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АНДАТПА
Есеп 55 бет, 1 кітап, 9 сурет, 1 кесте, 71 дерекнама, 2 қосымша. 
ҚАРАҢҒЫ МАТЕРИЯ, СТАЦИОНАР ЕМЕС КҮЙ ПАРАМЕТРЛЕРІ, ГРАВИТАЦИЯЛЫҚ ЛИНЗАЛАР, ҚАРА ҚҰРДЫМДАР, АККРЕЦИЯЛЫҚ ДИСКТЕР
Зерттеу нысаны: Қараңғы материяның күй теңдеуі, қара құрдымдар, аккрециялық дисктер.
Жұмыс мақсаты: Қараңғы материямен қоршалған қара құрдымның аккрециялық дискісінің дифференциалдық және спектралдық жарқырауын зерттеу.
Зерттеу әдістері: Дифференциалдық теңдеулерді сандық шешу әдістері.
Жұмыстың нәтижелері және олардың жаңалықтары:
1) Тұңғыш рет қараңғы материямен қоршалған қара құрдымдар зерттелді. Толман-Оппенгеймер-Волков теңдеулер жүйесі қара құрдымның сыртында шектеулі қалыңдықта таралған қараңғы материя үшін шешілді. Мүмкін болатын орнықты конфигурациялар табылды. Бұл жағдайда қараңғы материяның ішкі шекарасы қара құрдымның гравитациялық өрісінде қозғалып жүрген сынақ бөлшектердің ең ішкі орнықты дөңгелек орбитасының радиусы - 6MBH - нен жоғары немесе төмен орналасады.
2) Қараңғы материя бар болған жағдайда аккрециялық дисктің сәулелену ағыны мен дифференциалдық жарықтылығы есептелінді және олар қараңғы материя жоқ болған жағдаймен салыстырылды. Ең кіші орнықты дөңгелек орбитаның радиусы ri < 6MBH болғандықтан аккрециялық дисктің сәулелену ағыны мен дифференциалдық жарықтылығы қараңғы материя бар кезде жоқ болған кезден жоғары болатыны көрсетілді.
3) Бариондық емес материя ұйытқуларының эволюциясы ерте Әлемде ірі масштабты құрылымдардың түзілуіне ықпал етуші фактор ретінде зерттелді. Сонымен бірге алғашқы бариондық емес нысандардың үлестірілуі қарастырылды, олардың физикалық, динамикалық және айналмалы сипаттамалары ерте Әлемде зерттелді.
Қолдану саласы: Релятивистік космология, Әлем эволюциясының алғашқы кезеңдері, гравитациялық линзалар теориясы, ықшам нысандар физикасы.
Жұмыстың маңыздылығы: Галодағы қараңғы материяның тығыздығы уақытқа тәуелді болуы мүмкін және сәйкесінше қараңғы материяның өзі де динамикалық қасиеттерге ие.
Жобаның маңыздылығы осы бағыттағы зерттеулерді жалғастыру болып табылады. Атап айтқанда, өте ерте Әлемдегі қараңғы материяның стационар емес өрісінде жарықтың таралу мәселесіне бағытталған.
Зерттеу нысанының дамуы туралы болжам: Айнымалы параметрі бар қараңғы материяның күй теңдеуін қорыту оның қасиеттерін толық зерттеуге мүмкіндік береді. 

ABSTRACT
Report 55 pages, 1 book, 9 figures, 1 table, 71 sources, 2 appendices.
DARK MATTER, NON-STATIONARY STATE PARAMETER, GRAVITATIONAL LENSES, BLACK HOLES, ACCRETION DISCS
Research object: Dark matter equation of state, gravitational lenses, black holes, accretion disks
Purpose of the work: Investigation of the differential and spectral luminosities of the accretion disk of a black hole surrounded by dark matter.
Research methods: Numerical methods for solving differential equations.
Results of work and their novelty:
1) A black hole surrounded by dark matter was investigated and the Tolman-Oppenheimer-Volkoff system of equations for the dark matter distribution, extending in a finite thickness outside the black hole was solved for the first time. Acceptable equilibrium configurations for dark matter with an internal boundary located either below or above 6MBH - the boundary of the innermost stable circular orbit of test particles in the gravitational field of a static black hole were found.
2) The radiative flux and differential luminosity of accretion disks in the presence of dark matter were calculated and they were compared with values in the absence of dark matter. It turns out that due to the fact that the radius of the innermost stable circular orbits ri < 6MBH, the flux and differential luminosity will be higher in the presence of dark matter than in its absence.
3) The evolution of perturbations of non-baryonic matter as a factor in the formation of large-scale objects in the early Universe; distribution properties of primary non-baryonic objects; physical, dynamic and rotational characteristics of primary non-baryonic objects in the early Universe were investigated.
Application area: Relativistic cosmology, early stages of the evolution of the Universe, theory of gravitational lenses, physics of compact objects.
Significance of the work: Dark matter density in a halo can depend on time and, therefore, dark matter itself possess dynamic properties.
The significance of the project: lies in the continuation of research in this direction. Namely, it focuses on the problem of light propagation in a non-stationary field of dark matter in a very early Universe.
Predictive assumptions about the development of the research object: Derivation of the equation of state of dark matter with a variable parameter allows a more complete study of its properties.
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SYMBOLS AND ABBREVIATIONS
The following abbreviations and symbols are used in this report on SRW:
	DM
	–
	Dark matter

	GR
	–
	General theory of relativity

	TOV
	–
	Tolman– Oppenheimer−Volkoff equations

	BH
	–
	Black hole

	АD
	–
	Accretion disc

	Au
	–
	Astronomical unit

	
	–
	Mass of the Sun

	
	–
	Black hole mass

	Sgr-A∗
	–
	Sagittarius- A∗

	ɀ
	–
	Cosmological redshift

	рс 
	–
	Parsec

	G
	–
	Gravitational constant

	C
	–
	The speed of light in vacuum

	 = 2
	–
	Black hole gravitational radius

	N
	–
	Refractive index

	WIMP
	–
	Weakly interacting massive particle

	keV 
	–
	Kilo electron volt

	MeV 
	–
	Mega electron volt

	GeV 
	–
	Giga electron volt

	TeV
	–
	Tera electron volt

	

	–
	Dark matter temperature

	

	–
	Baryonic matter temperature

	

	–
	The time of the end of the dominance of dark matter

	BOSS
	–
	Baryon Oscillation Spectroscopic Survey




INTRODUCTION

According to modern conceptions about the substantial structure of the Universe, it consists of 73% of dark energy (often identified with the cosmic vacuum), 23% of dark matter, and about 4% of baryonic matter – primary plasma and radiation. These types of substances play a different role in the process of the evolution of the Universe. Thus, the cosmic vacuum is responsible for the expansion of the Universe, dark matter ensures the stability of its large-scale structures (galaxies and their clusters) and baryonic matter is the “building material” of galaxies themselves and their small-sized objects (star clusters, stars and planets).
As for dark matter, it was used, for example, to explain one of the fundamental problems of modern physics and cosmology - the baryon asymmetry of the Universe; to describe the origin of various types of dark matter; to find the masses of dark matter particles. Questions about the influence of dark matter on the formation of galaxies also attracted considerable attention of researchers.
It was emphasized above that the initial ideas about the physical purpose of dark matter in the structure of galaxies and their systems were to ensure the stability of these large-scale objects of the Universe. In accordance with this, the rotation curves of various galaxies from the observational data were constructed; the question of the origin of the dark matter halo was raised, the profiles of the dark matter distribution were theoretically substantiated, the central density of the dark matter halo was discussed, and others.
But later, the idea began to form in which dark matter density in a halo may depend upon time, and, therefore, dark matter itself has dynamic properties. In the literature, the problem of the evolution of dark matter density was discussed and non-stationary models of dark matter were constructed. Also, a number of works are devoted to the discussion of the influence of dark matter perturbations, both on the evolution of its various substructures and on the dynamics of large-scale objects from a baryonic substrate.
The purpose of this work is to continue research in this direction. Namely, it focuses on studying the effect of dark matter on the radiative flux and differential luminosity of the accretion disk around a black hole, calculating the refractive index of our model and the evolution of perturbations of non-baryonic matter as a factor in the formation of large-scale objects in the early Universe.
Relevance and novelty of research: The aim of the project and its novelty is to study the influence of primary baryonic matter in the form of cosmic plasma on the evolution of dark matter perturbations considered as a gas of WIMPs.
Justification of the scientific and technical level: The research group includes scientists with various experiences in the specialty. Two-thirds of the staff are scientists with many years of experience in the field of astrophysics, having publications in international peer-reviewed journals. Approximately 60% of the employees are young scientists and engineers. There are access to computers and original programs created by the participants of the project, also programs and processing packages accepted in the international community. There is access to the Internet.
Information on patent research and metrological support of Scientific research work (SRW): Patent research and metrological support were not expected.
Relationship with other research projects and institutions: Scientific relations among the scientists from Kazakhstan, Russia, the United States are developing; international cooperation continues with the research teams of Sternberg Astronomical Institute, Space Research Institute (Moscow, Russia), St Petersburg State University. 
The aim of the project - To study the influence of primary baryonic matter in the form of cosmic plasma on the evolution of disturbances in dark matter, considering as a gas of WIMPs. To achieve the goal of the project, the following tasks are formulated below, also their brief explanation and expected results were given.

Tasks for 2020 y:
· Investigate the distribution properties of primary non-baryonic objects in the early Universe
· Calculate physical characteristics (mass, size, angular momentum) of primary non-baryonic objects
· Calculate dynamic characteristics (energy, density of matter, dynamics) of a system of primary non-baryonic objects
· Describe the rotational characteristics (moment of inertia, angular momentum or spin, angular velocity) of a system of primary non-baryonic objects

The basis for execution SRW:
The decision of the National scientific Council "Information, telecommunications and space technologies, scientific research in the field of natural Sciences" on grant funding (Protocol No. 1 dated January 10, 2018), decision of the National scientific Council "Information, telecommunications and space technologies, scientific research in the field of natural Sciences" on adjustment of calendar plans (Protocol No. 2 dated February 15, 2018),
· Agreement with the Science Committee of the Ministry of Education and Science of the Republic of Kazakhstan No. 109 dated March 05, 2018.
· The decision of the National Scientific Council for the priority direction "Information, telecommunication and space technologies, scientific research in the field of natural sciences" on the further implementation of the project (Protocol No. 13 dated December 08, 2018).
· The decision of the National Scientific Council for the priority direction "Information, telecommunication and space technologies, scientific research in the field of natural sciences" on the further implementation of the project (Protocol No. 14 dated December 10, 2019).
List of interim reports
1) Evolution of dark matter density perturbations in the very early Universe: report on SRW (interim) / Fesenkov Astrophysical Institute: principal investigator (PI) Chechin L.M. - Almaty, 2018. - 44p. Registration number 0218RK00063.
2) Evolution of dark matter density perturbations in the very early Universe: report on SRW (interim)/ Fesenkov Astrophysical Institute: PI Chechin L.M. - Almaty, 2019 .-- 34p. Registration number 0219RK00165.

The implementation period - 2018-2020 yy.

The amount of funding for 2018-2020 is 44,000. 00 thousand tenge. Including: 2018 – 15 000,00 thousand tenge, 2019 - 15 000,00 thousand tenge, 2020 – 14 000,00 thousand tenge.


MAIN PART

1 Accretion disc luminosity for black holes surrounded by dark matter
We consider the observational properties of a static black hole space–time immersed in a dark matter envelope. We investigate how the modifications to geometry induced by the presence of dark matter affect the luminosity of the black hole’s accretion disc. We show that the same disc luminosity as produced by a black hole in vacuum may be produced by a smaller black hole surrounded by dark matter under certain conditions. In particular, we demonstrate that the luminosity of the disc is markedly altered by the presence of dark matter, suggesting that the mass estimation of distant supermassive black holes may be changed if they are immersed in dark matter. We argue that a similar effect holds in more realistic scenarios, and we discuss the refractive index related to dark matter lensing. Finally, we show how the results presented here may help to explain the observed luminosity of supermassive black holes in the early Universe.

1.1 Current models of supermassive black hole formation
The recent observation of the ‘shadow’ of the supermassive black hole candidate in the galaxy M87 [1, 2] proves that extreme compact objects reside in galactic centres. The fact that such objects are seen in the electromagnetic spectrum while also being sources of gravitational waves means that they open up a new era of multi-messenger astronomy [3]
The current theoretical models of the formation of supermassive black holes do not, however, explain the distribution of black hole masses with distance [4]. It is not clear how and when supermassive black holes formed; that is, their formation is far less well understood than the formation of their light, stellar-mass counterparts. We know only a large number of supermassive black hole candidates exceeding one billion Solar masses, and that they have been observed in the early Universe [5].
The most striking example is the black hole candidate ULAS J1342 + 0928, which has a mass of ∼800  106 Mʘ (Sun mass) and is located at ɀ = 7.54, so quite close to the big bang [6]. How did such enormous objects form in such a short time?
Currently, with the exceptions of Sgr-A∗ in the Milky Way and the supermassive black hole candidate in the galaxy M87, the most widely adopted method used to determine the mass of such objects consists of measuring the spectra from their accretion discs [7]. 
For example, black hole accretion at super-critical values does not imply that the disk radiates at the super-Eddington luminosity [8]. This is because of the properties of the accretion disc. Several assumptions are needed in order to produce accretion disc models, including, of course, an assumption regarding the geometry in which the accretion disc exists [9].
The theory of black hole accretion was developed by Novikov & Thorne (1973) and Page & Thorne (1974) [10, 11], and has been successfully applied to astrophysical black hole candidates to explain the features of their observed spectra for many years.
However, observations are almost always interpreted under the assumption that the black hole is in a vacuum (i.e. the Kerr metric). It is only in recent years that attempts have been made to study the theoretical properties of accretion discs in a geometry that departs from the Kerr line element [11-15]. Furthermore, we know that galaxies are surrounded by dark matter haloes, which are responsible for the observed rotation curves of stars far from the centre [16-18].
Dark matter haloes extend throughout galaxies, from the outer regions to the centre, and it is reasonable to consider the possibility that the central distribution may affect the geometry of the region. Some models have been developed to describe dark matter distributions at galactic centres [19] and dark matter profiles around black holes [20]. It is reasonable to suppose that such dark matter profiles will have non-negligible relativistic effects close to galactic cores, and therefore will modify the properties of the light emitted by accretion discs. In addition, the possibility that dark matter is responsible for the observed cosmic speed up has been recently investigated, see [21] for details.
In this paper we aim to study this effect qualitatively by constructing a simple toy model. For clarity, we will assume a static, spherically symmetric supermassive black hole surrounded by dark matter. Our approach to studying the spectrum of the disc is then based on a simple model for the dark matter envelope. To do this, we will assume that the interaction cross-section of dark matter with normal matter vanishes; that is, the dark matter envelope does not interact with the normal matter in the disc, allowing us to model the trajectories of baryonic matter in the accretion disc as moving on circular geodesics. We will also assume that the dark matter envelope extends inside the boundary radius of stable circular orbits in the accretion disc. This is reasonable if, for example, the dark matter content is made of weakly interacting particles travelling on various orbital trajectories. 
We then evaluate the motion of test particles in the accretion disc in the geometry produced by the black hole plus dark matter source, and compute the effects of the presence of dark matter on the spectrum of the accretion disc, under simple reasonable assumptions for the emission profile. We show that, under certain circumstances, the flux and luminosity of the disc is noticeably increased by the presence of dark matter, especially in the inner parts of the accretion disc. Furthermore, the presence of the dark matter envelope alters the spectral luminosity of the disc at all frequencies, with respect to the case of a black hole in vacuum. This feature could in principle be tested against observations, once a more realistic version of the model and sufficiently accurate observational data become available. In light of this, we investigate the refractive index and obtain its shape, comparing the cases with and without dark matter. The discrepancy between these cases is also discussed and interpreted. These results suggest the possibility that supermassive black holes in the distant Universe may be less massive than previously estimated. This possibility highlights the role of dark matter in galactic cores, as dark matter acts as a source for increasing or decreasing the accretion disc’s luminosity.

1.2 Model and methodology
Recently, a toy model for a dark matter cloud located at the Galactic Centre without the presence of any supermassive black hole was considered by some of the present authors [22]. By analyzing the motion of test particles in the central regions of the galaxy, we showed that at distances greater than 100 au there was no observable difference between the gravitational fields of a black hole and a dark matter core of the same total mass. However, black holes are likely to exist at galactic centres, as suggested by the emission lines of quasars [23]. In this work, we consider a black hole located at the centre of a dark matter distribution and estimate the radiative flux emitted by the accretion disc and its spectral luminosity distribution as observed at infinity. To this end, we must make a choice for the density profile of the dark matter envelope. Because our argument is mostly qualitative, we will consider a simple exponential profile, which will suffice to approximate a reasonable matter distribution.
The following density profile has thus been adopted for the dark matter distribution:

 ,      ,                                                (1.1)

where ρ0 is the dark matter density at r = 0, r0  is the scale radius, and rb is the inner edge of the dark matter envelope, namely the boundary separating the interior vacuum region, described by the gravitational field of a black hole, and the exterior dark matter distribution. In principle, the inner edge of the dark matter envelope could be placed at any radius, although it is reasonable to assume that rb should be greater than the black hole’s event horizon. Because in our model the dark matter envelope never reaches the limit r = 0, the parameter ρ0 must be considered here to be a characteristic density. The corresponding dark matter mass profile is obtained as

MDM(r) =    ,   (1.2)

where x = r/r0 and xb = rb/r0. For vanishing rb, equation (1.2) reduces to the equation obtained by [24]. The total mass profile of the system black hole plus dark matter is then defined as
M(r) = MBH + MDM(r),                                                        (1.3)

where МВН - is the black hole mass, which is a free parameter of the model. More explicitly, equation (1.3) can be written as

M(r) =                                  (1.4)

where  = 2 is the gravitational radius of a black hole. Hereafter, we use geometric units, setting. G = c = 1. Figure 1 provides a schematic illustration of the total mass, where  is the surface radius of the dark matter envelope, namely the outer edge of the dark matter profile, as obtained by the solution of the Tolman– Oppenheimer−Volkoff (TOV) equation.
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Figure 1 - Schematic illustration of the total mass profile

1.2.1 The Tolman– Oppenheimer−Volkoff equation
To analyse the properties of the system composed of a black hole and dark matter envelope, the line element is chosen in the standard static and spherically symmetric form as

ds2 = eN(r)dt2 – e Λ(r)dr2 – r2(d 2 + sin2 dϕ2),                                     (1.5)

where (t, r, θ, ϕ) are the time and spherical coordinates, and N(r) and Λ(r) are the sought metric function.
	In order to obtain a stable (static) spherical layer (envelope) of dark matter around the black hole, one has to match the inner black hole space–time with the outer, matter-filled, solution describing dark matter at the boundary rb. This can be done following the same procedure as used to find interior solutions for the Schwarzschild space–time, because, as is well known, the matching conditions to be satisfied are the same [25] Hence we need to solve the TOV equations, which read

 = - ((r) + P(r))                                                 (1.6)

 = - ,                                                                    (1.7)

where  is the dark matter pressure,  is given by equation (1.1) and  is determined by equation (1.4). At the boundary between the interior vacuum and the exterior dark matter, the following conditions are defined for ρ(),  and :

(b) = b = 0                                                                         (1.8)

 =                                                                                        (1.9)

 = Nb =                                                             (1.10)

where 0, r0 and rb are the free parameters of the model, and Pb is chosen to be equal to its newtonian limit as a test value. The TOV equation must be integrated until the pressure vanishes, namely P(r) = 0. This condition yields the radius of the dark matter envelope surface  = , so that the observed total mass of the system is equal to M(rs).
Correspondingly, N(r) and Λ(r) are given as

eN(r ) =                             (1.11)
and
eΛ(r ) =                            (1.12)

where Nr(r) is given by the numerical solution of the TOV equation.
Note that, because the density of dark matter is not zero at r = rb the matching is not continuous, as the first derivatives of the metric have a jump at the boundary. This can be interpreted, following the usual procedure, as reflecting the presence of a massive surface layer at rb [26, 27].

1.2.2 Radiative flux and spectral luminosity
To model the accretion disc, we follow the standard treatment and assume that particles follow circular geodesics in the equatorial plane ( = /2). Then, particles in the disc will have a specific energy, angular momentum and angular velocity, depending on their distance from the central object. 
We can then study the characteristics of the radiative flux (i.e. the energy radiated per unit area per unit time) emitted by the accretion disc from the following formula:

,                                (1.13)

where  is the mass accretion rate, assumed to be constant,  is the determinant of the metric tensor of the three-sub-space , i.e.  , Ω is the orbital angular velocity, E is the energy per unit mass, and L is the orbital angular momentum per unit mass of test particles in the disc. In addition, ri is the radius of the innermost stable circular orbit of the disc, which is defined via the condition dL/dr = 0. These quantities, evaluated on the equatorial plane , in a spherically symmetric, static space–time, take the form

Ω(r)                                                              (1.14)

E(r)                                                                      (1.15)

L(r)                                       (1.16)

                                                           (1.17)

where  is the derivative with respect to the radial coordinate, a dot denotes the derivative with respect to the proper time, and t and  are the covariant time and angular components of the four-velocity (for details see [28]).
For a better presentation of our results, it is convenient to introduce new dimensionless functions by defining  L∗(r)=L(r)/, where  for the system with a black hole and dark matter, and  for the system without dark matter. Then in our dimensionless units the energy remains unchanged, namely 
Because the flux is not directly observable, the luminosity that reaches an observer at infinity  (energy per unit time) is a more useful quantity to consider (see [29]). The differential of the luminosity  can be estimated from the flux ℱ by the following relationship of [10, 11]:

Eℱ(r).                                                               (1.18)

Another characteristic of the accretion disc, the spectral luminosity distribution observed at infinity, is given by

                               (1.19)

where y=h h is the Planck constant, 𝜈 is the frequency of the emitted radiation, k - is the Boltzmann constant,  is the characteristic temperature  is expressed in terms of the characteristic redshift ɀ as  (for details see [29]), and . The above expression provides the luminosity measured by distant observers as a function of the frequency under the assumption that the gas in the accretion disc emits a blackbody spectrum. Taking into account equation (1.18), equation (1.19) can be written in the form

                                         (1.20)

The last relationship is conveniently dimensionless, because it is normalized with respect to mass MT . As is well known, astrophysical observations of black hole candidates cannot rely directly on measurements of the spectral luminosity. Typically, emission lines from the central regions of the accretion disc are used to probe the strong-gravity regime and to obtain information on the object’s properties, such as mass and angular momentum. Such emission lines are in the X-ray range of frequencies, and the most prominent and most widely used is the K line of iron at 6.4 keV (see for example [30]). The broadening of the K iron line resulting from gravitational redshift contains information about the gravitational potential, while the Doppler shift of the line contains information about the accretion disc’s rotation, and as a consequence about the source’s angular momentum (see [31] for a review). Therefore the K line of iron is an excellent tool with which to probe experimentally the geometry in the vicinity of black hole candidates (see for example [32]). It is reasonable to suppose that the presence of a dark matter envelope will affect the K iron line. In particular, a matter distribution in the vicinity of the black hole will alter the broadening of the line, thus introducing some uncertainties into the measurement of the black hole’s mass. 
Using the above formalism, we can now analyze the effect that adding a dark matter envelope has on the light emitted by the gas in the accretion disc surrounding a supermassive black hole candidate.

1.3 Theoretical set-ups and results
Here we discuss the numerical and theoretical outcomes of the model outlined above, in the context of supermassive black holes. We start by setting the model’s free parameters as: MBH = 5  108Mʘ = 4.933 аu, rb = 11MBH/2 = 27.133 au, r0 = 10 аu, and  varying from 0.75  10-5 to 3  10-5 аu-2, see Figs 2 - 7. Note, for density 1 аu-2  60.173 g cm-3  8.9  1023 рс-3.
In Table 1 we present the initial inputs: the characteristic density  and the corresponding pressure Pb at r = rb, and the results of the numerical integration: the radius of the innermost stable circular orbits ri, the surface radius of the dark matter envelope rs, and the mass of dark matter MDM(rs).
The black hole case is shown without dark matter in the second line, for which ri = 6MBH, MBH = 74/15 ≈ 4.933 аu. In the case with dark matter, the choice of the parameters  and Pb determines the innermost stable circular orbit radius ri the thickness of the dark matter envelope rs, and the total mass of the dark matter envelope MDM(rs) in units of MBH.
Table 1 – Physical parameters of the dark matter envelope
	 , аu-2
	Pb , аu-2
	ri , au
	rs , аu
	MDM(rs) , MBH

	0
	0
	29.600
	---
	0

	0.75  10-5
	3.132  10-8
	29.047
	220.885
	1.873  10-2

	1.50  10-5
	6.313  10-8
	28.483
	227.407
	3.747  10-2

	2.25  10-5
	9.545  10-8
	27.910
	228.088
	5.621  10-2

	3.00  10-5
	12.828  10-8
	27.331
	228.790
	7.494  10-2


The TOV equations have been solved for selected values of  from rb outwards, with the initial value of the density set as  and the corresponding value of the pressure Pb. These terms start from the boundary rb, namely where the dark matter distribution begins, until the distance rs at which the pressure vanishes, P(rs) = 0. The value of P(rb), chosen for the integration of the TOV equation is obtained from the Newtonian limit. However, while in the Newtonian case the envelope extends until infinity, the relativistic corrections ensure that the relativistic pressure profile P(r) vanishes at a finite radius rs.
The solution of the TOV equations produces a stable, thin layer of dark matter. By increasing the pressure Pb by a factor of ~1.5, for a fixed , the thickness (width) of the dark matter layer increases; that is, rs increases. Once rs is known, the metric functions, particularly N(r), must be fixed to satisfy the boundary conditions equation (1.11).
We note that the solution of the TOV equation is numerical for both the pressure and the metric function N(r). If the condition P(r = rs) = 0 yields rs to be the surface radius of the dark matter envelope, then the metric functions N and Λ must fulfil the condition on the surface that N(rs) = - Λ (rs). In practice, the numerical value of Nn(rs) from the solution of the TOV equation is not equal to – Λ (rs). To satisfy the boundary conditions, namely

                                                   (1.21)

the function  must be redefined. Clearly, at  the numerical function  is suitable, although it is not well defined at . Thus, the suitable function turns out to be redefined by

Nr(r) = Nn(r) – [                          (1.22)

which fully satisfies the boundary conditions equation (1.21).
Once the metric functions are evaluated, the value of the radius of the innermost stable circular orbits, ri, can be obtained following the standard procedure from the condition dL/dr = 0, which holds at ri for a test particle on a circular geodesic.

1.3.1 Numerical results
From the numerical results, we have three possibilities for the location of the dark matter envelope and the innermost stable circular orbit, as follows. 
(i) If the whole dark matter envelope is inside 6MBH, i.e. rb < rs< 6MBH, then ri > 6MBH.
(ii) If the whole dark matter envelope is outside 6MBH, i.e. rb >6MBH, then ri = 6MBH as in the vacuum case.
(iii) If part of the dark matter is inside 6MBH and another part is outside 6MBH, i.e. rb < 6MBH < rs, then rb < ri < 6MBH.
This result is similar to the one obtained by [20], where the photon sphere radius was calculated for a black hole surrounded by dark matter. In our computations, we focus on the third case, where rb < ri < 6MBH, because case (i) has small physical significance, while case (ii) does not depart significantly from the case of a black hole in vacuum. In particular, in the limiting case of a dark matter envelope extending from rb = ri = 6MBH outwards, all the dark matter particles are located outside the Schwarzschild innermost stable circular orbit (ISCO), and there will be no appreciable differences in the disc’s flux and luminosity with respect to the Schwarzschild case. This is due to three factors, namely (i) the geometry for r < ri, which is given by the Schwarzschild metric; (ii) the fact that the dark matter particles do not interact with the gas in the accretion disc; and (iii) the low mass of the dark matter envelope as compared with the black hole mass.
Figure 2(a) plots the orbital angular velocity of test particles in the field of a static black hole without dark matter (solid curves) and in the field of a black hole surrounded by dark matter (dashed curves) for different values of  as a function of the radial distance. It can be seen that in the presence of dark matter, test particles on the accretion disc have a smaller angular velocity over all the range of the radial coordinate. Similar behaviour can be observed for test particles in the Kerr space–time, as shown Fig. 2(b). Here j is the dimensionless angular momentum (spin parameter) defined as j = a/M, where а is the Kerr parameter and М is the mass of the Kerr black hole. Our aim here is to compare the behaviour of a static black hole with dark matter with that of a rotating black hole in vacuum in order to assess the possibility that dark matter envelopes mimic the effects of angular momentum. Therefore, we consider here only prograde (direct, co-rotating) orbits in the Kerr metric, as they give smaller values of the ISCO radius ri (for details, see [33]), similarly to a static black hole immersed in dark matter. So, we see that for increasing j the characteristics of Ω∗ is analogous to that of the static space–time with dark matter and it is not possible to distinguish the two space– times from Figures 2(a) and (b).
Figure 3 plots the energy of test particles as a function of the radial distance. The legends are the same as in Figure 2. It can be seen in Figure 3(a) that in the presence of dark matter, test particles on the accretion disc have a higher energy at small radii and a lower energy at large radii as compared with particles on accretion discs around a static black hole j = 0. In the Kerr space–time without dark matter, however, for increasing j the energy is always lower than in the j = 0 case. Therefore the two scenarios have distinguishable features in this case. Note that the energy has been calculated from the ISCO and to larger radii.
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	(a)
Angular velocity versus radial distance in the static space-time
	(b)
Angular velocity versus radial distance in the Kerr space-time 

	
In both panels, the solid curves correspond to the case of a static black hole without dark matter. Other curves correspond to different values of in (a), and to different values of j in (b)
Figure 2 - Numerical evaluation of the orbital angular velocity test particles (а) в of test particles (a) in the presence of dark matter for a static space–time, and (b) the Kerr black hole in the absence of dark matter as functions of r/MT  
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	(a)
Energy versus radial distance in the static space-time 
	(b)
Energy versus radial distance in the Kerr space-time 

	
In both panels, the solid curves show particles in the gravitational field of a static black hole without dark matter. Other curves correspond to different values of  in (a), and to different values of j in (b)
Figure 3 - Numerical evaluation of energies Е* (а) in the static space–time with dark matter and (b) in the Kerr space–time without dark matter of test particles in the accretion disc as functions of r/MT 



Figure 4 (a, b) plots the orbital angular momentum of test particles as a function of the radial distance. The legends are the same as in Figure 2. It can be seen that in the presence of dark matter, the angular momentum departs from the black hole case at large r (see Figures 4(a)). Instead in the Kerr space–time the opposite occurs, and the angular momentum converges to the static case as r increases. In both cases, L* is higher for the static black hole case.

	[image: ]
	[image: ]

	(a)
Angular momentum versus radial distance in the static space-time 
	(b)
Angular momentum versus radial distance in the Kerr space-time

	
In both panels, the solid curves show L* for particles in the gravitational field of a static black hole without dark matter. Other curves correspond to different values of  in (a), and to different values of j in (b)
Figure 4 - Numerical evaluation of the orbital angular momentum L* of test particles in the accretion disc as a function of r/MT



In Figure 5, the flux produced by the accretion disc is evaluated as a function of the dimensionless radial distance. Owing to the fact that for dark matter ri < 6MBH, the flux is higher with respect to the black hole without dark matter because the test particles, which are able to stay on circular orbits at smaller radii, will emit more radiation before falling towards the central object (Figure 5a). Note that because  = 0, the value of the innermost stable circular orbit determines also the smallest radial distance from which particle emission can occur. A similar situation can be observed in the Kerr space–time without dark matter with a co-rotating disc, which allows circular orbits to remain at smaller radii (Figure 5b). At larger radii, however, the two scenarios can in principle be distinguished
Of course, when making observations of astrophysical sources, one does not measure directly any of the above quantities, and therefore they cannot be used to distinguish the two scenarios in practice. On the other hand, measurements related to the disc’s luminosity are possible. In Figure 6, the differential luminosity of the accretion disc is evaluated as a function of the dimensionless radial distance. Here we have a similar behaviour to in Figure 5 at smaller radii owing to the fact that the ISCO is ri  < 6MBH both for the static geometry with dark matter and for the Kerr geometry with positive values of j > 0. At larger radii, however, the two space–times display different features from each other
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	(a) 
Radiating flux versus radial distance in the static space-time 
	(b) 
Radiating flux versus radial distance in the Kerr space-time 

	
The solid curves in both panels correspond to the case of Schwarzschild in vacuum. Other curves correspond to different values of  in (a), and to different values of j in (b)
Figure 5 - Numerical evaluation of the flux ℱ divided by 10-5 of the accretion disc as a function of r/MT 
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	(a)
Differential luminosity versus radial distance in the static space-time 
	(b)
Differential luminosity versus radial distance in the static Kerr-time 

	
The solid curves in both panels correspond to the case of Schwarzschild in vacuum. Other curves correspond to different values of  in (a), and to different values of j in (b)
Figure 6 - Numerical evaluation of the differential luminosity scaled in powers of10-2 as a function of r/MT



	In Figure 7, the spectral luminosity of the accretion disc is given as a function of radiation frequency 𝜈. The differences in the observable spectrum can be seen when dark matter is present (Figure 7a). One notable effect is a decrease in the spectral luminosity at low frequencies with respect to the case of a black hole in vacuum. At the same time, the most important effect comes from the fact that ri < 6MBH induces a higher spectral luminosity at high frequencies. This effect is due to the fact that particles in the inner regions of the accretion disc emit more energetic radiation at higher frequencies.
In the case of the Kerr space–time without dark matter, the spectral luminosity is always higher for positive j > 0than for j = 0. Indeed, this characteristic of the spectral luminosity can be used to test our model against the Kerr space–time at larger radii for lower frequencies.
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	(а)
Spectral luminosity versus radial distance in the static space-time 
	(b)
Spectral luminosity versus radial distance in the static space-time 

	
In both panels the solid curves represent the case of a static black hole without dark matter. Other curves correspond to different values of  in (a), and to different values of j in (b)
Figure 7 - Numerical evaluation of the spectral luminosity of the accretion disc as a function of hv/kT, i.e. as a function of frequency 



	It is indeed interesting to investigate whether the dark matter envelope surrounding a static black hole can mimic the observable features of a rotating black hole in vacuum. In fact, this turns out to be the case for a Kerr black hole with a prograde accretion disc. However, it should be noted that in principle the two geometries can be distinguished from the luminosity at large radii, because for Kerr d/dlnr approaches Schwarzschild from above for j > 0, while in our model d/dlnr becomes smaller than the corresponding Schwarzschild value as r increases.

1.3.2 Gravitational lensing induced by dark matter
A distinctive product of the dark matter distribution, and another feature that can be used to test the model with observations, is its influence on gravitational lensing, whereby the refraction index is modified as a result of the presence of dark matter. For example, it would be interesting to evaluate how much gravitational lensing of the back of the disc is expected for our dark matter distribution in comparison to the case of a black hole in vacuum. A detailed investigation of this topic is beyond the scope of this paper. However, here we can provide some arguments regarding the effect of dark matter on the amount of lensing by following the standard formalism of the refraction index due to the dark matter gravitational field [34].
We assume that lensing is characterized by the superposition of the deflection angles of many infinitesimal point masses. Thus, invoking Fermat’s principle applied to the geodesic trajectories of our 4-dimensional curved space–time, we can find a description of light rays in a gravitational field analogous to that of classical optics. In particular, for a transparent medium with a continuous refractive index, say n, where Fermat’s principle holds, the optical length is minimized by  where and  is the isotropic coordinate in the equivalent optical metric, provided by d. Comparing our metric, namely equation (5), with the isotropic coordinates described above , we immediately find the system [35]

                                                                  (1.23)

and so the exact solution for   in terms of r 

.                                                      (1.24)

Frequently this solution is approximated at large radii, where . In our case, however, we are interested in the envelope of dark matter in the proximity of a black hole, so the approximation  does not hold
In vacuum, the spherical solution reduces to Schwarzschild, where , with  the standard Newtonian potential. It is therefore convenient to quantify the amount of dark matter lensing by means of the incremental function:

,                                                           (1.25)

where we have computed the second relationship of the system (1.23), by substituting in the relationship (1.24). Thus, it is simple to notice that the amount of dark matter influences the refractive index directly through a correction related to both Λ(r) and the gravitational potential of our model. The numerical behaviours of n(r) and  are portrayed in Figures 8 and 9, respectively. In the dark matter envelope, the curve that includes dark matter tends to n →1 less strictly than in the vacuum case. However, the percentage evaluated by  is very small and effectively ≤ 1 per cent, indicating that dark matter works as a weak medium with small expected effects due to lensing. By calculating (r), we in practice exclude the black hole from the system, and Figure 9 essentially shows the potential of the dark matter envelope.
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Figure 8 - Refractive index as a function of the radial coordinate.
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Figure 9 -  as a function of the radial coordinate.

Unlike in the case of a black hole, where the whole mass is concentrated inside the event horizon, possibly in the central singularity, the dark matter mass is distributed in an extended volume between rb and rs, where MDM (rb) = 0. As the radial distance r increases, the dark matter mass MDM (r) first grows faster, and then grows slowly (see fig. 3, right panel, in [22]). Therefore, we observe maximum in Figure 9 whenthe gravitational potential of dark matter is ∼MDM(r)/r.

2 Geometric optics in the universe with dark matter dominance
We consider the Friedmann cosmological model, generalized to the epoch of dark matter dominance. Its equation of state is chosen in a new, nonstationary form. Based on the light propagation process in such a metric, its refractive index is found, which turned out to be a constant quantity (or more accurately, depending on the epoch of the end of dark matter dominance) and a possible effect of a burst of incoming radiation is predicted.
[bookmark: _GoBack]One of the urgent goals of modern cosmology, and also of particle physics, is an elucidation of the physical properties of dark matter. To this end, for instance, one can use astronomical observations. Such observations reveal that dark matter is mainly concentrated around large-scale cosmic objects such as galaxies and galactic clusters, forming corresponding halos [36, 37].
Besides its local distribution, dark matter is also described on a global scale since it occupies the second place in the substance structure of the Universe (after dark energy) and comprises up to 26.8% [38]. Therefore, the investigation of the light propagation process in the epoch of dark matter dominance is a fundamentally important problem of modern cosmology. 
Speaking of the physical properties of dark matter, we mention once more about its two important aspects – particles of dark matter and the corresponding equations of state of the medium.
The aim of the present work is to investigate the light propagation process in the epoch of dark matter dominance described by a nonstationary equation of state.

2.1 On the nonstationary equation of state of dark matter 
According to Ref. [39], particles of cold dark matter at high temperatures were in chemical equilibrium with cosmic plasma, in which their concentration was determined by this temperature. After quenching, the particles of dark matter remain for some time in a kinetic equilibrium with the plasma, when the temperature of the gas of particles corresponds to the temperature of the plasma.
Let us now briefly discuss the characteristics of the particles that we select to describe dark matter. According to Ref. [40], they are similar to neutrinos and antineutrinos, but should be more massive. Such hypothetical heavy particles (with mass of the order of 1.0 TeV) are called WIMPs (weakly interacting massive particles). Their distinguishing feature is the absence of the annihilation effect, so that they can appear after quenching at any early time. Therefore, all of our calculations can be applied to a gas of WIMP particles. We emphasize that the equation of state of dark matter was considered in Ref. [41] and it was found that it corresponds to a medium with vanishingly low pressure, for example, a nonrelativistic or relativistic gas. 

Thus, we consider a medium of WIMP particles as a relativistic ideal gas described by the Mendeleev–Clapeyron equation of state. By virtue of the thermodynamic equilibrium of such particles with the particles of the cosmic plasma, the approximate condition  holds. Therefore, the Mendeleev–Clapeyron equation takes the following form 


,                                                               (2.1)


with the gas density  explicitly factored out. For the standard cosmological Friedmann model, filled with a relativistic gas, a definite approximate relation holds, linking the temperature of the primordial relativistic gas with the age of the Universe. This relation, as was shown in Ref. [42], is given by


                                                 ,                                                                        (2.2) 



where  is the current time. Therefore, it follows from Eqs. (2.1) and (2.2) that the equation of state of the ideal gas, generally speaking, has the form . As a result, taking relation (2.2) into account, its state parameter depends on time in a similar fashion, i.e., 


                                       .                                                            (2.3)


Let us now consider the case in which the Universe is filled with a real gas consisting of  molecules and described by the van der Waals equation of state. If the temperature is measured in degrees, then, according to Ref. [41], it takes the form 


,                                             (2.4)








in which  and  are constant quantities describing the properties of a gas of WIMP particles and  is the Boltzmann constant. Recall the physical meaning of the parameters: the parameter describes the interaction of molecules of matter, and the parameter  is responsible for taking molecules’ size into account. The parameter  is the molar mass of the specific material of which the matter is composed, and  is the universal gas constant. 


	Now our problem is in the combination of Eq. (2.4) with Eq. (2.3) and finding the explicit dependence of the state parameter of the real gas on time. Further, we assume that . This condition describes a real property of a gas of WIMP particles, where its volume is substantially greater than the dimensions occupied by all of its molecules. Moreover, it makes sense to assume that the interaction of the molecules is not too great. This corresponds to the situation in which the requirement  is fulfilled.
Following these considerations and taking the equation of state of an ideal gas (Eq. (2.1)) into account, we obtain 


  .                                        (2.5)

In an ultrarelativistic hot gas of baryon matter, the pressure is proportional to the temperature of the gas in the fourth power [43], i.e., 


	,                                       (2.6)




where  is the effective number of types of particles (bosons and fermions) in different quantum states.  In realistic theories of elementary particles, as is well known, it has an upper limit: , so that Eq. (2.6) can be rewritten in the form of a power function with the constant coefficient . Thus we have 


 .                                                                 (2.7)

Substituting expression (2.7) into relation (2.5), we find the state parameter as a function of temperature


 ,                      (2.8)

or as a function of time with two different terms 


   .                                                     (2.9) 

2.2 Solution of the Friedmann equations for the epoch of the end of dark matter dominance
Recall that the Friedmann equations link the expansion parameter of the Universe (specifically, the Hubble parameter) with the density of the matter contained within it (the evolution equation) 


,                                                  (2.10)

and their time-like expression, 


,                                         (2.11) 

the latter being the energy conservation law. 
However, here the question arises – whether it is possible to use a nonstatic medium in the static Friedmann equations, for example, a medium with a nonstationary equation of state. According to Tolman [44] with the reference to the work of Lemaître, a nonstatic spherical interval differs from the static case by the presence of mixed terms in the energy-momentum tensor of the gravitating medium. In general, they correspond to the appearance of transverse waves associated with radial mass fluxes. How does this conclusion relate to the properties of a gas of WIMP particles under consideration here? 

We emphasize again that they are massive particles, a priori moving with speeds much slower than the speed of light, i.e., .  This fact allows to neglect matter fluxes in a gas of WIMP particles and, consequently, to confidently use the proposed energy-momentum tensor to investigate cold (ideal) dark matter. 




Prepared in this way, let us turn directly to the solution of the Friedmann equations. There are, as was mentioned above, two unknown functions:  is the size of the Universe is the matter density, both obeying Eq. (2.10).  Moreover, in order for their unique solution, it is necessary to introduce the equation of state. In our case, based on Eq. (2.9), we will work with the equation of state in the form , where  is the time marking the end of the epoch of dominance dark matter. Substituting it into Eq. (2.11), one can find the solution in the following representation. 

Let , then



,                            (2.12)

Hence it follows that the density of dark matter, also for the nonstationary equation of state, falls down with time in the evolution process of the Universe. Thus, Friedmann’s evolution equation takes the form


                                                             (2.13)


with the standard expression for the Hubble parameter, but in contrast to the main vacuum model of the Universe  the density of the considered substance depends on time. Employing relations (2.12) and (2.13), we obtain


                                     (2.14)

where .  Thus, the increment to the Hubble parameter is expressed as follows:


                                                           (2.15)

Analysis of this expression shows that the found increment, in contrast to the purely vacuum model of the Universe, decreases with time. But, by virtue of the limitations of the model that we have constructed, the full expression for the Hubble constant with the entire set of substances taken into account, in particular, the contribution of the vacuum, will increase.  Now, as was shown above, 

                                           (2.16)

where  is some constant quantity.   



It was shown in Ref. [45] that an expanding Universe can slow down or speed up.  Different cosmological models describing decelerated and accelerated expansion of the Universe have been considered. One of these models, a homogeneous and isotropic flat Universe filled with nonrelativistic matter and a scalar field with potential  can provide not only accelerated, but also decelerated expansion of the Universe. In the early Universe, the equation of state of matter was expressed in the form of the law .  Such a state of matter, characterized by negative pressure, leads to accelerated expansion of the Universe, where the scale factor grows with time exponentially . 

2.3 To the theory of a gravitational lens in the universe, taking into account the presence of non-stationary dark matter
Gravitational lenses are massive galaxies or galactic clusters, acting as a gathering object, when light is refracted in their gravitational field. 
Although more than 400 such lenses are known today, it is assumed that in a photographic survey of the sky (for example, the Sloan Digital Sky Survey [46]), there definitely are substantially more of them, but many of them have not yet been identified. 
One of the more distant galaxies in the Universe is MACS0647-JD, located 13.3 billion light years away from us.  We see it as it was around 420 million years after the Big Bang.  An important factor in its discovery is the fact that it varied substantially under the influence of the intervening galaxy MACSJ0647 +7015 (gravitational lens) at a distance of five billion light years. 
On the whole, dark matter can generate a refractive index which differs from the vacuum refractive index.  Its presence, as was noted in Ref. [51], is described by frequency-dependent effects during the propagation and attenuation of light. Other characteristics of light propagation in the Universe are described in Ref. [52]. In Ref. [53], the influence of primordial baryonic matter in the form of cosmic plasma on the evolution of perturbations in dark matter treated as a gas of weakly interacting massive particles (WIMPs) was investigated.  Nonstationary equations of state of a WIMP gas were proposed both for an ideal model and also for a real model of a WIMP gas. The state parameter of the gas was also proposed in the form of a power-law dependence on time. 
Thus, we write the standard expression for the Friedmann metric: 


                                                          (2.17)


from which it is easy to obtain the law of light propagation and the corresponding velocity of light in the medium.  For simplicity, we will consider motion of light along the radial component.  Consequently, the velocity of propagation of light in our case is .  The corresponding variable refractive index, as follows from Eq. (2.16), in the  approximation, will be described by the quasi-constant quantity 


                                            (2.18)




Next, it is important to turn our attention to the following possible cosmological effect.  For time , vacuum expansion of the Universe will be equal to its deceleration. As a result, light will move practically in empty space. Therefore, in the indicated time interval a burst of incoming radiation from the galaxies can show up.  However, the calculation of this period of time depends on the poorly known quantities  and .



3 Evolution of non-baryonic matter perturbations as a factor of formation of the large-scale objects in the early Universe
The Newtonian theory, as a limiting case of general relativity, is only applicable to scales well within the Hubble radius where the effects of spacetime curvature are negligible. Even in this context, however, one can only analyze density perturbations in the non-relativistic limit [54]. This approximation is the most suitable one in which we can model non-baryonic matter contribution. Here, especially in the regime of early times, perturbations in the relativistic matter, at all scales, require the full theory of general relativity [55]. However, its study and evolution can be performed by means of the Newtonian approximation with great predictivity.
In particular, after equipartition the universe is dominated by non-relativistic pressureless matter, which is commonly referred to as “dust”. The Newtonian treatment suffices on sub-horizon scales and as long as we deal with fluctuations in the non-relativistic component. During the radiation and the curvature dominated eras, perturbations do not grow. This suppression occurs because, in both epochs, the expansion is too rapid for the perturbations to experience any growth. After equipartition, fluctuations with wavelengths larger than the Jeans length grow as δ ∝ a ∝ t2/3 , whereas those bellow the Jeans length oscillate like acoustic waves. 
Note that baryonic perturbations do not grow until recombination due to the tight coupling between baryons and photons. Dark matter fluctuations, alternatively speaking as non-baryonic matter content, on the other hand, start growing immediately after matter-radiation equality. As soon as the baryons have decoupled perturbations in their density distribution will be driven by the gravitational potential of the collisionless species. Thus, shortly after recombination, baryonic fluctuations grow rapidly and soon equalize with those in the dark matter. Subsequently, perturbations in both components grow proportionally to the scale factor [56].

3.1 Distribution properties of primary non-baryonic objects in the early Universe
The distribution of non-baryonic matter follows the dark matter distribution in the universe. Since observations are in favor of the fact that it dominates, we need to understand which amount of non-baryonic matter is really expected by matching cosmology with high-energy astrophysics. In particular, it may be 10 per cent smoother than thought, potentially upending our understanding of the evolution of the cosmos. Observing more than 30 million galaxies in the universe up to 10 billion light years from Earth leads to results that reaffirm previous indications about the spread of dark matter [57].
We believe the universe appears to be less clumpy than our standard model, i.e. general relativity with homogeneity and isotropy, of the universe at the moment would suggest. Following the big bang 13.7 billion years ago, our universe went through a period of inflation and expansion, leaving behind remnant heat in the process that we can observe today – the cosmic microwave background (CMB) – which shows us the spread of matter throughout the universe. The imprinting of such an effect would leave the distribution of non-baryonic objects in the early universe and is our main task [58]. In particular, we need to investigate how:
a) inflation can be modeled by means of extended theories of gravity to see whether dark matter is or is not a geometrical effect,
b) non-baryonic matter can interact with standard matter giving rise to a repulsive effect due to the interaction capable of accelerating the universe today, dark energy and matter can be unified by means of models whose equation of state permits to recover the effects of current acceleration without assuming further exotic fluids but only the presence of matter under the form of non-baryonic matter.

3.2 Physical characteristics (masses, sizes, angular momentum) of primary non-baryonic objects in the early Universe
The survey of data that have been examined and that we are going to re-analyze shed light on how to get information about the nature of non-baryonic matter and objects in the universe. In particular, the process of lensing induced by the gravitational pull of dark matter in about five per cent of the universe as seen from Earth can give us information about the microphysics of dark matter [59]. 
This was combined with observations of the clustering of galaxies from a separate survey, called the Baryon Oscillation Spectroscopic Survey (BOSS), to provide an accurate measurement of the spread of dark matter and, in general, on non-baryonic objects throughout the universe evolution. 
Our project aims at describing the optical properties of non-baryonic objects at the level of strong and weak gravitational fields. If our findings would be in agreement with previous ones, such as BOSS as above stated, they could have some broad implications. It could mean that gravity on large scales is different than thought, with the rate at which matter falls into dense regions of the universe, as predicted by Einstein’s theory of general relativity, slower than predicted. Or it could be that our understanding of dark energy, thought to be the driver behind the accelerated expansion of the universe, is far from complete [60].
The size and mass distribution can be therefore observed by a direct check using lensing techniques and skills. Moreover, the study of black holes and compact objects would lead to accretion disks whose dark matter presence distributes differently if the density of non-baryonic matter follows different shapes. 
Matter content, spin and fundamental properties can be inferred by matching our predictions with pure cosmology, i.e. by removing the quantum fluctuations due to vacuum energy as demonstrated in previous papers that were published [61-63].

3.3 Dynamical characteristics (energy, density of matter, dynamics) of the system of primary non-baryonic objects in the early Universe
Non-baryonic matter, including the effects of what accelerates the universe today, namely dark energy, constitute 95% of the observable Universe. It is believed the two effects are distinct and yet the physical nature of these two phenomena remains a mystery [64].
Einstein suggested a long-forgotten solution: gravitationally repulsive negative masses, which drive cosmic expansion and cannot coalesce into light-emitting structures. However, contemporary cosmological results are derived upon the reasonable assumption that the Universe only contains masses whose equations of state is exactly zero, i.e. the ones due to dust. In the case of dark energy, the pressure might be negative. By reconsidering this assumption, we are going to construct models which suggest that both dark phenomena can be unified into a single mass fluid, whose equation of state provides a dynamic that naturally pushes up the universe to accelerate [65]. 
The model modifies the standard ΛCDM cosmology, and indicates that continuously-created antigravitational effects that can resemble the cosmological constant and can flatten the rotation curves of galaxies. 
Our model leads to several predictions that culminate to the discovery of the intrinsic nature of dark matter. In particular, we agree with the possibility that a cyclic universe with a time-variable Hubble parameter, potentially providing compatibility with the current tension that is emerging in cosmological measurements [66]. 
In this respect, we fully remove any kinds of exotic materials that naturally form haloes around galaxies, in favor of particular non-baryonic contents, under the form of 1) geometrical contribution coming from extended and/or modified models [67] or 2) new particles that can be interpreted in the frameworks that extend the standard model of particle physics [68]. 
Our expectations can be tested at the regime of local universe by investigated the dark matter distribution. We model its distribution, checking if the corresponding haloes are or are not cuspy, leading to particular cosmological consequences that are able to predict the observed distribution of dark matter as source of dark energy under a unified scheme. To do so, we extend the standard Chaplygin approach in which a gas of baryons produces dark energy and we work to model several testable predictions to check at galactic scales [64]. We believe that our reconstructed potentials could be consistent with observations from distant galaxy clusters. 
Both cases, i.e. large-scale cosmology and galactic scales, lead to the surprising conclusion that the compelling puzzle of the dark Universe may have been due to a simple unified model [69].

3.4 Rotational characteristics of the system of primary non-baryonic objects
The above picture assumes the existence of dark matter as a source of dark energy. This is a robust possibility that supports the fact that dark matter is invisible, i.e. as due to some properties related to its nature that can be interpreted in view of the standard model of particle physics and/or by means of extended theories of gravity. Although appealing, this scenario does not take into account the peculiar motion of the early universe and the possibility that the universe itself at early times could have a motion different than what expected by simple expansion as due to the big bang. 
In other words, if we consider that the universe has non-homogeneous and isotropic properties then it is possible to argue that the corresponding distribution of matter and energy is modeled differently and may lead to a different perturbed universe that could be tested in view of incoming observations [70]. 
This intriguing landscape is intimately related to backreaction processes and to different metrics that could be used to disagree with the genuine homogeneity and isotropy of the universe. In other words, if the universe presents slight deviations from homogeneity and/or isotropy, one can get that the kinematic properties of dark matter can be modified accordingly. The interpretation of such effects can be due to a different motion, i.e. for example in terms of rotation of the early universe, than what it is expected by the standard cosmological model.
In this respect, measurable effects and the possibility to match our predictions with observations in the case of non-static metrics, i.e. involving stationary space-times, could be useful to define corrections to the Friedmann equations. 
Working out the LTB space-time and metrics similar to it, is the main task that we want to carry on in order to check the goodness of Copernican principle and to understand how much the influence of early universe motion could be actually relevant in our numerical and theoretical findings and predictions [71].


CONCLUSION

Main results of 2018
Non-stationary equations of state of dark matter are obtained for an ideal gas and two types of real van der Waals gas and Diterici gas. Physical substantiation of their dependence on time is given. In this case, the corresponding parameter, as shown, is negative and makes it possible to analytically obtain the solution of the Jeans equations for perturbations of the gas of WIMP particles.
It is shown that the speed of the "test" galaxy in the dark matter field has a parabolic form and, together with the speed generated by the central baryonic mass, gives a general flat graph.
So taking into account the standard density of baryonic matter together with the density of dark matter leads to a correct description of the general gravitational field of a centrally symmetric galaxy and, therefore, the dynamics of a dwarf galaxy in it. And here we are talking about both the qualitative agreement of the description of the dynamics of the "test" galaxy, and the quantitative coincidence of its characteristics with the observed values.

Main results of 2019
In accordance with the results obtained, it is shown that the amplitude of the dark matter oscillations increases with time. This provides a good physical explanation for why the density of dark matter decreases with time and the transition to the dominance of the cosmic vacuum begins in the Universe. Consequently, the obtained conclusions physically correctly describe its evolution on the basis of modern cosmology.
It is emphasized that since WIMP - particles are massive particles, then they a priori move with speeds much less than the speed of light. This factor, in accordance with the general conclusion of Lemaitre, makes it possible to neglect the flows of matter in a gas of WIMP - particles and, therefore, to confidently use the proposed energy-momentum tensor for the study of cold (ideal) dark matter.



For time  the vacuum expansion of the Universe will be equal to its deceleration. So the light will move in almost empty space. Therefore, a certain burst of incoming radiation from galaxies may occur during the indicated time interval. Although the calculation of this time period depends on little-known values  and .

Main results of 2020
In the first section of the report a black hole surrounded by dark matter was considered and the TOV equations were solved for the dark matter distribution extending for a finite thickness outside the black hole. We found allowed equilibrium configurations for dark matter with the inner boundary located either below or above the limit of the black hole’s innermost stable circular orbit at 6MBH.
The dark matter distribution in our toy model is static, even though it is understood that in more realistic models the dark matter particles should be dynamic and may fall on to the black hole once crossing the limit of bound orbits. However, because we are interested in accretion discs around supermassive black hole candidates, we assumed that the time-scales for all the dynamical processes involving the dark matter cloud’s macroscopic quantities (such as density and inner boundary) are long compared with the time-scales for the processes occurring in the accretion disc, thus making the assumption of staticity acceptable. 
With the aim of evaluating the role played by the presence of dark matter on the radiative flux, and the differential and spectral luminosity of the accretion disc, we analysed the motion of test particles in the geometry produced by the black hole plus dark matter distribution. 
We obtained the orbital parameters, such as the angular velocity, energy and angular momentum per unit mass, for test particles in the accretion disc. We then evaluated the innermost stable circular orbit ri for various dark matter density profiles and used it to estimate the radiation flux emitted by the accretion disc. This study allowed us to qualitatively estimate and understand the effect of dark matter on accretion discs. In particular, we showed that the thickness of the dark matter envelope, which can be adjusted by varying the value of the pressure P(rb) for any fixed density ρ(rb), and the location of the innermost stable circular orbit affect the disc’s luminosity.
We determined the radiative flux and differential luminosity of accretion discs in the presence of dark matter and compared them with values in the absence of dark matter. It turns out that, owing to the fact that ri < 6MBH, the flux and differential luminosity are higher in the presence of dark matter.
This effect is similar to what is obtained for a rotating black hole with a co-rotating accretion disc. In both cases, the disc’s spectral luminosity at high frequencies is higher than the pure Schwarzschild case. Thus, in the presence of dark matter, the spectral luminosity is higher at higher frequencies and lower at lower frequencies with respect to the black hole in vacuum. However, at low frequencies, the spectral luminosity exhibits a different behaviour in our model as compared with the Kerr, suggesting that it might be possible, at least in principle, to experimentally test the validity of the model.
In fact, we have shown that the presence of dark matter affects the geometry, which in turn affects the luminosity of the accretion disc. As a consequence of our analysis, we suggest that supermassive black hole candidates in the distant Universe, if surrounded by a sufficiently dense dark matter envelope, may be less massive than currently estimated, as some of their measured luminosity may be due partially to the presence of dark matter. 
Obviously, the approach depends on the choice of the background space–time, namely on the particular metric chosen for the black hole candidate, and the dark matter density profile. In the present article, for the sake of clarity, we limited the analysis to static black holes and a simple exponential density profile. However, similar approach should readily extend to rotating black holes and more realistic density profiles. In the future, we aim to extend this work to the case of rotating black holes (i.e. the Kerr metric), black hole mimickers (such as static axially symmetric vacuum solutions) and exotic compact objects.
Furthermore, we will also focus on the form of dark matter density in order to understand how different dark matter distributions can influence the results. Because the density of normal matter and dark matter was higher in the early Universe, it is indeed possible that the accretion discs that formed around supermassive black holes behaved somehow differently from the simple models of black holes in vacuum that work for the present Universe. Thus our analysis can help to elucidate the role played by dark matter distributions regarding the appearance of such objects. 
In the second section we have constructed a model of the Friedmann universe with a nonstationary equation of state. We have shown that the density of dark matter decreases with time and the increment to the Hubble constant increases over time. But this result does not violate the overall conclusion regarding the evolution of the Universe (its expansion) together with the entire set of matter contained within it. 
We calculated the refractive index of our model, which turned out to be a constant quantity (or more accurately, it depends on the epoch of the end of dark matter dominance) and we have predicted a possible effect of a burst of incoming radiation.
The third section the following problems have been examined:
· the evolution of perturbations of non-baryonic matter as a factor in the formation of large-scale objects in the early Universe;
· the distribution properties of primary non-baryonic objects in the early Universe;
· the physical characteristics (mass, size, angular momentum) of primary non-baryonic objects;
· the dynamic characteristics (energy, density of matter, dynamics) of the system of primary non-baryonic objects;
· the rotational characteristics (moment of inertia, angular momentum or spin, angular velocity) of the system of primary non-baryonic objects.
In addition, new models and directions were considered that will help shed light on the understanding of the nature of non-baryonic objects in the early universe.

Assessment of the completeness of solutions to the assigned tasks: The target tasks for 2020 have been fully completed.
Recommendations for the specific use of results SRW: The results obtained in the project can be used in further studies of the physical properties of dark matter, in the study of the dynamics of dwarf galaxies in crossed fields generated by baryonic and non-baryonic (dark) types of matter.
These results can be used when reading special courses in astronomy at physics, physics and mathematics and physics and technology faculties of the universities of the Republic of Kazakhstan.
Assessment of the technical and economic efficiency of implementation: Technical and economic implementation is not provided within the framework of the project.

Assessment of the scientific and technical level performed SRW: The scientific and technical level of conducted research corresponds to the level and is confirmed by publications in peer-reviewed international scientific journals, such as Monthly Notices of the Royal Astronomical Society, Russian Physical Journal, News of NAS RK and other publications in the near and far abroad.

Participation in editorial boards and expert councils in other organizations: Boshkayev К.А., PhD., associate professor, member of the editorial board of journals «News of NAS RK» from 2016 and «Physical Sciences and Technology» from 2015.

Information on the participation of young specialists: 2 young specialists are involved in the implementation of the project - 1 PhD student and 1 engineer.

Applied value of the project: The applied significance of the project lies in the training of qualified researchers (specialists) in the field of modern relativistic cosmology.

Popularization and educational methodical work
The project is underway to train students specializing in physics and astronomy at al-Farabi KazNU. Among them:
1. PhD – Zhumakhanova Gulnur «Dark matter profiles in galactic bulges and halos»,
2. PhD – Nurbakyt Gulmira «The gravitational field of compact objects in general relativity»,
3. PhD – Konysbayev Talgar «Dark matter and dark energy in different geometrical scenarios»,
4. Master – Omargali Ardak «Investigation of dark matter equation of state from rotational curves of galaxies»,
5. Master – Mutalipova Kalbinur «Determination of dark matter mass in galaxies with different structures».
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TECHNICAL SPECIFICATION AND WORK CALENDAR PLAN

Under contract № 109 dated March 5, 2018

1. SLLP “Astrophysical Institute named after V.G. Fesenkov”

1.1 Priority: Information, telecommunication and space technologies, scientific research in the field of natural sciences.
1.2 Sub-priority: Scientific research in the field of natural sciences: Fundamental and applied research in physics and astronomy
1.3 On the topic of the project: IRN AP05134454 "Evolution of dark matter density perturbations in the very early Universe".
1.4 Total project amount 44 000 000 (forty four million) tenge, including a breakdown by years, for the performance of work in accordance with paragraph 3.
- for 2018 - in the amount of 15 000 000 (fifty million) tenge;
- for 2019 - in the amount of 15 000 000 (fifty million) tenge;
- for 2020 - in the amount of 14 000 000 (fourteen million) tenge.


2. Characteristics of scientific and technical products according to the classification criterion and economic indicators

2.1 Direction of work: Investigation of the influence of primary baryonic matter on the evolution of dark matter perturbations, considered as WIMP particles.
2.2 Field of application: Cosmology
2.3 Final result:
- for 2018: Derivation of the non-stationary parameter state of the baryonic substrate;
- for 2019: Generalizations of the Jeans equation to describe the evolution of non-baryonic matter;
- for 2020: Evolution of perturbations of non-baryonic matter as a factor in the formation of large-scale objects in the very early Universe.
2.4 Patentability: No
2.5 Scientific and technical level (novelty): The novelty of the research is the study of the influence of primary baryonic matter in the form of cosmic plasma on the evolution of perturbations of dark matter, considered as WIMP particles.
2.6 Using of scientific and technical products: The results of the research can be widely used in the practice of scientific research and the prospects for the development of science in Kazakhstan.
2.7 Type of use of the result of scientific and (or) scientific and technical activities: Report on scientific research work, scientific publications.



3. Name of work, terms of their implementation and results
	Stage assignment code
	The name of tasks, activities for the implementation of project objectives
	Period of execution
	Expected results

	
	
	start
	end
	

	1.
	Justification of non-stationary parameter of state of a non-baryonic cosmological substrate

	January 2018 
	Until November 1, 2018
	The non-stationary parameter of the state of the non-baryonic cosmological substrate will be justified
Derivation of the non-stationary parameter of the state of a non-baryonic cosmological substrate

	1.1
	Study the thermodynamic equilibrium of dark matter (DM) particles with the particles of cosmic plasma in the early stages of the Universe evolution
	January 2018 
	March
2018
	A study of the physics of thermodynamic equilibrium of dark matter (DM) particles with the cosmic plasma particles in the early stages of the evolution of the Universe will be carried out

	1.2
	Study the Mendeleev-Clapeyron equation for DM particles in the early Universe
	April 2018 
	June 
 2018
	The study of the ideal equation of state of the Mendeleev-Clapeyron type of a non-baryonic cosmological substrate in the early Universe will be carried out

	1.3
	Investigate the van der Waals equation for DM particles in the early Universe
	July 
2018
	September 2018
	The study of the influence of a real equation of state of the van der Waals type of a non-baryonic cosmological substrate in the early Universe will be carried out

	1.4
	Propose a general expression of the nonstationary non-baryonic matter equation of state at the epoch of very early Universe
	October 2018 
	Until November 1, 2018
	A study of the influence of a real equation of state of the Diterici and Pitty-Bridgman type of a non-baryonic cosmological substrate in the early Universe will be carried out.

Publication of the results of work in a domestic scientific publication with a non-zero impact factor

	2.
	Apply Jeans equations to describe the evolution of perturbations of non-baryonic matter
	January 2019
	Until November 1, 2019
	A generalization of the Jeans equation will be carried out to describe the evolution of perturbations of non-baryonic matter

	2.1
	Derive Jeans equations with the general variable equation of state
	January 2019
	March 2019
	The Jeans equation with the general variable equation of state will be derived.
Justification of the Jeans equation with a general variable equation of state

	2.2
	Derive the Jeans equations for the WIMP particles gas
	April 2019
	June 
2019
	The Jeans equation for the WIMP particle gas will be derived

	2.3
	Solve the Jeans equations for the WIMP particles gas and search its cosmological consequences
	July
 2019
	September 2019
	The Jeans equations for the WIMP gas will be solved and its cosmological implications will be investigated.
Cosmological consequences of the Jeans equation for a gas of wimp particles

	2.4
	Search the Jeans equations for a WIMP-particle gas at very early Universe
	October  2019
	Until November 1, 2019
	A study of the Jeans equation for a gas of wimp particles in the very early universe will be carried out
Cosmological implications of the Jeans equation for WIMP gas in the very early universe.

Publication of 1 article in a peer-reviewed foreign scientific journal indexed in the Web of Science or Scopus databases with a non-zero impact factor, and 1 publication in a foreign or domestic scientific publication with a non-zero impact factor

	3.
	Study the evolution of non-baryonic matter perturbations as a factor of formation the large-scale objects in the early Universe
	January 2020
	Until November1, 2020
	Study of the evolution of perturbations of non-baryonic matter as a factor in the formation of large-scale objects in the early Universe will be carried out


	3.1
	[bookmark: _Hlk47942086]Investigate the distribution properties of primary non-baryonic objects in the early Universe
	January 2020
	March 2020
	The study of the distribution properties of primary non-baryonic objects in the early Universe will be carried out. Distribution of primary non-baryonic objects in the early Universe

	3.2
	Calculate the physical characteristics (masses, sizes, angular momentum) of primary non-baryonic objects in the early Universe
	April 2020
	June
2020
	The physical characteristics (mass, size, angular momentum) of primary non-baryonic objects will be calculated

	3.3
	Calculate the dynamical characteristics (energy, density of matter, dynamics) of the system of primary non-baryonic objects in the early Universe
	July
2020
	September 2020
	Physical characteristics (mass, size, angular momentum) of primary non-baryonic objects will be calculated

	3.4
	Consider the influence of early Universe rotation on the distribution and properties of primary non-baryonic objects in the early Universe
	October 2020
	Until November 1, 2020
	The rotational characteristics (moment of inertia, angular momentum or spin, angular velocity) of the system of primary non-baryonic objects will be described.

Publication of at least 2 articles in peer-reviewed foreign scientific journals indexed in the Web of Science or Scopus databases with a non-zero impact factor, and 1 publication in a foreign or domestic scientific publication with a non-zero impact factor


From the Customer:                                                                       From the performer
The chairman                                                                                acting Director SLLP «Fesenkov
State Agency “Science Committee                                               astrophysical institute»
of the MES RK”
________________Abdrasilov B.S.                                              ___________Bibosinov A.Zh.

Acquainted:
Scientific supervisor of the project
                                                                                                 __________________Chechin L.M.
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Tpunoxenue 1.3

K Jlorosopy Ne A0 o 05-!_‘0£7D’ 2018r.

Ha rpaHTOBOE (hHHAHCHpOBaHHE

TEXHUYECKAS CIEHAOHKALIAS ¥
KAJIEHJIAPHBII IUIAH PABOT

TTo noroeopy Ne 109 o1 05‘./6(@/)7!2/ 2018 roza

1. ATOO «Acrpopusmieckuii mueTutyT umenn B.I'. ®ecenxosa»

1.1 ITo mnpuopurery: HHupopManHOHHbIE, TeTEKOMMYHHKALHOHHBIE H KOCMHYECKHE

TEXHOJIOTMH, Hay4dHBIE HCCIIEIOBAHHAS B 00/IACTH €CTECTBEHHBIX HAyK.

1.2 Tlo momnpuopurery: Haydnble wnccienopanusi B OGNAacTH €CTECTBEHHBIX HAYK:
DyHIaMeRTANBHBIC B PUKIIAIHBIC HCCIIE/I0BAHUE B 00.1aCTH (DH3HKH U ACTPOHOMHH.

1.3 Ilo Teme npoexta: UPH AP05134454 «JBomonus BOMYIIEHHii TIOTHOCTH TEMHOK
MarepHy B OUeHb panHeil Beenernoii.

1.4 O6was cymma mpoekta 44 000 000 (copok YeTHIDE MHJUTMOHA) TeHTe, B TOM YHCIE C
pasGHBKOI 110 TOJaM, JUTs BHINONHEH!s PaGoT COMACHO MyHKTY3:

- 1a 2018 rox - B cymme 15 000 000 (MATHAANATE MHJLTHOHOB) TEHTE;

-1a 2019 rox - B cymme 15 000 000 (nATHAIIATS MULUTHOHOB) TEHTE;

- Ha 2020 rox - B cymme 14 000 000 (4eTHIpHALATS MH/LTHOHOB)TEHTE.

2. Xapakmepucmuka Hay4Ho-mexnutecKoii npoOyKuuu no KeaIu@uKayuoHHoIMm
NPUIHAKAM U IKOHOMUHECKUE NOKA3amenu

2.1 Hanpasiienne paGoter: McceoBanne BIMSHAA NEPBUMHON GapHOHHOM MaTepuy Ha
3BOMIOLHIO BO3MYILCHHI TEMHOI MATEDHH, PACCMATPHBAEMOH KaK a3 BHMII-4aCTHIL.

2.2 O6aacts npumenerus: Kocvmornorus

2.3 KoHeuHBIi# pe3yabTaT:

- 3a 2018 rox: BHBOA HECTAMOHAPHOrO NapaMeTpa COCTOSHHS HeGapHOHHOrO

KOCMOJIOTHYECKOTO cyGeTpaTa;
- 3a 2019 rox: OGoGuenwe ypasHerus JpkuHca Ui OTHCAHHS 3BOMIOLHH BOIMYIICHHA

HeGapHOHHOH MaTepnu;
- 3a 2020 rox DBOMOWES BO3MyIEHWH HeOapHOHHOH MaTepunm Kak (axropa
(opmupoBanHs KpynHoMacIuTaGHbiX 0GBEKTOB B parHeii BeeneHHOM.

2.4 TlarerrocnocoGHOCTL: Her.
2.5 Hayuno-Texuudeckuii ypOBeHb (HOBH3HA): HOBH3HOH SBISETCA HCCIENOBAHHE

BINAHWS TEPBHYHON GapuOHHON Marepud B (opMe KOCMUHYECKOH IUIA3MBI Ha SBOMIOLHMIO

BO3MYIUEHHH TEMHOMN MaTepPHH, PACCMATPHBAEMOI KaK Ia3 BHMIT-acTHIl.
2.6 Vcnons30BaHue HAY4HO-TEXHHUECKOH TIPONYKIMH. Pe3yIbTaTbl HCC/IC/I0BAHUA MOTYT
GbiTh MHPOKO HCMONH30BAHBI B MPAKTHKE HAYYHBIX HMCCTENOBARMH H MEPCIEKTHBHOCTH

Pa3sBUTHA HAYKH B Kasaxcraue.
27 BHI HCIONH30BAHWA pe3ylbTaTa HayqHoOM u  (win) Hay4HO-TEXHHYECKOH

stesrtensHocTr: Otaet 0 HUP, Hayunble myGiuuKauuy.
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3. Haumenogarnue pabom, cpoKu ux peanuzayuu u pe3yibmamsi

lndp | Hammenopanue pa6ot no Jlorosopy u CpoK BBITONHEHHS OxkuaaeMslii pe3yabTaT
Falns OCHOBHBIE 3Tarbl €ro BBINOJIHEHUs
HUS Hayajuao OKOHYaHHe
Jrana £
1. | ObocHOBaTH HECTALMOHAPHBIN SAuBapy | [Jlo 1 Byznet o6ocHOBaH HecTalHOHAPHBIH
napameTp COCTOSHUs HeGapHOHHOTO 2018 HOAOpS napaMeTp COCTOSHUS HeGapHOHHOTO
KOCMOJIOTHYECKOro cybeTpaTa 2018 KOCMOJIOrH4ecKoro cyberpara
BbIBOZ HecTalOHAPHOTO MapaMeTpa
COCTOSIHHSI HeOapHOHHOTO
KOCMOJIOTHYECKOro cybeTpara
1.1 | MccnenoBaTh TepMOAHHAMHYECKOE SuBapp | Mapr Byner npoBeeHo uccienoBaHue QUNKU
paBHOBECHE YaCTHIl TeMHOif Matepun | 2018 2018 TEpPMOJMHAMHYECKOr0 PABHOBECHS YaCTHI]
(TM) ¢ yacTULIAMH KOCMUYECKOM TemHo#i marepun (TM) ¢ yactunamu
T1a3Mbl Ha PAaHHUX CTaJUAX SBOTIOLUK KOCMMYECKOM MJ1a3Mbl Ha PaHHUX CTaUsAX
Bcenennoit 3BOJIIOLIMHU BeenenHoit
1.2 | MccnenoBats ypaBHeHne Menzeneesa - | Anpens | Mions Byzier nmpoBe/ieHo MCCIeIoBaHUE HEaTbHOTO
Knanelipona st onucanus coctosuus | 2018 2018 YpaBHEHHs COCTOsIHUSA TUNa MeHzierneeBa-
HeOapUOHHOr0 KOCMOJIOTHYECKOro Knaneiipona HeGapHOHHOTO
cyberpara B paHHeli BeenenHoit KOCMOJIOTMYECKOro CybcTpaTa B paHHeH
BcenenHoii
1.3 | UccrnenoBats BnusHue ypaBHeHus Bau- | Mions CenTs6pp | Byzner npoBezieHo uccie0BaHNe BIUSHUSL
nep-Baanbca nnst onucanus cocrosuus | 2018 2018 peanbHOro ypaBHEHHs COCTOSIHUS THna Ban-
HeOapHOHHOr0 KOCMOJIOTHYECKOT0 Jep-Baanbca HeGaprOHHOTO
cybcTpata B panHeii Beenennoii KOCMOJIOTH4EeCKOro cybcTpaTa B paHHeit
BcenenHoit
1.4 | MccnenoBaThk BIUSHUE PasIUYHBIX Okts6ps | Mo 1 Byzer npoBeseHO UCCIEI0BaHNE BIUAHMSA
THUIIOB YPaBHEHHII COCTOAHMS 2018 HOAOPS peanbHOro ypaBHEHHs COCTOSHUS THIA
peanbHOro rasa Jis OMMCaHust 2018 Jurepuun u IutTu-bpumkvena
He6apHOHHOTO KOCMOJIOTHYECKOTo HeOapHOHHOTO KOCMOJIOrHYeCcKoro cybeTpara
cybeTpata B paHHeii Beenennoii B paHHeill BceneHHoii.
Ony6MKoBaHNe pe3ybTaToB paboThl B
OTe4YeCTBEHHOM HayYHOM H3JIaHUH C
HEeHyJIeBbIM HMIaKT-(hakTopom
2. |Ilpumenuts ypaBHeHus JKuHca JUist SuBapey | [Jlo 1 Byzer npoBeseHO 00001IeHHe YpaBHEHHUs.
OMUCaHUS 3BOTIOLUH BO3MYLIIEHUH 2019 HOSIOps JOKUHCA 1715 OTIUCAHUS IBOJIIOLUU
HeGapuOHHOI MaTepun 2019 BO3MylIleHuH HeGapuOHHOH MaTepun
2.1 |BeiBectu ypaBHenus [DkuHca ¢ oomuM | SlHBaps | Mapt Byzet BbiBeieHO ypaBHeHue JIKuHCa ¢
MepeMeHHbIM ypaBHeHHeM cocTostHus | 2019 2019 00LIMM NepeMEHHbBIM ypaBHEHHEM
COCTOSTHUSL.
OGocHoBaHNie ypaBHeHHs [DKHHCa ¢ 06LUM
TnepeMEHHbIM YPABHEHHEM COCTOSIHUS
2.2 |BsiBectH ypaBHeHus [kuHca s rasa | Anpens | Mionb Byzer BbIBeleHO ypaBHeHHe J[KUHCA 1ist
BUMIT-4ACTHI] 2019 2019 rasa BUMII-4aCTHII
2.3 | Pewnts ypaBHeHus Jpkunca jis rasa | Mions Centsi6pb | Byzer pemeno ypasHenus Jkunca ais rasa
BUMIT-YaCTHI[ ¥ UCCIIEA0BATh €r0 2019 2019 BMMII-4aCTHIl U KCCIIEJOBATh €ro

KOCMOJIOTUYECKHUE CJIEACTBUA

KOCMOJIOTMYECKUE CIIEACTBUA.
Kocmornoruueckue cieacTBust YpaBHEHHUS
Z[)KMHCa J1J1s1 ra3a BUMI-4aCcTHUL]





image79.png
2.4 |Hccnenopath ypaBHenus Dxuuca s | Okrabps | Jo 1 Byner npoBezieHo HccieI0BaHNE ypaBHEHHSA
rasa BUMII-4acTHL B OYEeHb pPaHHei 2019 HOAOPs JIxuHCa 11 ra3a BUMI-YacTUIl B OYEHb
Bcenennoit 2019 paHHeit Beenennoit

Kocmonoruueckue cneacTBus ypaBHeHUS
JIxuHca 1715 ra3a BUMI-YacTHI] B OYeHb
paHHeli BceneHHOM.

Ony6nukoBaHKe | CTaTbi B PELiEH3HPYeMOM
3apyOeKHOM HayqHOM H3/IaHHH,
MHzIeKcHpyeMoM B 6asax nanHeix Web of
Science iy Scopus ¢ HeHyJIeBbIM UMITAKT-
dakropom, 1 1 my6nukauus B 3apyGeskHOM
HIIH OTEYECTBEHHOM Hay4YHOM W3/JaHUH C
HEHYJIeBBIM HMITAKT-(hakTOpoM

3 Hccenenoath 9BOMIOLHIO Bo3MyeHnit | SuBaps | o 1 Byner npoBeJieHO UCCNeN0BaHKHE BONOLHI
HebGapHOHHOM MaTepuu Kak pakropa | 2020 HOAOpS BO3MyIIleHHH HeGapPHOHHOI MaTepyH Kak
(opMHpOBaHHs KPYTHOMACIITAOHBIX 2020 taxropa hopmupoBaHus
00beKTOB B paHHeil BeenenHoii KpYMHOMACIITaGHbIX 00BEKTOB B PaHHEH

BcenenHoit

3.1 |Hccnenoars cBoiicTa SnBapp | Mapt Byner npoBezieHo Hcclie0BaHHE CBONHCTBA
pacnpeaeneHus nepBUYHbIX 2020 2020 pacrnpeziesieHus MepBUYHBIX HEOAPHOHHBIX
HeOapHOHHBIX 00BEKTOB B paHHEi 00bEKTOB B paHHeli BceneHHOi.
Bcenennoit PacnpezieneHne nepBHIHBIX HeOaPHOHHBIX

00beKTOB B paHHeil BeenenHoit
3.2 | Beruucauts dusnyeckue Anpens | Mronp BynyT BerunCeHs! pusnyeckne
XapaKTepUCTHKM (Macca, pa3mep, 2020 2020 XapaKTepUCTHKM (Macca, pasMep, MOMEHT
MOMEHT HMITyJIbCa) MePBHYHbIX HMITYJIbCa) MEPBUYHBIX HEOAPHOHHBIX
HeGapHOHHBIX 00BEKTOB 00beKTOB

3.3 | BelYMCIUTE AMHAMUYECKUE Wb CenTs16pb | BynyT BeIUMCIIEHBI IMHAMHYECKHE
XapaKTepUCTUKHU (IHeprusi, MI0THOCTE | 2020 2020 XapakTepUCTHKH (SHEPrHs, MIOTHOCTh
BELIECTBA, AMHAMUKA) CHCTEMbI BeLLEeCTBA, JUHAMUKA) CHCTEMBbI IIEPBHYHBIX
TepBUYHBIX HEOAPUOHHBIX 00BEKTOB He0apHOHHBIX 06BEKTOB

3.4 | Onucarb BpamuaTebHble OkTs6ps | Jlo 1 BynyT onucaHbl BpalaTesibHble
XapaKTepPUCTUKU (MOMEHT UHEpLUH, 2020 HOAOpS XapaKTepUCTHKK (MOMEHT MHEPLIMH, YTJIOBO#
YIJIOBOI MOMEHT MIIM CIIMH, YIJIOBas 2020 MOMEHT HJTH CIIHH, YTJIOBas CKOPOCTh)
CKOPOCTB) CHCTEMbI MEPBHYHBIX CHCTEMBI MEPBHYHBIX HeOAPHOHHBIX
HeDapHOHHBIX 0OBEKTOB 00BEKTOB.

Ormy6MKoBaHHe He MeHee 2-X cTaTeil B
PpeLIEH3UPYEeMbIX 3apyOesKHBIX HayYHBIX
M3JaHUAX, MHIEKCHPYeMbIX B 6a3ax JaHHbIX
Web of Science umi Scopus ¢ HeHyJIEBBIM
uMnakT-¢akropom, u 1 myGukauus B
3apyGesKHOM WM OTEYECTBEHHOM HayYHOM
M3JaHUH C HEHYJIEeBBIM MMIIAKT-(hakTopoM

Or 3aka3umka: Or Hcnonuurens:

W.o. mupexropa JJTOO «Actpodusmueckuit
Hayku MuHHCTEpCTBa uHCTUTYT HMeHd B.I'. decenkoBa»

PK»

O3HaKOMIJIEH:
HbI}# PyKOBOJHUTENb IPOEKTA
>

/L7  YewnnIM.
(moanuce)
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