity of the Borexino detector to this process is estimated to be
two orders of magnitude better, but the results of searches of the neutrino ra-
diative decay with this detector are still not published. The limit for radiative
decay obtained in CTF-2 of Borexino is the best for laboratory searches (in
reactors, accelerators, etc.) of this process, but it is much less restrictive than
the astrophysical limits from the solar gamma ray flux (7 x 10?s/eV [370])
and from distortion of CMB spectrum (lifetime < 4 x 1020 s for mpyi, <
< 0.14 eV [337]).

7.4.4. Limits on the heavy
neutrino mixing in solar 8B decay

In the previous chapter, the radiative decay of light massive
neutrino vy — v + 7 had been discussed. For heavy neutrino with the mass
>2me., this mode of decay can be accompanied by decay into a light neutrino
and electron-positron pair: vy — v + et + e~ (see Fig. 7.14).

This heavy neutrino due to its mass can be only a small admixture to the
three neutrino flavours of the Standard Model. It cannot be coupled (or this
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coupling is very small) to Z° boson because only contribution of three types of
neutrino to the decay width of Z° is observed. However, the hypothetical heavy
sterile neutrino is predicted by many extensions of the Standard Model and
proposed as candidate to the dark matter particles [165,214]. Possible indicati-
ons of sterile neutrino existence have been obtained in accelerator experiments
LSND [321] and recently in MiniBooNE [333].

The rest frame width of the decay of heavy neutrino can be described
as [386]

_ Gk
19273

The Uy (small) and U.p (~1) are the mixing parameters of heavy and
light neutrinos to the electron neutrinos, h(m?/ mgH) is the phase space factor.
The probability of the electron-positron pair decay mode is predicted to be,
in general, much higher than that of the radiative decay. The emission of the
heavy neutrino with mass <15 MeV is kinematically allowed in the beta decay
of ®B; thus, these neutrinos, if exist, can contribute to the solar neutrino flux
and their decay to eTe™ pair can be registered in Earth-based experiments.

The data of CTF-2 experiment described in the previous chapter had been
used by the Borexino Collaboration to restrict the mass and U,y parameters of
the heavy neutrino [162|. The data were collected during 29.1 days in August—
September 2000. The in-flight decay of a solar boron neutrino to e™e™ pair in
the sensitive volume of the detector would result in registration of event with
energy equal to the full energy of the neutrino. All the observed events with
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energy >4.5 MeV were associated with muons. The partial suppression of non-
muonic high-energy events by the muon veto had been taken into account. The
non-observation of the sought decays leads to the restrictions on the mass and
mixture parameter of the heavy neutrino shown in Fig. 7.15.

7.4.5. Limits on the solar electron
antineutrino flux with the Borexino
Counting Test Facility

A small antineutrino flux from the Sun is not completely ex-
cluded. One of possible production mechanisms is the neutrino-antineutrino
conversion due to spin-flavour precession, induced by a neutrino non-diagonal
magnetic moment and originally proposed as a possible solution to the observed
solar neutrino deficit [383]. This could be a sub-dominant process in addition
to the MSW-LMA solution of the solar neutrino problem. A random magnetic
field in the convection zone of the Sun can increase the flux of v, through
spin/flavour conversion [336]. Such enhancement would improve the detectabi-
lity of a neutrino magnetic moment down to the level of 10~ 2ygp.

The electron antineutrinos can be detected in CTF by the inverse beta
decay of protons 7, + p — n + e with a threshold of 1.806 MeV. The cross
section for this process is two orders of magnitude higher than that for 7, elastic
scattering on electron. In organic scintillators, the inverse beta decay reaction
generates a prompt signal from the positron and a delayed one, following the
neutron capture on protons n + p = d + v + 2.22MeV. The total energy
released by the positron after annihilation is £ = T + 2mec?, where T is the
positron kinetic energy. Neglecting the small neutron recoil, the visible prompt
energy is By, —0.78 MeV. The capture of thermalized neutrons on protons with
a mean life-time of ~200—250 us provides a delayed tag for this reaction in a
LS detector, allowing significant reduction of background. Neutron capture on
12( is also possible but with a much smaller probability.

The data obtained in CTF-3 during 855.6 days of data collection
(764.2 days of live time) were processed using the series of cuts for suppressing
backgrounds. For example, the event pairs with the distance of >0.7 m between
the prompt and delayed events were rejected, as well as the events tagged by
the muon veto system.

Taking into account the 62(2) % efficiency of registration after the applied
cuts, the estimated background sources for 764.2 days of CTF-3 live time were
the following: 0.08 expected events of accidental coincidences; 0.37 events from
reactor antineutrinos; 0.8(3) events of scattering of fast neutrons on target
protons; 0.07(3) events of scattering of fast neutrons on target 12C with exci-
ting 4.4 MeV level of this nuclei. The cosmogenic activity that can simulate the
inverse beta decay (mainly 8He and °Li nuclei created by muons by spallation
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of 12C) was reduced to 10~* simulating events by setting a 2 s veto time win-
dow after every muon crossing the set-up. The background from ¥C(a,n)%0
reaction is negligible due to very low content of alpha active nuclides in the
CTF scintillator (mainly ?'°Po with activity of ~20 uBq/t).

Only one candidate event had been observed. Its prompt energy was
4.37 MeV, so one cannot exclude the chance that this event is the de-excitation
of the 4.4 MeV level of 12C (excited by a muon-induced fast neutron) with the
following thermalization and capture of the neutron. Taking into account the
estimated background of 1.3 + 0.7 events, the upper limit (with 90 % CL) on
number of events that should be excluded for given condition is 3.3.

The hypothetical flux of 77.’s from 8B, assuming no spectral distortion, can
be obtained from the following equation:

Ns,

Npte (o)’

where N, is the number of detected events, N, = 2.25 x 10?? is the number
of target protons, t = 6.60 x 107 s is the live time, ¢ = 62% is the mean
detection efficiency, and (o) = 3.4 x 107%2 ¢cm? is the mean cross-section over
the 8B neutrino spectrum in the energy range of interest. An upper limit for
the electron antineutrino flux, assuming no distortion in the ®B spectrum, is
derived from the upper limit of 3.3 candidate events. The B solar electron
antineutrino flux limit (90 % CL) is <1.1 x 10° cm~2 s~ !, or <1.9% of the B
neutrino flux. This experiment was the first search for solar anti-neutrino flux
including the low-energy range of 1.8—4 MeV. The sensitivity of the Borexino

Poe =

detector to the ratio 22 (8B) is estimated to be three orders of magnitude
12

better, ~107° in all the r;nge E, > 1.8 MeV. All current limits are summarized
in Table 7.7.

Table 7.7. Experimental constraints on the flux (in cm™2.s71)

of solar 7.’s. The measured flux in the table is the limit on the flux
within the experimental energy range (in MeV) at 90 % CL. The total
flux is the limit scaled to the total energy range. The version

BP04 of the Standard Solar Model [63] predicts a D.’s flux

from ®B equal to (5.79 +1.33) x 10°cm™2 .57 !

LSD SK KamLAND SNO CTF

Exposure, kt - yr 0.094 92.2 0.28 0.584 0.0078
Energy range of o, 7—17 8—20 8.3—14.8 4—-14.8 1.8—20
Measured flux of 7. | <0.46 x 10° | <1.32 x 10* | <3.7 x 10? | <3.4 x 10* | < 1.06 x 10°
Total flux of De <1 x10° <4x10* | <1.3x10® | <5.2x 10* | < 1.08 x 10°
Pre (®B) <1.7x1072[<07x1072|<22x1074|<1x1072|<1.9x 1072
(p’/e

Ref., year [320], 1996 | [402], 2003 | [277], 2004 | [392], 2004 | [161], 2006
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7.5. Searches
for the electric charge non-conservation

The conservation of the electric charge is one of the funda-
mental laws of standard quantum electrodynamics based on underlying princip-
le of gauge invariance. In accordance with the Weinberg theorem [427], charge
conservation (CC) is also related with masslessness of the photon. Nevertheless,
the possibility that the electric charge conservation may be broken in future
unified gauge theories and the implications of such a violation have been inten-
sively discussed in literature [340, 355—358, 423|. We would like to note that
for fundamental questions any “a priori” argument based on pure esthetic or
other principles could give wrong results (as it was demonstrated, for instance,
with parity conservation), and on some level we could face unexpected things.
In 1992, Lev Okun wrote: “In spite of the fact that at present we have no
theoretically self-consistent framework for a description of violation of charge
conservation or the exclusion principle, experimentalists should not stop testing
these most fundamental concepts of modern physics. In fundamental physics, if
something can be tested, it should be tested” [355]. Because of its fundamental
status, law of charge conservation should be verified with the best possible
to-date accuracy.

Since the electron is the lightest electrically charged particle, its stability
implies charge conservation. The electron’s life time was estimated using the
following indirect considerations:

(a) In [367], balance of electric currents in the Earth atmosphere was
examined. If the disbalance current (200 A) is caused by the electron decay,
with number of electrons in the Earth of 2 x 10°! one can derive limit on the
electron life time 7, > 5 x 10%2 yr;

(b) In [322], it was noted that expansion of the Universe could be caused
by disbalance in the electric charge on the level of 2 x 107!®; then from time
of life of the Universe of 10'° yr follows 7, > 10%® yr;

(c) In [269], a relation between the electron life time 7. and mass of
gamma quantum m. was obtained in framework of the SU(5) model as:
Te = 1072 (myz/m4)? yr where myz = 91.2 GeV is the mass of the Z boson.
Limits on the m. value were derived from observations of the magnetic field
of Jupiter as my < 6 X 10716 eV [211] and from intergalactic magnetic field
as m, < 2 x 10727 eV [177]. From that follows 7. > 107 yr and 7. > 10°! yr,
respectively; however, these limits are model-dependent.

The following schemes were proposed to test the charge conservation in
direct laboratory experiments which are continuing since 1959:

(1) to look for decay of electron to gamma quantum and electron neutrino:
€~ — v + v, first discussed in [232] (v, is supposed here for conservation of
the lepton number);
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(2) to search for decay of electron into invisible modes, like e~ — velele
[232] or disappearance;

(3) to search for decay of electron into invisible with excitation of neigh-
boring nucleus (first proposed in [267]);

(4) to look for charge non-conserving (CNC) beta decay [232];

(5) to search for CNC decays of other charged particles (protons, or pairs
of protons, etc.).

We discuss here processes (1)—(4) while more details on the process (5)
will be given in the next section.

(1) Decay of electron to v quantum and meutrino. Because both
emitted particles are (almost) massless, they are kinematically equivalent and
each of them has energy equal to half of energy available. In case of a free
electron, energy of v quantum is E, = mec?/2 = 255.5 keV (mec? is the
electron mass). If an electron is bound on atomic shell with binding energy
Ey, energy of v quantum will be E, = (m.c® — Ey)/2. Because of non-zero
velocity of an atomic shell electron, the Doppler broadening should be taken
into account (as it was noted in [124] at the first time). The expected shape is
the Gaussian with the width at half maximum FWHM = 0.104 x E., x /E}, (all
values — in keV). F.e., for K electrons in Ge detector (E, = 11.1 keV), FWHM
is 86.7 keV that is quite big value compared with typical Ge energy resolution
of 1—2 keV at energy ~250 keV. Energy release in a detector is equal Ey =
= E, = (mcc®*— E})/2 if an electron decay occurs outside a detector’s sensitive
volume. However, if decay occurs in a detector itself, a vacation which is created
in the atomic shell will be filled in the subsequent deexcitation process with
emission of cascade of X rays and Auger electrons with total energy Ej; thus
total energy release in the detector is By = E, + E, = (mec? + Ep)/2. An
expected response function of a detector will be the sum of many Gaussians
with proper centers and widths which takes into account all atomic shells in
atoms or molecules located in a detector itself and in surrounding materials.
Further details can be found in [293].

The e= — v + v, CNC decay is still not observed, and only limits on the
electron life time were established. The first experimental restriction 7.(e~ —
— Y4 1) > 1.0 x 108 yr was set in 1959 in short (6.5 h) measurements at the
Earth level with Nal(T1) scintillator of 1287 cm?® [232]. The most restrictive
to-date value was obtained with massive (near 4 tons) CTF Borexino detector
installed deep underground (3600 m w.e.) in the Gran Sasso underground
laboratory as T.(e™ — v + ) > 4.2 x 10?6 yr [59]. All experimental results
are summarized in Table 7.8.

(2) Decay of electron into invisible modes. In result of electron decay
into particles which leave detector without interaction (f.e., two neutrinos and
one antineutrino [232]) or just electron disappearance (f.e., into extra dimensi-
ons [37]), an electron hole will be created in atomic shell. In the subsequent
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deexcitation process this hole will be filled by electrons from higher shells, and
cascade of X rays and Auger electrons will be emitted; total released energy will
be equal to the binding energy FEjp of the disappeared electron on the atomic
shell. If this decay occurs inside some detector, peak at energy Ej should be
observed. For Ge, Nal(Tl) and Xe detectors, which were used in searches for
e~ — invisible up to now, Ej values for K electrons are equal Ey(Ge) =
= 11.1 keV, Ep(I) = 33.2 keV, Ep(Xe) = 34.6 keV. In all experiments, except
of [110], decays of K electrons were searched for. In the DAMA experiment [110]
with massive (around 100 kg) Nal(T1) scintillators, low energy threshold of
~2 keV was reached, and this allowed to investigate L electrons with Ej(I)
~5 keV at the first time. There are 8 electrons on L atomic shell compared with
2 electrons on K shell, and factor 4 in the electron number together with big
mass of the detector, low background and big time of measurements resulted
in the best to-date limit 7(e™ — invisible) > 2.4 x 10?4 yr at 90 % C.L. Results
of all experimental searches for CNC decay e~ — invisible are summarized in
Table 7.8.

(3) Decay e~ — invisible with excitation of nuclear levels. In
1987 Holjevic et al. [267] proposed additional approach for testing the charge
conservation: to search for processes in which electron disappears and the

Table 7.8. Experimental limits on the electron life time at 68 %
(90 %) C.L. for channels: e~ — invisible and e~ — v.v. Best limits are in bold

Time of Limit on Limit on

Detector | Volume, cm? measurement, h | Te(e™ — invisible), yr| Te(e™ — vey), yr Year [Ref]
Nal(T1) 1287 6.5 1.0 x 10'® 1.0x 10" 1959 [232]
NalI(T1) 348 1107, 362° 2.0 x 10** 4.0 x 102 |1965 [339)
Ge(Li) 66 1185 5.3 x 102! ¢ - 1975 [395]
NalI(T1) 1539 515 2.0 x 10?2 3.5x10%% 1979 [299]
Ge(Li) 130 3760%, 3616° 2.0 x 10?2 3.0x 10%% 1983 [124]
HP Ge 135 8850 - 1.5(1.1) x 10 | 1986 [54]

HP Ge 3 x 140 1662 2.7(1.7) x 10*® - 1991 [373]
NaI(T1)| 17 x 10570 2823 1.2 x 10%2 - 1992 [223]
HP Ge 591 3199 - 2.4(1.2) x 10%® 1993 [67]

HP Ge | 48+2x209 | 13404, 7578 4.3(2.6) x 10* 3.7(2.1) x 10%® 1995 [9]
BaF, 2x 103 986 3.2x10%" 1996 [21]

Xe? 2000 2340%, 257" 1.5 x 10%3 2.0(1.0) x 10*® |1996 [109]
HP Ge 132 12600 1.3 x 10%* - 1998 [295]
NaI(T1)| 9 x 2643 5354 4.2(2.4) x 10** - 1999 [110]
Xe? 2000 8336 - 3.4(2.0) x 10%¢ 2000 [111]
CicHig?| 4.2 x10° 770 - —(4.6) x 10%® {2002 [59]

HP Ge 437 33233 - 1.9(1.0) x 10%® ©[2007 [293]

@ For channel e~ — invisible. ® For channel e~ — vey. ¢ At 84% C.L. ¢ Liquid scintillator.
¢ This result was critisized in [210] as being overestimated at ~5 times.
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neighboring nucleus is left in an excited state. Such a process is analogous to the
usual electron capture but does not change the nucleus’ charge: (A4, 2)+e~ —
— (A, Z)*+v,, and sometime it is named the CNC electron capture. It includes
both the weak boson and photon mediating processes and gives possibility to
investigate both the lepton and quark sectors [224,267|.

Levels with energies up to mec® — Ej, can be excited, but it is supposed
that the lowest levels with difference in spin between the ground and excited
state AJ = 0,1 are fed with higher probability, and that K electrons are
mostly involved being the closest to the nucleus. Deexcitation v quanta can
be observed with a proper detector located close to a sample (or containing
atoms under investigation). Up to now, only 5 experiments searching for CNC
electron capture were performed in which Nal(T1) and liquid Xe scintillators
were used; results are summarized in Table 7.9.

(4) CNC beta decay. CNC [ decay, first considered for testing the charge
conservation in [232], is a process in which the (A4,Z) — (A4,Z + 1) trans-
formation is not accompanied by the emission of an electron. It is supposed
that instead of an e™, a massless particle is emitted (for example, a v, a 7
quantum, etc.): (A,2) — (A, Z + 1) + (v or v, etc.) + Ue. In this case the
energy available in the (A, Z) decay is increased of 511 keV, that are nor-
mally spent for the electron rest mass. This makes possible some transitions
to the ground or excited states of the daughter (A, Z + 1) nucleus which are
energetically forbidden for the normal, charge conserving  decay (A,Z2) —

Table 7.9. Experimental life time limits on the electron disappearance
with nuclear levels excitation of 23Na, 27T and 129Xe. Best values are in bold

Life time limits 7, yr
Nucleus,
Eexc
[267] 90% C.L. | [224] 68 % C.L. | [112] 90% C.L. | [113] 90% C.L. | [139] 68 % C.L.
23Na
440.0 keV 1.5 x 10%®
127I
57.6 keV | 2.1 x 10%* 5.8 x 10?2 2.4 x 10%
202.9 keV | 1.9 x 10%* 5.6 x 10?2 2.0 x 10%3
375.0 keV | 2.4 x 10%* 1.8 x 10%
418.0 keV | 2.4 x 10*! 1.6 x 10%2 1.2 x 10*
129)(e
39.6 keV 1.1 x 10
236.1 keV 3.7 x 10%*
318.2 keV 2.2 x 10*
321.7 keV 2.5 x 10**
411.5 keV 2.3 x 10*
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Table 7.10. Limits on life time established in direct
experiments to search for charge non-conserving 3 decay. Best limit is in bold

CNC g decay Target, weight Technique, detector Tene, yr (C.LY) Year |Ref.|
8Rb—8™Sr | RbF, 30 g CS*“, Nal(Tl) 1.8 x 106 1960 [399]
8"Rb — 5"™Sr | RboCOs3, 400 g CS, Ge(Li) 1.9 x 10'® (90 %) | 1979 [352]
"Ga—"Ge | Ga, 300 kg CS, prop. counter | 2.3 x 10%* (90%) | 1980 [69]
8TRb—37"Sr | RboCOs3, 800 g Cs, Si(Li) 7.5 x 10" (90 %) | 1983 [417]
13Cd — 13In | CdCla, 1.5 kg CS, Si(Li), NaI(T1) | 1.4 x 10*® (90%) | 1983 [376]
"Ga—™Ge | GaClz—HCI, 101 t | CS, prop. counter | 3.5 x 10%¢ (68 %) | 1996 [351]®

+ Ga, 57 t
BGe—"As | Ge, 952 g RT ¢, HP Ge 2.6 x 1073 (90 %) | 2002 [296]
136Xe — 136Cs | Xe, 6.5 kg ? RT, LXe 1.3 x 10%® (90 %) | 2004 [140]
H5Tn — 1158y | In, 928 g RT, HP Ge 4.1 x 10%° (90%) | 2005 [174]
139La—19Ce | LaCls, 50 g RT, LaCls(Ce) 1.0 x 10" (90 %) | 2006 [141]
1000Mo — 199Tc | 199Mo003, 1199 ¢ | RT, 4 HP Ge 4.5 x 10" (90%) | 2010 [91]

@ CS means chemical separation of the daughter product. ® Accounting for contribution from
the solar neutrinos, the limit for "' Ga was improved to Tenc > 1.4 x 10?7 yr in [406]. ¢ RT
means real-time experiment. ¢ 68.8 % 13¢Xe.

— (A, Z+1)4+e +0.. The CNC § decay was searched for in several experiments
since 1960. Only lower limits on the corresponding life times were established in
the range of 10161026 yr (see Table 7.10). We note here that capture of solar
neutrinos (4, 2) +ve = (A, Z + 1) + e~ results in the same daughter nucleus
(A, Z+1) as in the CNC g decay, and these processes cannot be distinguished
if daughter nuclei are extracted by chemical separation which was traditional
techniques for experiments investigating solar neutrinos. The same techniques
was used in searches for CNC S decay up to 2002 when the real-time approach
was proposed and applied at the first time [296]. The best to-date limit was
derived from the data of the SAGE and GALLEX solar neutrino experiments
which used near 100 t of Ga [351].

7.6. Searches for invisible decays
of nucleons and disappearance of matter

The baryon (B) and lepton (L) numbers are considered in
the Standard Model (SM) as conserved values 2. However, any underlying sym-
metry principle behind this fact is unknown, unlike f.e. the gauge invariance in
electrodynamics which guarantees the masslessness of the photon and absolute
conservation of the electric charge. Many extensions of the SM, in particular,
grand unified theories consider conservation of B and L charges as approximate

2 At non-perturbative level, B and L are not conserved even in the SM; however these
effects are important at high energies (~100 GeV) in the early Universe but are non-
observable at current low temperatures [268].
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law; they incorporate B and L violating interactions and predict decays of
protons and neutrons bounded in nuclei. The processes with AB =1, AB = 2,
A(B - L) =0, A(B — L) =2 have been discussed in literature [309,349].

Stimulated by theoretical predictions, nucleon instability has been searched
for in many underground experiments with the help of massive detectors such
as IMB, Fréjus, Kamiokande, SuperKamiokande and others (for experimental
activity see [83,292,361| and references therein). About 90 decay modes have
been investigated; however, no evidence for the nucleons (N) decay has been
found. A complete summary of the experimental results is given in the Review
of Particle Physics [347]. For the modes in which the nucleon decays to particles
strongly or electromagnetically interacting in the detector’s sensitive volume,
the obtained life time limits are in the range of 10391034 yr, while for decays to
only weakly interacting products (neutrinos) the bounds were up to 10 orders
of magnitude lower and only during the last decade they were significantly
improved.

Interest to invisible decays of nucleons (and/or di- and tri-nucleons) and
their disappearance is related with recently developed theories in which our
world is described as a brane inside higher-dimensional space [37,217,218|.
Particles, initially confined to the brane, may escape to extra dimensions (ED),
thus disappearing for a normal observer. While energy, momentum, electric
charge, etc. are conserved in full space, their balance could be broken in
our 3-dimensional world. Tunneling of particles to EDs is predicted to be a
generic property of massive matter [377]. Arkani-Hamed, Dimopoulos, and
Dvali wrote in [38]: “The presence and properties of the extra dimensions
will be investigated by looking for any loss of energy from our 3-brane into
the bulk”.

Theoretical estimations of the corresponding life times are quite uncertain
because even the number of extra dimensions is unknown. Dubovsky [219] gives
7 values for electron as 7(e — nothing) = 9.0 x 10?5 yr in case of three EDs,
and for proton 7(p — nothing) = 9.2 x 1034 yr for four EDs 3. Recently a novel
baryon number violating process, in which two neutrons in a nucleus disappear,
emitting a bulk majoron nn — x, was discussed by Mohapatra et al. [342]; the
expected life time was estimated as ~103273? yr. Also mechanisms for the
tri-nucleon decay have been discussed; in recent theory by Babu et al. [58]
processes with AB = 1,AB = 2 are forbidden but tri-nucleon decays with
AB = 3 are allowed.

Up to now we do not know which mode of nucleon decay is realized in the
nature; different theories give different values for the nucleon’s life time and

3 We are using the following classification of decay channels: decay to nothing means
disappearance (tunneling to EDs); decay to invisible means disappearance or decay to
weakly interacting particles (one or few neutrinos of any flavors, majorons, etc.). Channel to
anything means any possible mode of decay.
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disagree which mode of decay is the most probable. In this relation experimen-
tal limits on the nucleons life time independent on the decay mode are also
interesting and important. We will concentrate below on experiments where 7
limits for nucleons (also di- and tri-nucleons) independent on mode or on their
decays into invisible were established. The following approaches were used to
set the 7 limits:

(1) Spontaneous fission of 232Th. In 1958, Flerov et al. derived limit on
nucleon life time from an experiment searching for the spontaneous fission of
232Th [237]. It was assumed (following idea [372]) that decay or disappearance
of p or n in 22Th will blow up the nucleus: it can be destroyed in the initial
N decay or in the subsequent deexcitation of the nucleus. From the limit on
232Th spontaneous fission [237] T} /2 > 1.0 x 102! yr and taking into account
that 232Th contains 90 protons and 142 neutrons, the following limits were
derived (see Table 7.11 for summary): 7(p — anything) > 1.2 x 10?3 yr,
7(n — anything) > 1.8 x 10?3 yr. These limits are considered as independent
on mode [347] but, in fact, the 7 values depend (inside a factor of few) on type
of decay, see f.e. [272] 4.

(2) Geochemical search. In [231] the bounds on N decay to invisible
were determined on the basis of mass-spectrometric measurements with Te
ore samples (2.5 x 10? yr old) by looking for the possible daughter nuclide
129Xe (139Te — ... — 129Xe).

(3) Radiochemical method. In the experiment [235] the target of 1710 kg
of potassium acetate KCyH305, which contained 9.7 x 10?7 atoms of 39K, was
exposed deep underground (4400 m w.e.) for about one year. Then, the candi-
date daughter 37Ar, which could be created in result of nucleon disappearance
in 3K and subsequent evaporation of additional nucleon (*K — ... — 37Ar),
was extracted and its activity was measured as 0.3 = 0.6 decays per day,
which leads to the nucleon’s life time limit 7(N — invisible) > 1.1 x 10%6
yr. Reanalysis of these data in [407] allowed to set limits also for the nn and
pn invisible decays.

(4) Study of the neutron production rate in deuterium. The decay or di-
sappearance of proton bounded in deuterium nucleus, which consists only of
proton and neutron, will result in the appearance of free neutron: d — n+ 7.
Appearance of free neutrons was investigated in a shielded liquid scintillator
enriched in deuterium [213], as well as in D3O target with mass of 267 kg,
installed at Reactor 5 of the Centrale Nucleaire de Bugey (France) and well shi-
elded against cosmic rays and natural radioactivity; this allowed to set the best
current limit for the p decay to anything as 7 > 4.0 x 10%® yr [408]. Analysis of
the data collected with massive (1000 t) D2O detector in the Sudbury Neutrino

4 Spontaneous fission of 232Th was observed in 1995; measured half life is Ty =(1.2%
+0.4) x 10** yr [155].
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Table 7.11. Lower limits on the life time for N, NN and NNN
decays into invisible channels established in various approaches.
The best limits for specific channels are in bold

Nucleon(s)
decay

7 limit, yr
and C.L.

Year [Ref.]

Short explanation

p — anything

— inwvisible

n — anything
— VpUulp

— VelVele
— ViV;V;

— ViUV V5
— inwisible

nn — V,v,
— Vele
— tnwvisible

pp — inwvisible
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1.2 x 10%
3.0 x 10%

4.0 x 102 95%
7.4 %x10%

1.1 x 10%

1.9 x 10%* 90 %
~10%®

1.1 x 10*¢ 90 %
3.5x10%® 90 %
2.1 x 10*°90 %

1.8 x 10%
5.0 x 10%° 90 %

1.2x10%¢ 90 %
3.0 x 10%° 90 %
2.3x10%7 90 %

1.7 x 102" 90 %
8.6 x 10%*
1.1 x 10%¢
4.9 % 10%° 90 %

1.8 x10%® 90 %
1.9x 10 90 %

5.8 x 102°90 %

6.0 x 10%* 90 %
1.2 x 10% 90 %
1.2 x 10%° 90 %
4.9%x10% 90%
4.2 x10% 90 %
1.4 x 10%°90 %

5.5 x 10%% 90 %
5.0 x 10%° 90 %
1.9 x 10* 90 %

1958 [237]
1970 [213]

2001 [408]
1977 [231]
1978 [235]
2000 [142]
2002 [10]
2003 [60]
2003 [434]
2004 [11]

1958 [237]
1979 [310]

1991 [127]
1991 [127]
1997 [255]

1997 [255]
1977 [231]
1978 [235]
1993 [403]

2003 [60]
2004 [11]

2006 [33]

1991 [127]
1991 [127]
2000 [142]
2003 [60]
2004 [407]
2006 [33]

2000 [142]
2003 [60]
2006 [143]

Limit on 2*?>Th spontaneous fission

Search for free n in liquid scintillator
enriched in deuterium (d — n+7?)

Free n in reactor experiment with D2O
Geochemical search for *°Te — ... — 12°Xe
Radiochemical search for *°K — ... —37Ar
Search for 28T decay in '?°Xe detector
Free n in the SNO D>O volume

Search for 2B decay in CTF detector
Free n in the SNO D>O volume

Search for v with E, = 6—7 MeV emitted in
5N deexcitation in SNO detector

Limit on 2*2Th spontaneous fission

Massive liquid scint. detector fired by v,

in result of n decays in the whole Earth ¢
Fréjus iron detector fired by v, b

Fréjus iron detector fired by v, ©

Search for bremsstrahlung v with E, > 100 MeV
emitted due to sudden disappearance of n
magnetic moment (from Kamiokande data) ¢
The same approach ¢

Geochemical search for *°Te — ... — %Xe
Radiochemical search for 3°K — ... — 37 Ar
Search for v with E, = 19—50 MeV emitted
in °0 deexcitation in Kamiokande detector
Search for '*C decay in CTF detector
Search for v with £, = 6—7 MeV emitted

in *0O deexcitation in SNO detector

Search for correlated decays in KamLAND
detector

Fréjus iron detector fired by v, ©

Fréjus iron detector fired by v, f

Search for 12"Xe decay in ?°Xe detector
Search for '°C and 'O decay in CTF
Radiochemical search for 3K — ... = 37Ar ¥
Search for correlated decays in KamLAND
detector

Search for 2"Te decay in 12°Xe detector
Search for ''Be decay in CTF detector
Search for decays 34Te — ... — **Xe in *%Xe
detector




7.6. Searches for invisible decays of nucleons and disappearance of matter

End of the tabl. 7.11

Nucleon(s) 7 limit, yr

decay and C.L. Year [Ref] Short explanation

pn — invisible [2.1 x 10%° 90 %2004 [407]|Radiochemical search for 3°K — ... — 37 Ar9
3.2 x 10?3 90 % (2006 [143]|Search for decays ***I— '3*Xe in *6Xe
detector

ppp — invisible |3.6 x 1072 90 %|2006 [143]|Search for decays **Sb — ... —133Cs in *Xe
detector
ppn — inwisible |2.7 x 1022 90 %|2006 [143]|Search for decays *3Te — ... — '33Cs in '3¢Xe
detector

pnn — invisible|1.4 x 10?2 90 % |2006 [143]|Search for decays ***I — ... — ¥3Cs in *Xe
detector

@ The result of [310] was reestimated in [127] to be more than one order of magnitude lower.
b The limit is also valid for p — vuUuv, decay. © The limit is also valid for p — veDeve decay.
di=e, w, 7. ¢ The limit is also valid for pn and pp decays into v,v,,. f The limit is also valid
for pn and pp decays into veT.. ¢ On the basis of the data of [235].

Observatory (SNO) located on the depth of 6000 m w.e. (Canada) lead to limit
7(p — invisible) around 102 yr [10,434].

(5) Search for prompt v quanta emitted by a nucleus in a de-excitation
process after N decays within the inner nuclear shell (valid for invisible
channels). Energies of the emitted v quanta in the range of 19—50 MeV were
investigated with the Kamiokande detector [403]. In search for the 6—7 MeV ~
quanta with the SNO detector [11], the best limit for the p decay to invisible
was set as 7(p — invisible) > 2.1 x 10?9 yr.

(6) Search for bremsstrahlung v quanta emitted because of a sudden di-
sappearance of the neutron magnetic moment (limits depend on the number
of emitted neutrinos) [255].

(7) Considering the Earth as a target with nucleons which decay by emit-
ting electron or muon neutrinos; these neutrinos can be detected by a large un-
derground detector [127, 310] (valid for decay into neutrinos with speci-
fic flavors).

(8) Very often daughter nuclei created after N disappearance in mothers
are unstable. Search for their radioactive decay (time-resolved from prompt
products) can be performed with a proper low background detector (especially
effective if mother nuclei are incorporated in a detector itself). Such investi-
gations were done with liquid Xe scintillators (enriched by 12Xe [142] or
136Xe [143]) and with the BOREXINO Counting Test Facility (CTF), a 4 t
liquid scintillation detector [60].

(9) Search for radioactive decay of daughter nuclei (with character half lives
in the range of seconds or minutes) can be combined with registration of prompt
energy release after NV decay or disappearance. Such a combined approach was
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used with the massive (currently the world’s largest low background liquid
scintillator, 1000 t) KamLAND detector [33] that allowed to establish the best
7 limits (near 1030 yr) for n and nn decays to invisible.

All experimental results on searches for invisible decays of nucleons are
summarized in Table 7.11.

Concluding this section, we would like to note that decays to invisible
or disappearance were searched for not only for nucleons but also for other
constituents of matter. Experiments on disappearance of electrons were descri-
bed in the previous section; best limits on life time 7 are on the level of ~ 10%*
yr [110,113|. Upper limits on the branching ratio A for decay of positronium
into nvisible were obtained in [61]; in particular, for the direct annihilation
ete™ — invisible A\ < 2.1 x 1078, Decay of unstable particles into invisible
was looked for with the BABAR detector that gives A < 2.2 x 10~* for B
mesons [55] and A < 3.0 x 10~% for Y/(15) [56], and with the BES detector A
limits are ~ 1072 for n, / [6] and J/4 [7]. Astrophysical bounds for tunneli-
ng of v quanta into EDs — that leads to additional cooling of stars — were
discussed in [238].

7.7.Search for spontaneous
emission of heavy clusters

The spontaneous emission of nuclear fragments heavier than
« particles and lighter than the most probable fission fragments, named cluster
decay, was theoretically predicted in 1980 [381] and experimentally observed
at the first time in 1984 [14, 241, 375]. Up to date, spontaneous emission of
clusters ranging from '*C to 3*Si from near twenty trans-lead nuclei (from 22! Fr
to 242Cm) have been observed with branching ratios relative to o decay from
102 down to 10716 and partial half lives from 3.2 x 10% yr up to 1.2 x 1020 yr
[156,414]. In all these decays double magic nucleus 2*Pb, or nuclei close to
208Ph, are produced that even allows to consider this domain of cluster decays
as “lead radioactivity” [414], analogously to “« radioactivity”. For about ten
cases, only the half life limits are known with the highest value of T7 /5 > 5.0 x
x 102! yr for decay 232Th — 24-26Ne + 208-206[g [155,156].

A new region of parent nuclei, for which cluster radioactivity can be ob-
served experimentally, was predicted recently [366]: these are the nuclei with
Z = 56—64 and N = 58—72; daughter nuclei are close to double magic 199Sn.
First searches in this domain were performed resulting only in limit 7', > 3.5 h
for "Ba — 12C + 1928n [262].

The most widely used technique in experiments on cluster radioactivity is
based on solid state nuclear track detectors which are able to register track of
heavy cluster emitted from thin sample while rejecting much more numerous
low energy « particles with great efficiency [156]. In few first measurements
also Si detector telescopes were applied [375]. Ge detectors were used in two
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7.7. Search for spontaneous emission of heavy clusters

experiments looking for « rays from created in cluster decay nuclear residuals:
*!Na in decay of *3U (where the limit T} 5 > 1.7x10'" yr was established) [66],
and various clusters in decays of Hg isotopes (with T} /2 limits up to few by
102 yr) [170].

Very interesting approach — search for the initial energy release and sub-
sequent decay (or chains of decays) of created clusters (which usually are ra-
dioactive) — was used in experiment [138] to look for possible cluster decays
of 127I. In this research mother 271 nuclei were incorporated in the Nal(T1)
detector (natural abundance of 27T is 100 % [147]) that ensured high efficiency
of detection of the decays. The data used were collected deep underground
(about 3600 m w.e.) at the Gran Sasso underground laboratory by using the hi-
ghly radiopure ~100 kg Nal(T1) set-up of the DAMA experiment (DAMA /Nal)
devoted mainly for investigation of Dark Matter particles [146]. The set-up
consisted of 9 Nal(T1) scintillators with mass of ~9.7 kg each; the analyzed
statistics was 33834 kg - days.

Using table of atomic masses [57], one can find that 215 different decay
modes are possible for 127I nucleus with positive energy release Q. However, the
most interesting are those with emission of double magic nucleus %gCa and its
neighbor 37Sc: they have the highest @ values of 28.9 and 29.4 MeV, respecti-
vely [57]. Nucleus *8Ca created in decay 21 — 35Ca + 13As is practically
stable, T} /5(28) ~ 4 x 10" yr, but supplementary nucleus "’ As has quite short
half life of 9.01 m, and in its decay emits 7 quanta with energy of 0.432 MeV
(probability 1.49%) and 0.365 MeV (1.86 %) [236]. The sequence of events
searched for was the following: (1) first event with energy >5 MeV (from initi-
al cluster decay with @ = 28.9 MeV; here the Nal(Tl) quenching factor for ions
with high stopping power was taken into account); (2) At < 270 s between the
first and the second events; (3) energy release in one of Nal(T1) between 1.00
and 1.85 MeV (from electron emitted in 5 decay); (4) coincident energy release
in other Nal(T1) between 0.365 and 0.432 MeV (420 energy resolution) from
emitted v quanta. Efficiency to detect such a sequence of events was calculated
with Monte Carlo program as 3.6 x 10~% [138]. Number of registered events in
the experimental data, which satisfy the selection criteria, was found as 348,
in full agreement with the expected number of random coincidences (361 £ 5).
This gives the following limit for the life time:

(121 — 35Ca + I§As) > 6.8 x 10% yr at 90 % C.L.

For other possible modes of 271 cluster decay, investigated in this work
(*4Ne + 193Tc, Mg + 99Nb, Mg + 97Nb, 32Si + 9Y, 348 + By 498c +
+ ™Ge) also only 7 limits were found; they were in the range of 2.8 x 102! yr
to 2.1 x 10%* yr, up to 3 orders of magnitude higher than the best 7 limits
established for other perspective nuclides in other works.
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7.8. Rare a and 3 decays

While « decay is well known nuclear phenomenon with more
than 100 years history, interest to its investigation even increased during
last years. At present days researches are concentrated mainly on studies of
short-living exotic isotopes close to the proton drip line, decays of superheavy
elements, and on search for a activity of naturally occurring isotopes. Despi-
te alpha decay is energetically allowed for several primordial natural elements
from cerium to uranium, during the 20th century « activity was observed (apart
from uranium and thorium families) only for neodymium, samarium, gadoli-
nium, hafnium, osmium and platinum. Recently two extremely rare « decays
were discovered. Alpha activity of bismuth, being considered the heaviest stable
element, was observed with the half life 77, = 1.9 x 10Y yr (the longest
measured T/, for a decays) by using a BGO crystal (bismuth germanate,
BisGes012) as a low-temperature scintillating bolometer [325]. Alpha decay of
tungsten (isotope W) with Ty =1.1x 10*® yr was detected [186] with the
help of cadmium tungstate crystal scintillators.

Isotopes °°V, 15In and '3Cd are only three nuclei which enable study
of four-fold forbidden § decays in a practical way, when rare 8 decay is not
masked by much more rapid 8 decays. The high order of forbiddeness leads to
high half lives, in the range of 10'4—10'7 yr. It should be noted an interesting
possibility of an independent estimation of neutrino mass in case of a very low
energy of B decay of '°In to the first excited level of daughter nucleus.

Usually investigations of rare a and 3 decays are by-products of experi-
ments aimed to search for double beta decay and dark matter, measure neutrino
fluxes, screening of materials for development of ultra-low background nuclear
spectrometry.

7.8.1. Beta decay of '!3Cd

Isotope 13Cd is present in the natural composition of cadmi-
um with abundance of 12.22 %, however, it is § unstable with Qg = 320(3) keV
[57]. Radioactivity of 13Cd was observed for the first time only in 1970 [260],
after a number of unsuccessful attempts since 1940 (see references in [260]).
Then this decay was investigated in works [15,199, 258, 338|.

The most precise study of 3 decay of ''3Cd (measurement of T} /2 and
spectrum shape) was realized in [104] by using a low background CdWOy crys-
tal scintillator to investigate the 3 decay of ''®Cd with precision better than
those of the previous studies. The CdWOy crystal with mass of 434 g, used
in the experiment [199] and then stored during last 10 years in the Solotvina
Underground Laboratory on a depth of 1000 m w.e., was transported in a lead
container by surface and immediately placed underground in the Gran Sasso
underground laboratory to avoid its cosmogenic activation. It was installed in a
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Fig. 7.16. The raw energy spectrum of the CdWOy scintillator measured over 2758 h in the
low background set-up is shown by dots. The energy spectrum, obtained after the PMT noise
rejection and the correction for related efficiency and the subtraction of the background, is
shown by histogram. (Inset) The raw spectrum is shown together with the model of the
background and its main components: 3 spectra of 8Rb, 3™ Cd and *°Sr—°°Y, and the
contribution from the external v quanta from PMTs in these experimental conditions

low background DAMA /R&D set-up (see e.g. [136]) surrounded by low radio-
active shield of high purity Cu, Pb, Cd and polyethylene/paraffin to reduce the
external background. The whole shield has been closed inside a Plexiglas box,
continuously flushed by high purity No gas. An event-by-event data acquisition
system records amplitude, arrival time of event, and shape of scintillation sig-
nal with a 20 MS/s transient digitizer. Data were accumulated during 2758 h.
The abundance of '3Cd in the CdWOy crystal was determined with precise
mass spectrometric measurements. Contribution of radioactive contamination
in the crystal in the region of the '3Cd 8 spectrum was estimated by the
time-amplitude and pulse-shape analyzes of the collected data, and with the
help of GEANT4 software package [13]. Mass spectrometry was also used to
check presence of radioactive elements. Pulse-shape analysis allowed to reject
« events and PMT noise, and to reach quite low energy threshold of 28 keV.

The signal to background ratio was equal 56/1, which is the best value
among all to-date experiments. More than 2.4 x 105 events were collected, and
half life of ''3Cd was determined as:

Ty /2 = (8.04 £ 0.05) x 10" yr.

Accumulated during 2758 h spectrum with its fit by a model function and
components of background are shown in Fig. 7.16.
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7.8.2. First observation
of 3 decay of '5In to the first
excited level of 115Sn

In accordance with the last tables of atomic masses [57],
mass difference between '%In and '°Sn is equal to 499 & 4 keV. It is enough
to populate in 8 decay of '5In not only the ground state but also the first
excited level of "58n with Fey. = 497.4 keV. However, because of extremely
low energy release of 1.6 + 4 keV and related with this low probability, decay
to 11°Sn* was observed only very recently [173].

In the experiment carried out in the underground conditions of the Gran
Sasso underground laboratory, a high purity indium metal sample with natural
composition (95.71 % of 1°In) and mass of 928 g was measured during 2762 h
in the ultra-low background set-up with four HPGe ~ detectors of 225 cm?

300
Indium sample 497.4 keV
1500 1 200
Indium sample
100
>
Q
A
< 1000
% Background
=] r T T - -
é 490 495 500 505 510 515
<— Bremsstrahlung form " In B decay
500 + Background
0 U 1 1 1 T T
100 200 300 400 500 600
Energy, keV

Fig. 7.17. Experimental spectrum of the In sample (accumulated for 2762 h) and back-
ground spectrum (1601 h) measured with four HPGe detectors in the energy interval 70—
600 keV. The region of 600—2800 keV, where the spectra are practically indistinguishable,
is not shown. Background is normalized to the same counting time. In the inset, the region
of the 497.4 keV peak is shown in more detail; here, the In spectrum is shifted upward by
150 counts
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volume each. A ~ spectrum of 441 10" yr 9/2* 0 32" 4974
the In sample in comparison s\ 1.2107%%
with background is shown in v \\
Fig. 7.17. All lines (except of li- ) \ A
ne at 497.4keV) were related with B 100% \ h\@
natural, cosmogenic or man-made \
nuclides; their rates in background 0, =499 \

and the In sample were equal in- a2t
side the statistical uncertainties. 1Sy
The line at 497.48 £+ 0.21keV was

present only in the In spectrum,
with area of 90 4+ 22 counts. The
energy of the peak is in agreement with the expected energy of v quantum
(497.358 4 0.024 keV) emitted in deexcitation of the first excited level of 1°Sn.
Counting rate in the peak corresponds to probability of 1.2 x 1076 (relatively
to decay to the ground state), and to half life of 3.7 x 102 yr (see Fig. 7.18).

The observation of '%In —1%Sn* decay was recently confirmed also in
measurements [27,430]. In accordance with the atomic mass tables [57], the va-
lue of Qg = 1.6 £ 4.0 keV was considered as possibly the lowest energy release
in B decays (to be compared with 2.555 keV for 1%3Ho, and 2.469 keV for
187TRe). To resolve this puzzling situation, the masses of '°In and ''*Sn atoms
were measured with unprecedent accuracy of ~10 eV in [345|. This gives for
decay to the ground ''5Sn state Qs value of 497.489 £ 0.010 keV. Taking into
account energy of the first '°Sn excited level Euy = 497.334 + 0.022 keV, the
@ value for decay to this level is 155 + 24 €V, i.e. this decay really has the
lowest known value of Q3.

We have here a paradoxical situation: we know masses of '5In and ''°Sn
(near 115 GeV each) with accuracy of 10 eV, while the energy of the first 11°Sn
excited level (which has energy 497 keV, i.e. 5 orders of magnitude lower) is
known with worse accuracy of 22 eV giving the biggest contribution to the
overall error bar of 24 eV. Measurements of Fey. with much better accuracy of
~5 eV is currently realized at the INR, Kyiv.

11 ps

0 stable

Fig. 7.18. New scheme of '5In—'1°Sn decay

7.8.3. Alpha decay of natural europium

Two naturally occurring europium isotopes (°'Eu and
153Eu) are potentially a active. A CaFg(Eu) crystal scintillator with mass of
370 g was used to search for a decay of 15'Eu (Q, = 1.964 MeV). While Eu is
present in the crystal as a dopant with mass fraction of only ~0.4 %), theoretical
estimations (on the basis of work [365]) of the expected half life gave the value
of T /g ~ 4 X 10'® yr, which is reachable with current experimental techniques.

Measurements were performed over 7426 h by using the DAMA /R&D set-
up at the Gran Sasso underground laboratory. An event-by-event data acquisi-
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Fig. 7.19. Low energy part of the spectrum measured during 7426 h in the low background
set-up with the CaFs(Eu) scintillator. The peculiarity on the left of the *7Sm peak can
be attributed to the decay of ®'Eu with Tijp =5 X 10'® yr. (Inset) Spectra obtained by

applying the pulse-shape discrimination technique shown by dashed (v(8) component) and
solid (o component) lines

tion system has been recording amplitude, arrival time of event, and shape of
scintillation signal with a 160 MS/s transient digitizer over a window of 3125 ns.
Response of the detector to v quanta and « particles was measured with a set
of external radioactive sources and by using the trace internal pollution of
the crystal by a decaying nuclides. In accordance with measured a/f ratio®,
the expected energy of ®'Eu peak in v scale of the CaFy(Eu) scintillator is
245(36) keV. The concentration of Eu in the crystal was checked with the help
of the Inductively Coupled Plasma Mass Spectrometry analysis as 0.4 %, which
is in agreement with the data provided by producer of the scintillator.

Internal radioactive contamination of the crystal by “°K, U/Th chains
and other nuclides was determined — on the level of mBq/kg — by the time-
amplitude analysis and simulation of radioactive decays with the GEANT4
package. Peaks of alpha particles were identified in the data as being caused
by « particles despite rather modest pulse shape discrimination between ~(/3)
and « events in the CaFa(Eu) scintillator.

Measured spectrum of the CaFg(Eu) scintillator is shown in Fig 7.19.
Peculiarity on the left of the 147Sm peak has energy of 255(7) keV, in agreement
with the expected energy of 1°'Eu a decay. Pulse shapes of events in this peculi-

® The detector energy scale is measured with ~ sources, thus the notation “c/v ratio”
could be more adequate. However, because ~ rays interact with matter by means of the
energy transfer to electrons, we are using the traditional notation “a/8 ratio”.
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arity correspond to shapes caused by « particles. Determined experimentally
half life T}, = (5731 x 108 yr [116] is in accordance with theoretical pre-
dictions.

This first indication should be confirmed in other experiments. One of the
possibilities could be the use of LigEu(BO3)3 crystals as a cryogenic bolometer
with energy resolution for alpha particles at the level of several keV [117,326].

7.8.4. « activity of natural tungsten

A first indication of the alpha decay of ¥'W (the expected
energy of alpha particles is 2460(5) keV [57], isotopic abundance of '8°W is
6 = 0.12(1) % [147]), with a half life T} ~ 10'® yr was obtained in the
measurements with low background CdWOy crystal scintillators [186], and
then was confirmed with CaWOy crystals as scintillators [436] and scintillating
bolometers [184]. Recently the observation was also confirmed in measurements
with low background ZnWOQOy crystals scintillators in the DAMA /R&D at the
Gran Sasso underground laboratory [118]. There is a peculiarity in the «
spectrum of a few ZnWOQO, detectors accumulated over 3197 kg - h of exposure
at the energy of 325(11) keV. This energy in the 7 scale corresponds to the
a particle energy of 2358(80) keV. These alpha events can be ascribed to the
a decay of OW with the half life Ty = (1.3f8:g) x 10'® yr. This result is
in agreement with the data published earlier. It should be stressed that the
isotope ®'W has the lowest ever measured specific a activity (~2 decays per
year per gram of the natural tungsten to be compared with the value of ~100
for natural bismuth).

7.8.5. First detection of «
decay of 9Pt to excited level of 1860s

All six naturally occurring isotopes of platinum are potenti-
ally o unstable. However, only for one of them, Pt (with the biggest
energy release of Qo = 3251(6) keV), a decay to the ground state of %90Os
was experimentally observed. The currently recommended half life value is
Ty 2 = (6.540.3) x 10M yr. However, the first excited level of 1¥60s (J™ = 2%)
has quite low energy: Fore = 137.2 keV, and energy available to « particle in
decay to this level, @} = 3114(6) keV, is high enough to make the decay to
be observed (theoretical estimations are in the range of T} /2= 101310 yr).
This allowed to detect the 0Pt — 1860s(2]) decay through detection of the
137.2 keV v quantum with the help of an ultra-low background HPGe detector
even using a platinum sample with natural isotopic composition with very low
percentage of 1Pt (0.012(2) % [147]).

The measurements were performed deep underground in the Gran Sasso
underground laboratory. Two platinum crucibles with the total mass of 42.6 g
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Fig. 7.20. Energy spectrum of the Pt sample with mass of 42.6 g measured over 1815 h
(upper part), and in more detail around the 137 keV region (lower part). The background
spectrum (measured without the Pt sample during 1046 h but normalized here to 1815 h) is
also shown (filled histogram)

were used as a Pt sample. Data with the Pt were collected with HPGe detector
of 468 cm? volume during 1815.4 h, while background spectrum of the detector
was measured over 1045.6 h. The energy resolution of the detector is FWHM =
— 2.0 keV for the 1332 keV v line of %°Co. To reduce external background, the
detector was shielded by layers of low-radioactive copper (~10 cm) and lead
(~20 cm); the set-up has been continuously flushed by high purity nitrogen
(stored deep underground for a long time) to avoid presence of residual envi-
ronmental radon. Part of the spectrum accumulated with the Pt sample in
comparison with the background in the energy range of 100—700 keV is shown
in Fig. 7.20.

The peak at energy of 137.1 + 0.1 keV after a decay of Pt to the 2f
excited level of 1%60s is clearly visible in the Pt spectrum being absent in the
background. Its area of 132 £ 17 counts corresponds to 775 = 2.6f8:§(stat.) +
+0.6(syst.) x10'* yr. An updated scheme of the Pt decay is shown in
Fig. 7.21. Half life limits for a decays of other platinum isotopes with emis-
sion of 7 quanta were also obtained for the first time on the level of 106—
1018 yr [119].
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7.9. Development of experimental
technique to search for rare nuclear
and sub-nuclear processes

Searches for double beta decay, dark matter, hypothetical
decays and processes, investigations of rare a and  decay require development
of particle detectors with very low radioactive contamination, high energy
resolution, very low energy threshold (especially important to search for the
two neutrino electron capture and direct interaction of dark matter partic-
les), containing certain elements (to study «, § and 28 decays) or variety
of elements (for dark matter detectors). Most of scintillation materials possess
unique properties required for high-sensitivity rare decay experiments: presence
of certain elements, low level of intrinsic radioactivity, reasonable spectrometric
characteristics, pulse-shape discrimination ability. Most of the crystal scinti-
llators can be applied as cryogenic scintillating bolometers, which are extremely
promising detectors thanks to high energy resolution and excellent particle di-
scrimination. Here we briefly discuss development of low background scinti-
llation detectors for low counting experiments.

7.9.1. Radioactive contamination of scintillators

Double beta decay and dark matter projects require low as
much as possible — in ideal case zero — background of a detector in a region of
interest. Radioactive contamination of scintillation material is the major cause
of background as far as appropriate shielding against external irradiation is
provided. A summary of radioactive contamination of scintillators is given in
Table 7.12 [191]. The most dangerous radionuclides for 23 experiments are
226Ra and ?2*Th with daughters (>'*Bi and 2°®T1) with energies of 3 decay of
3270 keV and 4999 keV, respectively.

Naturally occurring *°K usually provides rather high counting rate up to
1461 keV. Anthropogenic ?Sr is also troublesome radionuclide because it is in

o 0.25%

2 137.2 818 ps

a 99.75 %
Vv
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0, =3251
.
O 50x10"vr O + 0Os0x10 yr
1860 1860
76 IS 76 Os

Fig. 7.21. Old (left) and new (right) schemes of a decay of **°Pt
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7.9. Development of experimental technique to search

equilibrium with ?°Y with high energy of decay Qs = 2280 keV (in addition,
both ?9Sr and ?°Y are nuclides rather hard to measure due to absence of v rays
detectable by HPGe « spectrometers). Presence of cosmogenic radioactivity
should be also controlled and decreased as much as possible. A reachable (and
measurable with present instrumentation) level of tens uBq/kg is discussed now
(see, e.g. [31,34,120,190,433,439|. However, further progress in the searching
for 28 decay and dark matter will be possible only using crystal scintillators
with higher radiopurity.

7.9.2. Development of crystal
scintillators for double 3 decay experiments

High sensitivity experiments to search for double 3 processes
in different nuclei are strongly required both for theoretical and experimental
reasons. Scintillation detectors are rather promising technique from this point
of view. Indeed, there are several scintillation materials containing elements
with potentially 25 active isotopes. It is worth to mention a pioneer work of
der Mateosian and Goldhaber to search for neutrinoless double 3 decay of **Ca
by using enriched in *Ca and 4°Ca CaF3(Eu) crystal scintillators [327]. Several
high sensitivity studies of the double 8 decay processes were performed using
crystal scintillators, which contain candidate nuclei: “°Ca [137], 48Ca [353,416],
"07n and %4Zn [93,95,103,192], 196Cd [105,189,200], 19Cd and **Cd [92,200],
H6¢d [200], 13°Ba [176], 130Ce and 138Ce [100,114], 1%°Gd [171,201,297], 18OW
and W [93,194,200]. For instance in the Solotvina experiment [200] with
the cadmium tungstate scintillators enriched in '®Cd one of the lowest in
the 2/ experiments counting rate of 0.04 counts/(year keV kg) was reached in
the energy window 2.5—3.2 MeV where a peak from 0v23 decay of 6Cd is
expected.

The half life limit on neutrinoless double B decay of 6Cd was set as
Ty > 1.7 X 102 years at 90 % C.L., which leads to one of the strongest
restriction on the effective Majorana neutrino mass (m,) < (1.5—1.7) eV.
A number of large-scale scintillator-based projects to search for neutrinoless
double 8 decay with sensitivity on the level of the inverted hierarchy of neutrino
mass have been proposed [88,120,121, 172,433,439, 444]. The projects intend
to use 102103 kg of double B active isotopes. It should be also mentioned
SuperNEMO double 8 decay project [279,362] aiming to utilize a large amount
of plastic or liquid scintillators.

It should be stressed, that the energy resolution in a high sensitivity neutri-
noless double 8 decay experiment aiming to explore inverted hierarchy of the
neutrino mass (such an experiment should have a sensitivity to the effecti-
ve neutrino mass on the level of 0.02—0.05 eV, which corresponds to half
lives Ty /9 ~ 1026=28 yr) plays a crucial role due to irremovable background
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Fig. 7.22. Spectra of Ov and 2283 decays for different half life of "'5Cd
relatively to 025 decay. Due to not perfect energy resolution, the 2023
decay provides irremovable background in the region of the 028 peak

coming from two neutrino decay [438|. Importance of energy resolution for
high sensitivity 0v25 decay experiments is demonstrated in Fig. 7.22, where
the energy resolution FWHM = 4%, a typical for scintillation experiment, is
taken to show the problem of background coming from two neutrino mode.
At the same time, rather modest energy resolution of scintillation detectors
(typically a full width at the half of maximum is 100—150 keV for 1—3 MeV
~ quanta) limits their application in high sensitivity experiments. Cryogenic
scintillation bolometers (see e.g. [88,251,252,363,364|) with a typical energy
resolution of a few keV looks extremely perspective technique for future neutri-
noless double 8 decay experiments able to explore even the normal hierarchy
of the neutrino mass (half life sensitivity on the level of 102—103° years) [438)].
At present CAWOy [252], ZnSe [187], CaMoQOy [314] and recently developed
ZnMoOQy [88,251,273,346] are considered as the most promising materials for
high sensitivity cryogenic double 5 decay experiments.
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Development of molybdates to search for neutrinoless double 3
decay of 19° Mo. Mo is one of the most promising candidates for 23 expe-
riments because of its high transition energy (Q25 = 3034.40 £0.17 keV [371])
and comparatively high isotopic abundance § = 9.82 + 0.31% [147]. There
exist several crystal scintillators containing molybdenum: molybdate of calci-
um (CaMoOy) [31,123,285], cadmium (CdMoOy) [330,364], lead (PbMoOy)
[197, 335, 363, 437, lithium-zinc (LizZng(MoQOy)s) [85], lithium (LisMoQOy)
[81,82], zinc (ZnMoOy) [251,273,346] (the main properties of the molybdates
are presented in Table 7.13). However, CdMoQO, contains 3 active ''3Cd
(T2 = 8.04 x 10" yr [104], § = 12.22% [147]). In addition "?Cd has very
high cross section for capture of thermal neutrons 20600(4000) barn [236],
which leads to v background from neutron-gamma capture up to the energy of
several MeV. Disadvantage of PbMoQO, (even supposing that crystals would be
produced from low-radioactive ancient lead [16,17,198|) is high effective Z value
which causes stronger interactions with background = quanta, and comparati-
vely low concentration of molybdenum. LisZny(MoOy)s has low light yield.
Besides the material is hard to grow. Here we describe recent performance of
the most promising crystal scintillators containing molybdenum for cryogenic
23 experiments: CaMoQy, LioMoO4 and ZnMoQOy.

The only known molybdate crystal scintillator with reasonable light output
at room temperature is calcium molybdate (CaMoOy) proposed in [285] to
search for the Ov double beta decay of 1"“Mo. The scintillation properties and
the radioactive contamination of CaMoQy crystals produced by two companies
in Ukraine and Russia have been studied. The best energy resolutions 10.3 %
and 4.7 % for the 662 and 2615 keV ~ lines were obtained with the CaMoOy4
sample of @38 x 20 mm produced in Ukraine. Three components of the scintil-
lation decay (/0.7 us, 4 ps and 17 ps) and their intensities for a particles
and v quanta were observed, that allows to discriminate « particles and -y
quanta. The temperature dependences of the light output and pulse shape
were tested in the temperature range from —175 to +40 °C. The radiopurity

Table 7.13. Main characteristics of molybdates
promising for experiments to search for 0v28 decay of °°Mo

Crystal Density, Melting Index of V'Va\./elength of Concentration
g/cm? point, °C refraction | emission max, nm of Mo, %
LiaMoOy4 3.0—3.1 701 580 55.2
LizZns(MoOu4)s 4.38 890 2.0 550—610 46.1
CaMoO4 4.2—4.3 | 1445—1480 1.98 520 48.0
ZnMoQOy 4.3 1003 1.9 585—625 42.6
CdMoOy4 4.35 1175 2.2 550 35.2
PbMoOy 6.95 1060 2.4 540 26.1
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Fig. 7.23. Calculated backgrounds from the 2023 decay of **Ca (le/”2 = 4x10" yr), internal

pollutions by 2°*T1 and ?'*Bi (both with 0.1 mBq/kg), and ®*¥Y isotope from cosmogenic
activity. The amplitude of the 88Y distribution corresponds to 1000 decays in CaMoOy,
while the expected 38Y cosmogenic activity is 4 events,/kg/year during 5 years. Distributions
for %Mo are shown for Tf}’z =7 x 10" yr and Tlo/'“2 =10** yr

of CaMoOQy crystals was estimated in the low background measurements in the
Solotvina underground laboratory. CaMoQ, scintillators produced in Ukraine
show contamination by uranium and thorium (particularly by 2°Po) at the
level of 0.4—0.5 Bq/kg. The contamination of the CaMoQO, crystal produced
in Russia is one-two orders of magnitude higher.

Perspectives for high sensitivity experiments to search for the 0028 decay
of %Mo are discussed in [31]. The energy resolution of 4—5% (looks reali-
stic for ordinary scintillation detector) is enough to reach a sensitivity at the
level of 10?5 yr. The contamination of crystals by 2?Ra and ?*?Th should
not exceed the level of 0.1 mBq/kg. Disadvantage of CaMoQy is presence of
2023 active isotope 48Ca with abundance in natural calcium on the level of
§ = 0.187% [147], which creates background at Q5 energy of ®Mo [31].
Therefore the 2023 decay of “®Ca restricts the sensitivity of an experiment
to search for the 0023 decay of %Mo by using CaMoQy crystal scintillators.
Calculated background components (2023 decay of 8Ca, internal pollutions
by 298TI, 214Bi and 88Y isotopes are presented at Fig. 7.23 together with a
peak of 00283 decay of 1%“Mo corresponding to the half life Tf/”2 = 10** yr.

To avoid the effect of Ca, calcium molybdate crystals from enriched isotope
10Mo and from calcium depleted in *8Ca were developed [286]. A final goal
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of the AMoRE collaboration (Korea, Russia, Ukraine, China) is a large scale
high sensitivity experiment to search for 0023 decay of Mo by using enri-
ched in Mo and depleted in *®Ca calcium molybdate crystals as cryogenic
scintillating bolometers [314].

A sample of LisMoOy crystal (©25 x 0.9 mm) was measured over 37 h
as bolometer at ~10 mK in the CUORE R&D set-up [363] in the Gran Sasso
underground laboratory. In addition to the heat signal, the scintillation light
was read by an additional Ge bolometer. Light output of the sample was esti-
mated as 7 % relatively to CdMoOy crystal 10 x 10 x 2 mm. Taking into account
relative light outputs of CdMoO,4 and CaMoOy4 at 9 K [330], this corresponds
to ~20% of CaMoQy,. Light output for a particles is ~30% relatively to ~
quanta, which allows to discriminate o and v(3) events (see Fig. 7.24).

The peak observed in the heat signal spectrum is probably due to contami-
nation of the crystal by 2!°Pb (or 2!%Po if the equilibrium is broken). However,
it could be due to contamination of the set-up. Therefore one can give only limit
on activity of 2'°Po in the sample as <0.3 Bq/kg. Radiopurity of a LisMoOy
crystal with mass of 34 g was also measured at the Gran Sasso underground
laboratory with an ultra-low background HPGe =y spectrometer [82]. LiaMoOy4
had shown good perspectives as a possible detector to search for double beta
decay of molybdenum, and resonant capture of hypothetical solar axions on
"Li [81]. However, taking into account rather low purity grade of the raw
materials used to produce the tested LisMoO,4 sample (the crystal was obtai-
ned by a solid state synthesis technique from MoOs and LisCO3 powders both
of 99.5 % purity), further R&D to improve the material would be useful.

Recently developed ZnMoOy [273,346] is surely one of the most promising
molybdates. For the first time comparatively large ZnMoO, single crystals
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Fig. 7.25. Boules of '°°CdWO, (left) and "'SCdWOy (right) single crystals grown by the
low-thermal-gradient Czochralski process

were grown by the Czochralski and Kyropoulos methods from a melt [273].
Luminescence of the compound was measured under X ray excitation in the
temperature range 85—400 K and properties of ZnMoOy crystal as cryogenic
low temperature scintillator were checked for the first time [251]. Radioactive
contamination of the ZnMoQy crystal was estimated as <0.3 mBq/kg (*?*Th)
and 8 mBq/kg (*?6Ra). Thanks to the simultaneous measurement of the scintil-
lation light and the phonon signal, the a particles can be discriminated from
the /5 interactions. The detector also shows a clear ability to discriminate
the a induced background without the light measurement, thanks to a different
shape of the thermal signal that characterizes /3 and « particle interactions.
An important advantage of ZnMoQOy in comparison to CaMoQy is lower
melting temperature which allows to apply the so called low-thermal-gradient
Czochralski technique to produce crystals from enriched °*Mo. Obvious ad-
vantages of the low-thermal-gradient method in comparison to the conventional
Czochralski technology are higher quality of crystals, high utilization factor of
the initial charge (up to 90 %), closed platinum crucible providing a shield
against evaporation from ceramic details, potentially the most radioactively
contaminated part of a growing set-up. Thanks to good particle discrimi-
nation ability and high scintillation properties at low temperatures, ZnMoOy4
compound is extremely promising for the search of neutrinoless 23 decay of
100Mo [251]. Further development of this material is in progress [88].
Development of CdWO0O4 crystal scintillators from enriched iso-
topes 196 Cd and 16 Cd. The Solotvina experiment [200] has demonstrated
important properties of CAWOy crystals required for a high sensitivity 16Cd
26 decay experiments. Another application of CAWOy scintillating crystals is
search for double 8 processes in °°Cd. One of the highest for 28T nuclides
value of Q23 = 2770 keV allows three modes of decay: decay with emission of
two positrons (287), electron capture with emission of positron (¢4%) and
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for crystal growth was synthesized from solutions. Contamination of the enri-
ched cadmium and synthesized compounds were controlled by mass-spectro-
metry and atomic absorption spectroscopy. The absolute isotopic compositi-
on of the enriched cadmium was accurately determined by thermal ionisation
mass-spectrometry. In particular, the concentration of 1°6Cd is 66 %, while
abundance of 3 active isotope '2Cd is 3.9 %. A 19CdWOy, crystal boule, with
mass of 231 g (87 % of initial mass of powder), was grown by the low-thermal-
gradient Czochralski technique (see Fig. 7.25, left). The total irrecoverable loss
of enriched cadmium, on the stages of purification, raw material production,
crystal growth, and scintillation element production, does not exceed 2.3 %.
A 16CAWO, crystal scintillator with mass of 216 g exhibits excellent
optical and scintillation properties. In particular, the energy resolution
FWHM = 10 % was measured with 662 keV ~ quanta of 37Cs source. From the
data of transmittance measurements (see Fig. 7.26) an attenuation length of the
material 60 + 7 cm at the wavelength of the emission maximum (490 nm) was
derived. Such a high transmittance was newer reported for cadmium tungstate
crystals. One could naturally explain this improvement by the deep purificati-
on at the stage of the enriched cadmium distillation and of the '"CdWO,
compound synthesis, and also by the advantages of the low-thermal-gradient
Czochralski technique. An experiment to search for double S processes in
106Cd was performed in the Gran Sasso underground laboratory [99,106,115].
Cadmium tungstate crystal scintillator was also developed from cadmium
enriched in "'6Cd. The enriched cadmium was purified by chemical methods,
the most polluted part was additionally purified by vacuum distillation [300].
Cadmium tungstate compounds were synthesized from solutions. A 1'6CdWO,
crystal boule with mass of 1868 g (which is 87 % of the initial charge) was grown
by the low-thermal-gradient Czochralski technique (see Fig.7.25). The abso-
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lute isotopic composition of '8Cd in the crystal was determined as 83 % by
mass-spectrometry. Crystal scintillators produced from the boule were subjec-
ted to characterization that included measurements of transmittance and ener-
gy resolution. Low background detector with the enriched '6CdWOQy crystal
scintillators was installed in the Gran Sasso underground laboratory. Monte
Carlo simulation of double 3 processes in "6Cd was performed to estimate
sensitivity of an experiment to search for double 3 decay of '6Cd [77]. An
experiment to search for double beta decay of '6Cd by using the developed
crystal scintillators is in progress in the Gran Sasso underground laboratory.

7.9.3. Crystal scintillators
for cryogenic experiments to search
for dark matter

There is an evidence for a large amount of invisible (dark)
matter in the Universe, which reveals itself only through gravitational interacti-
on. Weakly interacting massive particles (WIMPs), in particular neutralino,
predicted by the Minimal Supersymmetric extensions of the Standard Mo-
del, are considered as one of the most acceptable components of the dark
matter [128,129,151,394]. WIMPs can be detected due to their scattering on
nuclei producing low energy nuclear recoils. Extremely low counting rate and
small energy of recoil nuclei are expected in experiments to search for the
WIMPs. Another experimental difficulty is absence of a clear signature of the
effect. In fact, near to exponential distributions of the recoils are expected,
while background of a nuclear detector has also typically a behavior near to
exponential. There are three signatures of the dark matter interaction with
matter: dependence of the effect on nuclei (mass and spin), annual and di-
urnal modulations of counting rate of the recoil events. Direct methods of
WIMPs detection are based on registration of ionization or/and excitation
of recoil nucleus in the material of the detector itself. At present, the most
sensitive direct experiments apply different detectors for WIMPs search: Ge
semiconductor detectors [1,2, 86,316, 344|, cryogenic bolometers [12,29, 382],
noble gases [28,32,125,311] and scintillation detectors: Nal(T1) [20, 130—132]
CsI(T1) [312,313].

An interesting possibility to reject background caused by electrons and
gamma quanta provides cryogenic technique, which uses simultaneous regi-
stration of heat and light signals from crystal scintillators applied already
by the CRESST collaboration [29]. These detectors combine excellent energy
resolution and low threshold with the ability to discriminate between different
types of interactions (electron, alpha or neutron interactions).

A multi target detector with semiconductor and scintillation bolometers
is under development by the EURECA collaboration (European Underground
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Rare Event Calorimeter Array). It should be stressed, the EURECA project
requires a variety of scintillation targets to verify the nature of a detected
signal. The most promising scintillators with high light output for cryogenic
dark matter search are ZnWOQO,, CaWO,, and CaMoO, [304]. Collaboration
carries out development of novel materials (MgWO, [196], ZnMoOy [346]) as
well as further optimization and improvement of ZnWQ,, CaWO,, CaMoOQOy,
CaFs, BGO, Al;Og3, LiF, ZnSe, PbWOQO,4, PbMoOy.

Relative pulse amplitude of some crystal scintillators (which can be used as
an estimation of relative light output) at helium temperature under « particles
irradiation measured with bialkali photomultiplier is presented in Table 7.14.

Radioactive contamination of target scintillation crystals will play a key
role to decrease background of a detector. Counting rate of a few counts per kg
per day in the energy interval 2—20 keV is typical in the present scintillator-
based dark matter experiments [20,132,312,428|. However, to elaborate region
of WIMP-nucleon scattering cross sections predicted by the different models,
background of a detector should be further decreased by a few orders of magni-
tude. For instance, the EURECA dark matter project calls for background
counting rate lower than a few events per keV per 100 kg per year at energies of
a few keV [301,302]. The project makes strict enough demands to scintillators:
they should not contain paramagnetic elements, possess high light output
(more than 1.5 x 10* photons/MeV), a very low level of radioactive impuri-
ty. Fig. 7.27 shows simulated by GEANT4 energy spectra of a scintillation
detector contaminated by 4°K, 99Co, 8"Rb, 0Sr—0Y, 137Cs, 232Th, 238U on the
level of 0.1 mBq/kg by each radionuclide [195]. Equilibrium of 2*2Th and 233U
chains assumed to be broken: contributions of 234Th + 234mPa, 210ph 4 210Bj
from the 238U family, and 2?8Ra + 228Ac, 2'2Pb + 2%Th (?¥2Th) are consi-
dered separately. The energy resolution dependence on energy is assumed to
be described by square root function with FWHM = 10 % for 662 keV ~ line of
137Cs. Supposing a suppression factor 102103, which can be reached thanks
to the active background rejection using a combination of phonon and scin-
tillation signals, radioactive contamination of crystal scintillators should not
exceed a level of ~0.01 mBq/kg for total activity. As one can see in Table 7.12,
there is no crystal scintillator satisfying such a strong demand. Therefore, an

Table 7.14. Relative light output (relative pulse amplitude)
LY of crystal scintillators at liquid helium temperature under o
particles irradiation measured with bialkali photomultiplier [154]

Sample LY, % Sample LY, % Sample LY, %
CaWOyq4 100 CaMoQOy4 46 MgWO4 15
ZnWO4 77 PbWO, 24 LiF(W) <5
ZnSe 61 PbMoOy4 21 ZnMoQOg4 <5
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Fig. 7.27. Simulated energy spectra of a scintillation detector contami-
nated by *°K, ®°Co, 8 Rb, °Sr—0Y, 137Cs, 232Th, 238U on the level of
0.1 mBq/kg by each radionuclide

extended R&D are necessary to reach the level of radiopurity requested by the
next generation dark matter experiments.

Such an R&D should include the following principal steps [193,195]:

1. Deep purification of raw materials is supposed to be the most important
issue. Metal purification by vacuum distillation, zone melting, and filtering are
very promising approaches [133], while further study is necessary for the puri-
fication of Ca and Li in order to achieve the required low levels of radioactive
contamination.

2. Two to four step re-crystallization, involving screening and assessment
of the produced scintillators after each step.

3. Testing at all stages through ultra-low background v, «, 8 spectrometry
compounds for crystal growing (choice of raw materials, quality control of
purified elements and compounds).

308



7.9. Development of experimental technique to search

4. All work should be done using highly pure reagents, lab-ware and water.
All chemistry should be done in a clean room, and, as far as possible, in nitrogen
atmosphere. Careful protection from radon should be foreseen.

The low-background scintillation measurements are currently the most
appropriate methods of examining the performance of scintillators. R&D of
ultra-low-radioactive instrumentation with the sensitivity at the level of 0.01
mBq/kg (able to operate at low, at least liquid nitrogen, temperatures) are
necessary. In itself the problem of measurements of crystal scintillators’ radio-
purity on the level of 0.01 mBq/kg is rather complicated task. Detection of
low energy 3 emitters (e.g., 'Rb, 12In, 138La, 1"6Lu, 187Re, 219Pb) is parti-
cularly difficult. Presence of these radionuclides on the levels dangerous for
dark matter experiments can be detected only in produced crystal scintillators
under very low background conditions. It should be stressed that measurements
of low energy [ active radionuclides in crystal scintillators were never realized
at such a level of sensitivity.

In addition one should keep in mind also cosmogenic radionuclides. For
instance, accumulation of radioactive 14C (Qp = 156.475 keV, T o = 5730 yr),
highly undesirable for dark matter experiments, was considered in [440]. The
radioactive C can be produced by hadronic component of cosmic rays in
any materials composed of elements heavier than carbon. Another cosmogenic
radionuclide, °Zn, was observed in comparatively radiopure ZnWOj, scintilla-
tors [93,118]. An indication of cosmogenic 19 Ag contamination in 116CdWO4
crystal scintillators was reported in [77]. Underground production of detectors,
in particular of crystal scintillators, can be requested by the next generation
of low background experiments.

Zinc tungstate is a good example of radiopure scintillator (~0.2—
1 mBq/kg level of radioactive contamination) [93, 192, 303]. Nevertheless,
at least a ~20-fold improvement of ZnWQOy4 radiopurity is still needed for
the EURECA experiment, and this represents a significant challenge. Besi-
des, optimization of light collection from crystal scintillators is highly desi-
rable for cryogenic dark matter experiments. The scintillation properties of
a zinc tungstate crystal, shaped as a hexagonal prism (height 40 mm, di-
agonal 40 mm) were determined. An energy resolution of 10.7% for the
662 keV « line of 37Cs was measured with the scintillator placed in a
light collection set-up similar to that used by the CRESST dark matter
search. The light output and decay kinetics of ZnWQO, were examined
over the temperature range 7—300 K (see Fig. 7.28 where the temperature
dependence is presented) and confirmed to be competitive with those of
CaWOy,. The radioactive contaminations of the ZnWOQ, scintillator measured in
the Solotvina underground laboratory do not exceed 0.1—10 mBq/kg (dependi-
ng on radionuclide). Both scintillation measurements and Monte Carlo si-
mulations show that a hexagonal shape of the scintillation detector provi-
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Fig. 7.28. Temperature dependence of the light output of ZnWOQO, crystal scintillator for
excitation with 24! Am particles

Fig. 7.29. Temperature dependence of the light output of the MgWO, crystal scintillator
for excitation with ?**Am « particles

des ~20% better light output than a cylinder. This study demonstrates
the excellent feasibility of ZnWOQO, scintillator for cryogenic dark matter
experiments.

Calcium tungstate (CaWOy) discovered as scintillator sixty years ago [250,
343| is an appropriate material for cryogenic scintillating bolometers currently
used by the CRESST experiment to search for dark matter particles [29, 30,
308,331, 428|. There is a noticeable variation of radioactive contamination of
different CaWO, samples [175,436]. The equilibrium of U radioactive chain
is typically broken in calcium tungstate crystals, the activity of 2!°Pb and its
daughters dominates in radioactive contamination of CaWQ,. Development of
radiopure CaWOQy crystal scintillators would be a benefit both for the CRESST
and EURECA dark matter experiments.

Recrystallization is expected to be an efficient way to decrease radioactive
contamination of crystal scintillators. Effect of recrystallization on radioacti-
ve contamination was studied for CaWO, crystals. Seven samples of CaWOQO,
crystals were fabricated from three ingots that have been grown using the re-
crystallization procedure [193]. The radioactive contamination of the crystals
was investigated and it was found that 2'°Po and 238U are the main contri-
butors to the intrinsic o background, the equilibrium of the 238U chain in the
crystals is broken. It was demonstrated that the recrystallization process cau-
ses significant changes of the radioactive contamination of CaWOQO, crystals.
It leads to variation in the activity of 2/°Po (in the range 0.03—1.32 Bq/kg),
and 28U (0.04-0.33 Bq/kg) in the crystals. Activity of uranium is decreased
thanks to recrystallization. The increase of 20Po activity with time evidenced
that 219Po is mainly produced due to 2'°Pb decay. Therefore radioactive 21Pb
should be carefully screened and reduced in raw materials for crystal producti-
on. In addition, one needs to study effects of crystal production technology
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(crystal growth, annealing, cutting, surface treatment) on their radioactive
contamination.

The feasibility of lead molybdate (PbMoOy4) and lead tungstate (PbWOy,)
as detectors for rare event searches has been envisaged in [335] and [234],
respectively. The prospects of radiopure PbWO,4 and PbMoOy crystal scinti-
llators as target materials in cryogenic dark matter experiments have been di-
scussed recently [346]. Scintillation properties of PbWO4 and PbMoOy crystals,
as potential cryogenic scintillators for rare event searches, have been studi-
ed. The light output and decay kinetics of PbWO4 and PbMoOy, crystals for
excitation with 2! Am « particles were examined over the temperature range
7—300 K. The o/ ratio was measured with a PbMoOy crystal scintillator for
5.3 MeV « particles, and the ability to distinguish between signals induced
by « particles and v quanta by pulse shape discrimination was assessed for
the PbMoOy crystal scintillator at 77 K. The energy dependence of the quen-
ching factor for oxygen, molybdenum, tungsten and lead ions at low energy
was calculated using a semi-empirical approach [412] with data from the «
particle measurements. Both PbWO, and PbMoQOy crystals are of particular
interest for cryogenic experiments to search for dark matter due to the combi-
nation of heavy (W, Pb), middle (Mo) and light (O) elements. Nonetheless,
the high intrinsic radioactivity due to 2'9Pb is the main obstacle, limiting the
usefullness of these materials for low-background experiments. However, the
use of ancient lead for crystal growth should permit to produce lead tungstate
and lead molybdate with substantially reduced intrinsic radioactivity to the
level of a few mBq/kg [16,17,198].

Magnesium tungstate (MgWO,) crystals of ~1 cm? volume were obtained
for the first time using a flux growth technique. The crystal was subjected to
comprehensive characterization that included room temperature measurements
of the transmittance, X ray luminescence spectra, afterglow under X ray exci-
tation, relative photoelectron output, energy resolution, non-proportionality of
scintillation response to y quanta, response to « particles, and pulse-shape for
v quanta and « particles. The light output and decay kinetics of MgWOQO, were
studied over the temperature range 7—305 K. The variation with temperature
of the MgWOy4 light output in the interval 7—305 K is shown in Fig. 7.29. Under
X ray excitation the crystal exhibits an intense luminescence band peaking at
a wavelength of 470 nm; the intensity of afterglow after 20 ms is 0.035%. An
energy resolution of 9.1 % for 662 keV ~ quanta of *7Cs was measured with a
small (=0.9 g) sample of the MgWO, crystal (see Fig. 7.30). The photoelectron
output of the MgWOQy crystal scintillator is 35 % of that for CAWOy4 and 27 %
of that for Nal(T1). The detector showed pulse-shape discrimination ability
in measurements with « particles and v quanta; and that enabled to assess
the radioactive contamination of the scintillator. The results of these studies
demonstrate the prospect of this material for a variety of scintillation applicati-

311



CHAPTER 7. Search for effects beyond the Standard Model of particles

'\J/_Cs K x ray, 31 — 4000 2415 160
. & m,
4000 4 ; FWHM = 341‘;/30 5 3000{Np ¥
1 Ba, 356 < L x rays
$2000{ |
g . 28 %
3 ]
2000 - 2 1000 >f &
0 T T
50 100 150
Channel
0
7Cs, 662
E Lo A y
= S0 | Ny
E
L %
2 % 9.1%
=] X,
3 —,
3 Ter
o A
*"Bi, 570
100 - \’
10.3%
30 7] 27Bi, 1064
_ 7.8%
0 500 1000 1500

Channel

Fig. 7.30. Energy spectra of '**Ba, ?*'Am (inset), *"Cs, and 2°"Bi v
rays measured for the MgWOy, scintillation crystal. Fits of the v peaks are
shown as solid lines. Energies of the v and X ray lines are in keV

ons, including rare event searches [196]. The material can be used for instance
in the EURECA project, which require a variety of scintillation targets to
verify the nature of a detected signal.

7.9.4. Semi-empirical
calculation of quenching factors
for ions in scintillators

For a long time it is known that amount of light produced in
scintillating material by highly ionizing particles (protons, « particles, heavy
ions) is lower than that produced by electrons of the same energy [153]. Thus,
in a scintillator calibrated with electron and/or 7 sources (which is an usual
practice), signals from ions will be seen at lower energies (sometimes up to 40
times) than their real values. Knowledge of these transformation coefficients —
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Fig. 7.32. Dependence of inverse of the relative light output at E; = 18 keV, normali-
zed to that for electrons at E. = 6 keV on ion’s Z number: squares are experimental
points from [350], and circles are calculated values with kB = 17 mg MeV~!.cm™2 found
by equating experimental and theoretical values only at one point measured with protons
in CaWO4

quenching factors — is extremely important in prediction where the signal
should be expected in searches for dark matter particles or in studies of rare
« decays.

Semi-empirical method of calculation of quenching factors for scintillators
is developed recently [412]. It is based on classical Birks formula [153] with
using of the total stopping powers for electrons (dE/dr). and ions (dE/dr);
calculated with the ESTAR [230] and SRIM [396] codes, respectively. The ion
quenching factor ); at energy F is defined as the ratio of light yield of the ion
to that of an electron of the same energy: Q; = L;/ L., where

E E

dE dE
Li_/dEv Le—/dE'
J 1+ EB(); J 1+ RB(G)e

The method has only one fitting parameter (the Birks factor kB) which
can have different values for the same material in different conditions of
measurements and data treatment. A hypothesis is used that, once the kB
value is obtained by fitting data for particles of one kind and in some energy
region (e.g. for a few MeV « particles from internal contamination of a
detector), it can be applied to calculate quenching factors for particles of other
kind and for other energies (e.g. for low energy nuclear recoils) if all data are
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measured in the same experimental conditions and are treated in the same way.
Applicability of the method was demonstrated on many examples including
materials with different mechanisms of scintillation: organic scintillators (solid
CgHg, and liquid C16His, CoHi2); crystal scintillators (pure CdWO,4, PbWOy,
ZnWOy, CaWOy,, CeF3, and doped CaFa(Eu), CsI(T1), CsI(Na), Nal(T1)); li-
quid noble gases (LXe). Estimations of quenching factors for nuclear recoils are
also given for some scintillators where experimental data are absent (CdWOy,
PbWOy, CeF3, BigGezO12, LiF, ZnSe). Examples of calculations are given in
Fig. 7.31 and 7.32.
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CHAPTER

INDIRECT SEARCH
FOR DARK MATTER IN THE COSMIC
RAY WINDOW

B.I. Hnatyk

8.1. Introduction

More than 80 years ago the seminal work by F. Zwicky [85]
introduced a new constituent part of the Universe — unvi-
sible non-luminous gravitationally manifested non-baryonic
dark matter (DM). Now the existence of DM is well establi-
shed by the DM explanation of numerous astronomical ob-
servations, including rotational curves of galaxies [71,72],
hot X-ray emitting plasma in clusters of galaxies [32, 57],
gravitational lensing effects [69, 81|, Big Bang nucleosyn-
thesis yield [63|, cosmic microwave background [54], large
scale structure of the Universe [47,67,75] and its accelerated
expansion [64, 70].

These cosmological DM investigations are complemen-
ted by a set of experiments for indirect detection of possib-
le secondary particles from the DM decay or annihilation
in the electromagnetic (mainly in X-ray and gamma-ray)
or cosmic ray (CR) windows [27] and by a set of running
and planned underground laboratory experiments for direct
detection of interaction of the DM particles with the matter
of detectors [35].

Despite the long history of DM investigation and consi-
derable efforts in direct and indirect detection experiments,
till now the unique robust experimental signature of DM
is its gravitational interaction. Owing to the fact that DM
particles cannot be explained within the Standard Model
(SM) frame, the most promising DM investigation is related
with high energy collider experiments. Recently the Large
Hadron Collider (LHC) team announced the long awaited
discovery of the last missing particle of SM — Higgs like
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particle with a mass of mpg ~ 125 GeV — just in Run 1. Besides the DM
problem, there are a lot of arguments for existing of a new physics beyond
the SM, e.g. the instability of electroweak vacuum with the threat of quantum
tunneling into anti-de-Sitter “Big Crunch” etc. [40]. But, meantime, Run 1 of
LHC did not find any signatures of the best-motivated extension of the SM —
supersymmetry (SUSY).

There is a hope that the planned Run 2 and Run 3 with higher fluxes and
cms protons’ energy 14 TeV will be more promising in SUSY search, but simul-
taneously we expect for looking into physics beyond SM with help of messengers
from considerably more powerful cosmic accelerators, namely, using cosmic ray
physics.

Cosmic rays were discovered by V. Hess on 7 August 1912 during the
balloon flight as an ionizing agent, entering the Earth atmosphere from above.
Following investigations have shown that the flux of CRs consists of high energy
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Fig. 8.1. Energy spectrum of cosmic rays. The direct space-based measurements of all-par-
ticle spectrum and spectra of different nuclei are possible up to ~10'* eV. At higher energies
the energy spectrum is recovered from air shower measurements. The four main features
of spectrum (deviation from a power-law form), namely, softening at ~2.5 x 10'% &V (first
“knee”) and at ~8 x 10'7 &V (“second knee”), as well as hardening (“ankle”) at ~4 x 10'® eV
and sharp cut-off at ~6 x 10*° eV, are presented. Figure is taken from [25]
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relativistic particles of different species and covers a wide energy range — from
GeV’s to hundreds of EeV’s. (Fig. 8.1). Atoms and molecules of atmosphere play
the role of target particles for accelerated highly relativistic particles in distant
cosmic accelerators, therefore secondary particles of the CR-atom collisions
reach the surface of Earth. A lot of elementary particles of SM, beginning from
positron (discovered by C. Anderson, who shared with V. Hess the Nobel Prize
in 1936), were discovered due to the CRs [45].

It is believed that CRs with energies F < 1017108 eV are accelerated in
Galactic sources, whereas CRs with energies E > 10'8eV (ultra-high energy
cosmic rays (UHECRS)) are accelerated in the extragalactic sources. Maximum
energy of UHECRs ever recorded is 300 EeV, to be compared with a maximum
energy of proton in beam FE, = 7TeV in the LHC (the equivalent fixed-target
energy of proton-proton collision ~10'7eV). Such energetic messengers from
cosmic ZeVatrons should carry information about physics beyond SM, parti-
cularly, about the properties of DM, especially if DM contributes to the CR
flux via decay or annihilation processes. Therefore, search for DM physics in
the CR window opens an unique possibility to solve the DM enigma.

Decaying or annihilating DM in space produces fluxes of secondary pro-
ducts potentially detectable at the Earth — SM particles, both electrically
neutral (photons, neutrinos, neutrons) and charged (electrons, positrons, pro-
tons, antiprotons). While the minimum energy of detected extra solar cosmic
rays (including nonthermal photons) is of order of Eyi, ~ 0.1 GeV, we expect
to check the presence of signatures of decay or annihilation of DM particles with
masses my, > Eyin ~ 0.1 GeV in the CR window (in natural units A = ¢ = kg =
= 1 mass, energy and temperature are expressed in units of energy (erg, eV,
etc., typically in GeV), distance and time are expressed in units of inverse
energy, the Planck mass is Mp; = \/he/Gn ~ 1.2 x 101 GeV, where Gy ~
~ 6.9 x x 1073? GeV~2 is the Newtonian gravitational constant, and the Fermi
coupling constant is Gg/(hic)3 ~ 1.2 x 1075 GeV~2).

In Fig. 8.2 the landscape of DM physics is presented, while the main candi-
dates for DM particles with corresponding energy scale and cross-sections for
Xenon detector are presented in Fig. 8.3.

Indicated above energy limit of detected CRs allows to expect the re-
gistration of decay/annhilation products in the CR window from the heavy
enough DM particles, i.e., from thermal relics — weakly interacting massive
particles (WIMPs) with 0.1 GeV < m, < 0.1 PeV [41] and from nonthermally
produced massive and supermassive weakly interacting particles (superheavy
DM (SHDM) or WIMPZILLAS) [29,65]. In this review we analyze the results
of search for WIMP and SHDM decay /annihilation products in the CR win-
dow. To this end we consider the possible manifestations of Galactic WIMPs
in multiGeV electron and positron fluxes (sect. 1.2) and SHDM particles in
UHECR (multiEeV) fluxes (sect. 1.3).
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8.2. Search for WIMP
signatures in the Galactic cosmic ray flux

8.2.1. WIMPs as dark matter candidate

Among the zoo of DM candidates in Fig. 8.2 and Fig. 8.3
the most popular ones are WIMPs due to the “WIMP miracle”: thermally
produced in hot (T' > mwnyp) early Universe particles with a weak-scale mass
(mwmap ~ 10 GeV—1 TeV) and a weak interaction velocity averaged cross-
section (ov) = 3 x 10726 cm? /s give automatically one close to the observable
DM abundance Qpyh? = 0.120 £ 0.003 [41]. Big Bang nucleosynthesis const-
raint [63] on the baryonic component of the Universe and cold DM (CDM)-
philic large scale structure [47,75] rejects any viable SM candidate and demands
to look for DM particle(s) Beyond Standard Model (BSM) with SUSY as the
most promising theory for extention of SM and with the lightest neutralino
(which is its own antiparticle) as a leading WIMP candidate [68].

8.2.2. Antimatter particles in GeV-TeV cosmic ray flux

In the Gev-TeV range a number of running experiments
are suitable for detection of charged matter-antimatter particles: PAMELA
satellite (e*, e, p, p), experiment AMS at the International Space Station
(ISS) (eTe™ and anti-nuclei detection), the balloon-borne instrument Advanced
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Fig. 8.2. Plethora of dark matter candidates due to T.Tait. Figure is taken
from [56]
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Fig. 8.3. Main dark matter candidates of different masses and their nucleon
(Xenon) cross-section compiled by L. Pearce. Figure is taken from [56]

Thin Ionization Calorimeter (ATIC) [62], determination of fluxes of charged
leptonic ete™ components in the space-born (FERMI-LAT) and ground based
(HESS) gamma-telescopes, IceCube neutrino telescope in the Antarctica ice
[27]. Recent results of measurements of electron e™, positron e™, and total
e~ + e energy spectra, as well as energy dependence of positron fraction
et /(et+e7) in the GeV — hundreds of GeV energy range in PAMELA [1,2,61],
FERMI-LAT |3, 4| and AMS [7, 20, 77| experiments, show the unexpected
increase in conventional model of CR propagation [60] both of total e~ + e™
flux and positron fraction (from 0.05 at 10 GeV to 0.15 in 200350 GeV bin,
Fig. 8.4). According to the data of ATIC, FERMI-LAT, and HESS the total
e~ + eT flux enhancement continues up to TeV region (Fig. 8.5).

8.2.3. Dark matter
explanation of electron-positron anomalies

Two observed electron-positron anomalies (electron-positron
enhancement and rising positron fraction) can be naturally explained in the
annihilating DM models. DM particle can annihilate into SM particles (pro-
tons-antiprotons, electrons-positrons, deuterons-antideuterons, neutrinos and
photons) with energies of order of DM masses, i.e., into cosmic ray particles
and photons in subGeV-TeV range (39, 73|:

X+ Xx —qq, W+W_, /ﬁ'/f, T e+e_, PD, DD, vy, V.
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Fig. 8.4. The positron fraction anomaly: increasing of positron fraction in leptonic
cosmic ray flux at energy E > 10 GeV. Observational data of AMS-2 [7], PAMELA
[2] and FERMI-LAT [4] are presented. Figure is taken from [7]

Similar CR particles are expected from the metastable decaying DM. The-
refore, astrophysical objects with considerable concentration of DM particles
(for example, Galactic halo) should contribute to the observed fluxes of GeV-
TeV cosmic rays, opening the CR window for indirect detection of DM.

The main contribution to the observed CR electron flux is provided by the
Galactic cosmic ray accelerators, mainly, Supernova remnants (SNRs) with
their powerful shock waves, where the charged particles of interstellar medium
(ISM) (electrons, protons and nuclei of atomic number A and charge Z) are
accelerated via diffusive shock acceleration (DSA) up to the maximum energy
of order Epax,z ~ 10'°Z eV for nuclei and to somewhat lower energy Ernaxe ~
~ 10'3 eV for suffering energy losses electrons. Inelastic proton-proton collisions
of accelerated relativistic protons with target protons of ISM plasma result in
production of secondary leptons

pp — p?’L7T+

— ppe+e_ueﬂeyul7u.

Observed positron excess cannot be explained by such a conventional mo-
del, within which a secondary positron fraction decreases with energy [59, 60].
Qualitatively it corresponds to the predictions of expected fluxes of animatter

from annihilating dark matter in the Galactic halo.
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Figure is taken from [83]

In the case of WIMP DM with annihilation rate (ocv) = 3 x 10726 cm3/s
and average dark matter density ~0.4 GeV/cm? in the Solar neighborhood
the required TeV scale masses of DM Mpy < 1 TeV result in considerably low
values of the number density and, correspondingly, of the annihilation rate. The
expected electron + positron spectral intensity ®(E) in E3®(E) presentation
is [19]

—2
E3<I>(E) =6x107% <1 GEeV> (fﬁi@) O(Mpy — E)Bioy m™2s s GeV2,
(8.1)

where additional “bust factor” Bio ~ 200 as a signature of Sommerfeld enhan-
cement effect [19] should be introduced in order to match the observational
intensities E3®(F)qps ~10°m 2571 st~ GeV? in sub-TeV range (Fig. 8.5, 8.6).

There are a lot of works with the DM explanation of electron-positron
anomalies [9, 19, 28, 31, 83]. Electron-positron flux from the DM annihilation
overlaps the electron and positron CR flux (background flux) from astrophysi-
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Fig. 8.6. Best fit DM parameters Mpas and ov for explanation of the observational positron
fraction (AMS-2 and PAMELA data) and total e™e™ flux (FERMI-LAT and HESS data) (30
and 50 contours). Left (right) column corresponds to u*u~ (7177) annihilation channel.
Shaded regions show constraints from FERMI-LAT ~-observations of dwarf galaxies and our
Galaxy with NFW (upper line) and isothermal (lower line) DM density profiles. Figure is
taken from [31]

cal sources in our Galaxy. Background flux includes both primary electrons,
accelerated together with nuclei at Supernova remnant shocks, and secondary
electrons and positrons, produced in inelastic proton-proton collisions of CR
protons with particles of interstellar medium. After escaping the acceleration
places, the background particles propagate diffusively into the Galaxy. Pri-
mary electrons and positrons from DM annihilation are produced in the whole
volume of the Galaxy with the rate, proportional to square of the DM density,
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and also propagate diffusively into the Galaxy. Observational flux is the sum of
astrophysical background and DM signal, therefore DM interpretation of ob-
servations depends strongly on the accuracy of model-dependent calculations
of astrophysical (the main free parameters are characteristics of background
proton and electron spectra) and DM (the main free parameters are mass
Mpm, cross-section (o), a channel of annihilation, the density profile of the
Milky Way DM halo) contributions. Fig. 8.5 from [83] shows the example of
such recovering of DM parameters using the data of recent observations. Na-
varro—Frenk—White distribution of DM with mass of Mpy = 2.3 TeV and
cross-section ov = 5.0 x 10723 cm?s~! gives a reasonable agreement with the
observations. But, meantime, a required mass and cross-section are higher than
expected.

The situation becomes even worse when observational constraints from
FERMI-LAT ~- observations of dwarf galaxies and Galaxy are taken into ac-
count. In [31] it is shown that there are some tensions between sub-TeV DM
masses, predicted by PAMELA and AMS measurements of the positron fracti-
on, and a few TeV DM masses, predicted by FERMI-LAT and HESS measu-
rements of the total electron-positron flux (Fig. 8.6).

Nevertheless, despite the mentioned problems, the room for DM interpreta-
tion of recent observational data concerning the unusual enhancement of elect-
ron-positron flux and positron fraction is large enough and new observations
are very desirable for estimation or further constraining of the DM parameters.

8.2.4. Astrophysical
solutions to electron-positron anomalies

The problem of electron-positron anomalies can have an ast-
rophysical solution. Within more elaborated models of CR. generation and pro-
pagation an additional flux of electrons and positrons may arise due to the reac-
celeration of secondary electrons and positrons at Supernova remnant shocks,
where the main part of primary nuclei and electrons is accelerated [23,24, 33,
34,38,53,58,78]. But there are serious problems in quantitative explanation of
observations in the reacceleration approach [28,59].

Another astrophysical solution: electron and positron acceleration in pulsar
wind nebulae (PWNe) |28, 38,49, 76| looks more promising.

Newly born and fast rotating pulsars are sources of ultrarelativistic pulsar
winds, composed of the electron-positron plasma. Strong termination ultrarela-
tivistic shock in free wind, arising from the wind-interstellar medium interacti-
on, accelerates effectively electrons and positrons in equal numbers via DSA,
which, in turn, escape PWNe and diffusively propagate into the Galaxy, simi-
larly to the primary CRs from Supernova remnants. An example of explanation
of observable data by PWNe model is presented in Fig. 8.5.
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Fig. 8.7. Primary positron energy spectra from nearby pulsars, produced
power-law spectra with spectral index v = 2 and maximum energy E. =
= 3 TeV. The cases of nonrelativistic and full relativistic treatment of the
energy losses are considered. Figure is taken from [37]

[—

Results of successful modeling of recent AMS-2 data by the sum of contri-
butions of SNRs and PWNe are presented in [38]. Here it is also shown that
a few pulsars, which are closer to Earth, may contribute considerably to the
electron-positron flux as a result of diffusive propagation of accelerated e*e™
particles. The most significant contribution is expected from close (<200—
300 pc) and old enough (~10° yrs) pulsars, especially from the well known close
pulsars J0633 + 1746 (Geminga), B0656 + 14 (Monogem), B0833—45 (Vela)
etc. [37]. In Fig. 8.7 the primary positron energy spectra from nearby pulsars,
produced power-law spectra with spectral index v = 2 and maximum energy
E. = 3 TeV, are presented. The cases of nonrelativistic and full relativistic
treatment of the energy losses are shown too.
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8.2.5. Electron-positron
anomalies and the Vela pulsar wind nebula

Younger (<10* yrs) pulsars together with their PWNe are
still surrounded by SNR shells and accelerated e™e™ particles are trapped by
the magnetic fields of PWNe and SNR shell. And only after fragmentation
and decay of SNR shell at the late radiation stage of evolution, the accelerated
particles can escape the pulsar region and diffusively propagate into the Galaxy
[22]. But the med-age Vela pulsar PSR B 0833 45 (characteristic age tyela =
= 11400 yr) with its PWNe is located in the non-typical Vela SNR without
the well developed shell, and the problem of early escaping of accelerated ete™
pairs is considerably relaxed.

Vela SNR with Vela pulsar inside belongs to the the Vela complex, which
includes the Vela supernova remnant, the binary system ~? Velorum with
prominent stellar wind bubble IRAS Vela Shell (IVS), and the Gum nebula [80].

In [80] it is shown that the Vela SNR belongs to a subclass of non-Sedov
adiabatic remnants in the cloudy interstellar medium (ISM), the dynamics of
which is determined by the heating and evaporation of ISM clouds. Observable
characteristics of the Vela SNR can be explained as the SN explosion with
energy 1.4 x 10°0 ergs near the step-like boundary of the ISM with low inter-
cloud densities (1072 ¢cm™3) and with the volume-averaged density of clouds
evaporated by shock in the north-east (NE) part about four times higher than
the one in the south-west (SW) part. The observed asymmetry between the NE
and SW parts of the Vela SNR could be explained by the presence of a stellar
wind bubble (SWB) blown by the nearest-to-the Earth Wolf—Rayet (WR) star
in the 2 Velorum system.

In Fig. 8.8 the X-ray map of the Vela SNR from ROSAT All-Sky Survey
image (0.1—2.4 keV) [10] and the boundaries of the Vela SNR and stellar wind
bubble around the 2 Velorum are presented. The extended features outside the
boundary of the remnant (“bullets”) represent the high velocity fragments of
rejected Supernova envelope, which protruded a rarefied SNR shell region. The
absence of clear signatures of strong main shock at the edge of SNR, volume-
filled X-ray radiation, long-lived bullets as a signature of rarefied circumstellar
medium, as well as another arguments, presented in [79,80], confirm the model
of Vela SNR as an untypical one, without regular shell-like structure with a
massive swept up magnetised shell of matter of ISM.

Analysis of radio-maps of Vela SNR also confirms peculiarity of the radio-
emitting electrons: they are nearly uniformly distributed inside the remnant
and do not show the expected shell-like structure [79].

All these arguments support the model of early Vela PWN evolution
inside the expanding fragmented Supernova envelope, which decelerates mainly
due to the interaction with interstellar cloudlets without forming the regular
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Fig. 8.8. ROSAT All-Sky Survey image (0.1—2.4 keV) of the Vela
SNR [10]. A-F are extended features outside the boundary of the
remnant (“bullets”). Light grey to white contrast represents the contrast
in surface brightness of the factor of 500. Black curves show the NE and
SW hemispheres of the Vela SNR. White curve shows the contour of
the SWB of 42 Velorum. Figure is taken from [80]

shell. Termination shock in pulsar wind will accelerate eTe™ particles, but
downstream region of PWNe will not be inclosed in regular SNR shell and
newly accelerated particles can escape from the acceleration region even at
very early stages of PWNe formation. Therefore, contrary to the case of typi-
cal SNRs, when accelerated particles can escape only from med-age SNRs, we
do not expect such a delay in Vela PWN case.

Besides the escaping problem, a contribution of Vela PWN to the observed
electron-positron flux is limited by the PWN age. For typical values of diffusi-
on the coefficient Vela PWN can contribute only to the £ > 100 GeV flux
(Fig. 8.7). But the analysis of ISM structure around the Vela complex gives
evidences for a very rarefied interstellar plasma in this region. In [79, 80| it
is shown that the estimate based on the dynamics of expansion of Vela SNR
suggests a low value for the ISM density nisy < 0.01 em™3.

Moreover, both the Vela SNR and the v? Velorum SWB could be interac-
ting with the still larger scale SNR, known as the Gum nebula. This nebula is
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coordinate system. Figure is taken from [80 . .
Y 8 180] shock dynamics. Assuming the

current radius 124 pc, the distance to nebula Dguyn = 400 + 60 pc, age
~1.5 Myr and the explosion energy of 10! Ex; erg, we can find the density
of the ISM in which the Gum nebula is expanding:
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The estimate of average density of ISM around the Gum nebula shows that
actually the nebula expands into the medium with a much lower density than
the typical one in Galactic disk. The low density may suggest the low value of
local magnetic field, especially its random component, that determines the
value of diffusion coefficient [37]. Moreover, the direction to the Vela comp-
lex nearly coincides with the direction of the local spiral arm and the regular
component of magnetic field. Corresponding increase of diffusion coefficient
results in faster diffusion of electron and positron in 10 GeV—100 GeV range
and in increasing of Vela PWN contribution to observed electron-positron en-
hancement. Future experimental data, especially on the value and direction
of anisotropy of electron-positron flux, will be very important in estimating
the real contribution of single pulsars, including the Vela one, into antimatter
production.
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8.3. Search for superheavy dark
matter in the ultra high energy cosmic ray flux

8.3.1. Production
of superheavy dark matter in the early Universe

Among the viable DM candidates in Fig. 8.3 there are super
heavy dark matter (SHDM) particles with masses much larger then unitarity
constraint (a few hundred TeV) for the WIMPs, which were in the equilibrium
with the thermal plasma in the early Universe. SHDM particles include Q-balls
with masses of order 10? GeV and WIMPZILLAs with masses of order of GUT
scale ~10%° eV. Such massive particles (often called X-particles) cannot be
in thermal equilibrium in the early Universe without overproduction of DM,
but there are a number of mechanisms which could produce X-particles as
a nonequilibrium component in the early Universe with necessary density at
present. Viable mechanisms include gravitational interactions at the end of
inflation, thermal production at reheating etc. (see [11,21,42,43] for details).

Due to a very low number density they can have quite strong interac-
tion, but indirect search for such massive particles is possible only (if they
are unstable) via the detection of standard model particles from the decay
channel. Ultra high energy cosmic ray window E > 10'® eV is suitable for this
search. Traditional mechanisms of cosmic ray production are grounded on an
electromagnetic acceleration of some part of the background charged particles
up to ultra high energies (so called bottom-up scenario). Decay of massive X-
particles also produces the ultra high energy particles with maximum energy
of order of Mx /2 and with similar to observable spectrum (so called top-
down scenario). It is worth to note that the aim of the first proposal of SHDM
particles [13] was to explain an unusual energy spectrum of UHECRs, detected
in AGASA experiment.

8.3.2. Superheavy dark
matter from topological defects

There is an alternative scenario for SHDM production: esca-
ping of short-lived particles from cosmic topological defects (TDs), especially
from cosmic strings [82].

Cosmic strings are linear defects that could be formed at a symmetry
breaking phase transition in the early Universe [21,42,43,48,50,82|.

Strings are characterized by the energy scale of symmetry breaking 7,
which is given by the vacuum expectation value of the corresponding Higgs
field, (¢) = 1. The mass per unit length of a string is determined by the energy
scale 1 as 1 ~ n?. The gravitational interaction of strings is characterized by
dimensionless parameter Gu ~ (n/mp)? where G is Newton’s constant and
mp ~ 10%8 eV is the Planck mass.
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Fig. 8.10. Numerical simulations of the cosmic string network of infinite strings and loops in
classical field theory (left) and in the Nambu—Goto approximation (right). Box sizes are of
order of the horizon size. Due to the scaling properties the evolving string network structure
remains self-similar. Figures are taken from [48]
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Fig. 8.11. Contribution to the observable spectrum of UHECRs (AUGER data) from ultra
high energy photons, produced by the decaying SHDM (left). Fraction of ultra high energy
photons in the total flux for the decaying Galactic SHDM with NFW density profile (right).
Figures are taken from [6]

Network of strings evolves in a self-similar manner: a horizon-size volume at
any time t contains a few long strings stretching across the volume and a large
number of small closed loops. The typical distance between long strings and
their characteristic curvature radius are both ~t. The typical length of loops
being chopped off the long strings is comparable to the scale of the smallest
wiggles | ~ at, where « is determined by the gravitational backreaction av ~
~ kgGpu, where kg ~ 50. In this case the loops decay within about one Hubble
time of their formation. Then, most of the loops at time ¢t have a length [ ~ at,
and their number density is given by n;(t) ~ a=1t73.

Strings predicted in some grand unified models respond to external elect-
romagnetic fields as thin superconducting wires. As they move through cosmic
magnetic fields, such strings develop electric currents.
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Oscillating loops tend to form cusps, where for a brief period of time
the string reaches the speed very close to the speed of light. Near a cusp, the
string gets contracted by a large factor, its rest energy being turned into kinetic
energy. For a string segment of invariant length d! < [, the maximum contrac-
tion factor is ~I[/0l, resulting in a Lorentz factor v ~ [/dl. Another peculiar
feature that one can expect to find on string loops is a kink. It is characterized
by a sharp bent, where the string direction changes discontinuously.

It is expected that cosmic strings could be responsible for such astrophysi-
cal events as gravitational lensing [74], gravitation wave bursts [36], some
examples of gamma-ray bursts [12, 14]. But the most promising signature
of the cosmic strings is related to their ability to emit massive X-particles
[15,21,42, 43]. Besides the ordinary and superconducting (including vortons)
cosmic strings, X-particles can be produced by other TDs, such as network of
monopoles connected by strings, necklaces and monopoloniums [16].

8.3.3. Superheavy dark matter decay
and ultra high energy cosmic ray particles

If SHDM particles are unstable (metastable), they can pro-
duce standard model particles via decay. If SHDM particles are stable due to
the existence of a some discrete gauge symmetry, and this symmetry is weakly
broken, a lifetime of X-particles can be larger than the age of Universe It is
believed that the main decay channel is into quarks and leptons. Following had-
ronization of quarks results in hadron jets with dominance of pions and minor
part of nucleons. By-tern, pions decay into leptons (electrons/positrons, neut-
rinos) and photons. While the hadronization process is described in the QCD
frame, the spectra of produced species are also determined mainly by QCD and
should be similar to the collider result for e + e — gg — nucleons -+ pions [21].
Calculation of the particle energy spectra at the My energy scale suggests the
flat power-law energy spectrum N(E) = KE~7 with v = 1.9 with photon
dominated flux as a robust signature of decaying origin. The photon/nucleon
fraction in the calculated spectra is in the range N,(E)/N,(F) ~ (2—3) [6]
(Fig. 8.11). Therefore the X-particles with masses My > 102! eV and the life
time of order of the age of the Universe could contribute to the observable flux
of the ultra high energy cosmic rays.
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8.3.4. Constrains on superheavy dark matter
from recent ultra high energy cosmic ray observations

Secondary relativistic particles produced by the decay of X-
particles should contribute to the observable flux of cosmic rays in the energy
range £ < My/2, i.e., for Mx > 10?0 ¢V in the ultra high energy cosmic
rays range. Very low flux of the ultra high energy cosmic ray demands very
large effective areas of detectors (about 3000 km? in the case of Auger surface
detectors). Fig. 8.12 shows the dynamics of exposure increasing of running and
future cosmic ray detectors.

It is believed that the dominant part of UHECRSs is accelerated in
astrophysical sources which satisfy the energy requirements, namely, a de-
mand of particle confinement in acceleration region limits the maximum
energy of accelerated particle of electric charge Z to the value Epyx(eV) =
=300Z B(G) R(cm). Fig.8.13 shows that a few sources can accelerate
UHECRs up to the maximum detected energy 3 x 102° V. Among them there
are active galactic nuclei (AGN), gamma-ray bursts (GRB), hot spots (the
regions of termination shocks) in radiogalaxy lobes, accretion shocks in the in-
tergalactic medium (IGM) around the large scale structure elements (clusters
of galaxies, filaments).

Despite the detailed investigations of the UHECR spectrum and presented
above list of viable sources, we still have not identified any specific source of
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Fig. 8.12. Past (Fly’s Eye, AGASA, HiRes (High Resolution Fly’s Eye)),
present (Auger-South, Telescope Array (TA)) and future (Auger-North,
JEM-EUSO (nadir and tilt modes)) experiments for detection of ultra high
energy cosmic rays with energy >10'® eV. Figure is taken from [8]
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UHECRs due to deflections of UHECR trajectories in the intergalactic and
Galactic magnetic fields. We do not have robust data on abundances (chemical
composition) of UHECRs as well. As result we cannot separate a possible
contribution of UHECRs from SHDM decay in total observable flux. But it is
promising to search for some distinctive features of SHDM decay. For example,
the flux of UHE protons from cosmological sources should be characterized
by a sharp steepening at energy 6 x 10! eV (the well known Greisen—Za-
tsepin—Kuzmin (GZK) cut-off), i.e., at the threshold energy of the photo-
pion interaction of relativistic protons with the CMB radiation field [44, 84].
Therefore, only sources inside a characteristic radius (aka GZK-radius) of order
of Razk < 50 Mpc contribute effectively to the UHECR flux in ~10%° eV range.
Meantime, the energy spectrum of UHECRs produced via X-particle decay in
the halo of our Galaxy does not suffer from GZK-effect and should extend up
to ~Mx /2 region. About ten years ago the AGASA experiment announced the
detection of 11 events with energy E > 10%° ¢V without any signatures of the
GZK effect, but more recent detectors HiRes, Auger, and Telescope Array have
found the robust feature of GZK cut-off in UHECR spectrum, considerably
decreasing the possible contribution of DM decaying particles in total flux
and shifting DM search window to the highest energies >10?° eV. Besides the
new detectors with improved statistics, the search for DM features requires
the clarification of the nature of detected UHECR, particles — their chemical
composition, acceleration energy, and energy losses during the propagation etc.

Observable spectrum of UHECRs is a result of joint action of different
processes, including acceleration in sources with formation of “generation spect-
rum”, modification of spectrum during the propagation in intergalactic and
Galactic magnetic and radiation background fields, generation of air shower
in atmosphere. The solution of an inverse problem of recovering the nature
of UHECR is a complicated task, to this end it is useful to start with the
investigation of proton fraction in the total flux of UHECRSs, since hydrogen
atoms are the most abundant in the Universe and relativistic protons dominate
in the Galactic CR flux.

The propagation of protons in the intergalactic medium induces two dis-
tinct features in their spectrum observed at the Earth: mentioned above
GZK feature and dip, generated due to pair production process p + yomp —
— p+et 4+e, where the target is provided by the CMB photons. The detecti-
on of these features would be a definitive test of the extragalactic origin of
UHECRs and of the fact that they are mainly protons [5|. The proton contri-
bution can be estimated using the formalism of the modification factor, first
introduced in [17] and defined as the ratio of the spectrum J,(E) with all
energy losses taken into account and the unmodified spectrum Jy"(E), where
only adiabatic energy losses (red shift) are included: n(E) = J,(E)/Jy". Th
spectrum Jy,(E) calculated for a power-law generation spectrum Qgen(E) =
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Fig. 8.13. Hillas diagram shows the necessary combination of sizes and magnetic fields of
astrophysical objects-candidates for ultra high energy cosmic ray accelerators. Figure is taken
from [55]

Fig. 8.14. Modification factor for a power-law generation spectrum with slope v = 2.0 (line
2) and v = 2.7 (line 7). The horizontal line n = 1 corresponds to adiabatic energy losses
only. The curves 7. and not correspond respectively to the modification factor for adiabatic
and pair production energy losses and to the modification factor where all losses are taken
into account. Figure is taken from [5]

= KE77 and for a homogeneous distribution of sources, is called “universal
spectrum”. The important feature of the universal spectrum is its independence
of the mode of propagation: it is the same for rectilinear propagation and
propagation in arbitrary magnetic fields. In Fig. 8.14 the modification factor
as a function of energy for two slopes of the injection spectrum, v = 2.0 and
~v = 2.7, is presented.

In Fig. 8.15 the comparison of the modification factor calculated for v = 2.7
with the observational data of AGASA, HiRes, Yakutsk and Auger is shown
[5]. The dip is well visible in the data at energy below ~4 x 109 eV, above
which the photopion production dominates.

Observable spectra show different amplitudes at the same energy, mainly
due to systematic errors. In the frame of proton-dominated model the shape
of the dip can be used for energy calibration of the detectors. Shifting the
energies by a factor A for each detector in the energy range of the dip one can
determine the value of X that fits the data in the best way for each experiment.
This procedure leads to A = 0.9, 1.2, 0.75 for AGASA, HiRes and Yakutsk
detector, respectively. Agreement of shifted spectra (Fig. 8.16) confirms the
proton-dominated composition (more recent data prefer the HiRes spectrum
as reference spectrum with the same conclusion about proton spectrum).

From Fig. 8.15 it follows also that the flux of extragalactic protons domi-
nates in the total flux at energy E > E. ~ 1 x 10'® eV, i.e., the transition
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Fig. 8.15. Predicted proton-dominated energy spectrum with dip in comparison with
AGASA, HiRes, Yakutsk and Auger data. Figure is taken from [5]

from Galactic to extragalactic cosmic rays takes place at energy FEe, [18]. This
prediction of proton model is confirmed by the results of KASCADE experi-
ment [51] on the dominance of heavy nuclei (up to iron nuclei) in the Galactic
cosmic ray flux in the transition region. The structure of transition region in
proton-dominated model is presented in Fig. 8.17. The extragalactic proton
spectrum is shown for Qgen = K E~27 generation spectrum and for propaga-
tion in magnetic field B = 1 nG with scale [ = 1 Mpc. The distance between
sources is d = 50 Mpc. Ey = E = 1 x 10'® €V is the beginning of the transi-
tion, Ege is the position of the iron knee and E}, is the energy where the
galactic and extragalactic fluxes are equal.

The presented here dip-transition model agrees well with the rigidity model
for the origin of the first knee. In this model, the position of the first (proton)
knee (Fig. 8.1, E, = 2.5 x 10'° V) is determined by the magnetic confinement
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Fig. 8.16. The spectra as measured by Akeno-AGASA, HiRes and Yakutsk arrays (left
panel) and after energy calibration by the dip (right panel). Figure is taken from [5]
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Fig. 8.17. Left panel: transition from Galactic to extragalactic cosmic rays in proton- domi-
nated model (region of the second knee). Right panel: transition in the ankle model for the
injection spectrum of extragalactic protons E~2. In both cases the dashed line is obtained as
a result of subtracting the extragalactic spectrum from the observed all-particle spectrum.
See text for details. Figure is taken from [5]

of protons in the Galactic halo. In this case the knee in the spectrum of nuclei
with charge Z is located at Ez = ZE,,. The highest energy knee, due to iron,
must be located at Fr. = 6.5 x 106 V. At energy E > Efr. the total galactic
flux consists mostly of iron.

Proposed for the first time about ten years ago, proton (aka dip) model
naturally explains the main properties of extragalactic cosmic ray flux. Very
recent data of Auger and Telescope Array are presented in Fig. 8.18.
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Fig. 8.18. Ultra high energy part of cosmic ray spectrum. Recent results of TA (upper line
p-fit) and Auger (black points) collaborations are presented. TA data are fitted according to
the proton-dominated dip model, Auger data — according to the ankle model with additional
galactic component (dotted line). See text for details. Figure is taken from [52]

The TA-data are very well fitted by the proton model with E~23% genera-
tion spectrum (p-fit line). The Auger data are fitted by the mixed composition
model with the maximum acceleration energy of nuclei of charge Z FE.x =
= 5x10'%Z ¢V and E~20 generation spectrum. Auger data may be agreed with
a proton model as well taking into account the systematic errors AE/E ~ 14 %.
Meantime, the chemical composition is an unresolved problem: TA data agree
with a pure proton flux, while Auger data suggest the increasing of fraction
of heavy nuclei at the highest energy. The latter case can be explained in
mixed composition model, where the extragalactic flux dominates only after
the ankle (ankle model) and has a mixed composition of nuclei from protons to
irons. The weakness of the ankle model is the need to introduce a new Galactic
component at energy up to ~3 x 108 eV.

Both proton and ankle (with mixed composition) models explain UHECR
spectrum without the involvement of decaying component produced by SHDM.
Additional constraints follow from the recently determined upper limits on
ultra high energy photon flux from Auger Surface Detector (SD) and Hybrid
(SD and fluorescence telescope) data [66] (Fig. 8.19).

As it was mentioned above, the distinctive feature of SHDM decay is the
photon (and neutrino) dominated flux. Of course, this limits disfavor, but do
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Fig. 8.19. Upper limits on ultra high energy photon flux from Auger Surface Detector (SD)
and Hybrid (SD and fluorescence telescope) data [66]. Theoretical predictions from models
of super-heavy dark matter (SHDM), topological defects (TD), Z-bursts, and the expected
flux due to the Greisen—Zatsepin—Kuzmin (GZK) effect are also presented. Figure is taken
from [66]

not exclude the SHDM contribution to the observed UHECR spectrum. New
observations with higher statistics in post-GZK range (E > 1020 eV) are still
very promising for indirect detection of SHDM.

8.4. Conclusion

Despite considerable efforts, the indirect search for astrophy-
sical signatures of dark matter has not yet come to fruition. Nevertheless, in
quite a number of experiments we expect to find manifestations of dark matter.
In addition to the considered above cosmic ray window, a recent indirect dark
matter experiments include a search for annihilating or decaying products
of dark matter in X-ray, v-ray and neutrino windows [27]. Improvement of
statistics (XMM-NEWTON, FERMI-LAT, AMS etc.) and upgrading (Auger,
Telescope Array, IceCube, HESS etc.) of running experiments together with
the realization of new experiments (JEM-EUSO, GAMMA-400 etc.) in the
near future offer a great promise in the indirect dark matter detection.
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