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PREFACE

The jubilar Volume 100 (2021) of the Publications of the Astronomical Observatory
of Belgrade series provides a written record of the talks and posters presented at
the XIXth Serbian astronomical conference which was held virtually during October
13-17, 2020, due to world-wide pandemic situation.

More than 100 scientific participants had many fruitful discussions and exchanges
that contributed to the fulfillment of the conference. Participants from 23 countries
made the conference truly international in scope. The 85 abstracts of oral talks and
16 abstracts of posters that were presented formed the heart of the conference and
provided opportunity for discussion. Of the total number of presented abstracts, 52 of
these are included in this proceedings volume. There were 6 Invited reviews lectures
covering the different areas of the conference (listed in alphabetical order): Lucio Criv-
ellari (Instituto de Astrofisica de Canarias) presented alternative strategies to solve
stellar atmosphere problem, Zoran Knezevié (Serbian academy of science and arts)
presented survey of the positions of secular resonances in the asteroid belt, Stefanie
Komossa (Max Planck Institute for Radioastronomy, Bonn) reviewed supermassive
binary black holes, Debora Sijacki (University of Cambridge) presented supermas-
sive black holes in all their guises, Jian-Min Wang (Institute of High Energy Physics
Chinese Academy of Sciences) reviewed observational signatures of close binaries of
supermassive black holes in active galactic nuclei, and Alexander F. Zakharov (In-
stitute of Theoretical and Experimental Physics, Moscow) reviewed tests of gravity
theories with black hole observations.

Our special thanks go to dr Mirjana Povié¢ (Ethiopian Space Science and Technology
Institute and Institute of Astrophysics of Andalusia) for her participation, and who
has been awarded the Jocelyn Bell Burnell Inspiration Medal, an award which is
awarded this year for the first time. Also, included among the speakers were several
young scientists, namely, postdocs and students, who brought new perspectives to
their fields. Particularly we thank young researchers from the Center for Theoretical
Physics of Polish Academy of Sciences, dr Mary Loli Martinez-Aldama and PhD
student Swayamtrupta Panda for their participation and contributions.

Praise is also deserved for the organizers and external reviewers who have invested
significant time in analyzing and assessing papers, who hold and maintain a high
standard of quality for this conference.

We are pleased to acknowledge the official sponsorship of the conference by the
Ministry of Education, Science and Technological Development of Republic Serbia
(MESTD), Serbian academy of science and arts (SASA), University of Belgrade (UB),
Telekom Srbija, COST Action CA16104 - gravitational waves, black holes and fun-
damental physics (GWverse), and NoRCEL. Assistant Minister, dr Aleksandar Jovié,
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(MESTD), Academician Zoran KnezZeviéc, General Secretary of SASA, prof. dr Zoran
Rakié¢, Dean of Faculty of Mathematics UB and Vitor Cardoso, Chair of CA16104
generously accepted an invitation to address the audience at the opening of the con-
ference.

For the first time, the conference program included format of special sessions:
The gravitational-wave Universe supported by CA16104 and Interdisciplinary studies
(astrobiology, astrochemistry, geophysics, atmospheric physics, and space astronomy)
and simulations, supported by NoRCEL.

The conference legacy is freely accessible on the internet http://astro.math.rs/kas19/.
A special note of gratitude to the Local organizing committee and Ms Tanja Milo-
vanov who contributed much behind the scenes for many months in preparation of the
conference and in the final delivery of the book of abstracts and these proceedings.

Instead of conclusion, we look forward to seeing all of you at the jubilar XXth
Serbian astronomical conference.

Coeditors

Andjelka Kovacevié¢, Faculty of Mathematics UB

Jelena Kovacevié Dojéinovié, Astronomical Observatory Belgrade
Dusan Marceta, Faculty of Mathematics UB

Dusan Onié, Faculty of Mathematics UB
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ALTERNATIVE STRATEGIES TO SOLVE
THE STELLAR ATMOSPHERE PROBLEM

L. CRIVELLARI!?:3
Lnstituto de Astrofisica de Canarias, E-38200 La Laguna, Tenerife, Spain
E-mail: luc_ext@iac.es
2INAF - Osservatorio Astronomico di Trieste, Italy
3INFN - Sezione di Perugia, Italy

Abstract. At the heart of the computation of model atmospheres there is the so-called
Stellar Atmosphere Problem, which consists of the self-consistent solution of the radiative
transfer equations under specific constraints. The amazing progresses achieved in the field
since the 1970s are due to both the dramatic increase of the computational facilities and
the development of effective numerical algorithms. The purpose of this review is to draw
attention to some methods, alternative to those that are mostly used nowadays such as the
ALI methods. The improvement of the latter has been brought about by mathematical
refinement, whereas the former are the result of a careful analysis of the physics of the
problem. Rather than attempting an exhaustive presentation of these novel methods, which
would be out of place here, the prime aim of this article is to sketch the main guidelines and
to stress that it is always the physics itself that dictated the most effective algorithm.

1. INTRODUCTION

The comparison between observed and synthetic spectra is the key to the diagnostics
of the physical and chemical properties of heavenly bodies. The computation of
the spectral distribution of the electromagnetic radiation emitted by astrophysical
objects requires the previous calculation of a model of their structure in terms of the
fundamental dynamical and thermodynamic variables. This is tantamount to solve
the Stellar Atmosphere Problem. As we will show, the latter is a non-local problem,
owing to the transport of energy through the structure, and it is non-linear because
of the coupling of all the relevant equations. To get rid of the second difficulty a
straightforward approach would be to make the original system of equations linear
and eventually convert it into a system of linear algebraical equations. Algorithms
based on the Gauss-Seidel method can be envisaged for the numerical solution of the
latter. In the practice of stellar atmosphere modelling several linearization methods
have been introduced since the 1960s '.

1For a basic review see Mihalas, 1978, Ch. 7. A recent general review on numerical methods in
radiative transfer can be found in Atanackovié, 2020, pp. 81-116.
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L. CRIVELLARI

Radiant energy is always transported in stellar atmospheres. The formal solution
of the radiative transfer (RT) equation for the mean value of the specific intensity of
the radiation field is given by the so-called A-operator. Numerical methods, based
on the repeated application of the above operator (A-iteration methods) can be en-
visaged. However it is a matter of experience, justified by theoretical considerations,
that the A-iteration is very slow (to say nothing that it may converge to a false so-
lution). In order to speed up the convergence Accelerated Lambda Iteration (ALI)
methods have been sought. Each element of the matrix representative the A-operator
and its collocation has a precise physical meaning: it expresses the contribution to the
radiation field, at a given point inside the stellar atmosphere, originating at distant
points (non-local aspect of RT). The greater the optical path from the point source,
the more removed from the diagonal of the matrix is the corresponding element.
By taking this into account, ALI methods replace the original full matrix used in
the straightforward A-iteration with an approximate diagonal (or n-diagonal) matrix.
From the mathematical point of view ALI is the application of preconditioning to the
iterative solution of a linear system of equations 2. A review of ALI methods can be
found in Stellar Atmospheres: Beyond Classical Models (Crivellari et al. 1991).

The improved rate of convergence brought about by ALI methods is due to math-
ematical improvements. In contrast, we present here alternative sequential methods,
which have been designed taking into account the physics that governs the structure
of a stellar atmosphere. After mentioning the algorithmic representation of physical
systems in Sec. 2, we list the fundamental equations of the stellar atmosphere problem
in Sec. 3. Successively in Sec. 4 we show the way they are solved sequentially within
an iterative procedure, whose effectiveness is brought about by the use of iteration fac-
tors that we are going to discuss in some detail in Sec. 5. The seminal idea introduced
by Eduardo Simonneau (Simonneau and Crivellari, 1988; Simonneau and Atanack-
ovié-Vukmanovié¢, 1991) has been developed and applied by Olga Atanackovi¢ and
coworkers to several line transfer problems. Their main results are presented in Sec.
5. Future applications of the foregoing strategy to the modelling of the circumstellar
envelopes of AGB stars will be mentioned in Sec. 6.

2. ALGORITHMIC REPRESENTATION OF PHYSICAL SYSTEMS

This is not the place for a philosophical inquiry into the reality of the phenomeno-
logical world. All that we want here is to achieve an effective description of physical
systems; in other words a representation of their structure 3. As a necessary premise
let us first introduce two definitions:

(i) By physical system we mean any arbitrary set of objects that can be identified
and quantified by means of physical variables. To specify the state of the system
a proper set of variables must be chosen that is necessary and sufficient to include
the maximum available information required to determine both the properties of the
system at a given time and its future evolution.

(ii) We define the structure of a system as the organization of the parts into which
it can be ideally separated. The structure shall be shaped by the mutual interactions
among these components.

2See Atanackovié, 2020, p. 112.
3For more details see Crivellari (2005).
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ALTERNATIVE STRATEGIES TO SOLVE THE STELLAR ATMOSPHERE PROBLEM

Following Bridgman’s operational perspective 4 we ideally dissect a physical sys-
tem into an ensemble of simpler interacting parts so that we can describe the global
behaviour of the system in terms of the laws governing its elementary components.
Such a process leads eventually to a model of the physical system that, for its own
analytical nature, can be easily translated into set of equations that constitute a
mathematical model. The exact solution of this system of equations is not possible in
general. The unavoidable numerical solution can be achieved via discretization; for
instance, by means of a discrete ordinates method. After that the original system of
equations has been replaced by the corresponding system of discrete equations, it is
matter to seek for a suitable numerical algorithm for their solution.

If each stage of the previous steps has been worked out properly, the structure
of the ultimate algorithmic model will be akin to that of the original model. It may
therefore be considered as an operative representation of the physical system under
study. Joseph Fourier claimed that the relations among the mathematical functions
of the physical variables and their derivatives are not just matter of calculus; they are
actually present in the natural phenomena themselves ®. According to this point of
view the general scheme, required to convert the mathematical model into numerical
information by means of algorithms, partakes of Nature, too. This somewhat naive
form of realism, together with Henri Poincare’s statement ¢ that ”La physique ne nous
donne pas seulement ’ocasion de résoudre des probléemes ... Elle nous fait presentir
la solution.” shall be our tenet in the quest for the optimum algorithm.

3. THE FUNDAMENTAL EQUATIONS OF THE STELLAR
ATMOSPHERE PROBLEM

We will go beyond Auer’s definition (Auer, 1971) and say that the Stellar Atmo-
sphere Problem consists in the solution of the equations that define the structure of a
stellar atmosphere under specific assumptions, i.e. constraints, initial and boundary
conditions, simplifying hypotheses.

3. 1. THE EQUATIONS

The fundamental equations are listed in Table 1. From the macroscopic standpoint
the constitutive equations link the variables P, p and v that shape the fluid dynamic
structure. They play a protagonist role in what we call the mechanical block. With
regard to the energetics of the system, the transport and energy equations determine
its internal energy and hence the thermal structure. They constitute our energy block,
whose protagonist variable is the temperature T'.

The foregoing equations are the continuous mathematical representation of the
physics that shapes the structure of a stellar atmosphere, described by the values
adopted at each point by the fundamental physical variables. These values are deter-
mined by:

4P.W. Bridgman (1882 - 1961) American physicist, Nobel Prize for Physics in 1947. In order to
get rid of the ambiguities inherent in the definition of scientific ideas, he introduced an ’operational’
approach to scientific meaning, described in his book The Logic of Modern Physics (1927).
Operationalism consists in defining physical concepts in terms of the operations, both physical and
mental, involved in their measurement.

5J.-B. J. Fourier: 1831, Analyse des Equations Déterminées, (Paris: Firmin Didot fréres), p. 185.

SH. Poincaré: 1911, La valeur de la Science, (Paris: Flammarion), Ch. V, p. 153.
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Table 1: The fundamental equations that shape the structure of a stellar atmosphere.

Constitutive equations: conservation of mass and momentum
equation of motion

Equation of state: macroscopic LTE state of matter

Microscopical description of matter: atomic occupation numbers:
Boltzmann and Saha laws in LTE
statistical equilibrium equations in
non-LTE

Transport equations: radiative transfer
convective transport

Energy equations: conservation of energy both for matter
and the radiation field

e the relations among the variables;
e the constraints imposed by the external conditions;
e the internal energy of the system.

3. 2. A NON-LINEAR AND NON-LOCAL PROBLEM

The essential difficulty of the stellar atmosphere problem arises because all the phys-
ical variables interact throughout the whole atmosphere. The problem is therefore
strongly non-linear. Moreover, the local variation of a variable can have an impor-
tant effect on the properties at a great distance, giving rise to a non-local problem.
In principle it could be possible to overcome the former drawback via a proper lin-
earization technique that convert the original system of equations into the equivalent
system of linear algebraical equations, but in the practice such a direct approach is
often unfeasible. In the specific case of the stellar atmosphere problem the number
of discrete points that warrant an adequate coverage for the behaviour with depth
of the structure, as well as that required to cover the range of frequencies for radia-
tive transfer, turns out to be exceedingly high. The dimensions of the matrix of the
coefficients of the system may be therefore as large as 10%. It is well known that
the numerical inversion of large or ill-conditioned matrices is a severe problem. In a
seminal paper on the numerical inversion of matrices of high order von Neumann and
Goldstine (1947) consider that, in order to be suitable for numerical computation,
transcendental operations and implicit definitions (e.g. the solution of algebraical
equations) must be replaced by algorithms involving only those elementary opera-
tions that computers can handle directly. Consequently, they state that, when ’exact’
(transcendental) arithmetic is replaced by ’approximate’ arithmetic, no computing
machine can perform all the operations faultlessly because of the finite number of
digits available.
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ALTERNATIVE STRATEGIES TO SOLVE THE STELLAR ATMOSPHERE PROBLEM

4. ITERATIVE SOLUTIONS OF THE STELLAR
ATMOSPHERE PROBLEM

Since the 1960’s a lot of iterative algorithms have been conceived in order to achieve
the numerical solution of the Stellar Atmosphere Problem. In the following we are
going to compare the widely used Complete Linearization Method with our own se-
quential approach, firstly devised by Eduardo Simonneau in the 1980’s.

4. 1. COMPLETE LINEARIZATION METHOD VS. ITERATIVE SEQUENTIAL APPROACH

The basic idea of the Complete Linearization Method (CLM) 7 is to write the system
of fundamental equations in terms of a starting approximate solution and to expand
linearly the relevant variables around the values given by the former (linear pertur-
bation). By replacing the original variables with their linear expansion one obtains
a system of linear algebraical equations in which the new unknowns are the pertur-
bations of the variables. This scheme is then iterated to convergence. At the basis
of the CLM is the assumption, explicitly stated by Mihalas, that no one variable is
more 'fundamental’ than any other, for they all interact mutually.

Against such an ’egalitarian’ treatment we shall remark that: (i) the different
processes are characterized by very different scales; (ii) the strength of the coupling
among the different phenomena may vary considerably case by case. A sequential
procedure may therefore be envisaged. According to the nature of their mutual in-
teractions, we individualize the different processes and group them into elementary
blocks such that each of the latter contains the statement of a self-consistent physical
problem. We may define these problems as ’atomic’, in the sense that the relevant
physical information cannot be further reduced. Afterwards the elementary blocks are
organized into a sequence in which the atomic problems are solved one by one. Data
coming from the solution of upstream blocks are of course required for the solution
of the one under consideration, which will constitute the input for the downstream
blocks. At the core of an effective strategy to solve the global problem is finding the
proper sequence of the elementary blocks.

The equations in Table 1 are listed according to a certain order that may be con-
sidered as 'natural’. The mechanical block, which includes the constitutive equations
together with the equation of state, accounts for the dynamic and thermodynamic
properties of the stellar atmosphere material. It is therefore the first to be solved.
However, the number of available equations is less than that of the variables involved;
in the most general case 5 equations for the 3 variables T, P, p and the 3 components
of the vector v. The amount of energy carried on throughout the atmosphere (mainly
by radiative transfer) under the constraint of energy conservation is considered in the
energy block, whose protagonist variable is T, as already mentioned. The coupling
of the two blocks via the microscopic description of matter allows the closure of the
global system of equations.

Of course, the solution of the foregoing system requires a numerical algorithm.
The above considerations dictate in a natural way the sequential approach, sketched
in Fig. 1. If an initial guess of the run of one of the fundamental variables is given, the
number of the variables is equal to that of the equations of the mechanical block, which
therefore can be solved. The microscopic state of matter can then be determined,

7See Mihalas, 1978, pp. 230-234.
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temperature correction
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Figure 1: The 'natural’ sequential procedure. In the mechanical block the constitu-
tive equations are solved simultaneously. The correction of the current temperature
distribution is achieved after the energy block. For an atmosphere in radiative equi-
librium the RE constraint can be used as a transcendental equation to correct the
current temperature 7. Such an iterative procedure is equivalent to a A-iteration.

so that the emissivity 7, and extinction x, = a, + 0, (the macroscopic transport
coefficients that define the RT equations) can be computed. The solution of the system
constituted by the latter yields the values of the specific intensity of the radiation field,
I,(n), and its mean value J,,. At this point the constraint of energy conservation can
be checked. In general it will be not satisfied and the run of the trial variable has
to be up-dated. Because the constraint of energy conservation involves the internal
energy U(T), T is the logical choice for the trial variable. In particular, when the
simplifying hypothesis of radiative equilibrium (RE) is assumed, the corresponding
energy conservation equation can be used as a transcendental equation in 7" to correct
the current trial distribution. Then the sequential scheme is iterated until a prefixed
criterion of convergence is achieved.

It is, however, a matter of experience that the foregoing natural’ scheme does not
work in the practice. The iterative solution of the coupled equations in the mechanical
block is quickly obtained. But the convergence of the global procedure, namely the
successive corrections of the temperature, is either infinitely slow or may even converge
to a solution, which is false from the physical standpoint. This should be expected
because the iterative solution inside the energy block is akin to a A-iteration, whose
drawbacks are well known.
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radiative transfer r:‘ energy conservation

ENERGY BLOCK

‘ temperature correction ‘

J

new

Figure 2: Simultaneous solution of radiative transfer and the RE constraint. The
latter is included in the source function of each specific RT equation.

4. 2. COUPLING OF THE RT AND ENERGY CONSERVATION EQUATIONS

The sequential procedure in the energy block can be replaced by the simultaneous
solution of the coupled RT and energy conservation, like the constitutive equations
in the mechanical block (see Fig. 2.) For the sake of an illustrative example let
us consider a stellar atmosphere in radiative equilibrium. In this case, taking into
account the customary form of the source function S, = ¢, B, + (1 — &,) J,,
where e, = a, / (a, + 0,), the equation of energy conservation reduces to

J, = / a, J, dv = / a, B,(T) dv , (1)
0 0

where J,, accounts for the amount of radiant energy absorbed and B, (T') is the Planck
function. We can linearize the latter around the value B, (Tp) corresponding to the
trial temperature distribution, that is

0B,
oT

BJ(T) = By(Ty) + ( )0 T - Ty . @)

By taking into account eqgs. 1 and 2 it follows that the correction of the temperature
can be expressed as

T — Ty = [Ja - /Oooay B, (Tp) du} //Oooay (%l;”)o dv . (3)
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Consequently, we can rewrite eq. 2 as

B,(T) = fi(v;To) + f2(v;To) Ja (4)

where the values of f; and fo are computed with the trial value T; of the temperature.
By substitution, the source function can be written as

S, = e [Llv;Ty) + fo(v;To) Jo] + (1 — &) Jo . (5)

Recast into this form the source function of each specific RT equation includes the
RE constraint. All the specific equations are coupled through the common term
Jo = [a, J, dv. The problem is that this integral is formally akin to a diffusion
integral. To solve iteratively a diffusion problem is equivalent in the practice to a
A-iteration. The intrinsic difficulty arises from the coupling in the source function
of each RT equation of all the monochromatic specific intensities, that is to say all
the individual solutions, which are characterized by different hight scales due to the
huge difference of opacity with frequency. Ostensively we can define the above one,
brought about by the long-range interactions, as a strong coupling. In contrast the
rapid iterative simultaneous solution of the equations of the mechanical block justifies
labelling their coupling as weak.

5. THE ITERATION FACTORS METHOD

A smart strategy to soften the strong coupling between the RT equations and the
RE constraint has been conceived by Eduardo Simonneau. Such an approach, the
Iteration Factors Method, fully generalizes the idea of the Variable Eddington Factors
(VEF) 8. A first application to the iterative temperature correction in a stellar at-
mosphere (Simonneau and Crivellari, 1988) was succesively used for the computation
of stellar atmosphere models when convective transport is taken into consideration
(Crivellari and Simonneau, 1991),

5. 1. FUNDAMENTALS OF THE METHOD

As an illustrative example, we consider the particular but paradigmatic case of a
plane-parallel stellar atmosphere in radiative equilibrium. The first two p-moments
of the relevant RT equations integrated over the full frequency range (bolometric) that
link the bolometric y-moments J, H and K of the specific intensity of the radiation

field, are
dZiT) - XRI(T) { /000 e dv = /000 o Boll) dV} o

and

K@) xa(n) o
dr - XR(T) H( )7 (7)

where 7 and x g are the Rosseland optical depth and mean opacity, respectively, and

8See Mihalas, 1978, pp. 46-47.
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\i(r) = / () Hy(r) dv  H7) | (®)

Ineq. 8 x» = a, + o, is the monochromatic extinction (i.e. absorption plus
scattering) coefficient. The RE constraint requires the two integrals on the RHS of
eq. 6 to be equal; it holds, therefore, that H(r) = H = const. The constant H is
fixed by the luminosity of the star and is a datum of the problem. If we define now

B(r) = xu(7) / xr(1), (9)
we can rewrite eq. 7 as

P _ sy (10)

The further definition of a ratio akin to the VEF,that is

F(r) = K(r) / J(7), (11)

will yield the necessary closure for the system constituted by the first two p-moments
of the bolometric RT equation. Thanks to the above factor we can recast eq. 10 in
the form

— [F(r)J(r)] = B(r) H . (12)

This is an RT equation for the bolometric mean specific intensity that includes the
RE constraint.

By introducing the customary definition of the absorption meanay; = [ a, J, dv/J
and the Planck mean ap = [ a, B,(T) dv / B(T), after defining the factor

(1) = ay(7) / ap(7) (13)
we can rewrite the RE constraint as
B(T) = «afr) J(7) . (14)

If J(7) is known, eq. 14 gives the ’corrector’ of the current temperature and the new
temperature, consistent with the RE constraint will be

1) = | -2 atn) Jm]m, (15)

Orad

where 0,.4q is the Stefan-Boltzmann constant.

5. 2. ITERATION FACTORS FOR THE SOLUTION OF THE ENERGY BLOCK

The solution for J(7) consistent with the RE constraint, as given by eq. 12, is
obtained only if 8(7) and F(7) are known. When dealing with the energy block in
the course of the iterative sequential procedure the transport coefficients a, and o,
are external data, hence B(7) is given. On the contrary, the ratio F(7) = K(7)/J(T)
depends on the previous solution of the RT equations. An operative solution can
be achieved by means of a new iterative scheme inside the energy block. The first
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Figure 3: Simultaneous solution of the RT equation for J and the RE constraint
obtained introducing proper iteration factors that convert the coupling into a 'weak’
one.

step consists in the solution of the specific RT equations, whose source functions are
computed with the current temperature distribution and the transport coefficients
(the input to the block). The approximate closure for the system of the p-moments
of the bolometric RT equations, that is F'(7), can then be computed in order to solve
eq. 12. On the other hand the factor a(7), the key to correcting the temperature via
eq. 15, is computed from the values of J,,, the solution of the specific RT equations.
This scheme (see Fig. 3) is iterated with the up-to-dated temperature until a given
convergence criterion is satisfied.

Experience shows that this new procedure rapidly converges to a solution that is
correct from the physical standpoint, owing to the fundamental fact that the coupling
between the RT equation for J(7) and the RE constraint is now brought about by
the ratio K(7)/J(7) and not by the integral J, = [ a, J, dv, as in the previous
scheme for the energy block. The foregoing strong coupling has been converted into
a weak one. The success of the above strategy is essentially due to the introduction
of the factors a(7), B(7) and F(7). Because of their intrinsic nature they carry
on information optimally from a block to the successive one. As they are a ratio
between homogeneous quantities, they mend the errors that affect the current values
by eliminating wrong factors of scale. We call such ratios, that prove to be good
quasi-invariants along the iterative sequential procedure, Iteration Factors.
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5. 3. DEVELOPMENTS AND FURTHER APPLICATIONS

The convergence of some of the iterative methods currently in use can be greatly
accelerated when we treat separately, within a forth-and-back process, the natural two-
stream representation of the radiation field along each line of propagation. Integral
methods based on the A-operator employ an implicit representation of the source
function when computing the mean intensity of the radiation field. In contrast to the
above scheme, which might be regarded as global, one may consider a local implicit
scheme: the specific intensity propagating along a given direction is expressed at a
given point as a linear combination of the unknown values of the source function
S and its first derivative S’ at that point. In contrast with other ALI methods,
the FBILI method proposed here is a two-point algorithm that works by taking into
account the values of S and S’ on pairs of successive depth points. In the first step
of an iterative procedure, the forward-elimination (FE), the values of the incoming
specific intensities, as well as the coefficients of the linear relation above mentioned,
are computed with the formal solution of the RT equation by using the known current
values of S and S’. These coefficients are stored to be used in the successive back-
substitution (BS). The FE starts at one of the end points, where the given value of the
incoming specific intensity sets one of the boundary conditions, and sweeps inwards
all the inner points up to the last one, where the outgoing specific intensity is given by
the second boundary condition. In the BS the up-dated values of the source function
are computed together with those of the outgoing intensities.

Such a simple and efficient approach, called as Forth-and-Back Implicit A-Iteration
(FBILI), has been introduced by Atanackovié-Vukmanovié¢ (1991) and later developed
by Atanackovié-Vukmanovié et al. (1997). The implicit representation of the source
function in the computation of the intensities within the above iterative scheme dra-
matically accelerates the rate of convergence of the iterative process while retaining
the straightforwardness of an ordinary A-iteration. This is mainly because, in the FE
when the coefficients of the implicit linear relation are computed, the only piece of
information that the FBILI retains from the previous iteration at each depth point is
the value of a single iteration factor, i.e. the ratio of the non-local part of the ingoing
mean intensity to that of the current source function Sy. This iteration factor is used
in the next step of iteration. It is worth stressing that the implementation of this
new method comes from physical considerations, not from a previous analysis of the
mathematical properties of the problem. Once again it is physics that dictates the
optimum algorithm.

Along the foregoing guidelines, significant developments and new applications to
the line formation problem have been introduced by Olga Atanackovi¢ and cowork-
ers at the Faculty of Mathematics of the University of Belgrade. Let us quote here
only the most significant results. The Iteration Factors Method for the line for-
mation problem: for the paradigm problem of the Two-Level Atom line transfer
Atanackovié-Vukmanovié (1991), Atanackovié-Vukmanovi¢é and Simonneau (1994);
for multi-level atom line transfer Kuzmanovska-Brandovska and Atanackovi¢ (2010).
The FBILI method for multi-level line transfer: Kuzmanovska, Atanackovi¢ and Fau-
robert (2017). The FBILI method for radiative transfer in 2D: Milié¢ and Atanackovié
(2014).
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6. MODELLING AGB STARS AND THEIR
CIRCUMSTELLAR ENVELOPES

Sergio Cristallo and Luciano Piersanti at the INAF - Oss. Astronomico d’Abruzzo
(Italy) are conducting a research project to study giant stars on the asymptotic branch
of the Hertzsprung-Russell diagram (AGB stars) and their circumstellar envelopes; it
is part of the n_.TOF (neutron time-of-flight) experiment at CERN. In particular, they
concentrate on circumstellar envelopes. Besides the modelling of the overall structure
and atmosphere of AGB stars, the subjects covered include the formation of molecules
and dust grains in their neighborhood. The complex interactions among the physical
processes involved require effective ad hoc numerical methods for the solution of the
relevant non-local and non-linear problem. A first step into this direction has been
the construction of the hydrodynamic code VULCAN that can follow the propagation
of shocks in the circumstellar envelopes of AGB stars (Cristallo et al. in preparation).
Modelling AGB stars implies to take into consideration the physical properties of both
their outermost layers and the circumstellar medium, as well as the hydrodynamics
of the material lost during the stellar lifetime, all of which requires proper solutions
for the constitutive equations, the equation of state and the RT equations. The
architecture of the Iterative Sequential Approach allows for direct control over the
results of each elementary block and their quantitative effects on the structure of the
atmosphere brought about by each physical process. Therefore, to adopt this strategy
will greatly help the implementation of the corresponding numerical algorithms in the
VULCAN code. Preliminary results have been achieved. A test model atmosphere
has been computed under the simplifying hypotheses of hydrostatic and radiative
equilibrium. The significant improvements introduced are: (i) the previous solution
of the 1D RT has been replaced by the 3D solution obtained with the Implicit Integral
Method of Simonneau and Crivellari (Simonneau and Crivellari, 1993; Gros et al.,
1997) ; (ii) after the due revision of the equation of state to take into account the
Hs molecule and compute the corresponding atomic population, the contributions of
selected molecules (CO, Hy0, SiO and TiO) have been included in the opacity of the
stellar material; (iii) the injection of non-radiative energy in the outer layer, in order
to mimic the passage of a shock, has been considered. The next steps will be the
removal of the current simplifying hypothesis of hydrostatic equilibrium to allow for
the correct fluid dynamics treatment, as well as the inclusion of convective transport.
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Abstract. Supermassive binary black holes (SMBBHs) are laboratories par excellence
for relativistic effects, including precession effects in the Kerr metric and the emission of
gravitational waves. Binaries form in the course of galaxy mergers, and are a key component
in our understanding of galaxy evolution. Dedicated searches for SMBBHs in all stages of
their evolution are therefore ongoing and many systems have been discovered in recent years.
Here we provide a review of the status of observations with a focus on the multiwavelength
detection methods and the underlying physics. Finally, we highlight our ongoing, dedicated
multiwavelength program MOMO (for Multiwavelength Observations and Modelling of OJ
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287). OJ 287 is one of the best candidates to date for hosting a sub-parsec SMBBH. The
MOMO program carries out a dense monitoring at >13 frequencies from radio to X-rays
and especially with Swift since 2015. Results so far include: (1) The detection of two
major UV-X-ray outbursts with Swift in 2016/17, and 2020; exhibiting softer-when-brighter
behaviour. The non-thermal nature of the outbursts was clearly established and shown to be
synchrotron radiation. (2) Swift multi-band dense coverage and XMM-Newton spectroscopy
during EHT campaigns caught OJ 287 at an intermediate flux level with synchrotron and
IC spectral components. (3) Discovery of a remarkable, giant soft X-ray excess with XMM
and NuSTAR during the 2020 outburst. (4) Spectral evidence (at 20) for a relativistically
shifted iron absorption line in 2020. (5) The non-thermal 2020 outburst is consistent with
an after-flare predicted by the SMBBH model of OJ 287. The blazar is also the target of
multi-year EHT/ALMA/GMVA campaigns.

1. INTRODUCTION

SMBBHs form in galaxy mergers which happen frequently throughout the history of
the universe (Volonteri et al. 2003). Coalescing binaries are the loudest sources of
low-frequency gravitational waves (GWs; Centrella et al. 2010, Kelley et al. 2019).
An intense electromagnetic search for wide and close binaries in all stages of their
evolution is therefore ongoing. Wide pairs can be directly identified by spatially-
resolved imaging spectroscopy. However, indirect methods are required for detecting
the most compact, most evolved systems. These latter systems are well beyond the
“final parsec” in their evolution (Begelman et al. 1980; Colpi 2014; see Fig. 1)
and they are in a regime where GW emission contributes to, or even dominates, the
shrinkage of their orbits.

Detecting and modelling SMBBHs in all stages of their evolution from wide to
close systems allows us to address questions which are central to our understanding
of the assembly history and demography of supermassive black holes (SMBHs), and
of galaxy-SMBH formation and (co-)evolution across cosmic times (e.g., Komossa et
al. 2016). These questions are:

e When does accretion start during a galaxy merger?

e How long does accretion last, how much feedback is triggered, and therefore
how fast and how much do the SMBHs grow?

e How much do the SMBHs’ spins change during accretion and merger?
e How often are both SMBHs active?
e How much accretion happens before and how much after the coalescence?

e How efficient is the loss of angular momentum due to the binary’s interactions
with gas and stars (final parsec problem; Fig. 1), and how fast do the two
SMBHs coalesce?

e How frequent are recoiling SMBHs and therefore, how frequent are galaxies
without central SMBHs?

e What is the distribution of recoil velocities and amplitudes, and how long do
the SMBHs remain active after the kick?
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Further, SMBBH searches will not only inform the future space-based GW mis-
sions and the pulsar-timing arrays (PTAs) on the expected coalescence rates, but will
also reveal the (pre-coalescence) initial conditions in systems that will later become
major GW events.

Whenever both merging galaxies harbor an SMBH, the formation of a binary is
inevitable. The merger evolves in several stages (Begelman et al. 1980; our Fig.
1). The early stages of galaxy merging are driven by dynamical friction. At close
separations, on the order of parsecs, the two SMBHs form a bound pair. The further
shrinkage of their orbit then depends on the efficiency of interactions with stars and
gas. Without any such interactions which carry away energy and angular momentum,
the binary would stall and may then never coalesce within a Hubble time. This
problem is known as the “final parsec problem”. Recent simulations have shown that
interactions with gas (like molecular clouds in the center; “massive perturbers”) or
with stars in asymmetric nuclear potentials and on elongated orbits, efficiently drive
the binary beyond the final parsecs (e.g., review by Colpi 2014). At separations
well below a parsec, emission of GWs then becomes the dominant effect that leads
to efficient further orbital shrinkage, followed by the final coalescence. This GW-
driven regime can be thought of as proceeding in several stages: the inspiral phase,
the dynamical merger, and the final ringdown. During each stage characteristic GW
radiation is emitted (Centrella et al. 2010).

r S

+ | stages of BH-BH
(yr) merging .

/

10t /
/ (2) binary
Y hardening (1) dynamical
friction regime

/

(3) GW emission

108 Hfinal parsec
problem*

(4) recoil
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Figure 1: Sketch of the evolutionary stages of SMBBHs in galaxy mergers, following
Begelman et al. (1980). After (1) the merging of the galaxies due to dynamical
friction, the two SMBHs will (2) form a bound pair at separations of the order of
parsecs. As the binary hardens, (3) its orbit will shrink due to the emission of GW
radiation, leading to the final coalescence accompanied by a strong burst of GW
emission, and followed by (4) the recoil of the newly formed single black hole. The
kick velocity depends on the orbital configuration and black hole mass ratio (therefore
no particular timescale or distance should be associated with it in the sketch).
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Observing pairs and binaries of SMBHs in all stages of galaxy merger evolution
is of great interest. Given the limited space of this review, and the large number of
important observational and theoretical results which have emerged on this topic in
recent years, it is impossible to give credit to all of these. We would therefore like to
apologize in advance. We will focus on reviewing the major observational signatures
which have been used to search for wide and close systems of SMBBHs, and we will
mention some of the first-identified and best-studied representative systems.

2. WIDE PAIRS, SPATIALLY RESOLVED

During gas-rich galaxy mergers, large amounts of gas are funnelled to the center
and are available for accretion onto one or both SMBHs (Mayer 2013). In the early
evolutionary stages of a galaxy merger, the two SMBHs can still be spatially resolved
(in X-rays, Chandra achieves 0”5 resolution, which is similar to ground-based non-
AO-assisted imaging spectroscopy in the optical) and they can therefore be uniquely
identified. Accreting SMBHs reveal their presence by a number of characteristic
emission signatures. These include luminous X-ray emission from the accretion disk
itself, bright and extended jets in radio(-loud) systems, and optical emission lines
from the broad-line region (BLR) and narrow-line region (NLR) (these two systems
of gas clouds reprocess the incident continuum emission from the accretion disk into
emission lines; Peterson 1997).

In gas-rich mergers which have their cores heavily obscured by gas and dust, X-rays
are the most powerful probe of active SMBHs, since hard X-rays can penetrate even
high column densities (Ng) of gas. Matter only becomes Compton-thick at Ny ~ 10?4
cm 2. Breakthroughs in the observations of galaxy pairs and mergers were made by
the Chandra X-ray observatory. It was launched in 1999 and for the first time in the
history of X-ray astronomy provided us with high-resolution sub-arcsecond imaging
and spectroscopy.

About 15% of all active galactic nuclei (AGN) are radio-loud and drive powerful
radio jets that are launched in the immediate vicinity of the SMBH. While jets often
show a knotty structure, the true radio cores can be identified by their compactness,
variability and especially their flat radio spectra. Binaries therefore reveal themselves
by the presence of two radio cores and/or two separate jet systems.

In less heavily obscured galaxy mergers, a small fraction of photons from the accre-
tion disk still reach the NLR, at distances of ~10-1000 pc from the core. SMBH pairs
therefore can reveal their presence by two NLRs in form of double-peaked emission
lines and especially double-peaked [OIII]A5007 that often is the brightest optical NLR
line. Great progress in this field has been made since large spectroscopic sky surveys
became available. Especially, the exceptional Sloan Digital Sky Survey (SDSS) has
enabled the selection of large numbers of [OIII] double-peakers. At the same time,
it has to be kept in mind that mechanisms other than SMBH pairs can also produce
double-peaked emission lines in single SMBH systems. These mechanisms include
two-sided outflows, two-sided jet-NLR interactions, warped galactic disks, or a single
active SMBH illuminating the insterstellar media of two galaxies. Therefore, multi-
wavelength follow-up observations have been employed to confirm or reject the binary
nature of [OIII] double-peakers (e.g., Fu et al. 2011, Liu et al. 2018, Comerford et
al. 2018, Rubinur et al. 2019). Only a small fraction (a few percent) turned out to
be active SMBH pairs.
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Figure 2: Pair of active SMBHs (blue) at the core of the galaxy NGC 6240 de-
tected with Chandra imaging spectroscopy (image credit: NASA/CXC/Komossa et
al. 2003). The two accreting SMBHs are identified by their luminous, hard, point-
like X-ray emission and their spectra. The Chandra ACIS-S X-ray spectra of both
nuclei (right panel: Southern nucleus) show the signatures of heavily obscured but
intrinsically luminous AGN including the characteristic iron line near 6.4 keV.

Examples of wide systems of binary SMBHs in advanced galaxy mergers include
NGC 6240 identified in X-rays with Chandra imaging spectroscopy (Komossa et al.
2003; see Fig. 2), 04024379 (4C +37.11) identified in the radio regime with the
VLBI technique (Rodriguez et al. 2006), and SDSSJ 150241115 in the optical with
double-peaked [OIII] emission and multiwavelength confirmation (Fu et al. 2011).

3. COMPACT BINARIES, SPATTIALLY UNRESOLVED

Nearly all the sub-parsec systems are spatially unresolved, and we rely on indirect
methods to identify them. The most common search methods are all based on signs
of semi-periodicity and are discussed in the following sections.

3. 1. SEMI-PERIODIC JET STRUCTURES

A number of AGN radio jets show semi-periodic deviations from a straight line. One
way to explain these observations is involving the presence of a binary SMBH that
causes either a modulation due to orbital motion of the jet-emitting SMBH around
the primary SMBH, or jet precession. This method was among the first explored in
the search for SMBBHs, and was motivated by the structures, bendings, and helicities
observed in radio jets (Begelman et al. 1980)!. Radio interferometry has provided
us with the highest-resolution observations of jets over decades. Mrk 501 is an early
example of an AGN with helical radio jet structure, interpreted as Kelvin-Helmholtz
instability driven at the origin through the orbital motion of an SMBBH (Conway &

1See Saslaw et al. (1974) for a discussion of SMBBH formation in three-body-interactions and
radio constraints at that time.
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Wrobel 1995). Hydrodynamical models favored a driving period of order 10* yr to
explain the observed jet morphology.

Radio observations using the technique of phase-referencing allow for ultrahigh-
precision measurements of changes in the spatial location of a radio source. Such
observations have the great potential of directly measuring the orbital motion of a
jet-emitting SMBH (Sudou et al. 2003). This remarkable technique was applied
to the radio galaxy 3C66B. Semi-periodic changes in the radio VLBA core position
at 2.3 GHz with a period of 1.05 yr were interpreted as orbital motion in a binary
SMBH system (Sudou et al. 2003). Since the model requires a massive primary, part
of the allowed parameter space was already excluded by pulsar timing array (PTA)
constraints. These constraints place an upper limit of Mgy primary < 1.7 X 10° Mg
(Arzoumanian et al. 2020).

3. 2. SEMI-PERIODIC LIGHT CURVES

If one of the SMBHs in a binary system is emitting a (radio) jet, then there are several
processes that produce a semi-periodic light-curve signal that traces either the orbital
evolution of the system or else is a sign of precession induced by the second mass. Flux
changes are then either true changes of the intrinsic emission or they are artefacts of
beaming due to a jet with a systematically varying angle w.r.t our line of sight.

An unavoidable consequence of the presence of compact SMBBHs therefore is the
prediction that we should see semi-periodicities in light curves of at least a fraction
of the whole (radio) binary population. However, there are also challenges when
searching for periodicities in single light curves and/or large data bases: On the
one hand, we need densely sampled light curves that cover at least several periods,
since stochastic red noise variations can mimic periodicities (Vaughan et al. 2016).
On the other hand, true intrinsic periodicities can be veiled by additional stochastic
variability processes which we know are omnipresent in accretion and jet systems.

Because of the great importance of identifying sub-parsec SMBBHs, many dedi-
cated searches are ongoing, and many candidates have been presented in the last few
years. Here, we would like to highlight two examples; the blazar OJ 287 (Sillanpaa
et al. 1996) and the flat-spectrum radio quasar (FSRQ) PG1302-102 (Graham et al.
2015). OJ 287 is the best-studied and best-modelled candidate to date for hosting
a compact sub-parsec binary system and will be further discussed in Sect. 4 and 5.
PG1302-102 was identified in a search for periodic signals in light curves of 247000
quasars of the Catalina Transient Survey data base (Graham et al. 2015). The sys-
tem triggered multiple follow-up observations and explorations of different variants of
binary SMBH models (e.g., D’Orazio et al. 2015, Kovacevié et al. 2019, Saade et al.
2020, and references therein; Fig. 3). Graham et al. (2015) reported a period of 5.2
yr. Their model requires jet precession in an SMBBH with <0.01 pc separation.

The majority of sources with candidate semi-periodic light curves is radio-loud. In
radio-quiet systems, circumbinary disk simulations of mergers predict (X-ray) emis-
sion periodically modulated at the orbital period (e.g., d’Ascoli et al. 2018). Systems
with optical continuum and line variability are further discussed in Sect. 3.4.

3. 3. TIDAL DISRUPTION EVENT (TDE) LIGHT CURVES

Stars are tidally disrupted by SMBHs once the tidal forces of the black hole ex-
ceed the self-gravity of the star. Part of the stellar material is then accreted by the
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Figure 3: Light curve (V magnitude, subtracted by mean value of V) of the candidate
SMBBH in PG1302-102 and best-fit sinusoidal model, adapted from Kovacevi¢ et al.
2019.

SMBH causing a luminous flare of electromagnetic radiation that declines as ¢~5/3
(Rees 1990). A few dozen TDEs have now been reported (review by Komossa 2017),
following their first discovery in X-rays by the ROSAT mission.

The TDE lightcurves of single and binary SMBHs are characteristically different.
The binary model predicts characteristic dips and recoveries in a TDE light curve
when the second SMBH perturbs the stream of the stellar material, temporarily in-
terrupting and then restarting the accretion process (Liu et al. 2009). This method
of binary detection is of special interest, as it probes the SMBBH population in qui-
escent, non-active galaxies, while most other methods require at least one, or both,
SMBHs to be active (an AGN) to identify the binary system.

The first candidate SMBBH system identified from a TDE light curve is that of
SDSSJ1201+-3003 (Liu et al. 2014). A model with Mpyg = 105~7 Mg, and mass ratio
g = 0.1 at 0.6 milli-parsec separation reproduces the light curve well.

3. 4. DOUBLE-PEAKED, BROAD BALMER LINES AND THEIR VARIABILITY

A few percent of all quasars show broad, double-peaked emission lines from the BLR.
According to an early idea of Gaskell (1983), these could be the sign of the presence
of a binary SMBH, with each SMBH binding its own BLR. A key prediction of the
model is the Doppler-shift of each of the two line peaks as the two SMBHs orbit
each other, implying a changing red/blue shift of each line peak on the timescale of
years or decades. In the majority of the systems monitored, most recently selected
from the SDSS spectroscopic data base, the predicted kinematic Doppler-shift was
not observed, and warped disks in single AGN or other mechanisms are the preferred
interpretation (Doan et al. 2020). A few candidate binary systems have remained.
Their monitoring continues.

In a few cases, exceptional spectroscopic coverage already exists, spanning decades.
A very well monitored AGN interpreted as binary because of its characteristic broad-
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line and continuum variability is NGC 4151. Based on an outstanding 43 years of
spectroscopic monitoring, Bon et al. (2012) reported periodic variability in flux and in
radial velocity of one BLR component that they interpreted as shock waves generated
by the supersonic motion of the components through surrounding ISM. Their model
requires an SMBBH with an eccentric orbit and a period of 15.9 yr.

3. 5. ADDITIONAL METHODS

Many other methods have been suggested or have already been employed to identify
compact binary candidates (see also the recent review by de Rosa et al. 2019). These
include: UV /X-ray deficits from truncated circumbinary disks (Tanaka et al. 2012),
periodic self-lensing and partial eclipses (D’Orazio & di Stefano 2018, Ingram et al.
2021), acceleration of jet precession (Liu & Chen 2007), characteristically variable
and double-peaked/deformed FeKa lines (Yu & Lu 2001, McKernan et al. 2013),
disappearance and reappearance of AGN broad Balmer lines (Wang & Bon 2020),
photocenter position variability (Popovié¢ et al. 2012, Kovacevi¢ et al. 2020), astro-
metric orbital motion tracking in the Gaia data base (D’Orazio & Loeb 2019) or with
the Event Horizon Telescope (Gémez, priv. com), magnetic field-line structure (Gold
et al. 2014), (radio)-jet polarimetry (Dey et al. 2021), and electromagnetic signals
contemporaneous with binary coalescence (Haiman 2017). Indirectly, the detection
of recoiling SMBHs also imply binary coalescences (Lousto & Zlochower et al. 2011,
Komossa et al. 2008). In recent years, PTAs have started to place constraints on the
population of binaries (Sesana et al. 2018) and were first used to constrain 3C66B
models (Sect. 3.1).

Table 1: Summary of the systems mentioned in this review (upper panel: spatially
resolved SMBH pairs, lower panel: spatially unresolved SMBBH candidates). All of
them stand out in being among the first identified and best-studied systems of their
kind. Column 2 provides the classification of the host galaxy or AGN type (ULIRG
stands for ultraluminous infrared galaxy; FSRQ for flat-spectrum radio quasar). In
column 4, the waveband in which the system was first identified is reported. Column
5 gives the method of binary identification.

name (AGN) type redshift waveband method

NGC 6240 ULIRG 0.024 X-rays imaging spectroscopy

04024379 radio galaxy  0.055 radio imaging spectroscopy

SDSS J15024-1115 | Seyfert 0.39 optical [OII1I] double-peaks & radio imaging
OJ 287 BL Lac 0.306 optical semi-periodic light curve

Mrk 501 BL Lac 0.034 radio semi-periodic jet structure

3C66B radio galaxy  0.021 radio semi-periodic astrometric position
PG1302-102 FSRQ 0.3 optical semi-periodic light curve

SDSS J1201+4-3003 | quiescent 0.146 X-rays TDE lightcurve

NGC 4151 Seyfert 0.003 optical semi-periodic light curve & broad line

4. THE CASE OF OJ 287

The nearby blazar OJ 287 is the longest-studied and one of the best candidates to
date for hosting a compact SMBBH (reviews by Kidger 2007 and Dey et al. 2019),
in a regime where GW emission already contributes to a measurable shrinkage of the
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Figure 4: General-relativistic, precessing orbit of the secondary SMBH in the SMBBH
model of OJ 287, adopted from Dey et al. (2018) and Laine et al. (2020). The primary
SMBH is located at the origin with its accretion disk in the y = 0 plane. Flares arise
due to the impacts of the secondary SMBH on the accretion disk of the primary. But
there is a delay (that can be calculated from the model) between the actual impacts
and the times when the flares become visible. The black arrows point to the positions
of the secondary SMBH at the times when the impact flares become visible.

binary orbit (Valtonen et al. 2008, Dey et al. 2018, Laine et al. 2020). We therefore
review this system in some more detail. The unique optical light curve of OJ 287 (e.g.,
Hudec et al. 2013) shows double-peaks every ~12 years that have been interpreted as
arising from the orbital motion of an SMBBH, with an orbital period on that order.

Different variants of binary scenarios of OJ 287 have been considered, following the
discovery that major optical outbursts of OJ 287 repeat (Sillanpaa et al. 1996). The
best explored model by far explains the double peaks as episodes where the secondary
SMBH impacts the disk around the primary twice during its ~12 yr orbit (“impact
flares” hereafter; Lehto & Valtonen 1996, Valtonen et al. 2019). The most recent 4.5
order post-Newtonian orbital modelling successfully reproduces the overall long-term
light curve of OJ 287 until 2019 (Valtonen et al. 2016, Dey et al. 2018, Laine et
al. 2020, and references therein). The model requires a compact SMBBH with a
semi-major axis of 9300 AU with a massive primary SMBH of 1.8 x 10! Mg with
spin 0.38, and a secondary of 1.5 x 108 M. Because of the strong general-relativistic
orbital precession of the secondary, A®=38 deg/orbit, the impact flares are not always
separated by 12 yr. Their separation varies with time and in a predictable manner
(Fig. 4).

In the SMBBH model, impact flares are triggered when the secondary SMBH
crosses the accretion disk twice during its orbit. The secondary’s impact drives two
supersonic bubbles of hot, optically thick gas from the disk. The bubbles expand and
cool. Once they become optically thin, they start emitting and only then the flare
becomes observable (see hydrodynamic simulations by Ivanov et al. 1998). Impact
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flares were most recently reported in 2015 and 2019 (Valtonen et al. 2016, Laine et
al. 2020). At such epochs, there is an additional optical-IR emission component that
may extend into soft X-rays, and the total optical flux is less polarized (Valtonen et
al. 2016, Ciprini et al. 2007). In addition to the impact flares, the model predicts
“after-flares” when the impact disturbance reaches the inner accretion disk (Sundelius
et al. 1997) and triggers new jet activity, identified most recently with the bright X-
ray—UV-optical outburst in 2020 (Komossa et al. 2020).
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Figure 5: Swift 0.3-10 keV X-ray light curve of OJ 287 since Dec. 2015, including the
two bright outbursts in 2016/17 and 2020 (Komossa et al. 2017, 2020). The majority
of observations was obtained in the course of the MOMO program.

5. THE MOMO PROGRAM

The MOMO program, for “Multiwavelength Observations and Modelling of OJ 287"
(Komossa et al. 2017, 2020, 2021) has an observational and a theoretical part. The
observational part consists of long-term flux and spectroscopic monitoring and deep
follow-up observations of OJ 287 at >13 different frequencies from the radio to the
X-ray band. The Neil Gehrels Swift observatory (Swift hereafter) and the Effels-
berg telescope play a central role. A few individual observations are timed with the
Event Horizon Telescope (EHT; Event Horizon Telescope Collaboration 2019) to ob-
tain quasi-simultaneous SEDs?. MOMO was initiated in late 2015, with >2000 data
sets obtained so far. The program is the densest long-term monitoring of OJ 287

2Independent of the MOMO program, OJ 287 is a prime target of the EHT, and has been observed
annually with ALMA and GMVA since 2017, providing radio VLBI observations of the twisted jet
of OJ 287 at high resolution and sensitivity (Gémez et al. 2021, in prep.). Such observations have
the potential of distinguishing between jet precession triggered by a binary or a tilted precessing
accretion disk.
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involving X-rays and broad-band SEDs. The theoretical part of the program aims
at understanding aspects of accretion and jet physics of the blazar central engine in
general, and the binary SMBH in particular. Some main findings of this ongoing
project are summarized below.

(1) Our long-term Swift observations (Fig. 5; Komossa et al. 2017, 2020, 2021,
and 2021b in prep.) established OJ 287 as one of the most spectrally variable blazars
in the X-ray band (photon indices I'y = 1.5,...,3), changing between inverse Compton
emission at low-states, and a strong synchrotron component at high-states.

(2) Two major X-ray-UV (-optical) outbursts were discovered with Swift in 2016,/17
(Komossa et al. 2017) and in 2020 (Komossa et al. 2020)%. The non-thermal nature of
the outbursts was clearly established based on multiple independent arguments: The
exclusion of an accretion-disk contribution because the X-rays varied faster than the
light-crossing time of the last stable orbit around the primary SMBH; the presence
of a radio outburst accompanying the X-ray-optical outburst; the close correlations
of fluxes in the Swift bands; and the high level of optical polarization measured in
independent projects (Komossa et al. 2020, and references therein).

(3) The Swift multi-band coverage was enhanced around the dates EHT observed
OJ 287 in 2017 and 2018. Selected SEDs are shown in Fig. 6. In 2018, XMM-
Newton spectroscopy (Komossa et al. 2021; our Fig. 7) during the EHT campaign
revealed an intermediate-low flux and spectral state well described by a combination of
logarithmic parabolic power-law emission of synchrotron nature and a flat (T'y = 1.5)
IC component.

(4) A remarkable, giant soft X-ray excess (Fig. 7) of synchrotron origin was dis-
covered during the 2020 outburst of OJ 287 based on XMM-Newton and NuSTAR
observations (Komossa et al. 2020)%. NuSTAR also revealed an additional and un-
usually soft emission component extending up to ~ 70 keV of unknown nature®.
Spectral evidence (at 20) for a relativistically shifted iron absorption line in 2020 was
seen with XMM-Newton, however it needs independent confirmation in deeper future
observations that catch OJ 287 in the same state. The 2020 X-ray—optical outburst
was accompanied by a radio outburst (Fig. 7, right panel).

(5) The non-thermal 2020 outburst is consistent with an after-flare predicted by
the SMBBH model, where new jet activity is launched following a change in the
accretion rate as a consequence of the secondary’s disk impact (Komossa et al. 2020).

The MOMO program will continue observations of OJ 287 as it nears its next
impact flare predicted by the SMBBH model (Dey et al. 2018), expected in 2022.

6. SUMMARY AND OUTLOOK

Binary SMBHs in all stages of their evolution are central to SMBH demographics and
galaxy evolution across cosmic times. The field has rapidly evolved in the last decade,
with many systems and candidates identified through multiwavelength observations

3The optical outbursts were independently detected in ground-based monitoring campaigns (e.g.,
Zola et al. 2020)

4A similar soft emission component was detected with Swift during the 2016/17 outburst (Ko-
mossa et al. 2017, 2020), but we lack deeper XMM-Newton observations at that epoch.

5A mix of synchrotron and IC emission is a possibility; another one is a temporary accretion-
disk corona contribution (even though there is no other optical-X-ray evidence for significant disk
emission during the outbursts).
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Figure 6: Observed Swift SEDs of OJ 287 at selected epochs, including the 2016/17
and 2020 outbursts at peak, the March—April 2017 and 2018 near-EHT epochs, and
the 2020 low-state (Komossa et al. 2021). Optical-UV and X-ray fluxes are correlated.
The X-ray spectral steepening at high-states is due to the increasing contribution of
the synchrotron component(s).

1072
ib 0J287 -  Effelsberg 100m-RT
7': | e 2019-00
> * 2020-06
$ 1 e 202103
0 7
M R & 240
< ] L2
5 1073 _
9 = . *
g S . .,
£ 5 o et ’
g b5
X °
@ 3
By s
3 }
1074 T T
0.3 1.0 3.0 10.0 B T S T A
Energy (keV) Frequency [GHz]

Figure 7: Left: Comparison of all XMM-Newton spectra of OJ 287. A giant soft X-ray
excess is obvious in the 2020 spectrum (blue) obtained at the peak of the outburst
(Komossa et al. 2020). The XMM-Newton spectrum taken quasi-simultaneous with
the EHT observation in 2018, at intermediate flux level, is marked in red. Right:
Selected multifrequency Effelsberg radio spectra of OJ 287 between 2.6 and 40 GHz
from the MOMO program.
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and orbital modelling, including candidate evolved systems well beyond the final par-
sec and wide pairs in the early stages of galaxy mergers. The fact that many of
these systems are in nearby galaxies (Tab. 1) implies that binaries should be common
throughout the universe. Binary SMBHs are most easily detectable electromagneti-
cally, if at least one or both SMBHs are active; while an elusive population of binaries
could well exist at the cores of quiescent, inactive galaxies. Stellar tidal disruption
event lightcurves provide us with a unique tool of searching for such a binary popu-
lation. While the last few years have seen the first direct detection of gravitational
waves from stellar-mass black-hole binaries with ground-based detectors, supermas-
sive black-hole binaries are the loudest known sources of GWs detectable with the
future space-based gravitational-wave interferometer LISA. Meanwhile, pulsar-timing
arrays have greatly advanced in recent years and have started to place constraints
on the population of the most massive binaries known. The EHT with its unprece-
dented spatial resolution holds the promise of spatially resolving the small-separation
SMBBH of OJ 287 for the first time. Among the population of sub-parsec binary
SMBHs, the blazar OJ 287 stands out as the longest-studied and best-studied can-
didate which is already in a regime where gravitational-wave emission contributes
measurably to the orbital shrinkage. As a bright multimessenger source, OJ 287 is
the target of an ongoing, dense monitoring program, MOMO. The program has re-
vealed high-amplitude outbursts interpreted in the context of the binary model as
after-flares. MOMO observations continue as OJ 287 nears its next predicted impact
flare.
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Abstract. Black holes with different masses are observed in a wide range of electromagnetic
radiation frequencies. Astronomers believe that they have detected neutrinos whose sources
are associated with black holes. The first detection of gravitational radiation from merging
binary black holes occurred using the LIGO-Virgo gravitational wave detectors just a few
years ago. After that, researchers began to talk about the fruitfulness of multi-messenger
astronomy. At present, we can say that the general relativity is the best theory of gravity,
however, in recent years, many alternative theories of gravity have emerged and the emer-
gence of at least part of these theories has been associated with attempts to explain the
problems of dark matter and dark energy with changes in the gravity law. We discuss the
possibilities of using black hole observations to test the predictions of general relativity and
obtain constraints on the parameters of alternative theories of gravity. Earlier, we discuss
constraints on the theory of gravity from observations of the supermassive black holes at the
Galactic Center and at the center of the galaxy MS&7.

1. INTRODUCTION

In 2002 I was invited to present a lecture on gravitational microlensing and dark
matter problem at the XIII National Astronomical Conference in Belgrade. In 2003
my contribution for the conference proceedings was published in Publications of the
Astronomical Observatory of Belgrade (Zakharov 2003) and it is a pleasure to note
that this paper was cited by Weinberg (2008). Since these times I established a fruitful
and pleasant collaboration with Serbian astrophysicists.

In the paper I mention prizes and their recipients working in BH physics which
closely connected with our studies in the subject because it means a recognition of an
importance and an interest to these fields among the wide world scientific community.

1. 1. INCREASING IMPACT OF ASTROPHYSICS AND GENERAL RELATIVITY

There are not many Nobel prize recipients who were awarded the prize for their studies
in astrophysics and general relativity earlier because for many years astrophysics was
not treated as a branch of contemporary physics since astrophysics was not precise
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enough (a famous Russian physicist V. L. Ginzburg ironically told about the issue
that ”in astronomy one is equal to ten”) meanwhile general relativity was checked
only in a weak gravitational field limit. However, I would like to note that works of
three Nobel prize winners (in 2017, 2019 and 2020) in last four years are devoted to
astrophysical applications of general relativity.

Word combination ”black hole” is extremely popular not only in physics and as-
tronomy (Google counts around 924 million cases of its usage) and three Nobel prizes
are connected with this astrophysical object. In 1983 Subrahmanyan Chandrasekhar!
was awarded the Nobel prize for the discovery of limiting mass of white dwarfs (Chan-
drasekhar 1931, 1934) (see, an interesting discussion of the issue by Yakovlev (1994)
where contributions of other authors (Frenkel 1928; Stoner 1930, 1932; Landau 1932)
was discussed). Later, the conclusion about a limiting mass of neutron star was found
(Gamow 1937; Oppenheimer & Volkoff 1939). I would like to mention that some time
ago Yakovlev et al. (2013) revisited the Landau’s contribution in a creation of the
neutron star concept. I would like to note that the result about mass limits for neu-
tron stars and white dwarfs was interpreted by Chandrasekhar as a physical reality in
contrast to many other famous scientists like A. Eddington and L. Landau who noted
that the conclusion about the limiting mass of white dwarfs should be incorrect if laws
of quantum mechanics and quantum statistics are violated (Landau 1932). These as-
sumptions were inspired probably by N. Bohr (who claimed that energy conservation
law could be violated) since in twenties and thirties of XX century it was a period
of a formation of new non-classical physics and basic physical concepts were changed
and a process of trial and error to find new physical theory was in action.

In 2017 Rainer Weiss, Kip S. Thorne and Barry Barish? were awarded the Nobel
prize in physics ”for decisive contributions to the LIGO detector and the observation
of gravitational waves” from binary black holes (Abbott et al. 2016). In the paper
the authors discovered gravitational waves and binary black holes and in addition,
they found a constraint on graviton mass. We will discuss graviton mass constraints
from different type of observations below.

LAt the same year in his fundamental book on black holes Chandrasekhar noted that ”the black
holes of nature are the most perfect macroscopic objects, there are in the Universe: the only elements
of their construction are our concepts of space and time. And since a general theory of relativity
provides a only single unique family of solutions for their descriptions are the simplest objects as
well”. This family of solutions is determined by only three parameters, mass, charge and spin of a
black hole. Initially, this statement was formulated by J. Wheeler as the theorem on an absence of
hairs for black holes. Later, the theorem was proven assuming rather natural conditions.

20ne of the key founder LIGO project, Ronald Drever, in principle could get the Nobel prize since
in 2016 he got the Breakthrough Prize, the Gruber Prize in Cosmology, the Shaw prize (" Nobel of the
East”), the Kavli Prize in astrophysics, the Harvey prize in physics and technology and all these prizes
he got together with Rainer Weiss and Kip S. Thorne for the development of LIGO detector and the
discovery of gravitational waves from binary black holes. Unfortunately, outstanding experimentalist
Ron Drever died on 7 March 2017 and cannot get the Nobel prize in 2017 but perhaps he could be
a Nobel prize winner if he would still alive in fall 2017.

44



TESTS OF GRAVITY THEORIES WITH BH OBSERVATIONS

2. 2020 AS THE BLACK HOLE YEAR
In 2020 the black hole concept got the high recognition among a scientific community.

2. 1. ROGER BLANDFORD AND ENERGY RELEASE FROM BLACK HOLES

The Shaw Prize in Astronomy 2020 is awarded to Roger D. Blandford (USA) ”for
his foundational contributions to theoretical astrophysics, especially concerning the
fundamental understanding of active galactic nuclei, the formation and collimation of
relativistic jets, the energy extraction mechanism from black holes, and the accelera-
tion of particles in shocks and their relevant radiation mechanisms”.

R. Blandford contributed essentially in different topics of relativistic astrophysics
including black hole physics and gravitational lensing. For instance, Blandford and
Znajek (1977) proposed a way to extract energy from a rotating black hole in a
presence of magnetic field with a special configuration. Frolov and Zelnikov (2011)
provided a clear description of physical ideas which were used in the Blandford —
Znajek process.

2. 2. SHAW PRIZE IN ASTRONOMY AS A PRECURSOR FOR NOBEL PRIZES

Many people got Nobel prizes after the Shaw prize, therefore, the Shaw prize recipients
are highly likely pretender for the Nobel prize. We list a couple of examples. In 2004
P. James E. Peebles got the Shaw prize and in 2019 he got the Nobel prize. Geoffrey
Marcy and Michel Mayor got the Shaw prize in 2005. G. Marcy was one of real
candidates for searches of exoplanets with transit and Doppler shift measurements
but in 2015 he was accused by the administration of his University (UC, Berkeley)
in sexual harassment and after that he expressed his intention to step down from his
professorship at UC Berkeley. In 2019 Michel Mayor and Didier Queloz got the Nobel
prize. Saul Perlmutter, Adam Riess and Brian Schmidt got the Shaw prize in 2006
and they were awarded the Nobel prize in 2011. Reinhard Genzel got the Shaw prize
in 2008 Ronald Drever (1931-2017); Kip S. Thorne and Rainer Weiss got the Shaw
prize in 2016 and they were awarded the Nobel prize in 2017.

2. 3. THE CRAFOORD PRIZE IN ASTRONOMY

In 1980 Swedish economist and industrialist Holger Crafoord (1908 — 1982) and his
wife Anna-Greta established the Holger Crafoord’s Endowment, which was donated
to the Royal Swedish Academy of Sciences for contributions in mathematics, astron-
omy, geosciences (particularly ecology) biosciences and rheumatology (the disciplines
are complimentary to the Nobel prize ones). The Crafoord Prize has an excellent
reputation among a scientific community and the Prize is awarded personally by the
King of Sweden.3

In 2012 Reinhard Genzel and Andrea M. Ghez* were awarded the Crafoord Prize
”for their observations of the stars orbiting the galactic centre, indicating the presence
of a supermassive black hole”. For the next Crafoord Prize in astronomy in 2016 Roger
Blandford and Roy Patrick Kerr were selected ”for fundamental work concerning
rotating black holes and their astrophysical consequences”. Really, in 1963 Kerr found
the solution describing the metric of a rotating black hole but as I mentioned earlier

3https://www.crafoord.se/en/the-crafoord-foundation/the-founder-holger-crafoord, .
4The first woman to be awarded this prize.
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Blandford (and Znajek) proposed a process where a part of a rotational energy of a
black hole could be converted into energy of highly energetic jets. It means studies of
black holes are the astronomical investigations with the highest priority for the the
Crafoord Prize Committee.

2. 4. ANDREW FABIAN: TESTS OF STRONG GRAVITY FROM X-RAY OBSERVATIONS
OF BLACK HOLES

The Norwegian Academy of Science and Letters has decided to award the Kavli Prize
in Astrophysics for 2020 to Andrew Fabian (University of Cambridge, UK) “for his
ground breaking research in the field of observational X-ray astronomy, covering a
wide range of topics from gas flows in clusters of galaxies to supermassive black holes
at the heart of galaxies.” Really, Fabian et al. (1989) proposed a way to recognize
that emission region for X-ray radion is located near a black hole horizon and the
authors outlined an opportunity to evaluate a black hole spin. Later, Tanaka et al.
(1995) discovered a specific shape of the iron K, with observations of the Seyfert
Galaxy MCG-6-30-15 with the Japanese ASCA satellite and the authors founded
that emission region for the iron K, has to be located so closely to the black hole
horizon and therefore they also concluded that spin has to be very close to extreme
value. Recent reviews of the subject are presented by Fabian et al. (2000), Zakharov
and Repin (2006), Jovanovié and Popovié¢ (2009).

2. 5. APS EINSTEIN PRIZE FOR STUDIES OF COMPACT OBJECTS

The Albert Einstein Medal is an award established by the Albert Einstein Society in
Bern. First given in 1979, the award is presented to people for ”scientific findings,
works, or publications related to Albert Einstein each year”. In 2019 C. M. Will got
the medal. American Physical Society Einstein prize selected Clifford Martin Will
(University of Florida) and Saul Teukolsky (Cornell University and Caltech) as recip-
ients of Albert Einstein prize in 2021 ”for outstanding contributions to observational
tests of general relativity with theories of gravitational waves, astrophysical black
holes, and neutron stars.”.

3. NOBEL PRIZE IN 2020: THEORETICAL
AND OBSERVATIONAL STUDIES OF BLACK HOLES

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in
Physics 2020 to Roger Penrose® (University of Oxford, UK), Reinhard Genzel (Max
Planck Institute for Extraterrestrial Physics, Garching, Germany and University of
California, Berkeley, USA) and Andrea Ghez® (University of California, Los Angeles,
USA). One half of the prize was given to Roger Penrose “for the discovery that black
hole formation is a robust prediction of the general theory of relativity” and the other
half was given jointly to Reinhard Genzel and Andrea Ghez “for the discovery of a
supermassive compact object at the Centre of our Galaxy”. Roger Penrose showed
that the general theory of relativity leads to the formation of black holes. Reinhard

5In 2019 R. Penrose was awarded the Pomeranchuk prize established by the Institute of Theoret-
ical and Experimental Physics (Moscow) and he is the only Pomeranchuk prize laureate who later
got the Nobel prize.

6The forth woman to be awarded the Nobel prize in physics.
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Genzel and Andrea Ghez discovered that an invisible and extremely heavy object
governs the orbits of stars at the Galactic Center. A supermassive black hole is the
most natural explanation for observations of Keck and VLT (GRAVITY) groups.
“The discoveries of this year’s Laureates have broken new ground in the study of
compact and supermassive objects. But these exotic objects still pose many questions
that beg for answers and motivate future research. Not only questions about their
inner structure, but also questions about how to test our theory of gravity under the
extreme conditions in the immediate vicinity of a black hole”, says David Haviland,
chair of the Nobel Committee for Physics. It means that a scientific community will
wait for ground breaking discoveries in black hole investigations.

4. ROGER PENROSE AND THEOREMS ON SINGULARITIES

One of the first vacuum solution of Einstein equation was the Schwarzschild solution
(1916) in the form,

ds? = (1 - %) dt? — (1 - %) " dr? — r2(d6? + sin? 6de?), (1)
where r = (R® +a%)/3 o = 2Gm/c?, while R is an ordinary radial polar coordinate.
Soon after that Droste (1916) presented the solution in different coordinates, (see, Eq.
(1)), but Droste (1916) interpreted r as an ordinary radial polar coordinate. These
coordinates are now called Schwarzschild coordinates and such an object is called a
black hole. A coordinate value rg = « corresponds to a discontinuity of metric g,., and
it was called a singularity for many years. For instance, Regge and Wheeler (1957)
investigated a stability of singularity (now we call it the event horizon). It was a long
discussion about an opportunity to use the Schwarzschild solution for a real physical
object. Oppenheimer and Snyder (1939) found that a black hole could be formed in
a result of dust collapse. The authors used a spherically symmetric approximation to
prove the claim. However, many people thought the Oppenheimer — Snyder model
is too rough to describe a real astronomical object. For instance, Einstein (1939)
considered an opportunity to mimic the Schwarzschild metric with moving objects and
the Einstein conclusion was much more general than his analysis of his specific model
and he noted that ”the essential result of this investigation is a clear understanding as
to why the ” Schwarzschild singularities” do not exist in physical reality. Although the
theory given here treats only clusters whose particles move along circular paths it does
not seem to be subject to reasonable doubt that mote general cases will have analogous
results. The ”Schwarzschild singularity” does not appear for the reason that matter
cannot be concentrated arbitrarily.” It means that Einstein claimed the Schwarzschild
metric has no chance to describe a real astronomical object. Einstein’s assistant P.
Bergman (1942) expressed a similar opinion and wrote that ”in nature mass is never
sufficiently concentrated to permit Schwarzschild singularity to occur in empty space.
It means that Einstein and a lot of his followers thought that the Schwarzschild metric
has only purely mathematical value and it is useless to model physical objects. A
physical sense and a causal structure of the coordinate singularity at the event horizon
started to be much more clear after studies of Finkelstein (1958) and Kruskal (1960).”
There is a real singularity at the origin » = 0 for the Schwarzschild metric (and this

7A historical overview of the issue is given by Eisenstaedt (1982).
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singularity cannot be removed with a coordinate transformation) since components of
Riemann tensor for the metric tend to infinity for » — 0. This circumstance leads to
a publication of paper with title ”Black holes ’do not exist’ (Ball, 2005). The author
motivated this statement with the investigations by Chapline (2005) who claimed
that at the end of stellar evolution a massive star could form so called ”dark energy
star” instead of black hole. It means that only around 15 years researchers discussed
a useless of black hole concept for a description of a physical reality and practically
they re-phrased old Einstein arguments formulated in 1939.

A formation of singularities in general relativity using natural assumptions about
properties of stress-energy tensor was investigated by different researchers for many
years. Using geometrical approach Roger Penrose investigated such a task without as-
sumptions about symmetry conditions as it was done earlier. Penrose (1965) claimed
that if actual physical singularities have to be occurred if inside of the collapsing
object a) Positive local energy occurs; b) Einstein’s equations are not violated; ¢) the
space-time manifold is complete, d) concepts of space-time does not lose its meaning
at high curvatures due to quantum phenomena. Recently, Penrose noted that the
trapped surface is the key concept to prove existence of black holes.® Later, Hawking
(1966) and Hawking and Penrose (1970) proposed different versions of the theorem.
Now these statements are called Hawking — Penrose theorems on singularities (see,
also Penrose (1968), Hawking and Ellis (1973), Misner, Thorne and Wheeler (1973)).
One should keep in mind that we could be sure that the conclusions of the Penrose
(1965) theorem are correct only in the case if its conditions occur, otherwise the the-
orem conclusions may be incorrect. For instance, equation of state for dark energy
p = wp and w < —1 and in this case a local energy may be negative (condition a)
of the Penrose theorem is violated) and one could not claim for sure that physical
singularities would be occurred. In principle, one could not exclude an opportunity
that each of conditions (a) — d)) is violated and in the case one can not guarantee
that physical singularities do exist. No doubt that the Penrose theorem (1965) played
a fundamental role in a development of singularity studies in general relativity, how-
ever, we should note that conditions of the theorem (especially, a) and d)) can not be
easily checked for real physical problem.

In addition to the trapped surface, Penrose introduced many important concepts
in general relativity, for instance, the Hawking — Penrose theorems on singularities, the
Penrose conformal diagrams, the Penrose twistors, the Newman — Penrose formalism
(tetrads), the cosmic principle censorship, the Penrose process describing how to
extract energy from a rotating black hole.

5. THE GALACTIC CENTER: OBSERVATIONS AND MODELS

It is generally accepted that there are supermassive black holes centers of galaxies,
including our own Galaxy, see, for instance, paper by Kormendy and Ho (2013).
In spite of that, theorists proposed many other alternative models (including exotic
ones), for instance, a dense cluster of stars (Reid, 2009), fermion balls (Munyaneza and
Viollier, 2002), boson stars (Jetzer, 1992; Torres, 2000), neutrino balls (de Paolis et al.
2001). Later, some of these models have been ruled out, or the range of parameters
of these models are significantly limited with consequent observations (Reid, 2009).

8https://www.nobelprize.org/prizes/physics/2020/penrose/interview /.
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Since the Galactic Center is the closest galactic center, the object was observed in
different spectral bands, from radio to X-ray and . Based on results of observations it
was suggested that it has to a supermassive black hole with mass not more 5 x 106 M,
(Rees, 1982), while Genzel and Townes (1987) and Genzel, Hollenbach and Townes
(1994) claimed that observations are consistent with a supermassive black hole with
mass around 10° M, while a number of people thought that black hole mass should
be in the range of 10 Mg to 100 My (Ozernoy, 1987). It is amazing that based
on relatively simple theoretical models and on observational results which allowed
different interpretations, Rees and Genzel, Townes et al. correctly found the mass
interval for the black hole at the Galactic Center (recently, R. Genzel noted that it is
impossible to overestimate Townes’s contribution impact in Galactic Center studies).

Shen et al. (2005), Doeleman et al. (2008), Doeleman (2017) observed Sgr A*
with mm-interferometric observations and these authors found that the apparent size
of the source has to be < 1 AU.

6. OBSERVATIONS OF BRIGHT STARS AND GAS CLOUDS
AT THE GALACTIC CENTER

Two groups of astronomers observed motions of bright stars near the Galactic Center
for almost three decades. One group of American astronomers led by A. Ghez uses
Keck telescopes at Hawaii, another German — French group led by R. Genzel uses
Very Large Telescopes (VLT) in Chile. Now four VLT telescopes are combined in
giant interferometer which is called GRAVITY. The PI of GRAVITY collaboration is
Frank Eisenhauer. The collaboration got a number of excellent results including new
confirmations of GR predictions. At the end of last century almost simultaneously
Eckart and Genzel (1996, 1997) and Ghez et al. (1998) found motions of bright stars
at the Galactic Center. Eckart and Genzel (1996, 1997) used special equipment at the
the 3.5-m New Technology Telescope (NTT) which gave them opportunity to monitor
the stars for four years, while Ghez et al. (1998) used speckle interferometry at the
Keck telescope.

7. ADAPTIVE OPTICS FOR GALACTIC CENTER OBSERVATIONS

The possibility of compensating astronomical seeing which is called now adaptive op-
tics was proposed by Babcock (1953). A creation of telescopes with adaptive optics
is an excellent example of a wonderful application of mathematics for a develop-
ment of new technologies, however, like in this case sometimes it needs a significant
time. Many years ago, famous Russian mathematician A. N. Kolmogorov (1941)
proposed his phenomenological model for turbulence. These ideas were developed
by Kolmogorov’s student Obukhov (1941) who later was an academician of Soviet
Academician and a director of Institute which is called now for Obukhov Institute
of Atmospheric Physics. V. I. Tatarski (1961, who was a head of the laboratory
at the Institute under Obukhov) significantly developed the Kolmogorov — Obukhov
turbulence theory for propagation of electro-magnetic radiation and this stochastic
approach for turbulence laid theoretical foundations for adaptive optics, see paper by
Becker (1993), where first astronomical results obtained with adaptive optics systems
were discussed. An obscuration by interstellar dust at the Galactic Center is very
strong at visible wavelength, however, observations at near IR band (or astronomical
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K-band) observations are possible. Observations and experiments showed that the
Kolmogorov — Obukhov turbulence theory describes rather well atmospheric turbu-
lence at K-band. In observations with adaptive optics astronomers used natural or
artificial guide star created by laser excitation. Based on observations of guide star
movable secondary mirrors correct wavefront of electromagnetic radiation toward a
selected object. The Keck’s group is equipped with adaptive optics for more than 20
years (Wizinowich et al., 2000) and slightly later the MPE — ESO group got a similar
facilities (Rousset et al., 2003).

8. TESTING GR PREDICTIONS WITH S2

8. 1. GRAVITATIONAL REDSHIFT NEAR PERICENTER PASSAGE OF S2 STAR

The S2 star passed the its pericenter on May 19, 2018 and it is natural to expect to find
relativistic effect, relativistic redshift of S2. Really, soon after the passage that the
GRAVITY collaboration: Abuter et al. (2018) reported the discovery of gravitational
redshift for S2. The GRAVITY collaboration: Abuter et al. (2018) represented the
total redshift obtained from spectroscopical observations in the following form

Ztot = 2K + [ X (2ar — 2K), (2)

where zg is the Keplerian redshift, zggr is gravitational redshift calculated taking
into account the first post-Newtonian correction, f = 0 corresponds to Keplerian
(Newtonian) fit, while f = 1 corresponds to the first parametric post-Newtonian fit.
The GRAVITY collaboration established that f = 0.90 £ 0.09|sas £ 0.15|sys and the
authors also concluded that S2 data are inconsistent with a pure Newtonian dynamics
with around 100 confidence level.

Later, the estimate for redshift parameter has been corrected and GRAVITY
collaboration: Abuter et al. (2019) found f = 1.0440.05 with around 200 confidence
level and in addition the authors claimed that they evaluated the distance toward
the Galactic Center with unprecendented accuracy, namely they found Ry = 8178 +
13‘stat + 22|sys pc.

The Keck team (Do et al., 2019) obtained similar results namely, the authors found
that f = 0.87 £0.17 and it is consistent with GR at the 1 ¢ level. The Newtonian
model f =0 has to rejected with 50 confidence level.

8. 2. RELATIVISTIC PRECESSION FOR S2 STAR ORBIT

To evaluate relativistic precession for S2 star the GRAVITY collaboration: Abuter et
al. (2020) used the Will (2008) proposal for GR testing with observations of S2 like
stars. The authors used the standard 8 and ~ parameters for PPN approximation
(Will, 2018). In general relativity, Bar = 7¢r = 1. It is known that relativistic
precession could expression through 8 and v parameters (Will, 2008)

R
A¢ per orbit — (2 + 27 - B)ﬁv (3)

where Rg is the Schwarzschild radius, a is the semi-major axis and e is the eccentricity
of the orbit. For S2 star ¢ = 125 mas (Ry = 8246.7 pc) and e = 0.88. If we note
fsp = (24 2v — 8)/3, then in GR fgp should be equal 1. From their observations
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the GRAVITY collaboration: Abuter et al. (2020) found § = 1.05 £ 0.11 and v =
1.18 £ 0.34 and fsp = 1.10 £ 0.19, therefore observations are in concordance with
GR predictions and an extended mass distribution has a low impact on relativistic
precession of S2 orbit.

9. CONSTRAINTS ON ALTERNATIVE THEORIES OF GRAVITY

It is clear, that there is an extended mass distribution around the supermassive black
hole due to a presence of a stellar cluster and possibly a presence of dark matter.
As it was shown by Rubilar and Eckart (2001), Nucita et al. (2007), Zakharov et al.
(2007) an existence of an extended mass distribution leads to pericenter shift in the
direction which is opposite to relativistic one.

In the last years, theorists proposed a number of alternative theories of gravity
and sometimes they theories have non-Newtonian limit in a weak gravitational field
approximation. Borka et al. (2013), Zakharov et al. (2016), Zakharov et al. (2018)
found constraints on parameters of Yukawa gravity and graviton mass, in particular,
the graviton mass constraint m, = 2.9 x 1072! eV found by Zakharov et al. (2016) is
included in Particle Data Group (Tanabashi, 2018, 2019). Zakharov (2018) showed an
opportunity to evaluate a tidal charge since in this case the pericenter shift could be
calculated analytically. Hees et al. (2017), the GRAVITY Collaboration: A. Amorim
et al.,: 2019, the GRAVITY collaboration: Abuter et al. (2020) demonstrated oppor-
tunities to improve current constraints on alternative theories of gravity.

The author thanks D. Borka, V. Borka Jovanovi¢, P. Jovanovié, L. C. Popovié for
useful discussions and the organizers of the 19th Serbian Astronomical Conference for
their attention to this contribution. The author thanks also an anonymous reviewer
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Abstract. Quasars are most luminous objects and therefore can be detected as far as
the edge of the known Universe. As such they could be useful for measuring cosmological
distances. The problem is that quasars show large diversity in their properties — their lumi-
nosity is spread over six orders of magnitudes, that makes them not suitable for conventional
standard candles. A sub-group of quasars, called highly or extremely accreting quasars (xA
quasars) radiate close, or even above Eddington luminosity. They are extreme in many as-
pects — xA quasars are among quasars with highest accretion rates, and their emitting line
regions show the lowest ionization parameter and the highest electron density. We focus on
low-z xAs with high host galaxy contribution and also strong Fell emission lines in their
optical spectra. They share several other multi-frequency properties which can be used for
their identification. Our ability to distinguish xA quasars as sources whose Eddington ratio
is extreme and ideally scattering little around a well-defined value opens up the possibility
to use these quasars as potential cosmological probes. We address problems that could lead
to misidentification of xA quasars using optical spectra.

1. INTRODUCTION

Back in 1929 Edwin Hubble discovered the expansion of the Universe using velocity
- distance relation among nearby extra-galactic nebulae - the distance modulus is
increasing with the redshift. It was a discovery that scientists until nowadays try to
apply to higher distances. In order to measure distance in the Universe it is crucial
to choose a sample of standard candles - objects with known luminosity. For a very
long period of time, type Ia supernovae and variable stars such as Cepheids have been
used as standard candles with very high precision (see e.g. Kirchner 2004, Rubin et
al. 2012). The problem is that supernovae can be detected only up to z ~ 1.3.
Quasars are objects that can be observed at all redshift scales - from our “vicin-
ity” till the edge of the known Universe (up to z ~ 7.6). Besides, they are the
most luminous sources in the Universe, whose bolometric luminosity can reach up to
10*%erg s~!. Quasars are easily recognizable and numerous. Up to now, more than
750,000 quasars have been discovered (see SDSS DR 16, Lyke et al. 2020). For these
reasons, there were many attempts to use quasars as standard candles or as standard
rulers. But, the main problem is that - even though quasars are the most luminous
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objects in the Universe, and therefore easily detectable, their luminosity is spread over
six orders of magnitude, making them opposite of what standard candles by defini-
tion are. Besides, they are highly variable sources in luminosity and spectral energy
distribution and their spectral properties do not show strong signs of a luminosity
dependence. Moreover, quasars are anisotropic sources. So, the goal should be to
find one or more parameters closely related to the intrinsic luminosity of quasars, or
in other words, to isolate class of quasars with a constant characteristic, that we can
use for redshift-independent estimate of luminosity.

There were several tentative experiments to use quasars in the context of distance
measurements:

e ”"Baldwin effect“ - Baldwin (1977) noticed that the equivalent width of emission
line (such as CIV A1549) decreases as the UV continuum luminosity (A 1450)
increases. It was believed that the redshift independency of flux ratio used
to obtain equivalent width could be used for distance measurements, but a
large dispersion in this anticorrelation (e.g., Baldwin, Wampler, & Gaskell 1989)
returns distance calibrations of a low quality in comparison with other standard
candles.

e BLR reverberation - The reverberation studies showed a tight relation between
the delay (7) of the emission line and the intrinsic luminosity (most frequently
calculated from the flux measured at 5100 A (F100) (e.g., Peterson et al. 1999,
Kaspi et al. 2000)). Line delay can be explained as an effective radius of the
BLR region, related with the luminosity as rgrr ~ L/? (Watson et al, 2011).
The dispersion in the rgrr — L relation is low. Bentz et al. (2013) measured
the dispersion of only 0.13 dex in clean sample. Therefore, with a larger sample
and broader coverage of the redshift range this method could present a very
good alternative to type Ia supernovae.

e Continuum reverberation - The observed delays between different continuum
wavelengths depend on the disk’s radial temperature distribution, its accretion
rate, and the central black hole mass. Wavelength - dependent continuum time
delays can be used to calculate the AGN distance (Collier et al. 1999), knowing
the accretion disk flux, which can be obtained by taking difference spectra to
isolate the variable component of AGN light.

e Dust reverberation - The dust reverberation allow us to derive the inner ra-
dius of the dust torus by measuring the lag between the flux variation of the
UV /optical continuum from the accretion disk and that of the near-infrared
thermal emission from the dust torus. The inner radius of the dust torus is
expected to be proportional to the square-root of the accretion-disk luminosity,
and that opens the possible application of the dust reverberation to the cosmo-
logical distance measurement (Kobayashi et al. 1998).

Even though reverberation methods offer promising possibilities to use quasars
as standard candles, objects monitored in reverberation campaigns are most
often on low z scales. Besides, monitoring is usually very time consuming.

58



SEARCHING FOR EXTREMLY ACCRETING QUASARS

Therefore these methods have not been until now efficient to build samples
with large number of sources that could be used in cosmological studies. The
following methods use single observations for cosmological studies, and hence
are more appropriate for making large samples of objects of interest:

e X-ray excess variance method - La Franca et al. (2004) proposed the method
to determine the absolute luminosity from the X-ray excess variance and the
full width half maximum (FWHM) of Hf emission line. The method requires
a single optical spectrum of an object, but the difficulty lies in the high quality
measurement of the high frequency tail of the X-ray power spectrum. Hopefully,
the Athena X-ray Observatory, expected to be launched in 2028, will provide
significant number of measurements.

e Super Eddington black holes - In a super-Eddington accretion regime a “thick
disk” is expected to develop (Abramowicz et al. 1988). The accretion flow re-
mains optically thick so that radiation pressure “fattens” it. When the mass ac-
cretion rate becomes super-Eddington, the emitted radiation is advected toward
the black hole, so the radiative efficiency of the accretion process is expected to
decrease, causing an asymptotic behavior of the luminosity as a function of the
mass accretion rate (Wang et al. 2014).

e Continuum shape method - This method proposed to use the non-linear relation
between X-ray and UV emission as an absolute distance indicator (Lusso &
Rissality, 2015). This relation implies that quasars more luminous in the optical
are relatively less luminous in the X-rays. This is the first successful method for
measuring distances on a high redshifts (up to z ~ 6), using quasars as standard
candles.

If Eddington ratio and black hole mass can be derived from some distance-inde-
pendent measure it would be possible to derive distance-independent quasar lumi-
nosities. Marziani & Sulentic (2014) succeeded to isolate a subclass of quasars -xA
quasars or extreme accretors - that radiate close to the Eddington limit, and show
distinct optical and UV spectral properties that can be recognized in spectra. They
propose precise criteria based on the line ratios (AIIIIA1860/SiIII]A1892 > 0.5, and
(ii) SilIIJA1892/CIIIA1909 > 1.0) which lead to a source sample with very low disper-
sion of ~ 0.13 dex in the Eddington ratio. The major issue related to the cosmological
application of the xA quasar luminosity estimates from line widths is the identifica-
tion of proper emission lines whose broadening is predominantly virial over a wide
range of redshift and luminosity. At lower redshift the good virial estimator is Hf3
emission line, while on higher redshifts, AIITIA1860 can be used with the same pur-
pose (Marziani & Sulentic 2014, Negrete et al. 2018, Dultzin et al. 2020, Marziani et
al. in preparation).

Negrete et al. (2018) selected much larger sample of xA sources and provided
interesting constraints on cosmological parameters. Dultzin et al. 2020 gave very
interesting overview on this topic and discuss the perspective of the method based
on xA quasars. In this paper we will give an overview on xA sources, and of the
techiques used for their search.
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2. MAIN SEQUENCES OF UNOBSCURED QUASARS

Basically according to the viewing angle and subsequently according to their fluxes,
spectral characteristics - width, shifts and intensities of emission lines, quasars can
be divided into two sub-groups - Type 1 or unobscured quasars and Type 2 quasars.
But even in the Type 1, quasars differ according to their observational properties
(emission line profiles - shifts, widths and intensities, contribution of the iron emission
in the spectra, luminosity,...), and also physical characteristics (mass of central black
hole, ionization parameter, dimensionless accretion rates, electron density, inclination
angle...) (Sulentic et al. 2000). The first sistematization of diverse characteristics of
quasars was done by Boroson & Green (1992), using a Principal Component Analysis
(PCA) of 87 PG quasars. They noticed that the dominant source of variation in the
observed properties is related to a parameter RFe;; - intensity ratio between the
Fell blend at A4570 and HS (RFerr). The optical plane FWHM(HS) and RFey,
can serve to classify quasars along sequence according to systematically-changing
properties. This sequence is called Main Sequence of Quasars.

After that time, the number of observed quasars is dramatically increased, but the
main sequence has retained its validity (Sulentic et al., 2007; Zamfir et al., 2010; Shen
and Ho, 2014; Wolf et al., 2019). According to the width of broad Hf line it is possible
to separate quasars into two populations - pop. A, with FWHM(HS) less than 4000
km/s, and pop B. with FWHM(H/) higher than this limit (Sulentic et al. 2000).
The limit between two populations depends on the luminosity (Marziani et al. 2009).
Besides, in the plane RFe;-FWHM(Hp) data point can be separated into different
bins - along RFey; axis into bins, such as A1, A2, A3, etc. (the separation between
bins is 0.5 RFey), and along FWHM(HS) axis into Al, B1+, B1++ (4000 km/s is
sepation between bins). Each bin represents one spectral type. Quasars within one
spectral bin are in similar dynamical and physical conditions.

3. EXTREME ACCRETORS

The subject of our interest are extremely accreting sources, that cover the very end of
Main sequence. If the main driver of the quasar sequence is Eddington ratio (Marziani
et al, 2001, Shen & Ho, 2014, Bon et al. 2018), it is expected that xA quasars have
the strongest contribution of Fell in their optical spectra, and should be the highest
radiators, as observationally confirmed. As already mentioned, Marziani & Sulentic
(2014) showed that xA quasars radiate at extreme L/Lgqq, with very low dispersion
(~ 0.13 dex in the Eddington ratio). This result is consistent with the expectation
of accretion disks at very large accretion rates (Abramowicz et al., 1988). Accretion
disk theory predicts low radiative efficiency at high accretion rate and that L/Lg4q
saturates toward a limiting values (Abramowicz et al., 1988; Mineshige et al., 2000;
Sadowski et al., 2014). For this reason we use to call them "Eddington standard
candles“.

Extreme accretors satisfy three conditions that allow us to use them as ”Eddington
standard candles*: (i) constant Eddington ratio, (ii) virial motion of low-ionization
BLR clouds, and (iii) constant ionization parameter that allows spectral invariance
(more details in Dultzin et al. 2020). The condition (ii) permits to express black hole
mass by the virial relation, that means that by simple measurements of FWHM of
low-ionization lines, we can estimate z-independent accretion luminosity.
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xA quasars are little variable in the optical band, and therefore variability is not
significantly affecting measurements of Eddington ratio.

3. 1. SELECTION OF EXTREME ACCRETING QUASARS

If we select spectral types along the optical plane of main sequence, satisfying the
condition Rpcr; > 1.0 (A3, A4, etc.), selected spectra of xA quasars will be charac-
terized with strong Fell emission and Lorentzian Balmer line profiles. They represent
around 10% of quasars at low-z (z < 0.8). This simple selection criterion in optical
band corresponds to UV selection criteria, mentioned above, based on UV line ratios,
and proposed by Marziani & Sulentic (2014): (AIIIIA1860/SiIII|A1892 > 0.5, and (ii)
SilIT]A1892/CIIIA1909 > 1.0).

To clarify some main properties of extreme accretors, Negrete et al. (2018) identi-
fied 334 SDSS quasars on redshift < 0.8, that satisfy criterion Rg.;; > 1. They found
strong outflow signatures in [OIII], but also in the case of Hf lines, as a presence of
blues-shifted component in the line profile. Since FWHM of Hf is used as a “virial
broadening estimator”, the effect of outflow has to be taken into account, in order
to estimate a ”clear” virial component of the line profile. Besides, authors empha-
size a strong effect of the viewing angle on Hf broadening, that has to be accounted
for, in order to bring into agreement the virial luminosity estimates and concordance
cosmology.

3. 2. PROBLEMS IN XA SELECTION

Automatic selection of xA quasars using a large databases can be coarseness, and
therefore can include spurious xA sources in the set, that can dramatically increase
the dispersion in the Hubble diagram of quasars. Negrete et al. (2018) noticed that 32
spectra in their sample have strong contribution of stellar population, which can affect
measurements of Rp.ry. This subsample of objects (hereafter, host galaxy sample)
required a different and more carefull approach (Bon et al. 2020, hereafter, Bon20).
Spectra were analyzed with the simultaneous multicomponent fit of a host galaxy
spectrum, AGN continuum, Fell template and emission lines, using the technique
based on ULySS - full spectrum fitting package (Koleva et al. 2009, Bon et al. 2014,
Bon et al. 2016). They found that all of the 32 spectra show moderate-to-strong
Fell emission and the vast majority strong absorption features in their spectra are
typical of evolved stellar populations. The authors emphasized the importance of si-
multaneous fit in the analysis, because Fell can mimic stellar population spectra (see
Figure 1). Namely, in half of the host galaxy sample the stellar population contribu-
tion is higher than 40%, and therefore prominent absorption lines of evolved stellar
population do mimic Fell emission, so any analysis that does not take into account
host galaxy contribution can make mistaken identification of Fell spectral features,
overestimate of Rp.rr, and hence misclassify sources as xA.

From the simultaneous fit results, Bon20 measured the line fluxes, Fell contribu-
tion, stellar host contribution, AGN continuum contribution, and some other spectral
parameters. This allowed to calculate the mass of the central super-massive black
hole (SMBH) using several different methods, as well as an accretion rate. The main
problem that pointed out the misclassification of 32 sources was their low L/Lgg4q
(almost all sources have log(L/Lg4q) < -0.5), which is not in the agreement with
expected values for xA sources.
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Figure 1: Quasar spectra of SDSS J113651.664445016.4 where the host galaxy mimic
strong Fell emission leading to a mistaken identification of strong Fell emitters. The
panel shows (from top to bottom): the real spectra and the best fitting model; single
stellar population spectrum that was used in the best fitting model; and the Fell
template used in the fit. Some prominent absorption lines are marked on the plot.

The Eddington luminosity is defined by limiting requirement for accretion; the
radiation pressure force per particle is equal to the gravitational force. For the case
of solar metallicity this implies (see more in Netzer, 2013): Ly,/Lgqq = 1.5x1038M/
Mg, erg/s. Therefore, the key point is to determine the Mpy. Following Vestergaard
& Peterson (2006, hereafter, VP06) Bon calculated black hole virial masses with
additional constrains for the virial factor as follows:

2 2
Mg = /PO i) ooy TR0 )

where rgrr is the broad line region size, a is the parameter of a black hole spin, and
the broad line virial velocity broadening dv is FWHM of the broad component of Hj3
(Negrete et al. 2018). The virial form factor f was assumed to be the product of
two terms, one depending on accretion rate and a black hole spin, and another one
depending on orientation effects. The dependence on dimensionless accretion rate of
f1 has been parametrized by the rgrr dependence on luminosity (Du et al. 2016).
The spin parameter affects the temperature of the accretion disk and hence the SED
of the ionizing continuum (Wang et al. 2014).

As the first step Bon20 calculated Mpy using Bentz et al. (2013, hereafter B13)
correlation between rgpr and optical luminosity, assuming form factor f = 1. These
results were correlated with the masses obtained from the VP relation. No orientation
effects had been considered in both cases.
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Typical uncertainties for the Mpy are expected to be ~ 0.3 dex at 1o (VPOG,
Marziani et al. 2019), where the main source of uncertainty is most likely due to the
combined effect of orientation and Eddington ratio.

The effect of the viewing angle on the Hf line is assumed to depend on FWHM
of the broad Hf emission line with the relation proposed in Mejia-Restrepo et al.
(2018):

. (FWHM —1.17 )
i=(Tet) )

In addition, we used the correction for rgrr proposed by Martinez-Aldama et al.
(2019): érgLr = log (rBLR/TBLR,B13), With the fJ dependence on FWHM. Then, the
correction to rpLr is: 0rpLr = (—0.271 £ 0.030) log Lﬁ}‘;‘;‘* + (—0.396 £+ 0.032), where
Lggq™ means that the Eddington luminosity has been computed with virial mass re-
lation assuming correction f3 (Eq. 2).

After the corrections, only one xA candidate (SDSSJ105530.40+132117.7) is recog-
nised as high accretor, with L/Lgqq ~ —0.35, close to the lower limit for extreme
accreting sources.

Another way to estimate L/Lgqq can be using the fundamental plane (FP) of
accreting black holes (Du et al. 2016), which is based on a correlation between the
Eddington ratio, and the observational parameters Rperr and the ratio D between
FWHM and velocity dispersion of broad Hf line (D = FWHM /o). The correlation
can be written as: Ly,/Lgqq =~ a + bD + cRpe11, where a, b, ¢ are coefficients obtained
from the fitting of a sample as reported by Du et al. (2016), a=0.31, b=-0.82 and
¢=0.8. The fundamental plane is consistent with the relations derived from the E1
approach (L/Lggq and M increase as the Hf profile become narrower 1.).

Spectra from the host galaxy sample appeared to be mainly population B2 and B3,
and the shapes of their line profiles were relatively broad, while the Rge;; appeared
to be relatively high, which according to FP approach lead to overestimated values
of Eddington ratio, in comparison to the values obtained by the standard definition
of Eddington ratio. In order to investigate the origin of this disagreement, Bon20 re-
considered the fit obtained by Du et al. (2016), due to the possibility of a bias for low
L/Lg4q - The fundamental plane fit of Du et al. (2016) predicts a value of L/Lgqq
objects almost one order of magnitude systematically higher with respect to the one
expected by the distribution of the rest of the objects. We obtained a slightly cor-
rected fit by fitting the residuals with a linear function (6 = logL/Lgqq—logL/Lgaq)-
A post-correction best fitting line is consistent with 6(L/Lgaqq) = 0. Applying this
correction to the residuals we obtain a slightly modified equation for the fundamental
plane log L/Lgqa= o+ 8D + yRperr~ 0.774 — 1.33D + 1.30 Rperr- Unfortunately, this
new corrected law, do not solve the disagreement between the VP conventional esti-
mates of L/Lgqq (see more in Bon20). The disagreement is so large that the highest
radiating source in this sample (L/Lgqq~ 2) according to the FP has L/Lggqqa~ 0.04
following VP. This leads to inconsistencies between the main sequence interpreta-
tion and spectral type assignment (see, Bon20). Even with the modified FP formula

1 As the broad Hf profile becomes narrower, the line shape changes from Gaussian distribution to
Lorentzian, and therefore the parameter D=FWHM/o tends to 0, since o bacomes very large. This
implies that high Rpery leads to high L/Lggq
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with the parameters reported above, the modified FP brings in agreement only sev-
eral points at the low-L/Lgqq end, while the rest of the data remains above the VP
estimates by =1 dex.

In order to further investigate this discrepancies, Bon20 used the stellar velocity
dispersion o, of the host, using the scaling law Mgy ~ 1.95 - 108 (0'*/200)5'12 Mg
(McConnell et al. 2011), which is an updated formulation of the original scaling law
of Ferrarese & Merritt (2000) and computed Mpy. The Mpy calculated from the VP
formula and Mpy from host show systematic differences, due to resolution limitations
of the SDSS spectra. Bon20 obtained disagreement with measured dispersions when
they were lower than twice of the resolution (for SDSS resolution is about 69 km s=1),
while the results of masses obtained from stellar and VP showed agreement when the
host absorption line dispersion was above o, > 150 km g1 (see more in Bon et al.
2020).

Another possibility for this discrepancy is a degeneracy between effects of orien-
tation and Mpy in the optical plane of the main sequence. Also, Bon20 could not
exclude that B2 and B3 objects contain higher masses of Mpy. These effects would
imply a significant decrease in L/Lgqq in the transition from B2 to A2.

After all corrections end tests that Bon20 applied on host galaxy sample, they
concluded that all of these objects appears to be low accreting objects, except for
only one of them, which could have the value of L/Lgqq =0.3.

4. SUMMARY

Extreme accretors represent the sub-class of quasars with almost constant L/Lgqq,
and therefore might be suitable as Eddington standard candles. The Hubble diagram
for xA quasars is consistent with concordance cosmology, and provides better con-
strain on Qp; (0.3 £ 0.06) than type Ia supernovae, because of the z ~ 2 coverage
(Dultzin et al. 2020).

In this paper we presented some important techniques needed in the search for
high accreting quasars. Multicomponent simultaneous analysis of nebular, stellar
and Fell pseudo continuum is important to decrease the possibility to inject some
spurious objects that can dramatically increase the dispersion in the Hubble diagram
of quasars.

The next step is to select larger sample from the latest data releases of SDSS, that
can clarify the main properties of xA quasars.
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Abstract. Quantization of gravity is probably the most important unsolved problem of
theoretical physics today. For many years it has been approached only theoretically, but in
the last decades there is a growing amount of astrophysical and cosmological data that give
input and guide the further research. Present theories of quantum gravity are formulated in
a variety of ways: we here describe a model of fuzzy de Sitter space obtained in the context
of noncommutative geometry, and discuss some of its implications to cosmology.

1. INTRODUCTION

In many ways, gravity is unique among physical phenomena. Historically it had a
distinctive role in our understanding and description of Nature, as
— observations of motion of planets and Sun established astronomy as first of the
natural sciences, while attempts to systematize and explain these observations made
gravity the first of fundamental forces to be theoretically described;
— efforts to understand gravity brought, in physics, fundamental ideas like Newton’s
laws of classical mechanics and Einstein’s general relativity (GR);
— Newton’s and Einstein’s theories marked significant steps in the development of
mathematics (differential calculus and analysis, geometry) and its relation to physics;
— finally, a unique feature of gravity is that it has not been quantized, yet. It is indeed
this segment where we expect gravity to bring the next fundamental breakthrough.
Some of important GR results that form our current intuition about gravity are:
— spacetime is not an empty stage, a fixed framework (as in Newton’s mechanics),
but a dynamical object interacting with matter. In particular, the universe evolves;
— gravitational force can be described in purely geometric terms: physical quantities
that characterize spacetime are invariants like geodesic lines or curvature invariants;
— dynamics of spacetime is described through a classical field that carries energy and
momentum: Einstein equations are obtained from the principle of minimal action;
— Einstein equations are covariant under the changes of coordinates: diffeomorphism
invariance can be understood as a guiding symmetry principle to formulate GR;
— solutions to Einstein equations generically have singularities, like the black hole or
the big bang singularity. This result (due to Penrose and Hawking, around 1965)
was awarded by the Nobel prize in 2020. To obtain it, one analyzes the real physical
situations: the energy conditions on matter, boundary conditions, etc.
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However, we know that matter is quantized, either as point particles (in the non-
relativistic regime) or as quantum fields. This raises two important questions: how
to couple classical gravity to quantum matter; further, how to quantize gravity? The
standard recipe for quantization in quantum field theory (QFT) is to describe gravity
as classical field theory, expand it around the minimal-energy solution (vacuum), and
quantize perturbatively. Alternatively, one can generalize the quantum-mechanical
approach: write the dispersion relation for gravity (Hamiltonian constraint) and quan-
tize it, to obtain the gravitational analogue of the Schrédinger equation (Wheeler-de
Witt equation). But the standard recipes do not work: they give either unphysical
results (as gravity is not renormalizable) or formal answers (as there is no effective
way to do calculations that include functional equations, beyond the simplest cases).
Apart from heuristic reasons, gravity has to be quantized for physical and consistency
reasons: if it is a fundamental force, it should be unified with other fundamental in-
teractions and described in the same way, by quantum field theory. Furthermore,
classical singularities of GR certainly are unphysical, and quantization is a way to
remove them.

There is no a priori justification to extrapolate, to assume that spacetime on the
Planck scale has the same structure as it has on the atomic, galactic or cosmological
scales. Perhaps the (classical) structure of spacetime at small scales is not that of a
manifold, but discrete (‘quantum spacetime does not have points’)? Quantum field
theories on flat and curved spaces have the problem of ultraviolet (UV) divergences:
the propagator between points x and z’ is divergent in the coincidence limit z — z’
(i.e. p — o0). This problem is solved by renormalization; but were the spacetime
structure lattice-like, it would have not existed. Diverse ideas are developed along
these lines. Perhaps the most physical way to give structure to the spacetime points
is to develop a model that ‘delocalizes’ their description, as in string theory or in loop
quantum gravity. Another, straightforward way, is to describe spacetime coordinates
by noncommuting operators, as in quantum mechanics. An important constraint on
all theories of quantum gravity is the classical, that is, macroscopic limit to GR.
In principle we build from the known: we usually keep one of desirable or intuitive
properties of general relativity (e.g. its field-theoretic interpretation, geometric inter-
pretation, symmetry principle) and relax the others.

2. NONCOMMUTATIVE GEOMETRY

The framework which we use is that of noncommutative (NC) geometry. NC geometry
is a very active area of research since the 1990s; some prominent names who developed
it on the side of mathematics include Fields medalists Connes and Kontsevich. Many
theoretical physicists, aspiring to different physical applications, have been involved in
this area of research, developing notions of noncommutative space, noncommutative
differential geometry and noncommutative field theory. An approach inspired by the
geometric description gravity, in the sense that it generalizes the Cartan formalism of
differential geometry, is Madore’s noncommutative frame formalism (Madore, 1995)
used here. We present a model of noncommutative or fuzzy de Sitter space developed
in Buric et al. 2015, 2018, 2019.

There are several noncommutative spaces whose properties are thoroughly inves-
tigated and well established, including description of classical and quantized fields
on them. The best known example is NC space with constant noncommutativity
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of Cartesian coordinates, or ‘Moyal deformation’ of the flat space: there are various
applications of this model to cosmology, though one should perhaps notice that it
is, by definition, anisotropic. Another paradigmatic example is the fuzzy sphere, a
two-dimensional spherically symmetric NC space of constant curvature defined by
the Lie algebra of rotation group. Further examples are x-Minkowski space, fuzzy
hyperboloid, fuzzy CP" spaces, spaces built on different x-products, etc. In order to
obtain noncommutative spaces that extend basic solutions of GR (e.g. FLRW cos-
mologies, black holes), one should preferably keep the spherical symmetry and work
in four spacetime dimensions: but this task proves to be far from straightforward
(Buric and Madore, 2014). The main reason is that the algebraic structure of space-
time imposes additional constraints which are, beyond commutative geometry, rather
nontrivial. We discuss here a generalization of the fuzzy sphere construction: the
four-dimensional fuzzy de Sitter space, based on the algebra of the de Sitter group
SO(1,4) and its (unitary irreducible) representations. Although the full details are
rather technical, let us at least introduce the basic elements of the description.

Noncommutative space has a structure of an algebra A. It is generated by coor-
dinates z* which are real i.e. hermitian, but in principle, non-commuting,

[x#, 2¥] = ikJ* (x). (1)

They can be ordinary commutative variables but also operators, finite matrices, etc.
Dimensional parameter E sets the scale of noncommutativity; the formal limit & — 0
is the commutative or macroscopic limit mentioned above. Uncertainty relations that
follow from (1) in the case when J#* = 0 imply that ‘there are no points’ on a specific
NC space, i.e. that all coordinates cannot be measured simultaneously. The structure
of a NC space can be understood in terms of the spectra of its coordinates. Obviously,
a change of coordinates changes their spectra, but there is an overall diffeomorphism
invariance, meaning that one can transform (1) using the standard algebraic rules.
Apart from the properties of coordinates, there are other ways to describe a NC space,
e.g. its symmetries, its coherent states, and of course its commutative limit.

Differential-geometric structure of A is given by the momentum algebra, i.e. the
algebra of derivatives. In the NC frame formalism, momenta p, are functions or
operators that define the free falling frame (tetrad) e,,

eaf = [pa; f]- (2)

The commutator satisfies the Leibniz rule, so e, is a derivation. Dual to derivations
e, are differential 1-forms 6¢; the differential of a function is defined as

df = (eaf) 0. (3)

On curved commutative manifold the moving frame is given by its components e,
eaf = el (0.f), and momenta are combinations of partial derivatives,

Do = €h O el = [pa, 2"]. (4)
In analogy, in the noncommutative case the tetrad and the metric are defined by

et = [pa,a"], g™ =elehn?, (5)
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with additional conditions to assure orthonormality of the moving frame. Laplacian
of a scalar function is defined as

Af =n*pa. s, f1]- (6)

It is possible, and rather straightforward, to define quantities like connection,
covariant derivative, curvature and torsion, so one can achieve the full differential-
geometric description. Further, one can introduce scalar, spinor and gauge fields with
their classical equations of motion. Action for the classical fields can be given as well,
providing that there is well defined integral/trace.

3. FUZZY DE SITTER SPACE

As a model of quantum cosmology we discuss four-dimensional fuzzy de Sitter space.
In the commutative case, de Sitter space is defined as an embedding

3
—v2—|—w2+m2+y2+z2=X (7

in the flat 5-dimensional space
ds* = —dv® 4 dw? + dx? + dy® + d2?, (8)

where A is the cosmological constant. De Sitter space is a maximally symmetric
space, its symmetry group is the de Sitter group SO(1,4).

In order to introduce the fuzzy version of de Sitter space, it is natural to start
with its symmetry algebra. This enables, on the one hand, to control symmetries of
the resulting NC space; on the other hand, it allows concrete calculations as there are
exact results on this Lie algebra and its representations. The so(1,4) algebra has ten
generators M,p that satisfy

[Mog, Mys| = —i(NayMps — NasMpy — gy Mas +ngs Moy ) (9)

a, fB,...=0,1,2,3,4; our signature is n,p = diag(+ — — — —). The Casimir operators,
quadratic and quartic, are

1
Q=-3 wsMP W= W, W, (10)

with the ‘Pauli-Lubanski’ vector W, = %eaﬁwganM‘S". The Casimir relation
W= const is analogous to the embedding (7) which defines commutative de Sitter
space. Therefore we introduce noncommutative coordinates as

x*=LW* (11)

and define fuzzy de Sitter space as a unitary irreducible representation of the SO(1,4).

There are at least two choices of momenta that give geometry (metric, curvature)

of the de Sitter space in the commutative limit. We discuss the one defined by four
momenta pg, p;,

ipo = VA Moa, ip; = VA (Mg + Mo;). (12)
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The line element that the noncommutative frame formalism gives is
ds* = —(0°)? 4 (0")? = —dr? + €*" da'da’ (13)

and the corresponding scalar curvature is constant. From the expression for the line
element we can identify the cosmic time,

20 +x4

= log =log (WO +W*). (14)

~|

It is different from the embedding time, 2° = ¢W©°; the spatial coordinates are
2t = 0w, i=1,2,3.

Unitary irreducible representations of the de Sitter group are infinite-dimensional,
labelled two quantum numbers (s, p). They fall into three categories (Dixmier, 1961):
o principal continuous series: p >0, s=0,3,1,3, ...
Q=—s(s+1)+2+p% W=s(s+1)(3+p%

o complementary continuous series: v =ip € R, |v| < %, s=0,1,2...
Q=—s(s+1)+ 9 -1 W=s(s+1)(§ 1%

o discrete series: s =12,1,22..., g=3+v=2%+ip=s5s5-1,...0 or %

Q=—s(s+1)—(¢g+1)(g—2), W=—s(s+1)q(g—1).

We would like to determine the spectra of the above-defined physical coordinates.
The most effective way is to use the Hilbert space representation corresponding to
one of representations given above, in which M., W, are differential operators.
Such representations exist: we will discuss the principal continuous series (p, s = %)
The representation space is the space of Dirac bispinors (p) that satisfy the Dirac

equation, with scalar product

3
(6, 9) = / ;%ﬁww. (15)

Using the Dirac representation of «v-matrices, we find

@ (P)

Y(p) = 7-G . (W) =

&p 2m
—p0+mcp(]5j Po Po+m

¢, (16)

where ¢(p) is a spinor and & are the Pauli matrices. The group generators are

7
Mij = Lij + Sij, Sig = 7 by ] (17)
)
My; = Lo; + Soi, Soi = 1 (70,74 (18)
Mio= 2 po+ = {5, Mo} (19)
40 = mpo om P, Moig,
My, = —ﬁpk L {p°, Mo} — L {p", M} (20)
m 2m ’ om ’
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with
0 0 0
Lii=ilpi=— —pi— |, Lo; = ipo — 21
=1 (p o Dj 8p1> 0i = tPo ap (21)
Ly = _L po + = {p", Loi} (22)
m 2m ’ ’
p 1 0 1 ;
Ly, = ——pp, — — L — —{p", Ly} 2
4k mpk om {P ) Ok} om {P ) k:} (23)

Using these, we obtain the operators of coordinates in this representation,

20 B WO B 1 (p — %)pz(ﬂ 4+ zp% aipz‘(fi eijkpopi % o) + %po (24)

t 2m \ ek pop; % ok +%5po (p— §)pio’ +ipg a%i o'

7:W =5 i o N o, . (25)
e plailﬂo-k—’—?z Po a—p,;ol

The remaining expression for the x* is in principle of similar structure but longer.

4. COSMOLOGICAL IMPLICATIONS

We can now formulate and solve the eigenvalue equations for coordinates of the fuzzy
de Sitter space and determine their spectra. W0, W* and W0 4+ W* commute with
the angular momenta L;, so we can choose their eigenfunctions in the form

o) = L2 g+ K (20

where the spinor spherical harmonics are given by

jt+m ym—1/2 j+l-—m y m—1/2
Vo Yice V 2GTD Yit/2
j=m ym+l/2 _ [itltm ym+1/2
25 “j-1/2 2(7+1) “j+1/2
Y™ (0, ¢) are the usual spherical harmonics in momentum space, p = [p], etc. The
nontrivial part for each eigenvalue problem is the radial equation for f(p) and h(p).
Computations are long but relatively straightforward: we just review the results.
Because of the SO(1,4) symmetry, the spectra of spatial coordinates W and of

W# are the same. The spectrum of W* is continuous: the real line. Its eigenfunctions
|[A\jm) are normalized as

OJmING'm’y = 6\ = XY 6,51 Gt - (28)

Their radial part contains the associated Legendre functions, P:gi/\ (po)-
The spectrum of the embedding time W is discrete and its eigenvalues are given
by k(k+1) — k'(k' + 1), where k, k' =0,%,1,3

y 9y Ly gy
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The radial equation for the cosmic time e”/*=W0° 4+ W* is the most interesting.

(po—1)
(po+1)

in terms of Bessel functions J;(2Az). The eigenvalue X = e™/* is continuous,\ €
(0,00). This is in contradiction with the fact that, apparently, all eigenfunctions are
normalizable. A careful analysis shows that, naively defined, the cosmic time 7 is not
a self-adjoint operator. To obtain its self-adjoint extension one has to add specific
boundary conditions, i.e. to reduce the initial Hilbert space of functions to a subspace
of physical states. This reduction makes the spectrum of the cosmic time discrete,
and the corresponding eigenfinctions |7jm) orthonormal,

It reduces to the Bessel equation in variable z = and the solutions are given

(rim|7'3'm"y = 677/ 655 Ormmy - (29)
The boundary condition is of the form

Ji+1(2))
A St t
720 const , (30)
and it determines the allowed discrete eigenvalues, 7 = ¢ log A\. The solutions for
value 1 of the given constant are given graphically below.

~

1

Let us summarize and discuss consequences of our results to cosmology.

The main result is that spatial coordinates of fuzzy de Sitter space are continuous,
while time is discrete. If we calculate the expectation value of the radius of universe,

()2 = 2 W,W* (31)
at fixed moment of time 7, we find

W+ A2 < (rjm| — C W, W Tjm) < W + 27, (32)

where W is the value of the quartic Casimir operator, ¢vW = {4/ 13—6 + % >0.

This means that the radius of the universe is bounded below by ¢vW: it cannot
vanish in physical states, which implies that there is no big bang singularity.
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The radius of the universe grows with time exponentially: for late times we have
the usual behavior

V{rim| — CW,Wilrjm) ~ A = e/’ (33)

Discreteness of time becomes relevant only in the ‘deep quantum region” A\ — 0,
i.e. 7 — —oo. For values away from the Planck scale time is almost continuous: the
difference between its consecutive eigenvalues is macroscopically negligible,

1
Tn+1—7n%€10g(1+5)~ (34)

Further interesting properties of our model, not discussed in details here, include
symmetry. Namely, the choice of a specific self-adjoint extension breaks the initial
symmetry at distances of order ¢, i.e. near the Planck scale. This ‘spontaneous
symmetry breaking’ can be pursued in all mathematical details; in particular, in the
macroscopic limit £ — 0 the full symmetry is recovered.

There are several possible directions in which this work should be continued. In
applications to cosmology, an important problem (well defined within the given for-
malism) is to include the scalar fied: describe its classical evolution, fluctuations and
then eventually, find the implications to inflation. We expect, further, that (small)
anisotropies like those observed in the CMB can be described by perturbation theory,
and indeed, there are results for perturbations of the flat noncommutative spaces. Of
course, for a fuller characterization of the CMB radiation one should develop a de-
scription of gauge and fermion fields on the fuzzy de Sitter background. These results
would give signatures of noncommutativity, i.e. its potentially measurable effects.
A more difficult problem, as we see it, is to find other ‘ground states’ of noncom-
mutative geometry, NC spaces that describe relevant configurations like an arbitrary
FLRW spacetime or black holes. Typically in these cases there is less symmetry, so
it is not quite clear what is the algebraic structure one should start with. However,
it is an important avenue of further research as, as we have seen, noncommutative
geometry can provide mechanisms to solve singularity problems of general relativity
while preserving the correct macroscopic limits.
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Abstract. Gaia satellite of European Space Agency (ESA) was launched at the end of
2013, and the astronomical observations were started in mid-2014. The first Gaia data

release (Gaia DR1) appeared on 14" September 2016, and the second one (Gaia DR2) on
25" April 2018. The next result, the third Gaia solution splits into an early Gaia EDR3 (it

appeared on 3"% December 2020) and Gaia DR3 (it is going to appear during the first half
of 2022). The main information about Gaia DR3, and some results of comparison between
the Gaia DR2 and independent ground-based data of common stars are presented, here.

1. INTRODUCTION

The Gaia result is a unique time-domain space survey, and Gaia is well into its
extended mission lifetime. The plan of Gaia was to repeatedly map all sky during
its 5-year lifetime (from mid-2014 to mid-2019), but the last extension was given for
Gaia from 1%¢ January 2023 to 315¢ December 2025. After the first Gaia data release
— DRI (on 14" September 2016), the second one — DR2 (on 25 April 2018), and
the early release called Gaia early third data release — EDR3 (on 3"¢ December 2020),
the full Gaia data release — DR3 or the catalogue is planned for the first half of 2022.
Both solutions (EDR3 and DR3) are based on 34 months of Gaia observations, and
feature the same source list.

Before the Gaia mission of the European Space Agency (ESA) it was the Hipparcos
(High Precision PARallax Collecting Satellite) ESA mission as the predecessor of Gaia
(ESA 1997; van Leeuwen 2007). It means, the Gaia is another big mission of the ESA,
and the next step of the European pioneering high-accuracy astrometry. The Gaia
satellite was launched at the end of 2013, and the plan was to survey all objects to = 20
mag in V-band for astrometry and photometry or ~ 1 billion sources, and to ~ 16 mag
in spectroscopy or 2 150 million ones (Prusti 2012)), but now there are more than six
years after the first astronomical observations of Gaia (in mid-2014). The mentioned
releases (DR1, DR2, and EDR3) are a few important steps for the final Gaia catalogue
and the Gaia reference frame. The Gaia has got an interdisciplinary character, and
Gaia-based results are useful for all the relevant scientific communities. The Gaia is
doing revolution in astronomy, our understanding of the Milky Way galaxy, stellar
physics and the Solar System bodies.
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Mainly, the Gaia EDR3 catalogue contains the improved astrometry and photom-
etry of DR2, but the Gaia DR3 catalogue is going to contain the Gaia EDR3 and
other data: mean radial velocities for stars (with atmospheric-parameter estimates),
variable-star classifications with the epoch photometry, Solar-System results (some
orbital solutions, epoch observations, etc.), double and multiple stars, quasars and
results of extended objects, etc. The photometry for all astrometrically detected ob-
jects was done. The orbital parameters could be calculated with much higher precision
for the binary and multiple stars using the Gaia high spatial resolution. About the
exoplanets, it is expected to find several thousands of systems. In stellar astrophysics,
the improvement in the distances will allow to obtain models of stars at different steps
of evolution using the improvement of parallaxes via Gaia observations. The Gaia
will be of importance in the case of faint rare objects (as brown or white dwarfs). It
is detecting the Solar System objects, a few millions of galaxies (as not points, but
extended objects), quasars, etc. About asteroids, there is an improvement of their
ephemerides, masses, etc. About the quasars, they are of importance for reference
systems and fundamental physics.

Gaia has two fields of view separated by 106.5 degrees, and rotates around itself
with a period of 6". As a result, a sequence of measurements consists of several
transits separated successively by 1746™ and 4"14™, which correspond to the times
elapsed from one field to the other. The next sequence of transits appears about
1 month later, due to the rotation axis precession and the satellite orbital motion.
There are from 40 to 250 measurements per observed object (Prusti 2012) during the
five-year observations.

2. GAIA DR1

The Hipparcos result was the Hipparcos Catalogue with ~ 118000 stars. The Hip-
parcos changed the astronomy at the end of the last century, but the Gaia is the
cornerstone mission of ESA at the beginning of 21°¢ century. The goal of the Gaia
mission was & 1 billion stars and = 500000 extragalactic sources (Prusti 2012), or
to observe the mentioned extragalactic sources and stars in our Milky Way galaxy:
astrometry, photometry, and spectroscopy. The astrometry is going from milliarcsec
to microarcsec, plus the data of radial velocities V,.. Finally, to produce the Gaia Cat-
alogue in the optical domain and in line with the International Celestial Reference
Frame — ICRF (which is based on the VLBI observations). The VLBI coordinates of
extragalactic sources at J2000.0 materialize the International Celestial Reference Sys-
tem — ICRS which is kinematically defined by: the origin of its axes (the barycentre
of the Solar System), a principal plane (close to the mean equator at J2000.0), and
an origin of right ascensions (close to the dynamical equinox at J2000.0).

The first release of the Gaia catalogue (DR1) is the main goal of that ESA mission
and the first step of the future Gaia celestial reference frame (Gaia CRF). The Gaia
CRF is going to link to the ICRF. The Gaia is determining the high accurate posi-
tions, proper motions and parallaxes (five-parameter astrometric solution) of observed
objects. Plus, the G magnitudes for these objects; the Gaia G-band is the white-light
photometry band. In the DRI, there are & 2 million stars using Tycho-Gaia solution,
and it is based on the first observational period (~ 14 months). Also, in that solution,
only data were published about flux time-series variability detection for Cepheids and
RR Lyrae, but not for AGNs and quasars. The DRI is not an independent solution,
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but it is the Tycho-Gaia astrometric solution (Lindegren et al. 2016). More about
the DRI could be found in (Lindegren et al. 2016).

3. GAIA DR2 AND EDR3

The useful data for the second Gaia solution - DR2 are from August 2014 even the
start of astronomical observations was in July 2014 (the first month of Gaia observa-
tions was not included in the DR2 because the data quality is not good enough). The
main part of the DR2 catalogue is five-parameter astrometric solution for a 1.3 billion
stars: positions (a;crs and drcrs), parallax, and proper motions (u, and pg). It is
of importance to mention that the parallax values (given in DR2) could be less than
zero, which, though meaningless, is due to the calculation procedure. Also, it was the
case in the Hipparcos Catalogue for some stars. The DR2 is based on 640 days or 1.75
years of Gaia operational phase (= 21 months with some interruptions) or the period
from 22"¢ August 2014 to 23"¢ May 2016. It contains results for 1.693 billion sources
in the G magnitude range 3 to 21, but for 1.332 billion sources there are all mentioned
five astrometric parameters. Its reference epoch is J2015.5 = JD2457206.375 TCB or
274 July 2015 at 2170™0° TCB: it is about half-way through the observational period.
That epoch is 0.5 years later than the DR1 one, and there are some differences in the
positional data between the DR1 and DR2 releases. The reference epoch was chosen
to get minimal correlations between the positions and proper motions.

The positions (ajcrs, 0rcrs) and proper motions (uq, ws) refer to the ICRS.
Plus, for an additional 0.361 billion mostly faint objects, there are the approximate
arors and d;crs (Lindegren et al. 2018); the DR2 is available in the online Gaia
Archive. In both, DR2 and DRI cases, there are only photometric data as time-series
for Cepheids and RR Lyrae, but no quasars and other objects with unstable flux.

The DR2 catalogue does not include any other astrometric data (Hipparcos or
Tycho ones). It means, it is independent (in contrast to the DRI solution). In
DR1 and DR2 solutions, all sources are reduced as single stars. The main values
are presented by the five astrometric parameters. In the case of unresolved binaries,
the results of some binary stars refer to the photocentre or to either component for
resolved ones. The main steps (of the models, algorithms, and astrometric solution)
are described in Lindegren et al. (2012; 2016). By using the photometric processing of
data via the blue BP and red RP photometers, the colour information in DR2 for most
of the sources could be found. The median uncertainty is near 0.04 mas in parallax
and position for bright sources (G < 14 mag) at reference epoch of DR2 (J2015.5),
0.1 mas for G = 17 mag, and 0.7 mas in the case of G = 20 mag. The mentioned
values for proper motions (u, and pus) are: 0.05, 0.2, and 1.2 mas/yr, respectively.
In the case of binary stars and other perturbations, the non-linear motions are not
included in DR2. It means, only the uniform space motion of the object relative to
the Solar System barycentre was considered. In line with Lindegren et al. (2018), the
mentioned motions are going to be included into the Gaia DR3 solution.

The TAU Working Group ” Third Realization of ICRF” is responsible for the ICRF3
catalogue. Mignard et al. (2018) used an ICRF3 prototype with 4262 sources ob-
served in X/S bands, and 2820 quasars matched the ICRF3 prototype. Moreover,
the number of extragalactic sources was updated by Charlot et al. (2020). Currently,
there are 4536 objects at S/X, 824 objects at K, 678 objects at X/Ka. In line with
Lindegren et al. (2018), the optical Gaia DR2 CRF is aligned with ICRS. It is non-
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rotating to within 0.15 mas/yr with respect to the quasars. Using the extragalactic
objects visible in the optical and radio domains, the primary solution was linked to
the ICRS; the DR2 is aligned with ICRS and non-rotating with respect to the quasars
(as quasars are distant objects) and the Gaia-CRF2 is the celestial reference frame of
Gaia DR2. The astrometric calibration parameters of the CCDs were determined via
an astrometric solution for ~ 1% of the input data (= 16 million selected objects).
In line with Lindegren et al. (2018), the astrometric parameters were calculated for
the other sources. In that way, the systematic effects in the parallaxes are less than
0.1 mas (depending on positions, magnitude and colour). The Barycentric Celestial
Reference System — BCRS is the primary coordinate system; the axes are aligned
with the ICRS and its origin is at the Solar System barycentre. The barycentric
coordinate time — TCB is the time-like coordinate of the BCRS. A consistent theory
of relativistic astronomical reference systems was used during the processing of the
Gaia data in line with Soffel et al. (2003).

The third Gaia data release splits into two solutions: the early release (EDR3),
and the full Gaia data release (DR3). The EDR3 consists: astrometric, photometric,
and radial-velocity data (V}.), variable-star and non-single-star results, object clas-
sifications with multiple astrophysical parameters for stars, quasars, galaxies, and
unresolved binaries, exo-planets, epochs and transits for all objects, etc. The five-
parameter astrometric solution of the EDR3 (positions, proper motions, and paral-
laxes) is done for around 1.5 billion sources. The limiting G magnitude is of about 21
and a bright limit of about 3. Just positions on the sky (« and ¢) or two-parameters
solutions are presented for around 300 million additional objects. The G magnitudes
are done for both sets of data; they are presented for around 1.8 billion sources, but
Gpp and Grp magnitudes for around 1.5 billion sources. It is necessary to be careful
about G, Ggp, and Grp bands because the EDR3 photometric system is different
from the system in DR1 and DR2. There are about 1.5 million objects useful for the
Gaia celestial reference frame (Gaia CRF). The source list for Gaia EDR3 is inde-
pendent of DR2 and of DR1; from DR2 to EDR3 the changes impact until 5% of the
sources.

4. GAIA DR3

Some data (variables, Solar System objects, astrophysical parameters) are not pre-
sented in the Gaia EDR3, but they are going to be a part of the Gaia DR3 (together
with "new” V,. values). Both data sets, EDR3 and DR3, are based on the data col-
lected between 25" July 2014 and 28" May 2017 (a period of 34 months). The DR2
was based on 22 months of data, and DR1 on 14 months (the first ones). The Gaia
DR3 (and EDR3) reference epoch is J2016.0; for DR2 it was J2015.5 and for DR1 it
was J2015.0. The Gaia EDR3 optical reference frame is aligned to the ICRS (it will
be the case of DR3, also), and because of this the positions and proper motions are
referred to the ICRS.

At the first place, the Gaia DR3 solution is going to contain the improved astrom-
etry and photometry of DR2. Also, it will be consisting of: the epoch photometry and
variable-star classifications, mean V,. velocities for stars without detected variability,
BP/RP and RVS spectra for spectroscopically objects or the object classification
and astrophysical parameters, preliminary orbital solutions and individual epoch ob-
servations for the Solar-System results, non-single star catalogues, etc.
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Table 1: The D = 1.4 m telescope of ASV.

Site longitude - A(°) CCD camera

Telescope latitude - p(°)  pixel array and scale ()

D(cm)/F(em) altitude - h (m) pixel size (um) and field of view - FoV (')
ASV (AOB) 21.6 1. Apogee Alta U42 (mid-2016 — mid-2018)
Ritchey-Chrétien 43.1 2048x2048, 0.24

140/1142 1143 13.5x13.5, 8.3x8.3

2. Andor iKon-L (from mid-2018 until now)
2048x2048, 0.24
13.5x13.5, 8.3x8.3

5. SERBIAN-BULGARIAN TELESCOPES
IN LINE WITH GAIA MISSION

After launching the Gaia satellite, the astrometry with ground-based optical tele-
scopes (of small and medium size) has become very actual part of astronomical inves-
tigation. Some ground-based observations started in accordance with the Gaia ESA
mission using these telescopes. Some tasks are: the photometry of Gaia Alerts ob-
jects, the astrometric monitoring of Gaia satellite, the link between radio and optical
positions of quasars, the realisation of a catalogue of quasars, etc. In Table 1, the
main information about the D = 1.4 m telescope of Astronomical Station Vidojevica
— ASV (of Astronomical Observatory in Belgrade — AOB, Serbia) is presented; see
Fig. 2. It is the main AOB instrument at the new ASV site.

In 2013, we established the ”Serbian — Bulgarian mini-network telescopes” (using 6
telescopes) to do the observations of Gaia Alerts and other objects in accordance with
the Gaia mission (Damljanovi¢ et al. 2014). Also, these activities are in line with
the bilateral Serbian-Bulgarian joint research SANU-BAN project ”Gaia Celestial
Reference Frame (CRF) and fast variable astronomical objects” during three years
period (from 2020 to 2022, the head is G. Damljanovi¢). SANU and BAN are the
Serbian Academy of Sciences and Arts and Bulgarian Academy of Sciences. The
D = 60 cm Bulgarian telescope is at the Astronomical Observatory Belogradchik
(see Fig 1.), the other three Bulgarian instruments of Gaia Alerts interest (D = 2
m, D = 60 cm and 50/70 cm Schmidt-camera) are at the Rozhen Observatory, and
one D = 60 cm telescope is at ASV. These instruments and their CCD cameras were
described in the paper (Damljanovi¢ et al. 2020; Taris et al. 2018). From 2005 there
is D = 40 cm MEADE instrument at AOB which was moved from AOB (Belgrade
city) to ASV site (near Prokuplje) during 2020; the new dome for that instrument is
ready at ASV in 2020 (Fig. 3) and the first data using it are expected in 2021.
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Figure 1: The Astronomical Observatory Belogradchik between famous rocks.

Figure 2: The telescope D = 1.4 m of Astronomical Station Vidojevica — ASV.
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Figure 3: The dome for D = 40 cm MEADE telescope of ASV.

6. SPIN INVESTIGATION OF THE BRIGHT GAIA DR2 USING
SOME INDEPENDENT GROUND-BASED DATA

About the spin (with components wx, wy and wz) investigation of the bright Gaia
DR2 reference frame, the independent proper motion in declination us ground-based
data were used (to determine wy and wy). They are the us values of: 387 stars
of the International Latitude Service — ILS catalogue, and 682 stars of the indepen-
dent latitude stations — INDLS catalogue. Both catalogues (the ILS and INDLS)
data are available in the Strasbourg astronomical Data Center: the ILS data at
https://doi.org//10.26093/cds/vizier.36310145, and the INDLS data via ftp://cdsarc.u-
strasbg.fr/pub/cats/J/AN/341/8. Tt is a contribution to a possible validation of the
Gaia astrometry. Also, the new Hipparcos — NHIP (van Leeuwen 2007) values ps were
used for the same stars. The mean accuracy of the ILS p;s values is 0.21 mas/yr and
of INDLS ps values is 0.51 mas/yr; the stars are from 4 to 8 magnitude in V-band.
An indication (Lindegren 2020) that the bright reference frame of Gaia DR2 rotates
relative to the faint DR2 (of the order of 0.1 mas/yr) is supported using the ILS and
INDLS data (Damljanovi¢ and Taris 2019; Damljanovié¢ 2020). The bright reference
frame of Gaia DR2 is based on stars with G < 13 mag, the faint part of DR2 (quasars
based one) on stars with G > 16 mag, and the faint part of DR2 is aligned with the
ICRS via quasars (Lindegren et al. 2018) because these quasars with optical counter-
parts are visible in the optical domain mostly with G > 17 mag. Also, the DR2 stars
with G < 6 mag mostly have inferior astrometry (Lindegren 2018).
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The mentioned spin components wx and wy could be calculated using ps (of ILS
and INDLS catalogues) and pf values (of DR2 for the same stars) via Lindegren
formula (2020)

s — pis ~ —wx sina + wy cos a,

where (after the least squares method — LSM): wy is not significant on the 20 level,
but wy is of the order of 0.1 mas/yr and it is significant on the 20 level (Damljanovié
and Taris 2019; Damljanovi¢ 2020). The value wy is close to zero (Lindegren 2020).
The right ascension « is from the DR2 catalogue.

The ILS and INDLS data are in the Hipparcos celestial reference frame, and the
calculated wy value is the component of the spin between that frame (or catalogue)
and the bright DR2 frame (or catalogue). A part of wy belongs to the ILS and INDLS
catalogues (because wy is about —0.240.08 mas/yr for us differences ILS—NHIP and
INDLS—NHIP), but another one (wy is about —0.5 + 0.08 mas/yr for ILS—DR2 and
INDLS—DR2) belongs to the bright DR2 frame (Damljanovi¢ 2021). For the case
NHIP—-DR2 and same stars, wy is about —0.4 £0.08 mas/yr. It means, the value wy
is of the order of 0.1 mas/yr for DR2 stars in V-magnitude from 4 mag to 8 mag.

7. CONCLUSIONS

After the first Gaia data release (Gaia DR1) and the second one (Gaia DR2), the
third Gaia solution splits into two parts: an early Gaia EDR3, and Gaia DR3. EDR3
appeared on 3"? December 2020, and the final solution (Gaia DR3) is going to ap-
pear during the first half of 2022. The main information about these solutions and
Serbian-Bulgarian telescopes in line with the Gaia mission is presented, here. Also,
some original results about the spin investigation of the bright Gaia DR2 (stars with
G < 13 mag) are achieved using the independent ILS and INDLS catalogues of s
values. These results (Damljanovié¢ and Taris 2019; Damljanovi¢ 2020) support an
indication that the bright reference frame of Gaia DR2 rotates relative to the faint
DR2 (stars with G > 16 mag) of the order of 0.1 mas/yr (Lindegren 2020). The ILS
and INDLS catalogues data are available in the Strasbourg astronomical Data Center:
the ILS data at https://doi.org//10.26093/cds/vizier.36310145, and the INDLS data
via ftp://cdsarc.u-strasbg.fr/pub/cats/J/AN/341/8.
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Abstract. This is a review of some of our recent work concerning Noncommutative (NC)
Field Theory based on SO(2,3), gauge invariance. An important feature of this theory is
that gravitational field, given in terms of a vierbein (frame field), becomes manifest only
after a suitable gauge fixing, and it is formally unified with other gauge fields of the the-
ory. Starting with a model of pure NC gravity, we extend it by introducing matter and
(non)Abelian gauge fields. Using the enveloping algebra approach and the Seiberg-Witten
map, we construct the corresponding NC deformed actions and expand them perturbatively
in powers of the canonical parameter of noncommutativity. The first non-vanishing NC
correctionturns out to be linear in the NC parameter and it encodes a particular coupling
of matter and gauge fields to gravity due to spacetime noncommutativity. This feature is
augmented by the fact that some of these corrections pertain even in flat spacetime where
they induce potentially observable NC effects. We discuss the obtained NC deformation of
electron’s dispersion relation in the presence of constant background magnetic field — NC
Landau levels.

1. INTRODUCTION

Noncommutative (NC) Field Theory, i.e. a theory of (relativistic) fields on a noncom-
mutative spacetime, is a candidate for an effective theory of the underlying (and yet
unknown) fundamental theory of quantum gravity. The construction of a NC field
theory relies on the method of deformation quantization via NC *-product (a method
also used in phase space quantum mechanics), developed mainly by Flato, Stern-
heimer and Kontsevich Bayen et al. (1978), Sternheimer (1998), Kontsevich (2013).
In general, one speaks of a deformation of an object/structures whenever there is a
family of similar objects/structures and a deformation parameter that measures their
distortion from the original, undeformed one. In physics, this parameter appears as
some fundamental constant of nature that measures a deviation from the classical
(undeformed) theory. When it is zero, the classical theory is restored. To deform
a continuous structure of spacetime, an abstract algebra of NC coordinates is intro-
duced. These NC coordinates, denoted by z*, satisfy some non-trivial commutation

1Talk given by Voja Radovanovié.
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relations, and so, it is no longer the case that ##&¥ = #¥&*. Abandoning this basic
property results in various new physical effects that are not present in a field theory
developed on ordinary spacetime. The simplest case of noncommutativity is the so
called canonical noncommutativity, defined by

[2#, 3] = 0", (1.1)

where 0" are components of a constant, antisymmetric matrix.

Instead of deforming the algebra of coordinates, one can take an alternative, but
equivalent approach in which noncommutativity appears in the form of NC x-products
of functions (fields) of ordinary commutative coordinates. Specifically, to establish
canonical noncommutativity, we use the Moyal-Weyl x-product

(f%9)(x) = e 3 57 £(2)g(y)]ya- (1.2)

The first term in the expansion is the ordinary point-wise multiplication of functions.
The quantities *¥ are assumed to be small deformation parameters that have dimen-
sions of (length)?. They are fundamental constants, like the Planck length or the
speed of light.

The subject of NC gravity has received a lot of attention and various approaches
to this problem have been developed. In Chamseeddine (2001), Chamseeddine (2004),
Cardella and Zanon (2003) a deformation of pure Einstein gravity via Seiberg-Witten
map is proposed. Twist approach to NC gravity is explored in Aschieri et al. (2005,
2006), Ohl and Schenckel (2009), Aschieri and Castellani (2010). Some other vari-
ants are given in Yang (2009), Steinacker (2010), Buri¢ and Madore (2008, 2014),
Tomassini and Viaggiu (2014), Faizal (2013), Kobakhidze et al. (2016), Klammer
and Steinacker (2009), Harikumar and Rivelles (2006), Dobrski (2017, 2011), Burié
et al. (2006b, 2008). The connection to Supergravity (SUGRA) is established in
Aschieri and Castellani (2009b), Castellani (2013). Finally, in Dimitrijevi¢ Cirié et
al. (2017a), Dimitrijevié¢ Ciri¢ et al. (2017b), Dimitrijevi¢ et al. (2012), Dimitrijevi¢
and Radovanovi¢ (2014) an approach based on canonically deformed Anti de Sitter
(AdS) symmetry group, i.e. SO(2,3), group, is developed. In this approach NC
gravity is treated as a (deformed) gauge theory, and gravity becomes manifest only
after a suitable symmetry breaking (gauge fixing). The action is constructed without
previously introducing the metric tensor (it is topological) and the second order NC
correction to the Einstein-Hilbert action can be found explicitly. Special attention is
devoted to the meaning of coordinates in the context of spacetime noncommutativ-
ity. Namely, the results suggest that coordinates in which one postulates canonical
noncommutativity are the Fermi inertial coordinates, i.e. coordinates of an inertial
observer along a geodesic. Commutator between arbitrary coordinates can in princi-
ple be derived from the canonical noncommutativity as demonstrated in Dimitrijevié
Ciri¢ et al. (2017a).

The success of the pure gravity model led us to consider matter and gauge fields
in the SO(2,3), framework. Dirac spinor field and U(1) gauge field coupled to grav-
ity are introduced in Gocanin and Radovanovié¢ (2018) and Dimitrijevié-Cirié et al.
(2018), respectively, and physical consequences such as NC deformation of Landau
levels are analyzed. From a different perspective, the problem was also treated by

86



NONCOMMUTATIVE S0(2,3) MODEL

Aschieri and Castellani Aschieri and Castellani (2009a, 2012, 2013), Aschieri (2014).
Here we will present the most important results concerning the SO(2, 3), framework.

2. COMMUTATIVE MODEL AND ITS NC DEFORMATION

The first step in our analysis is to establish a well-defined commutative (undeformed)
model that will subsequently be deformed by substituting ordinary point-wise field
multiplication with NC Moyal-Weyl *x-product. We propose a commutative action
built out of commutative fields on 4-dimensional Minkowski space, endowed with
local SO(2,3) symmetry, which can be extended to SO(2,3) @ SU(N) if we want
to include Yang-Mills fields. For electromagnetic field we use Abelian U(1) group.
Then, we demonstrate that, by choosing a suitable gauge (symmetry breaking), this
”symmetric-phase” topological action exactly reduces to the action for classical elec-
trodynamics in curved spacetime with the usual, undeformed SO(1,3) ® U(1) gauge
symmetry.

2. 1. ADS ALGEBRA

Generators of SO(2,3) group are denoted by Map (with group indices A, B =
0,1,2,3,5) and they satisfy the AdS algebra,

[Mag, Mcp] =i(napMpc +npcMap —nacMpp —nepMac), (2.3)

where nap is 5D flat metric with signature (4+,—,—, —,+). A realization of this
algebra can be obtained from 5D gamma matrices I' 4 that satisfy Clifford algebra
{T4, T} =2nap. The generators are given by Map = i[FA, I'p]. One choice of 5D
gamma matrices is I' 4 = (i747s5,V5), where v, are the usual 4D gamma matrices. The
local Lorentz indices, a,b, ..., take values 0,1, 2,3. In this particular representation,
the SO(2,3) generators are given by Mgy, = %[’ya,'yb] = %O’ab and Ms, = %'ya. The
total gauge potential (master potential) Q,, of the SO(2, 3)®U (1) gauge group consists
of two independent parts, 2, = w,+A,. The first part is the SO(2, 3) gauge potential
that can be naturally decomposed into spin-connection wuab and vierbein ef,

b

1 1
wy = ~w,BPMap = Tab — ae(,j%, (2.4)

PR na
where [ is a constant length scale (AdS radius). Note that in this framework the
vierbein field e} is treated as an additional gauge field, standing on equal footing
with the spin-connection (which is a gauge field for the Lorentz group SO(1,3)). It
is related to the metric tensor by nabezef’, = guv and e = det(e],) = \/—g. The second
part, A,, is the electromagnetic field potential. The field strength associated with
the full gauge potential €2, is

Fu = 0,0 — 0,9, —i[Q, ), (2.5)
and it can be decomposed as F,,, = F),, + F,,,, where the SO(2,3) field strength F),,

is given by

1
F = 0pwy, — Opwy, — ilwy,wy] = (R ab _ —(e

1
v 12 elli —e, ea)) e .1 aﬁ7 (26)

4 I 2
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where RWab is the curvature tensor and 7),,* torsion. Finally, 7, is the usual U(1)
field strength

Fow = 0,A, — 0,A,. (2.7)

A necessary step for obtaining electrodynamics in curved spacetime from SO(2,3) ®
U(1) model is gauge fixing, i.e. symmetry breaking from SO(2,3) to SO(1,3). For
that reason one usually introduces an auxiliary field ¢ = ¢4 as in Stelle and West
(1980), MacDowell and Mansouri (1977), Towsend (1977), Wilczek (1998). We break
the symmetry by fixing the value of the auxiliary field, in particular, by setting ¢* = 0
and ¢® = [. This field is a spacetime scalar and an internal-space vector and it satisfies
the constraint ¢p¢4 = I2. Tt transforms in the adjoint representation of SO(2,3) and
its covariant derivative is given by

Du¢ = 8u¢ - i[Qm ¢] ,u¢ [w/n ¢] (2'8)

We see that U(1) part of the master potential doesn’t contribute at the classical level.
This simplification is a peculiarity of the Abelian U(1) group and it does not hold
in a more general case of a non-Abelian Yang-Mills theory. After the gauge fixing,
the components of D¢ become (D, ¢)* = e% and (D,¢)° = 0. This is how we get
gravity from the auxiliary field ¢.

2. 2. PURE GRAVITY

In the papers of Stelle, West and Wilczek Stelle and West (1980), Wilczek (1998) a
commutative action for pure gravity with SO(2,3) gauge symmetry was constructed.
Also, in the papers of Chamseddine and Mukhanov Chamseddine and Mukhanov
(2013, 2010), GR is formulated by gauging SO(1,4) or, more suitable for SUGRA,
S0(2,3) group. Proceeding within this general framework, we show that it can also
accommodate fermionic matter fields, specifically, the Dirac spinor field, and elec-
tromagnetic U(1) gauge field. We are going to do that by providing a model of
commutative action for the Dirac spinors and U(1) gauge field, invariant under ordi-
nary (undeformed) SO(2,3) ® U(1) gauge transformations, which exactly reproduces
classical electrodynamics in curved spacetime after the symmetry breaking.

In Dimitrijevi¢ Ciri¢ et al. (2017b) the SO(2,3) model of pure gravity action and
its NC deformation are analyzed. The commutative action consists of three parts,

ZlCl 4 pwpo
= FoFoud, 5
o 647rGN /d v e Fuy Foo ¢ (2.9)
= — < 4,. pvpo
52 1287TGNZ /d x P Eu, Dp¢Dodd + hec., (2.10)
— 7L 4 uvpo
% 287Gl / 4’z e D¢ Dy oD, ¢ Do od. (2.11)

Gauge fixing yields

-1 2
/d4a: (Cl—e“”’meabcdﬁlw bR ed 4 V=g ((c1 +c2)R —

6
- 167G N 16 *2(61 + 2¢2 + 263))) .

I
(2.12)
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For the sake of generality, three a priori undetermined dimensionless constants are
introduced. They can be fixed by some consistency condition. The first part of the
action is a topological Gauss-Bonnet term which has no effect on the equations of
motion, and so, we can set ¢; = 0. The Einstein-Hilbert term requires ¢; + c3 = 1,
while the absence of the cosmological constant is ensured by having ¢ 4+2co +2c¢3 = 0.

After NC deformation and perturbative expansion in powers of 6", it was con-
firmed that the first order NC correction to the commutative action vanishes. This
was an already known result, e.g. Aschieri et al. (2013). The first non-vanishing
correction is quadratic in the NC parameter. In the low energy limit, equations of
motion for the vierbein and the spin-connection are given by

871Gy 0SNk

1 3
6eli : RaVCdegegeg - 765R + 72(1 +co+ 263)65 = Tau = ’ (213)
2 l e oef,
167Gy 655,
6wl’«ab : Tacceg - Tbcceg - Tabu = Sabﬂ = _M N (214)

ab’
e dw,

The effective energy-momentum tensor 7,/ and the effective spin-tensor S,/ both
depend on 8", and we can conclude that noncommutativity acts as a source of cur-
vature and torsion. From (2.13) it follows that the scalar curvature of NC Minkowski
space is R = %92. Thus, in SO(2,3), model, there exists an NC deformation of the
Minkowski space and the NC correction to the flat metric is given by

m _.n
goo = 1— Romonx™z",

2 1
goi = _gRommﬂcmxT 9ij = —0ij — §Rimjn$mx : (2.15)

Its form suggests that the coordinates z* we started with are actually the Fermi
normal coordinates. These are inertial coordinates of an observer moving along a
geodesic and they can be introduced in a small neighborhood along the geodesic (in-
side a small cylinder surrounding the geodesic) Manasse and Misner (1963), Chicone
and Mashoon (2006), Klein and Randles (2011). The apparent breaking of the dif-
feomorphism invariance due to canonical noncommutivity can be understood as a
consequence of working in a preferred reference system given by the Fermi normal
coordinates. A local observer moving along a geodesic measures 6*” to be constant.
In any other reference frame this will not be the case.

2. 3. COMMUTATIVE ACTIONS FOR MATTER FIELDS
Now we turn to the construction of SO(2,3) ® U(1) invariant theory for matter and

U(1) gauge field coupled to gravity. In Dimitrijevié—éirié et al. (2018) we proposed
an action for the U(1) gauge field,

Sa=cTr / de 5uupa{ fF,D, Db + % f fD#ng,,qSDp(ﬁDggbaﬁ} + hee. (2.16)

It includes an additional auxiliary field f = 1 fABMp. Like ¢, this field transforms
in the adjoint representation of SO(2,3) and it is invariant under U(1) (i.e. not
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charged). Its role is to produce the canonical kinetic term for U(1) gauge field in
curved spacetime in the absence of the Hodge dual operation (this operation cannot
be defined without prior knowledge of the metric tensor, and we don’t have one at
our disposal). Note also that ¢ is some yet undetermined constant of mass dimension
1.

After gauge fixing, the purely gravitational part of the action (2.16) vanishes and
we are left with

Sy = —80l/d4x e foet el Fpy — 4cl/d4x e (f*fap +2f*f,°). (2.17)
Equations of motion for the components of the auxiliary field f are

fa5 = 0, fab = 765’6;}/./_';“,. (218)

We use these equations to eliminate the auxiliary field in the action (2.17) and this
leaves us with the action for pure U(1) gauge field in curved spacetime,

S = 4l / d*z e F,Fm. (2.19)
To obtain the canonical kinetic term we set ¢ = —ﬁ.
The Dirac spinor field ¢ transforms in the fundamental representation of SO(2, 3)®
U(1) gauge group. Its covariant derivative is given by (we assume ¢ = —1)
. { . ~ i
DM,(/J = 8#4’(/} — ZQMTZ) = Vﬂw + aeﬁ’yal/) — ZAN,(/J = Vﬂw + aez’ya’(/), (220)

where we introduced V,, = V,, —iA, as a covariant derivative for SO(1,3) ® U(1)
gauge group.
In Goc¢anin and Radovanovié (2018) we proposed the following fermionic action

i _ _
Sosin =15 [ "0 7% [6D,6D,0D,6Ds - DyiDoD0Dyo0|. (221
After the symmetry braking it becomes
. L o 9 )
Susin=3 [z e [0r7¥ou - Voiov] - ] [aivedn, @)

which is exactly the Dirac action in curved spacetime for spinors with cosmological
mass term 2/l, interacting via U(1) gauge field. Note that V,¢ = V¢ — iA,1,
includes the U(1) gauge field.

To obtain fermions with arbitrary mass, we have to include the following additional
“mass terms” (terms of the type ... )

2 , ,

St = (@) [ dte e [D,0D.6D,0D, 000 + G6D,0D0D,0 D00
2 _ _

S = (@) [ de e [6D,6D.6D,00Dy00 +iD,00D.0D,0D,00]

@, = ies(T -2 )/ d'a €07 HD, 6D, 3 Dyd Dy i), (2:23)
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If we demand that a priori undetermined dimensionless coefficients ¢, co, and c3
satisfy the constraint co — ¢y — c3 = *i’ after the symmetry breaking, the sum of
the three terms in (2.23) becomes

2 _
Spm = — (m - l) /d4x e, (2.24)

and the total action, Sy = Sy kin + Sy,m, is exactly the Dirac action for spinors of
mass m in curved spacetime,

Sy = %/d4x e [@vaﬁgw — 601/_)7”1/)] — m/d4x e ). (2.25)

Thus, by starting with a theory with SO(2,3) ® U(1) gauge symmetry, by a suitable
gauge fixing, we have obtained the standard action for electrodynamics in curved
spacetime.

2. 4. SEIBERG-WITTEN MAP

Now that we have established our commutative SO(2,3) ® U(1) model for matter
and U(1) gauge field coupled to gravity, we want to deform it via NC Moyal-Weyl
*-product. Due to noncommutativity of the x-product NC fields do not belong to
the Lie algebra of the gauge group, since the deformed Lie algebra commutation
relations do not close in the Lie algebra itself. These fields actually belong to the
enveloping algebra. The closure condition for the algebra of gauge transformation
becomes a set of differential equations, which are solved by iteration, order-by-order
in the NC parameter #*°. Seiberg-Witten (SW) map Juréo et al. (2001), Seiberg
and Witten (1999) provides a solution to these equations. It also ensures that no
additional degrees of freedom (no new fields) are included through NC deformation.
NC quantities can be represented as perturbation series in powers of the parameter
of noncommutativity, with expansion coefficients built out of commutative fields. For
example, NC spinor and adjoint field are represented as

7 = ¥ 107%a(0s+ Da)o + O, (2.26)

<)
I

6= 30 {wias (95 + D3)0} + O(FP), (227)

where w, is the ordinary gauge potential. We see that at the zeroth order these NC
fields reduce to their undeformed counterparts. The obtained NC action possesses
deformed SO(2,3), ® U(1), symmetry. Assuming that deformation parameter is
small, we expend the NC action in powers of # using the general formula

N 1 ; .
<A x B) = 0" {wa. (95 + Dy)AB} + %HQBDQADﬁB +cov(AD)B  (2.28)
+Acov(BW),

where cov(A(M) is the covariant part of A’s first order NC correction, and cov(B™),
the covariant part of B’s first order NC correction. SW ensures the SO(2,3) ® U(1)
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invariance of the expansion, order by order in #*2. It turns out that the leading term in
the expansion does not vanish after the symmetry breaking, and we thus obtain linear
NC correction to classical electrodynamics in curved spacetime. The calculation is
long and tedious and we will not present the details here. Schematically, the spinorial
piece is given by

§£Z}1) = 005,3 / d4l' e &(Aaﬁpgﬁpﬁa + Baﬁgﬁa + CG‘%B + Daﬂ)w (229)

Objects A, B,C,D are complicated functions of geometrlc and U(1 ) quantltles e.g.
we have interactions of the following type, 1o, ”VﬂVU¢ ’(/)Raﬁ Yo Vo), YT, 57V o1h,

Q/J.Fau’yuv/[ﬂ,[}, w]-'agw, 1/)0a/37// etc. More importantly, we want to emphasize the fact
that this #-linear NC correction pertains in the limit of flat spacetime. This enables
us to derive some tangible phenomenological consequences of our model that could
potentially be tested experimentally in a not to far future.

3. FLAT SPACETIME NC ELECTRODYNAMICS

The action for NC electrodynamics in flat spacetime, up to first order in 6%, is given
by

~ . 1 1 1
Sflat = /d4:1: [w(m —m)y — 4}-#”]-"“”1 - Gaﬁ/d4x [8fa5f“”]:ﬂu + Qfaufﬁu‘/_'.p‘y}

m

N T o1, 7i 1
+0 5/d4x¢[ 577" DD + 50 d “p15Ds - <412+6l3) Gas (3.30)

3i 3m 1
+ ]:aﬁp 5 a;ﬂ”DB (4 - 4l> faﬂ] v,

where we introduced flat spacetime covariant derivative D,, = d,, — 14,. We notice
immediately that this action is different than the actions for NC electrodynamics
already present in the literature Buri¢ and Radovanovi¢ (2002), Wulkenhaar (2002),
Burié et al. (2006a). The new interaction terms between spinors and the U(1) field,
specific to the SO(2,3), model, appear as residuals from the gravitational interac-
tion, and they lead to some non-trivial consequences such as the modification of the
dispersion relation for electrons.

By varying the NC action (3.30) with respect to 1) we obtain deformed Dirac
equation for electron coupled to some background electromagnetic field A4,

(i — m + A+ 0*P Mag) ¢ = 0. (3.31)

To simplify the analysis, we assume that only two spatial dimensions are mutually
incompatible, e.g. [z!,2%] = i#'2. Thus, we have 012 = —?! =: 0 # 0 and all
other components of % equal to zero. We will consider the case of an electron in
background magnetic field.
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3. 1. ELECTRON IN BACKGROUND MAGNETIC FIELD

Using the NC deformed Dirac equation (3.31), we can see how noncommutativity
modifies the energy levels of an electron in a constant background magnetic field
B = Be,. Classical (undeformed) energy levels for a relativistic electron are given by

EQ) = \/p2+m2+(2n+s+1)B. (3.32)

We are looking for a linear NC correction Efllz ~ 0 of the energy levels (3.32). Working
perturbatively in 0, they can be calculated by the following formula,

0°8 [ dy PLAMaptll)

Egz = _ (3.33)
’ J dy DA )
In particular, for 12 = —62! = 0 # 0 we obtain
Os [ m? m 0Bs m 1
1 L [ L p—— 1
O] Lzﬂ 313} EQ(EY +m) Lzﬂ 313} (@n+s+1)
6 B2

Non-relativistic limit of the NC energy levels is obtained by expanding undeformed

energy function Er(loz assuming p?, B < m?,

En?z =P +m2+(2n+s+1)B
P2+ Q@2n+s+1)B (p§+(2n+8+1)3)1

. - (3.35)

2m 8m

~m [1 +
Expending (3.34) we obtain the NC correction to the energy levels of a non-relativistic
electron,

E(l)_[% 9sm} {1 P2 3pl 3P§(2n+s+1)3}

33 1212

8 ~ om? + 8m4 + 8m4

6B? 2.4 (2 1)B (2 1)B)>
+5-Cn+s+1) [1—pz+("+28+ )5 3 +(”+4s+ ) )]. (3.36)

2m 8m

For an electron constrained to the NC z, y-plane we take p, = 0 and NC energy levels
reduce to

m 1 n+s+1 (2n+s+1)% ,
Bpo=|m—sf( 2 -~ |48 g ENTST g
’ {m ° (1212 3z3)] LT ff 8m3 eff

+0(6?), (3.37)

where we introduced Bess = (B + 0B?) as an effective magnetic field. We see that

a spin-dependent shift of mass appears. If we compare this expression with the one

for undeformed energy levels Er(fg, we see that the only effect of noncommutaivity is

to modify the mass of an electron and the value of the background magnetic field.
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This interpretation of constant noncommutativity is in accord with string theory. In
the famous paper of Seiberg and Witten Seiberg and Witten (1999) it is argued, in
the context of string theory, that coordinate functions of the endpoints of an open
string constrained to a D-brane in the presence of a constant Neveu-Schwarz B-field
satisfy the constant noncommutativity algebra. This implies is that a relativistic field
theory on NC spacetime can be interpreted as a low energy limit of the theory of open
strings.

4. FURTHER DEVELOPMENT

This newly established theory of NC Electrodynamics, both in curved and flat space-
time, paves the way for a variety of further investigation. Here we point to some of
them:

(1) Ezperimental verification: The SO(2,3), ® U(1), model of NC Electrodynamics
predicts a potentially observable modifications of some of the basic properties
of an electron. It is crucial that these corrections are linear in the noncommu-
tativity parameter. With our growing ability to probe high energies scales, this
could enable us to obtain an experimental verification.

(2) Renormalization: The so called minimal NC electrodynamics is not a renormalis-
abile theory because of the fermionic loop contributions Buri¢ and Radovanovié¢
(2002), Wulkenhaar (2002), Buri¢ et al. (2006). It would be interesting to
analyze the renormalisability of the SO(2,3), model in order to theoretically
determine on which scale does noncommutativity operates.

(4) NC Standard Model: One could incorporate scalar fields in the SO(2, 3), frame-
work in order to construct the full NC extension of the Standard Model of
elementary particles.

(6) NC Quantum Hall Effect: Quantum Hall Effect is one of the most interesting
phenomena in physics. Our results could be extended in a way that would allow
us to see how noncommutativity modifies the behavior of electrons in some
material medium. One line of investigation is to explore the Quantum Hall
Effect taking into account the NC deformation of Landau levels found in our
model.
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Abstract. The perfect case for time-domain investigations are active galactic nuclei (AGNs)
since they are luminous objects that show strong variability. Key result from the studies of
AGNs variability is the estimated mass of a supermassive black hole (SMBH), which resides
in the center of an AGN. Moreover, the spectral variability of AGN can be used to study
the structure and physics of the broad line region, which in general can be hardly directly
observed. Here we review the current status of AGNs variability investigations in Serbia, in
the perspectives of the present and future monitoring campaigns.

1. INTRODUCTION

With the advances of technology and robotization of telescopes, we have entered the
era of massive astronomical time-domain observations, with several missions already
running and producing amazing results (e.g. Djorgovski et al. 2016). This is the
case also for the investigations of active galactic nuclei (AGNs). The Sloan Digi-
tal Sky Survey (SDSS) is one of the most famous and successful example, which is
currently releasing its sixteenth data release containing images and spectra of mil-
lions of objects, as well as providing a Time Domain Spectroscopic Survey of 131,000
quasars (e.g. Ahumada et al. 2020). In the next decade, we expect to have com-
prehensive monitoring campaigns, out of which the Vera Rubin Observatory Legacy
Survey of Space and Time (LSST) with its very high cadence 10-year photometric
survey seems to be very promising for the quasar investigations (Ivezié et al. 2019).
LSST will provide millions of quasar photometric light curves, which will facilitate
better understanding of the physical processes that power quasars and their variabil-
ity (Brandt et al., 2018). LSST will be complemented with several spectral surveys,
and one promising example is the Maunakea Spectroscopic Explorer (MSE) that is
an 11m aperture telescope (MSE Science Team 2019). This survey will cover both
the time and spectral domain, including also the infrared band, which is important
for the high-redshift quasar studies. The MSE will lead the world in multi-object
spectroscopy, with its unique capability to study up to 4,000 astronomical objects at
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once. It will provide spectral light curves of the largest number of quasars, which
analysis will enable mapping of the inner regions in AGNs (Shen et al. 2019).

This motivates us to do investigations of AGNs using optical spectroscopy in time-
domain, of which recent results we give an overview in this Proceedings. We cover
topics from: i) long-term monitoring campaign of the sample of near-by AGNs, ii)
studies of oscillations in AGN light curves in search for periodic signals, iii) studies of
the optically extremely variable AGNs. The findings of our research project are put in
the concept of applications and impact to future large surveys, especially the LSST.
These investigations are done at the Astronomical Observatory in Belgrade and the
Department of Astronomy of the Faculty of Mathematics, University of Belgrade,
mainly through the project of ” Astrophysical spectroscopy of extragalactic objects”,
176001, supported by the Ministry of Education, Science and Technological Develop-
ment of the Republic of Serbia, which was financed by the end of 2019. This paper
is organized as follows: in Sec. 2 we shortly describe the theoretical background of
AGN structure, and give the current overview of time-domain investigation of AGNs,
in Sec. 3 we list some of the major results of our findings, in Sec. 4 put them in
concept of future surveys, and in Sec. 5 a short summary is given.

2. OVERVIEW OF AGNs AND TIME-DOMAIN INVESTIGATIONS

2. 1. ACTIVE GALACTIC NUCLEI

AGNs are nested in the center of only a small fraction of all galaxies (Netzer 2006).
However, it is widely believed that every larger galaxy has undergone a phase of activ-
ity, when its supermassive black hole (SMBH) was actively accreting matter from the
surroundings. This process of accretion is responsible for the production of powerful
and energetic continuum emission, which produces a variety of different phenomena,
such as the production of relativistic radio-jets, disk-winds, or ionized gaseous regions
(for a textbook on AGNs, see e.g. Netzer 2006). The broad optical emission lines
originate in the broad line region (BLR), which is photoionized by the continuum
emission from the accretion disk. The accretion disk and BLR are sometimes ”hid-
den” within the larger dusty region, which is a dominant source of obscuration of
optical emission in some type of AGN. Dust is mostly located in equatorial plane and
is usually referred as a dusty ”torus”, but recent high-resolution observations showed
that the polar dust is also present (Honig & Kishimoto 2017, Stalevski et al. 2017,
2019).

Quasars are classified in many ways, depending on their observed properties. One
division is on type 1 and type 2 AGNs (or unobscured and obscured AGNs) which is
based on the presence or absence of optical broad emission lines, respectively. The
main reason for this division is to be the viewing angle, i.e. the angle how the AGN
axis of symmetry (i.e. the accretion disk axis) is inclined with respect to the observer.
If we would be looking at the AGN closer to the AGN axis, we would be seeing inside
the dusty region, thus detecting the unobscured accretion disk and BLR, i.e. broad
emission lines (Antonucci & Miller 1985, Urry & Padovani 1995). When the viewing
angle is larger, we would be seeing the central parts covered by the dusty region, and
the continuum and broad emission lines would be obscured, as it is in the case of type
2 AGNs (Hickox & Alexander, 2018).
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We are especially focused on the BLR investigations through the analysis of the
optical spectroscopy. Primarily because one can estimate the SMBH mass from the
dynamics of the BLR gas, which is gravitationally bound to a SMBH. For this we
need to measure the BLR size, which is measured through the reverberation mapping
(RM, see e.g., Blandford & McKee 1982, Gaskell & Sparke 1986). The RM measures
a characteristic size of the BLR from the time lag (i.e. light echo) between variability
of the continuum emission, which powers the BLR, and the delayed response of the
BLR emission. The RM was applied to a limited sample of AGNs, even if the SDSS
survey results are considered (e.g. Shen et al. 2019). However, it has produced the so-
called “single-epoch virial BH mass estimators” (e.g., Vestergaard & Peterson 2006)
that provides an empirical SMBH mass estimate using the single-epoch spectroscopy
and the relation between the BLR radius and continuum luminosity (so-called radius-
luminosity scaling relation, see e.g., Bentz et al. 2009). This method has been widely
applied to AGNs at different redshifts and luminosities.

We still do not have a complete physical picture of the BLR which is known to
be very complex (Sulentic et al. 2000), and this can directly affect the accuracy
of the SMBH mass estimates (as discussed in e.g. Mejia-Restrepo et al. 2018).
There are many opened question about the geometry and kinematics, e.g. is the
BLR truly virialized to the SMBH (Jonié¢ et al. 2016, Popovi¢ et al. 2019), do we
have a Keplerian motion, outflows or inflows (e.g. Wang et al. 2017), what is the
inclination of the moving gas (e.g. Mejia-Restrepo et al. 2018, Afanasiev et al. 2019).
The physical properties (e.g. gas temperature, density, ionization parameter) of the
emitting plasma in the BLR are still not well constrained (Ili¢ et al. 2012). Currently
the BLR is not spatially resolved, except with the state-of the-art interferometry such
as GRAVITY (Gravity Collaboration, Sturm et al. 2018, Amorim et al. 2020, 2021,
Wang et al. 2020, Songsheng et al. 2021) or the proposed upgrade GRAVITY+
(Eisenhauer 2019)!. Thus the spectroscopy is still important tool to observe and
study the BLR.

2. 2. TIME-DOMAIN ASTRONOMY OF AGNS

The International Astronomical Union (IAU) has very recently recognized that the
time-domain investigations are an important aspect of the modern research and has
founded a Working Group on Time Domain Astronomy in 2015 (see e.g. their 2019
annual report?). Time domain astronomy studies the transient Universe and covers
objects from the near-by Solar system, through variable starts, to galaxies at cosmo-
logical distances, i.e. quasars. As already stated, this is strongly driven by current and
coming large time domain surveys, such as the Catalina Real-Time Transient Survey
(CRTS, Drake et al. 2009), Zwicky Transient Facility (ZTF, Ofek et al. 2020), and
the coming LSST.

Quasars are in the focus of the time-domain investigations (Graham, 2019), since
one of the most peculiar observational feature of quasars is its variability, which
can be on the orders of hours to months, depending on the wavelength band (see
e.g. Peterson, 2001). Especially, the broad emission lines can strongly change both
the flux and profile. The flux variations were used for the RM studies to "resolve”

Thttps://www.mpe.mpg.de/7480772/ GRAVITY plus_-WhitePaper.pdf
2https://www.iau.org/static/science/scientific_bodies/working_groups/260/wg-tda-annual-
report-2019.pdf
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the BLR in time-domain and measure the size of the BLR (e.g. Peterson et al.
2004), and consequently the SMBH mass (see review Popovié¢ 2020), whereas the line
profile variability can be used to constrain the geometry of the BLR (e.g. Popovi¢ et
al. 2011). Particularly important aspect of time-domain photometric observation of
AGN:s, is the search for periodic signal which could lead to the detection of close binary
SMBH systems (see e.g. with CRTS, Graham et al. 2017) and possible future targets
for detection of gravitational waves (for a review see Popovi¢ 2012, and recent works
Kovagevié et al., 2019, 2020b). One particular class of AGNs are so-called changing-
look AGNs (CL AGNSs), which show extreme variability of emission line intensities
and profiles, with sometimes almost complete disappearance and reappearance of the
broad component in some emission lines (e.g. Denney et al. 2014, Oknyansky et al.
2017). Physical processes causing such dramatic change are still unknown (e.g. Tli¢ et
al. 2020), but this could be also a signature of a presence of close binary SMBH (Wang
& Bon 2020). So far, surveys have discovered only a small fraction of changing-look
candidates (e.g., Runco et al. 2016, MacLeod et al. 2016), but future surveys like the
LSST will be able to discover many or even show that this phase is not so rare.

3. RESULTS OF OUR STUDIES OF AGNs VARIABILITY

3. 1. LONG TERM REVERBERATION MAPPING (LOTERM) CAMPAIGN

The long term spectroscopic AGNs monitoring program (Long Term Reverberation
Mapping - LoTeRM) was a programme initiated by late A.I. Shapovalova with the
aim to study the structure of BLR and estimate the mass of the SMBH. LoTeRM has
been running for the last ~30 years collecting data from several world-wide optical
telescopes (see Shapovalova et al. 2009, Ili¢ et al. 2017, for reviews). The LoTeRM
sample included type 1 AGNs of different variability properties (e.g., low or high
level of variability, in the range of 5-40%), and different spectral line profiles (e.g.,
double-peaked profiles or asymmetric profiles). So far the data have been published
for the following sub-types: Seyfert 1 galaxies (NGC 5548, NGC 4151, NGC 7469),
Narrow-line Seyfert 1 galaxy - NLSy 1 (Ark 564), double-peaked line radio loud (3C
390.3) and radio quiet (Arp 102B) galaxy, luminous quasar (E1821+643), a SMBH
binary candidate, and a CL. AGN (NGC 3516). Each object has been first presented
and analyzed separately in a series of papers (see release paper Shapovalova et al.
2001, 2004, 2008, 2010a, 2012, 2013, 2016, 2017, 2019). Spectral data were all uni-
formly reduced and analyzed, creating a unique sample of homogeneous long-term
light curves of different properties (Figure 1), making it a valuable set for studies of
AGN variability. As a part of the Shapovalova et al. monitoring campaign, in Bon
at al. (2016) additional observations of NGC 5548 covering 2003-2013 are given. In
the same paper an important historical light-curve of NGC 5548 which covers more
than 40 years of observations was constructed. Some of the results of LoTeRM were
included in the AGNs Black Hole Mass Database (Bentz & Katz 2015)3.

The LoTeRM project is currently expanding to include other telescope, such as
the 1.4m Milankovic telescope at Astronomical Station Vidojevica, Serbia, and 1.5m
telescope of the Observatory of Sierra Nevada, Granada, Spain. The Milankovic
telescope is for the moment only equipped for the photometric monitoring, which

3http://www.astro.gsu.edu/AGNmass/
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Figure 1: Hf light curves of the sample of eight type 1 AGNs from the LoTeRM
campaign (only data presented in the first data release papers are shown). Different
sub-types of type 1 AGNs are shown, which exhibit different level of variability and
optical spectral lines behavior. Light curves are normalized to the maximal flux.
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can be used in combination with the spectral data or carefully selected narrow /mid-
band filter for the RM applications (Malygin et al. 2020). This was used in case of
NGC 4395, which is a bulgeless dwarf galaxy with one of the smallest SMBH of only
10,000 solar masses (Woo et al. 2019). This SMBH mass was confirmed with the
international intranight RM campaign done by more than a dozen of telescope across
the world including the 1.4m Milankovic telescope (Cho et al. 2020). The observed
time delays of the BLR were only ~1-2 hours, and it was important to show that
this case of very low-luminosity AGN follows the radius-luminosity scaling relations
(Bentz et al. 2013).

3. 2. OSCILLATORY PATTERNS IN AGN LIGHT CURVES

We used this sample of AGNs to investigate the behavior of long-term light curves,
and search for periodicity or patterns which could signify different underlying dynam-
ical processes. In case of 3C 390.3, it was shown that quasi-periodical oscillations may
be present in the continuum and Hf light curves (Shapovalova et al. 2010). Possibly,
the outbursts seen in the HS line could be explained by successive occurrences of two
bright orbiting spots in the accretion disk (Jovanovié et al. 2010). Careful inves-
tigation of the repeating variability pattern in complex broad emission line profiles,
resulted with a first paper on the spectroscopically discovered binary orbit of SMBH
binary system candidate in NGC 4151 (Bon et al. 2012). Later it was shown that
a binary SMBH system may be possibly present in another well-known object NGC
5548 (e.g. Li et al. 2016), since significant periodicity in light and radial velocity
curves in NGC 5548 were detected (Bon et al. 2016).

Furthermore, a novel hybrid method to search for periodic oscillatory patterns was
developed - 2DHybrid method (see Kovacevié et al. 2018, for details). The 2DHybrid
combines two techniques continuous wavelet transform and correlation coefficients, to
analyze the Gaussian-processed AGN light curves. We have applied the 2DHybrid
to our LoTeRM sample (Kovacevi¢ et al. 2018, 2020a) finding periodic variations in
most of them, but of different origin. In case of the two double-peaked line objects 3C
390.3 and Arp 102B, for which we found a good evidence that they have qualitative
different dynamics (Kovacevié et al. 2018).

With the 2DHybrid method we probed the light curve of the famous case of a
binary SMBH candidate PG1302-102, which photometric light curve showed clear
periodic behaviour (Graham et al., 2015). More recent optical observations showed a
disturbed light curve of PG1302-102, which lead to less significant periodicity detec-
tion (Liu et al. 2018). However, our hybrid method for periodicity detection was able
to identify the periodic signal even in light curve with larger fluctuations (Kovacevié
et al. 2019), and proposing a model of a binary system in which a perturbation in the
accretion disk of a more massive component is present (Simi¢ & Popovi¢ 2016). This
model of a binary system has been further developed to include a SMBBH system
which considers that both SMBH have their accretion disc and BLR regions, and are
both surrounded by a common circumbinary BLR (Popovié et al. 2021).

3. 3. EXTREMELY VARIABLE AGNS

Long-term monitoring of AGNs is particularly important to understand the trend
of their variability and capture possible extreme events in the optical band, such as
the changing look transition, i.e. the disappearance of the broad component in some
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emission lines. Moreover, it could be that the CL phenomenon is a common phase,
and that it could be detected in each strongly variable AGN if constantly observed
(see discussion in Oknyansky et al 2017). The CL transition could be caused by the
intrinsic changes of accretion disk, obscuration of the BLR, tidal disruption events,
or even presence of the close binary SMBH (Wang & Bon 2020). Therefore, under-
stating these object could help shedding light on understanding the AGN structure
and evolution.

Our sample contains several cases of extremely variable objects in the optical
band (e.g. NGC 4151, NGC 5548), and the CL state for NGC 5548 was reported in
Shapovalova et al. (2004). Another example of CL AGN is a Seyfert galaxy NGC
3516, for which is known to have strong optical variability and has changed its type
in the past (Andrillat & Souffrin 1968). For NGC 3516, the LoTeRM campaign
collected a 22 years of data, from 1996 to 2018, and we found strong variability in the
continuum and broad lines (Shapovalova et al. 2019). The minimum of activity was
observed in 2014, when the broad lines almost disappeared. In 2017, the object was
still in the low state, but broad lines started to appear (see Figure 2 in Shapovalova
et al. 2019). Recent short-term intensive optical campaign (from September 2019 to
January 2020) indicate that NGC 3516 is maybe awakening (Ili¢ et al. 2020). The
observational facts supporting this are the increase of the continuum emission, the
variability of the coronal lines, and the very broad component in the Balmer lines. It
is necessary to continue the intensive monitoring of this object to capture a possible
transition phase. Moreover, using multiwavelength facilities (optical, UV, and X-
ray) and different tools (spectroscopy, spectro-polarymetry) may be needed to finally
describe the processes behind the changing-look phenomenon in AGNs.

4. IMPLICATIONS TO LARGE SURVEYS

The LSST will provide photometric light-curves of millions of AGNs, and one of its
key science case is the probing of the accretion disk and BLR with the RM (Brandt et
al. 2018). The key science case of MSE is the spectral RM campaign of around 5000
quasars up to the redshift of 3, providing robust estimates of time lags for the largest
sample of quasars (Shen et al. 2019). In order to process such a huge amount of data,
novel tools and approaches largely based on machine learning (ML) algorithms, are
required.

One challenge is how to do cross-correlation analysis of realistic light curves, which
usually have problems, such as e.g. gaps, nonuniform cadence, etc. One solution could
be a novel ML tool (Gaussian PROcesses for TIme Delays Estimates in AGNs - GPro-
TIDE) for time-delays measurements that utilizes generalized Gaussian processes to
model the observed light curves used for extraction of time-delays (e.g., Kovacevi¢ et
al. 2014, 2015, 2018). Another challenge is to have codes for autonomous and fast
spectral fitting of multi-component and complex quasar optical spectra. For this a
solution could be a FANTASY code (Fully Automated pythoN Tool for AGN Spectra
analYsis), which is currently in testing fase (see Rakié¢ et al., in this proceedings).
For the classification of AGNs and studies of correlation between AGN properties
in multidimesional space, more advance ML techniques based on manifold learning
could be used (see Jankov et al., in this proceedings).

Finally, there is an important question about the operation strategies and survey
cadences of time-domain surveys required in order to be able to extract the presented
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investigations (for LSST see e.g. Jones et al. 2020). For these different statistical
proxies should be developed and tested on both real observed and idealized modeled
light curves (Kovacevié et al. 2021). These metrics could be used for future surveys
for testing the selection of operation strategies.

5. SUMMARY

Here we summarize the findings of the investigations of AGNs variability done within
the project ” Astrophysical spectroscopy of extragalactic objects” at the Astronomical
Observatory and Department of Astronomy in Belgrade. The presented results of the
LoTeRM campaign of type 1 AGNs include: i) a creation of homogeneous sample of
very long (10+ years) light curves, which specific feature is that they come from type
1 AGN of different spectral properties and variability, ii) a developed 2DHybrid tool
for the detection of the periodic oscillations in AGNs and analysis of the underlying
dynamics, iii) a capture of the changing look transition in type 1 AGNs. These findings
may have an application and impact to future large surveys, such as the LSST or
MSE, which key-science projects will be the investigations of quasar variability. Our
group is actively contributing to the development of the LSST and MSE as members
of respective Science Collaborations. Through these investigation, many tools and
techniques are being developed in preparation for these and other future vast surveys.
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Abstract. Determination of mass-loss rates of massive stars is an important output of
massive star analysis, which influences our understanding of stellar evolution. Stellar mass-
loss rates are usually determined using wind models with a different level of sophistication.
Commonly used models are based on an assumption of spherical symmetry and solve the
NLTE radiative transfer consistently for a given density and velocity structure, which means
that the hydrodynamic structure is held fixed. Usually, an approximate dependence of
velocity on radius is being assumed (the so-called S-velocity law). Using a different approach,
mass-loss rates can be predicted by hydrodynamic models, which do not solve the radiative
transfer, but they describe the radiation force in a parametric way (using force multipliers).
The most sophisticated wind models do not use the simplifications of the 5-velocity law and
the force multlipliers. Consistent NLTE wind models including both the wind dynamics and
NLTE radiative transfer can be calculated.

1. INTRODUCTION

The large luminosity, short life, and final supernova explosions of massive stars make
them an important source of heating and ionization of interstellar medium, as well
as they provide kinetic energy via their outflows. Their importance is not diminished
by the fact that they are rare, they form a small but important fraction of the stellar
population visible even at large distances.

The main task of the quantitative spectroscopy of massive stars is a determination
of the stellar mass M,, stellar radius R, stellar luminosity L., chemical composition
(abundances oy, for each element k) and of wind parameters, namely the terminal
wind velocity v, and mass-loss rate dM/dt = M for each studied star. The mass-
loss rate is of a particular importance. Besides its direct effect of lowering the stellar
mass, it is also an important input parameter for stellar evolution codes. It can not be
measured directly, its determination relies on wind models, which are briefly discussed
in this paper.

2. MASS-LOSS RATE DETERMINATION AND WIND MODELLING

Unlike terminal wind velocity (v, ) measurement, which is relatively straightforward
and can be done by direct measurement of the position of the blue edge of the P-Cygni
line profile (see, e.g. Lamers & Cassinelli, 1999), direct mass-loss rate determination
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is not possible. Wind mass-loss rate is being determined indirectly, by comparison
of model predicted spectra with observed ones. If the spectra match, then the mass-
loss rate used in calculation of the theoretical spectrum is attributed to the star.
However, since the problem is complicated, approximations have to be used in wind
model calculations and theoretical spectra predictions.

Because of high complexity of the problem, simplifying assumptions considered
as ‘standard’ ones are being used. The winds are assumed to be stationary and
spherically symmetric consisting of homogeneous spherical shells, which means that
1-D models are being solved. In addition, a core-halo approximation is often being
used. This means that the wind region is considered as a shell around a star with a
photospheric radiation as a lower boundary condition and with no back influence of
the wind region on the stellar photosphere. The inclusion of a quasi-hydrostatic lower
part of the model atmosphere improved the situation.

Wind models are calculated assuming basic stellar parameters (M., R, L., and
Z) with the final goal to predict emergent radiation and compare it with observations.
A 1-D spherically symmetric wind model can be considered as a dependence of a set
of wind describing structural quantities on the radial coordinate r. These involve
temperature T, mass density p, radial velocity v, atomic level populations (number
densities) n; (i stands for the level index), and the radiation field for each frequency,
represented here by its specific intensity I(v). In some cases, some of the radius
dependences or additional parameters (e.g., M) are assumed in order to simplify and
speed up the process of model calculations. The final step of modelling is comparison
with observations. This can be done only by comparison of emergent radiation from
the model with observed radiation from the stellar source. If both match, the pa-
rameters used for calculation of a model, and both assumed and calculated structural
quantities are attributed to the stellar source.

Let us describe several options used in modelling winds and mass-loss rate deter-
mination. Note that the division presented here is rough and methods that do not
exactly fit to our classification categories may exist.

Formal solution of the radiative transfer equation. This is a solution of the radia-
tive transfer equation for given opacity end emissivity (see Hubeny & Mihalas 2015).
In the case of wind modelling it means that all structural quantities except the ra-
diation field are given (i.e. assumed). This implies that also the mass-loss rate is
given. The level populations are also given, either they are determined using a simple
nebular model (e.g. Kraus et al. 2000) or the local thermodynamic equilibrium (LTE)
is assumed. The latter assumption is used for calculation of the emergent radio flux
from the outermost parts stellar winds (Panagia & Felli 1975, Wright & Barlow 1975),
which can be then compared with radio observations to determine M.

In optically thin media, absorption is usually considered in a simplified manner or
is it neglected.

NLTE wind models. If the structure is given and LTE is not an acceptable as-
sumption (which is always in massive star winds), we have to solve for the level
populations, which have to be determined consistently with the radiation field. In
this case we assume T'(r), p(r), and v(r) as given and seek solution for I(v,r) and
n;(r) by simultaneous solution of the radiative transfer equation and kinetic equilib-
rium equations. This type of model is usually referred to as the NLTE line formation
problem.
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In a generalized NLTE line formation problem the mass density is not assumed
arbitrarily, but it is calculated from given v(r) and M using the continuity equation.
The velocity field is usually assumed in the form of a S-velocity law, which can be
written as (f is a free parameter)

o(r) = vee (1 - R*>ﬁ . (1)

r

This implies that v, has to be assumed as well. Then the equations of kinetic
equilibrium together with the radiative transfer equation (the above mentioned NLTE
line formation problem) have to be solved to determine the emergent radiation.

Alternatively also T'(r) can be determined together with the solution of the NLTE
line formation problem by adding the equation of radiative equilibrium or the thermal
balance equation to the set of simultaneously solved equations.

Full radiation hydrodynamics (stationary) models. The ideal case for modelling
is to solve for all structural variables mentioned at the beginning of this section.
This means to solve the continuity equation, equation of motion, radiative transfer
equation, the kinetic (statistical) equilibrium equations, and the energy equation to
obtain the structure of the mass density p(r), velocity v(r), radiation field I(v,r),
level populations n;(r), and temperature T'(r), ideally simultaneously. To our knowl-
edge, there is currently no code which does such full solution without fixing any of
the structural variables. However, several codes use some simplifications or iterative
schemes to obtain the full stationary RHD solution, and are on their way towards the
full solution. A more detailed description of these models is in the Section 6.

Hydrodynamic wind models with a parametric radiation force. The last type of
models we mention here does not allow a direct comparison with observations, as
the radiation field is not an output of such models, rather it is used as an input to
calculate the radiation force necessary to drive the line driven wind. An option to
determine the radiation force in a parametric way is frequently used. This option
implicitly means that both the radiation field and level populations are assumed, and
the hydrodynamic equations (continuity equation, equation of motion, and sometimes
also the energy equation) are solved to detemine mass density and velocity (and
sometimes the temperature structure). These models are described in the Section 3.

3. HYDRODYNAMIC WIND MODELS

The task of hydrodynamic wind modelling is to obtain a solution of stationary hy-
drodynamic equations for given basic stellar parameters (M., R., L., and ay). Hy-
drodynamic models seek solution of the continuity equation (which determines the
mass-density p)
d (r2 pv)
dr
equation of motion (which determines the radial velocity v)

dw dp GM.,p

Py = a2 + Grad (3)

(p is the gas pressure, G is the gravitational constant, and g,.q is the radiation force
density), and sometimes also the energy equation (which determines the temperature
T). Alternatively, a prescribed T'(r) or its constant value is used.

=0, (2)
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The key quantity in hydrodynamic equations of a radiatively driven stellar wind
is the radiation force density. It is caused by radiation-matter interaction and it
accelerates the stellar wind. It is given by the integral (Hubeny & Mihalas, 2015,
Eq. 11.50)

a = ¢ [ v f Qo0 - 1047 @)

which clearly describes the fact that g.,q may be large if both opacity and radiation
flux are large. It can be split to the radiative force caused by radiation-matter in-
teraction in continuum transitions (ionization, free-free transitions, and continuum
scattering) grada,c, and to the radiative force caused by absorption and scattering in
spectral lines graq1.. The latter is calculated as a sum of the radiation force caused
by individual line transitions, grad,r, = > _jipes Jrad,i- Lhen

Grad = Jrad.C + Y Gead.l- (5)

lines

The detailed calculation of the line radiation force is quite time-consuming and com-
plicated, since the radiation force in each line depends on corresponding atomic level
populations, which have to be obtained by solution of kinetic equilibrium equations
for each element considered. This is why approximations are used. The most com-
mon approximation of the line radiation force (the so-called CAK approximation) was
introduced in first hydrodynamic wind models (Castor, Abbott, Klein 1975; Abbott
1982) and later modified by Gayley (1995). The radiation force in this approximation
is expressed with the help of parameters (also referred to as force multipliers) k (or @),
a, and § (for a more detailed description, see, e.g., Hubeny & Mihalas 2015, Section
20.3). These parameters offer a simple approximation of the radiation force. They
can be determined by detailed calculation of the line opacity (e.g., Abbott 1982).
This is usually done only for a restricted set of stellar parameters.

Using this simplified description of the influence of radiation on stellar wind, hydro-
dynamic wind codes calculate the model hydrodynamical structure (depth dependence
of structural variables on radius). As a part of the output, they also predict values of
Voo and M. The latter quantity is usually referred to as the predicted mass-loss rate.
Hydrodynamic wind models do not offer emergent spectrum.

Hydrodynamic wind modelling was initiated by seminal works of Castor et al.
(1975), Abbott (1980), and Pauldrach et al. (1986). Later the stationary hydro-
dynamic codes gradually incorporated the radiative transfer solution to improve the
parametric treatment of the radiative force. However, parametric description of the
radiative force is still used in time dependent hydrodynamic simulations of stellar
winds (e.g. Owocki 2011, and references therein).

4. NLTE WIND MODELS

NLTE wind models assume the hydrodynamic wind velocity structure, which usually
has the form of the S-velocity law (1) for the radial velocity component. Note that
this law with 8 = 0.5 was derived by Chandrasekhar (1934) assuming that the wind
driving force was proportional to gravity. Knowing v(r), the mass density p(r) is
calculated from the continuity equation (2) using the assumed value of the mass-loss
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P Cyg line

Voo

hydrodynamic wind models Y NLTE wind models
M., R, L. - B, M
(predicted mass-loss rate) (observed mass-loss rate)

observations

Figure 1: The scheme of stellar (M., R., L.) and wind (ve,, M) parameters deter-
mination using independent NLTE wind models and hydrodynamic wind models.

rate M. Then the equations of radiative transfer and kinetic equilibrium are solved
simultaneously to obtain consistent values of level populations and radiation filed.
This solution can be accompanied with a solution of an energy equation (radiative
equilibrium or thermal balance) to determine temperature.

Typical representants of this modelling are codes PoWR (e.g. Hamann & Gréfener
2004), FASTWIND (e.g. Santolaya-Rey et al. 1997, Puls et al. 2005), and CMFGEN
(e.g. Hillier & Miller 1998). In these codes, the dependence v(r) is assumed, either
in the form of the S-velocity law (1) or a more involved relation using two free (-
like parameters (the double-3 velocity law). Also the stellar mass-loss rate M is
assumed. Then a full NLTE line formation problem is solved, which also predicts
the emergent radiation spectrum. Note that the back influence of radiation changes
on wind acceleration is typically not considered. The emergent spectrum is then
compared with observations. If both spectra match with sufficient accuracy, the
assumed value M is then referred to as the observed mass-loss rate.

5. OBSERVED AND PREDICTED MASS-LOSS RATES

The two ways of modelling mentioned in preceding sections (3 and 4) offer two values

of mass-loss rates, namely the “predicted mass-loss rate” and the “observed mass-loss
rate”. If both values match, it is usually considered as the match of theory and
observations. This situation is schematically depicted in the Fig. 1. Note that the
observed mass-loss rate is in fact based on a hydrodynamically simplified model, so
instead of match of observations and theory it is rather a match of the approximate
hydrodynamic model with exact radiative transfer and exact hydrodynamic model
with approximate radiative transfer.

6. FULL RADIATION HYDRODYNAMICS NLTE WIND MODELS

The drawbacks of the mass-loss rate determination mentioned in the preceding section
are removed when full radiative hydrodynamic NLTE models are used. This means
that for given M,, L., R, Z a solution of the continuity equation, equation of motion,
energy equation, radiative transfer equation, and kinetic equilibrium equations is
performed to obtain I(v,r), n;(r), p(r), v(r), and T(r). This full solution gives also
the values of M as the integral of the continuity equation and v as the velocity at
the outermost point of the model.

In the modelling process several common additional assumptions used in hydro-
dynamic (Section 3) and NLTE (Section 4) wind models can be released, mainly the
parametric representation of the radiative force and the division of the atmosphere
model to a photosphere and wind (i.e., the core-halo approximaton).
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Line radiation force. The parametric description using force multipliers (the CAK
approximation) is not used any more. Instead, a detailed full description of the line
radiative force (5) is used, where contributions of all transitions are taken into account
separately. The need to calculate opacities for each transition causes the necessity to
calculate NLTE level populatons, since LTE is not applicable in stellar winds. This
is done using the kinetic equilibrium equations, which (neglecting time and advection
terms) can be expressed for the level i as

n; Z [R + C” Z ng ]z + C]Z]

J

where the dependence of radiative rates on radiation [ is emphasized. Knowing
n;, the radiation force can be calculated. An equation (4) simplified for isotropic
emissivity (in the comoving frame) can be used. The pioneer in construction of this
type of models was A. Pauldrach, first steps were summarized in Pauldrach et al.
(1994). This work was extended in Pauldrach et al. (2001) and applied to wind
modeling of ¢ Pup in Pauldrach et al. (2012). An independent modeling method that
includes consistent calculation of radiation force was developed by Krticka & Kubat
(2004), who used Sobolev approximation for line force calculation, later replaced by
CMEF radiation transfer (Krticka & Kubat, 2010).

Photosphere. The core-halo approximation splits the expanding stellar atmo-
spheres to two parts, namely the hydrostatic photopshere and the wind above it.
Using this assumption the photospheric radiation is considered as a lower boundary
condition for the wind model. The influence of the wind part on the photosphere
(wind blanketing, Abbott & Hummer, 1985) is not taken into account. As a draw-
back, there is usually no smooth transition from the photosphere to the wind.

Relaxing the core-halo approximation means that the almost static photosphere
becomes an integral part of the model. The wind model starts already at large
optical depths where the diffusion approximation is valid and the transition from
the photosphere to the wind is smooth. First attempts to consistently remove the
artificial splitting were done in an approximate way by Gabler at al. (1989).

Global NLTE wind models. Krticka & Kubdt (2010, 2017, 2018) presented a
method to solve all the above mentioned equations while relaxing the core-halo and
parameterized line force assumptions. The chemical composition of the wind is arbi-
trary and no force multipliers are used. In their code the radiation force is calculated
using actual level populations obtained by solution of kinetic equilibrium equations.
The radiation field, which enters these equations is calculated in a slightly simplified
way, the continuum radiative transfer is solved exactly (as it is practically the same
as in the static case) and the line transfer is solved using the Sobolev approxima-
tion. The line radiation force is calculated using the radiation field obtained by a
CMF solution of the radiative transfer, which improves the previously used Sobolev
radiative transfer solution. The photosphere-wind transition is smooth. Application
of the global wind models to stars from our Galaxy (Krticka & Kubdt, 2017) and
Magellanic Clouds (Krticka & Kubat, 2018) showed that the mass-loss rates obtained
using global models are lower than the commonly used values of Vink et al. (2001).
The latter were obtained using a detailed Monte Carlo evaluation of the driving force
for given v(r).
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P Cyg line
VOO

M. R. L M global wind models observations
er N Lo (mass-loss rate)

Figure 2: The scheme of stellar (M., R., L.) and wind (ve,, M) parameters deter-
mination using full radiative hydrodynamic NLTE wind models.

Recently, NLTE wind modeling codes mentioned in the section 4 were also im-
proved to include hydrodynamic solutions as a part of modelling (e.g. PoWR, Gréafener
& Hamann, 2005; Sander et al., 2017; FASTWIND, Sundqvist et al., 2019).

Improved velocity law. An important aspect of the velocity structure obtained
from the full radiation hydrodynamic NLTE wind model is that it differs from the
commonly used -velocity law (1). A more reliable analytical description of the veloc-
ity structure can be obtained using the polynomial expansion, v(r) = Z?:o ﬁiﬁi(l —
R../r), using Legendre polynomials P, and fitting coefficients ; (see Krticka & Kubét,
2011). A similar improved formula

U(r)gm (17€*>i, (6)

(7; and vy are fitting parameters) was used to fit the calculated model velocity structure
obtained by Krticka et al. (2021) for B supergiants.

Clumping. The big challenge in current methods for M determination are wind
inhomogeneities (clumping), which is a 3-D phenomenon. However, currently existing
unified (global) models are 1-D, and the only way to implement clumping in them
is to use simplifying assumptions or parameterized methods (Sundqvist & Puls 2018,
and references therein). The 3-D modelling of optically thick clumping was done only
for limited spectral regions, but its effect on mass-loss rate determination was clearly
shown (Surlan et al. 2013).

7. SUMMARY AND CONCLUSIONS

The current commonly used method for mass-loss rate determination consists
of two steps. First the NLTE wind models with a prescribed (3) velocity law are
calculated and the “observed mass-loss rates” are determined. Then these values
are verified by hydrodynamic calculations to match the “predicted mass-loss rates”.
This two-step determination should be replaced by full radiation hydrodynamic NLTE
wind models, which offer the consistent mass-loss rate values directly (see Fig. 2).
These models represent an improvement in massive star analysis. They offer a tool
for more reliable modeling of atmospheres and winds of massive stars.
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Abstract. Supernova remnant (SNR) models have been developed to explain the observed
characteristics of SNRs, and thus to deduce their physical properties. One important part of
modelling is use of hot plasma (X-ray) emission models to derive temperature and amount
of shocked plasma and the SNR shock velocity. Coupled with a SNR evolution model,
one can use the current state of a SNR to deduce fundamental properties of the supernova
(SN) explosion. The general phases of SNR evolution are the ejecta-dominated phase, the
adiabatic phase and the radiative phase. The transition phases between these are less-
appreciated but at least as important, because the transition phases account for much of the
total lifetime of a SNR. Progress in X-ray observations of SNRs has resulted in a significant
sample of Galactic SNRs with measured X-ray spectra. We have developed spherically
symmetric models over the past few years (Leahy and Williams 2017, Leahy et al. 2019)
which allow inference of SNR explosion energy, circumstellar medium density and age. With
detailed enough X-ray spectra, ejecta mass and whether the SN occurs in a uniform or stellar
wind environment can also be determined. We have applied the models to observations of
LMC SNRs (Leahy 2017) and of Galactic SNRs (Leahy and Ranasinghe 2018, Leahy et al.
2020). We find that the energy and density distributions can be well fit with log-normal
distributions and that SNR birth-rates are consistent with SN rates.

1. INTRODUCTION

Various areas in astrophysics are impacted by the energy and mass input to the in-
terstellar medium in galaxies by supernovae (SN) and their remnants (SNR). These
areas include stellar evolution, the physical and chemical evolution of the interstellar
medium (ISM, e.g. see Cox 2005 for a review) and the subsequent impact on star for-
mation and evolution of galaxies. Studying SNRs is one of the best ways of measuring
the kinetic energy input of SN into the ISM (Cox 2005).

SNRs are observed in radio, infrared, optical, X-ray and gamma-ray bands (see,
e.g. Bandiera 2001 for a review). The radio emission is a tracer of relativistic electrons
accelerated by the SNR shock, with these electrons containing <1% of the SN energy.
The infrared emission is from shock heated dust and the optical line emission from
small clouds of dense gas recombining behind the shock. The X-rays are from the
plasma heated by the SNR shock, with temperature ~1 keV and are a measure of
the bulk energy of the SN explosion as most of the energy goes into shock heating
of the gas. Gamma-rays are also from high energy particles, electrons and protons,
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accelerated by the shock. The physics of X-ray emission is much better understood
for SNRs than that of radio emission or gamma-ray emission. Infrared and optical
emission are mostly sensitive to the amount of dust present and the properties of small
dense clouds, respectively. Thus modelling X-ray emission, which depends mainly on
the shock energy deposited in the hot gas, is most effective for determining SNR
energies.

Historically, the observations of SNRs were made in radio and optical much before
X-ray, infrared or gamma-ray observations. ~300 SNRs have been observed in radio,
with significantly fewer observed in other bands, including X-rays. Thus, only a small
fraction of the SNRs in our Galaxy have previously been characterized well enough
to determine their evolutionary state, including explosion type, explosion energy, and
age. A number (~10) historical SNRs have been observed in great detail and modeled
with hydrodynamic simulations. E.g., Tycho has been modeled (Badenes et al. 2006)
and used to test different models for SN Type Ia explosions.

However, most SNRs do not have comprehensive multi-band observations (imaging
and spectra), so they not been the subject to detailed hydrodynamic modeling. Thus,
the author has led a project to create an intermediate modelling approach (Leahy &
Williams 2017, Leahy et al. 2019, Leahy et al. 2020). It is based on hydrodynamic
simulations, but uses analytic and numerical fits (which we call semi-analytical) to
create models which can be easily calculated and applied to SNRs. The goal is to
apply this model to observationally less-constrained SNRs, to determine their bulk
physical characteristics. When more detailed observations become available for any
given SNR, full hydrodynamic modelling can be carried out to improve upon the
results from the semi-analytical model.

Below, the basics of the SNR model are described in the Model section. The
multiple stages of the model and the hydrodynamic simulations used to build the
model are described. Application of the model to observations of SNRs are given
in the Results section. The conclusions for explosions energies of SNRs and ISM
densities are given in the Summary and Conclusions section.

2. MODEL OF SNR EVOLUTION

The basis of the model is to calculate quantities related to the observations that
determine the evolutionary state of the SNR. We make the assumption of spherically
symmetric evolution. The evolutionary state is determined by the initial conditions
of the SNR and its age.

The main initial conditions are SN explosion energy (Ey), mass of ejected stellar
envelope (M,;), and circumstellar medium density (CSM) or ISM (ng or stellar wind
parameter g). Secondary initial conditions which are next most important are: the
density distribution of the stellar ejected envelope, the density distribution of the
CSM or ISM. Tertiary initial conditions which also affect the evolution, e.g. for the
strength of the line emission from the shocked gas and for equation of state of the
plasma, are composition of the ejecta, composition of the CSM/ISM, the rate at which
shocked ions and electrons come into equipartition, the CSM/ISM temperature and
emissivity, and CSM/ISM turbulence velocity. The large number of input parameters
makes construction of a universal model difficult. However many can be implemented
by use of analytic approximations into the SNR model code.
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Figure 1: The interior structure of a supernova remnant for s = 0, n = 8 from
hydrodynamic simulations at the characteristic times: t/te, ~ 1 with Rps/Ren ~ 1.1
(left), and ¢/tc, ~ 10 with Rps/Ren ~ 2.9 (right). The density, velocity and pressure
are scaled to their characteristic values, and are plotted vs. radius in units of the
forward shock radius (r/Rps). The vertical axis is on log scale.

To be useful in deriving the main initial conditions (Ey, Mej, no or g¢) and SNR
age from observations, the model has to be able to predict the current observables
of an SNR. These are (Leahy et al. 2019): the observed radius (Rg) of the forward
shock (fs), the X-ray emission measure (EMjss) of the (fs), and the emission-measure-
weighted shock temperature (Tt). In cases, in particular for young SNR, where both
forward and reverse shock are observed, more information can be derived on initial
and secondary initial conditions.

The early evolution, prior to radiative losses, follows a unified evolution. This
is described in Truelove & McKee (1999) (hereafter TM99), where the evolution of
forward and reverse shock radius and shock velocity vs. characteristic (dimension-
less) time are calculated. Our models (Leahy & Williams 2017, Leahy et al. 2019,
Leahy et al. 2020) all include the basic TM99 model but add calculation of EM and
E M-weighted temperature of the shocked gas. Leahy & Williams (2017) calculated
forward-shock (fs) emission measures (E M) and temperatures (T§) for the adiabatic
phase; and calculated E My, Tts, EM,s and T,s and for the early self-similar ejecta
dominated (ED) phase.

Leahy et al. (2019) carried out more extensive and accurate hydrodynamic sim-
ulations than previous work. Here we show of the interior structure of the SNR in
Figures 1 and 2. The emphasis here is on the late time evolution, so here we show
the extension of the numerical calculations to later times, up to t/t., > 1000. A new
result found is that the reverse shock propagating through the ejecta leaves behind a
peak in the density profile, where the reverse shock transitions from the ejecta enve-
lope into the ejecta core. The peak, in contrast to expectations, expands more slowly
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Figure 2: The interior structure of a supernova remnant for s = 0, n = 8 from
hydrodynamic simulations at the characteristic times: t/t.n ~ 100 with Rps/Ren =~
7.4 (left), and t/te, ~ 1000 with Rpg/Ren =~ 19 (right). The density, velocity and
pressure are scaled to their characteristic values, and are plotted vs. radius in units
of the forward shock radius (r/Rpg). The vertical axis is on log scale.

than the simple prediction of homologous interior expansion. I.e. the radius of the
shocked ejecta density peak, in units of the shock radius, decreases with time.

EMy,, T, EM,s and T,s were calculated by Leahy et al. (2019) directly from
the hydrodynamic simulations for all SNR non-radiative stages (ED, transition ED
to adiabatic, and adiabatic). E.g. Figures 6, 7 and 8 of Leahy et al. (2019) show
the interior structure for the ED phase for several ejecta profiles (n= 6, 8, 10, and
12) and for constant density CSM (s = 0) and stellar wind profile CSM (s = 2).
The dimensionless emission measures vs. impact parameter were shown for the above
cases plus n = 7 and 14 in Figures 9 and 10 of Leahy et al. (2019). The complete time
evolution of integrate emission measure and emission-measure-weighted temperature
for both forward and reverse shocks were calculated for s = 0 and s = 2; and for each
value of s all n values from 6 through 14 were calculated.

All of these results have been incorporated into the most recent release of the
Python SNR modelling program SNRPy, publically available at http:\\quarknova.ca.
The models include electron heating by collisions with ions, which uses the formalism
of Raymond, Cox and Smith (1976).

Figures 3 and 4 here show the main panel of SNRPy, when the selected plot is
radius or velocity of fs and rs vs. time. The large number of inputs available are seen
on the left hand side of the graphical interface of SNRPy. Typically the rs speeds up
when it enters the ejecta core, after propagating through the power-law envelope in a
nearly self-similar matter. Figures 5 and 6 show EM and EM-weighted temperature
of fs gas and rs gas vs. time. EM,s decreases after the rs reaches the ejecta core,
whereas F Mg, continues to increase until the SNR becomes radiative.
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Figure 3: Screenshot of graphics interface of the SNRPy software illustrating evolution
of forward and reverse shock radius vs. time. The input parameters to the model
are in the left 1/3 of the panel. Output parameters are below the graph of radius vs.
time.
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Figure 4: Screenshot of graphics interface of the SNRPy software illustrating evolution
of forward and reverse shock velocity vs. time.
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3. RESULTS AND DISCUSSION

The SNR evolution model was first applied to 50 LMC SNRs with measured Ry, E Mg,
Tt (Maggi et al. 2016) by Leahy (2017). The main results were that the distribution of
explosion energies (Fp) and of ISM densities (ng) were both log-normal. A log-normal
distribution is expected when a number of processes with random variables, even if
each process is non-Gaussian, act in a multiplicative manner, so is not surprising in
retrospect. Both the density of the ISM and the explosion process for SN are complex
and involve many physical factors, with each factor have variation from location to
location in the ISM, or from one SN progenitor to another. Previously it was only
known that Ey and ng varied from SNR to SNR. The large range of variation (about
2 orders of magnitude), the means and the shapes of the distributions for Ey, ng)
were previously unknown. The mean explosion energy was found to be 5 x 10°° erg,
significantly less than the canonical explosion energy of 1 x 10°! erg, used in most
simple models. This work also found the SNR birthrate for the LMC to be 1/ 500 yr,
which is one of the best determinations so far.

A sample of Galactic SNRs was modelled, for the first time using emission mea-
sures and temperatures, by Leahy & Ranasinghe (2018). This work confirmed the
log-normal distributions of Ey and ng, and that it also applied to Galactic SNRs.
The mean energy and mean density for the 15 SNRs were found to be 5 x 10°° erg
and 0.26 cm 3, respectively. This confirmed the low mean energy of observed SNRs
compared to what is usually assumed in SNR models. Table 2 of that paper also
demonstrated the importance of including electron heating by ions for all derived
parameters (age, Eg, and ng).

Leahy et al. (2020) added a calculation of the inverse model, which enabled
applying the rather complex model to a large number of SNRs. 43 Galactic SNRs
were modelled. The sample included all SNRs, except for the historical SNRs, that
had observations of the forward shock R, FM and T. These models assumed s = 0
and n = 7, in order to have the same number of output parameters (age, Fo, ng) as
input parameters. For the 7 known mixed morphology SNRs, the Cloudy ISM (White
and Long 1991) model was applied as a more accurate representation, with results
given in Table 3 of Leahy et al. (2020). The subset of SNRs with measurements of
both forward shock and reverse shock (Rgs, EMss, Tts, EMys and Tys) were modelled
in more detail. We note that R, is not measured for SNRs. In this case the extra
two observed quantities constrain whether the CSM is uniform (s = 0) or stellar
wind profile (s = 2) and distinguish between ejecta profiles (n). 3 of the 12 have
(s,m)=(0,7), 4 have (s,n)=(2,7), and 5 have (s,n)=(2,12). Of the 12 SNRs, the 5
Type Ia all have (s,n)=(2,12), i.e. all Type Ia SNRs have occurred in a stellar wind
environment.

4. SUMMARY AND CONCLUSION

Supernova remnants (SNRs) play an important role for energy and mass injection into
the interstellar medium (ISM). We have developed improved models of SNRs which
are readily applied to those SNRs with measured radius, forward shock (fs) emission
measure (EMjs) and EM-weighted temperature (T) of the fs gas. These models are
based on hydrodynamic simulations and cover the stages of evolution including’ early
ejecta-dominated (ED) phase, the non-radiative ISM dominated phase, and the long
transition between the two. The forward shock radius, F Mg and Ty for forward-
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shocked (shocked ISM) gas, and EM,s and Ty for reverse-shocked (rs) gas (shocked
ejecta) are calculated for the full evolution.

The model allows a wide range of input parameters relevant to SN explosions.
These are SN energy, ejected mass, elemental abundances of the ejecta, ejecta envelope
power-law index (n), ISM power-law index (s), ISM temperature, ISM abundances,
ISM turbulence velocity, and SNR age. Electron heating by Coulomb collisions is au-
tomatically included, but Te/Tion can also be specified by hand. A simple prescription
is used to determine when radiative losses set in (following Cioffi et al. 1988). The
subsequent radiative phases are calculated according to the prescriptions in Cioffi
et al. (1988), with the difference that we smoothly join the start of the radiative
evolution onto the end of the adiabatic evolution by matching appropriate boundary
conditions.

With the new models, we have studied 3 samples of SNRs. These are 50 SNRs in
the LMC with X-ray observations (Leahy, 2017), 15 SNRs in the inner Galaxy with
X-ray observations and distance determinations (Leahy & Ranasinghe 2018), and the
available set at all Galactic longitudes (excluding the inner Galaxy set of Leahy &
Ranasinghe 2018) of 43 Galactic SNRs with distances and X-ray observationis (Leahy
et al. 2020). The results of all three analyses are compatible, although the accuracy
of the SNR models has been improved between the first study (using the Leahy &
Williams 2017 version) and the latest study (using the Leahy et al. 2019 version).

Generally, the explosion energy distribution follows a log-normal distribution, with
mean energy ~ 5 x 10°0 erg, and the ISM density distribution follows a log-normal
distribution, with mean density depending on the SNR sample (highest for the inner
Galaxy SNR sample, similar for the LMC and larger Galaxy samples). For the whole
Galaxy sample (43 SNRs from Leahy et al. 2020 plus 15 SNRs from Leahy & Ranas-
inghe 2018) we derive a birthrate, corrected for incompleteness, of ~1/35yr, which
is consistent with the Galactic SN rate (Tammann et al. 1994). Future work will
expand the samples which are modelled and further improve the SNR models.
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Abstract. Supermassive black holes (SMBH) with masses 106 — 10'°M, exist at the
centres of all massive galaxies (both late and early type). They form through mergers and
gas accretion very early. Mostly at redshift z ~ 2 - 3. But some of them form short after
the formation of the first galaxies as early as z ~ 7. The time available for their formation
is so short that we still do not know about the properties of the seed black holes from
which SMBH forms. Two competing theories are: formation from the mergers of POP III
remnants, ~ 10% — 103M® BHs, or, formation of the massive BHs directly collapsed from the

gas cloud into ~ 10% — 105M® BHs. Both theories assume gas accretion episodes between
and after BH mergers. While POP III seeds model struggles to find mechanism behind the
necessary super Eddington accretion, collapse model has a problem with explaining accretion
at Eddington ratio for hundreds of millions of years. Since merger histories of black holes in
these two models are very different, gravitational wave radiation from BHs mergers will be
a powerful method for distinguishing between these two SMBH formation models. Here we
review the latest results from the works on both theories and the results on the gravitational
wave radiation from BH mergers expected to be detected by Laser Interferometer Space
Antenna (LISA).

1. INTRODUCTION

The subject of supermassive black hole (SMBH) growth has been very controversial
and the proposed scenarios are many. Two of them stand out and they have been the
most popular ones for the last two decades. However, even the most popular models
face a lot of problems. That is why Laser Interferometer Space Antenna (LISA,
www .lisamission.org) will be crucial to distinguish between these growth models.

1. 1. SMBH GROWTH SCENARIOS

Figure 1 is taken from Smith & Bromm 2019, and it shows two most popular compet-
ing scenarios, SMBH grows from stellar remnant black holes, or through the direct
collapse of the gas cloud into a supermassive black hole. Another popular model is
runaway mergers in stellar cluster but this can be viewed as a subclass of the direct
collapse model, where instead of collapsing entire gas cloud into a supermassive star,
it fragments first, and then stars merge to form a supermassive star. So what are
these scenarios competing for?
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Figure 1: Black hole mass as a function of time after Big Bang. Plot shows three
black hole growth models. Stellar remnant model where black holes grow through
episodes of Hyper Eddington and Eddington limited gas accretion; Direct collapse
model where black hole grows through episodes of Eddington limited gas accretion;
and runaway mergers in stellar clusters. Taken from Smith & Bromm 2019.

They are competing to explain how to form a billion Mg black hole at redshift
z=7. This is so early in the formation of the Universe that special conditions are
required no matter which growth scenario is considered. In essence, there is simply
not enough time for black hole to grow. If we assume Eddington limited accretion
(accretion at the rate of Eddington ratio of 1), then it would take hundreds of millions
of years to sustain this kind of accretion to reach supermassive range for black holes.
This is unlikely, considering the violent environment of the first galaxies. If we assume
so called super-Eddington accretion with Eddington ratio between 1 and 10, then the
amount of time necessary for a black hole to accrete, reduces. And even more in the
case of hyper-Eddington accretion at Eddington ratio larger than 10, for which we do
not know how realistic it is.

1. 2. STELLAR REMNANT BLACK HOLES SCENARIO (SRBH)

The most popular model ten years ago, for the formation of supermassive black holes
was from the black hole seeds formed from the first stars. These black holes are
remnants of Population III stars (Bromm & Yoshida 2011, Heger & Woosley 2002)
which form at very high redshift, as high as redshift z = [20, 30]. Population III
stars form from metal free gas clouds which cool and fragment through molecular
hydrogen lines. This process of cooling is not efficient, so first stars form very massive
(hundreds of solar masses). And being so massive they live only couple of millions
of years. Their remnants are 10 - 100 Mg black holes. But since they form in low
density environments of mini halos, they can not accrete efficiently.
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As halos merge, these first black holes sink to the centres of gas rich atomic cooling
halos (ACHs), where they can, in one of the models, accrete gas in numerous episodes
with greater than 3 - 4 Eddington ratio gas accretion, combined with BH mergers.
Smole et al. 2015 posed a question if we go through dark matter halo merger trees
in the early Universe, what would be the required accretion rate, on average, for
the first black holes to grow to supermassive values. They did not impose condition
that accretion rate has to be alway the same in every episode. Accretion can be at
the Eddington limit or even hyper-Eddington, but the important accretion rate is
the average one over all accretion episodes that a particular black hole goes through.
And it turned out that one does not have to go to hyper-Eddington accretion values,
but that a more moderate rate of just 3 to 4 times above Eddington limit should be
enough. In some other models, Inayoshi et al. 2016 found that in a very special set
of circumstances, for example, if gas around the black hole is very dense, then black
holes can accrete rapidly, in one go, with Eddington ratio larger than 10.

1. 3. DIRECT COLLAPSE BLACK HOLES (DCBH)

Second scenario (model) is direct collapse black holes which form in gas rich high
redshift galaxies. Assuming that gas does not cool efficiently, it will collapse into
supermassive star, which then collapses into a massive black hole with ~ 100,000
Mg. There is plenty of work on this subject since direct collapse model is the one
community is betting on (Begelman et al. 2006, Dijkstra et al. 2008, Regan &
Haehnelt 2009, Choi et al. 2013, Agarwal et al. 2012, Visbal et al. 2015, Regan et al.
2017 ). And since thats the case we will discuss this model in more detail.

The large amount of work in the field is focused on showing, in both large and
small scale simulations, that a very special set of circumstances for the formation of
supermassive black hole can be achieved. These are exactly the opposite conditions
from those required in stellar remnant model. Here the idea is to prevent gas fragmen-
tation. One of the necessary mechanisms is Lyman Werner radiation from the first
stars required to destroy molecular hydrogen, or this can be done through collisional
dissociation. Another requirement which helps setting up the environment is keeping
the gas worm. This can be achieved if dark matter halo mergers are so frequent, that
gas is constantly stirred and cooling interrupted.

If all of the mentioned mechanisms work, then a massive halo with gas at around
8000K and no molecular hydrogen would form. Next step would be to inefficiently
cool the gas cloud through Lyman Alpa radiation, while avoiding fragmentation,
until the gas becomes optically thick gas. Optically thick gas cloud constitutes a
protostar. Newly formed protostar continues to accrete the gas rapidly, ignites nuclear
reactions, and if it avoids UV feedback, it becomes a supermassive star. Soon enough,
supermassive star collapses to form a supermassive black hole.

1. 4. PROBLEMS IN BOTH MODELS

The goal in both scenarios is to produce black holes massive enough so that the rest
of their growth can be achieved via Eddington limited gas accretion.

However, many problems arise in both models. First problem in the case of stellar
remnant black holes model is gravitational wave recoil (Campanelli et al. 2007). As
these black holes form with similar masses, if they merge, then the recoil that follows
would eject the new black hole from its host halo (Micic et al. 2011). Masses of the
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Figure 2: Redshift of the black hole merger as a function of combined mass of merging
black holes. Four waterfall panels show signal to noise map for black hole mergers
for four mass ratios of merging black holes [0.5, 0.1, 0.01, 0.001). Code available at
https://github.com/mikekatz04/BOWIE

first black holes would be similar because they form in a vary narrow mass range with
not a lot of gas to accrete. They merge in small mass halos with small gravitational
potential which means low escape velocity.

Second problem is that atomic cooling halos with pristine gas are rare at high
redshift (Chon et al. 2016). Next is the photo-heating feedback (Pacucci et al. 2015)
which must be avoided in order to achieve hyper Eddington accretion. Simulations
show that this is possible but we don’t know how realistic this is.

At the end there is a question of how long the hyper Eddington accretion can be
maintained in the violent environment of the first galaxies. For the direct collapse
black hole model, a very specific set of conditions is required. As already mentioned
in the previous section, it is very hard to prevent cooling because of the presence of
molecular hydrogen, metals and dust.

Whatever the outcome is going to be in the future research, these two models
should lead to the SMBH formation by redshift z = [6 - 7], so the merger history
that follows at low redshift should be similar. But before SMBH formation, at high
redshift, BH merger histories in these models should be quite different.

While in stellar remnant model we expect to see plenty of high mass ratio mergers
of 100 to 10,000 Mg, black holes, in the direct collapse model, these mergers would
be rare, or none, since we build SMBH in one go.
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Figure 3: Characteristic strain as a function of observed frequency. Inspiral and
coalescence for four high redshift mergers presented with thick lines, and for three
low redshift EMRI’s presented with dashed lines. Label shows masses of the merging
black holes and the merger redshift. Overplotted are sensitivity curves for eLISA and
for proposed LISA (PL).

2. OBSERVATIONS WITH LISA

This is where LISA will be crucial, since these are exactly types of mergers that LISA
will be able to observe.

LISA will trail Earth’s orbit by 50 million km. The original arm length was suppose
to be 5 million km, later eLISA was proposed with arm length of 1 million km, and
eventually, 2.5 million km was approved in 2017. Longer arm length is preferable
since strength of the signal is directly proportional: h, = AL / L, where h,. is the
characteristic strain amplitude, AL is the arm length, and L is distance from Earth
to LISA.

LISA will measure change in the arm length caused by the passage of gravitational
wave radiation. One can think of this value as the strength of the received signal which
is called characteristic strain. Most important thing here to remember is that LISA
will be perfect for the detection of black hole mergers.

Figure 2 shows signal to noise ratio map for the proposed LISA. Redshift of the
black hole merger is on the y-axis, and the combined mass of the merging black holes
on x-axis. This plot is called waterfall plot and we decided to focus on the waterfall
plots for the proposed LISA only. For classic LISA this waterfall would be a little bit
wider, while for eLISA it would be a little bit narrower. We used BOWIE package
(Katz & Larson 2019) to produce it. The entire package can be cloned at the github
(https://github.com/mikekatz04/BOWIE).
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The top left of Figure 2 shows signal to noise ratio map for black hole mergers
with mass ratio of 0.5. As we decrease the mass ratio of merging black holes, signal
to noise reduces. Top right in the Figure 2 shows waterfall plot for mass ratio of 0.1.
Bottom left for mass ratio 0.01, and bottom right for mass ratio of 1073. One can
notice that as mass ratio of merging black holes decreases, so does the signal to noise
ratio. As the result, LISA will preferably see high mass ratio mergers. The important
note to take is that LISA sweet spot is for SMBHs between 10° and 107 Mg,

3. REALISTIC BLACK HOLE MERGERS

What happens when we look at the real bh mergers in cosmological simulations?
Where do we expect black hole mergers to place themselves in our waterfall plots?

When we look at the merger history of massive elliptical galaxies or even clusters
of galaxies, there are numerous SMBHs with a large number of mergers in their
history. But if we consider spiral galaxies in the field, then we are looking at the low
density regions of the Universe where mergers are sparse. This further means that
once a spiral galaxy in the field, and its SMBH, are formed, there are no more major
mergers.

As the result, in the case of the direct collapse model, SMBH is directly created.
Its mass is ~10° - 10% M, and it can continue growing through gas accretion if there
is gas in its vicinity. This kind of bh will have a number of extreme mass ratio
mergers at lower redshifts. While in the case of the stellar remnant model, black hole
first goes through episodes of high mass ratio bh mergers followed by gas accretion.
Sure, once SMBH is formed, it also will have low redshift extreme mass ratio mergers
similar to the direct collapse model. This is exactly what merger trees extracted from
cosmological simulations show.

Figure 3 shows extracted bh mergers visible by LISA, from the merger tree of
a galaxy similar to Andromeda galaxy (Holley-Bockelmann et al. 2010), for the
stellar remnant model. The plot shows characteristic strain for the selected classes of
resolvable black hole mergers in the simulation, as a function of observed frequency.
Presented are the last days of the black hole inspiral and the merger. Overplotted
are sensitivity curves for PL and eLISA. The merger redshift and pre-merger masses
of the black hole binary are labeled. LISA will be able to observe all mergers with
characteristic strain above the sensitivity curve.

Figure 3 distinguishes between two types of mergers. High redshift black hole
mergers with mass ratios larger than 0.1 are placed in the bottom part of the sen-
sitivity curve. These are lower mass black holes that form in stellar remnant model
only. They have similar masses and their mergers are always at high redshift. The
second group of mergers are the low redshift extreme mass ratio mergers in the upper
part of the sensitivity curve. After SMBH has formed, disregarding the model, it is
likely to merge with much smaller black holes at low redshift.

We can look at this in our waterfall plot. Figure 4 shows four waterfall panels
for the four high redshift mergers from the previous figure. One can see that these
are high redshift mergers with a decent signal to noise ratio between 100 and 500.
Low redshift extreme mass ratio mergers are not presented since all of them are in
the LISA sweet spot at 107 Mg, black holes at redshift zero, where signal to noise is
highest.
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Figure 4: Waterfall panels with the same nomenclature as in Figure 2. Black dotes
represent four high redshift mergers for four different mass ratios of merging black
holes.

4. CONCLUSIONS

In conclusion, how do we distinguish between Stellar Remnant and Direct Collapse
scenarios? Both models predict extreme mass ratio mergers at low redshift, but only
stellar remnant model predicts high redshift, high mass ratio, mergers. As mentioned
before and also seen in Figure 3, these two types of mergers separate in the char-
acteristic strain plot above the LISA sensitivity curve. So LISA detecting smaller
number of these, similar mass, high redshift, black hole mergers, would point toward
direct collapse black hole model. However, if LISA detects a large number of mergers
of similar mass black holes early in the Universe, then the stellar remnant model is
likely to win.

Since LISA will not be launched any time soon (probably 20 years from now), we
should already know a lot about the properties of the first stars and first galaxies
from James Web Space Telescope (JWST). Although that is not going to be that
easy. JWST will certainly be able to detect Population IIT Supernovae (Kasen et al.
2011), which should give us statistics for stellar remnant black hole model. Problem is
that it is going to be hard to distinguish these supernovae from AGNs or high redshift
galaxies (Hartwig et al. 2018). It should also detect black hole accretion that follows
(Natarajan et al. 2017), but the problem will be distinguishing stellar from massive
black holes (Valiante et al. 2018). So we will certainly learn more with JWST, but it
seems that we will need LISA to disentangle SMBH growth models, and decide which
one is the correct one.
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Abstract. Ionospheric observations can be used for indirect detection of various processes
in the outer space and Earth. In addition, the ionosphere affects the propagation of elec-
tromagnetic signals used in numerous practical applications. Here, we present the latest
research based on the observation of the low ionosphere by very low frequency radio signals
recorded in Belgrade related to a possible new type of earthquake precursor, and the impact
of the perturbed ionospheric D-region on the propagation of satellite signals used in Earth’s
observations.

1. INTRODUCTION

Research of the ionosphere is of great importance for both science (first of all for
geosciences) and modern technologies based on the use of satellite and ground based
electromagnetic signals. Practical applications of these studies are important for many
contemporary area of human life including telecommunications, GPS positioning and
Earth observations. Namely, disturbances of the ionosphere can strongly affect prop-
agation of these electromagnetic waves and induce significant errors in measurements
and modelling of different parameters (Nina et al., 2020b). In addition, there are many
studies which indicate connections between ionospheric disturbances and natural dis-
asters (Nina et al., 2017; Pulinets and Boyarchuk, 2004; NaitAmor et al.,2018; Ku-
mar et al. 2016). Some of these ionospheric perturbations are recorded before events
which are following by large catastrophes (Maekawa et al., 2006; Maurya etal.,2016;
Molchanov et al, Yamauchi et al., 2007) and for this reason their investigation is of
high priority.

The lower ionosphere can be monitored by several techniques including those
based on propagation of very low/low frequency (VLF/LF) radio signals in the Earth-
ionosphere waveguide. The advantages of this method in analysis of the atmospheric
layer between 50 km and 90 km are (1) continuous monitoring of signals with time
resolution that is usually better than 1 s, and (2) observation of large part of the
lower ionosphere which is provided by numerous worldwide located transmitters and
receivers.
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In this paper we present recent investigation based on data collected by the Bel-
grade VLF/LF receiver station located at the Institute of Physics Belgrade. We
pay attention to two studies related to disturbances in periods around earthquake
(EQ) events (Nina et al., 2020a) and during a solar X-ray flare influence (Nina et al.,
2020b). In first study attention is focused on analysis of possible connections between
an earthquake and changes in electrical properties of the lower ionosphere. In the
second study we analysed influence of the intensive perturbed ionospheric D-region
by a solar X-ray flare on satellite signals.

2. OBSERVATIONS, DATA PROCESSING AND MODELLING

In our research we use data obtained in the lower ionosphere observation by VLF
signals emitted by the ICV, GQD and DHO transmitters located in Italy, the UK and
Germany (see Table 1) and recorded by Belgrade receiver station. The propagation
paths od these signals are shown in map given in Fig. 1.

Table 1: Transmitter locations and frequencies for the considered VLF signals.

Transmitter location  Frequency (kHz)
ICV | Isola di Tavolara, Italy 20.27
GQD | Rhauderfehn, Germany 22.1
DHO Anthorn, the UK 23.4

We analyse data recorded by the Absolute Phase and Amplitude Logger (AbsPAL)
and Atmospheric Weather Electromagnetic System for Observation Modeling and
Education (AWESOME) receivers in the first and second analysis, respectively. We
analyse data sets for all three signals with time sampling of 0.1 s and for DHO signlal
with time sampling of 1 s, respectively.

2. 1. NOISE AMPLITUDE REDUCTION AS POSSIBLE EARTHQUAKE PRECURSOR

There are many studies which indicate relationships between EQ events and iono-
spheric disturbances (see, for example, Biagi et al., 2001; Nina et al. 2020a; Pulinets
and Boyarchuk, 2004). These studies are primarily based on the comparison of vari-
ations detected during different days. In Nina et al., 2020a, variations in natural
short period noise amplitude are analysed for time period around the Kraljevo EQ
(Mw=5.4) occurred on 3 November, 2010. We analysed data recorded by the 0.1-s
time resolution in order to investigate signal changes several hours before and after
the considered EQ event.

In addition, three EQs with magnitudes 4.3, 4.4 and 4.5 are analysed. One of them
(Mw=4.4) occurred at location that was very close to the epicentre of the main EQ,
while the epicentres of other events were at longer distance from the signal propagation
paths than in the first two cases. For all of these events it is common that magnitudes
were greater than 4 and that they occurred in the night-time period.

In this analysis, three signals emitted in Italy (ICV), the UK (GQD) and Germany
(DHO) and recorded in Belgrade are analysed. The noise amplitude is calculated from
the amplitude deviation from smoothed curve during the considered time periods.
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Figure 1: Propagation paths of the VLF signals recorded by the Belgrade receiver
station (BEL) in Serbia and emitted by the transmitters ICV in Italy (solid line),
GQD in the UK (dashed line), and DHO in Germany (dotted line). Locations of the
Kraljevo earthquake is shown as stars.

2. 2. INFLUENCE OF THE D-REGION ON SATELLITE SIGNAL PROPAGATION

There are numerous models that are used in calculations of the ionospheric contribu-
tion in the signal delay, so called ionospheric delay, (Nava et al., 2008; Zhao and Zhou,
2018). Mostly, they use observational data as input and use analytical expressions
for modelling of the ionospheric delay. If the observational data relates to one or
more altitudes, a particular model is single or multiple layer model, respectively. In
both cases these altitudes are above 100 km because upper areas has larger influences
on signal propagation due to larger electron density. For this reason, calculations of
the total electron content (TEC), which is required for modelling of the signal delay,
are based on approximations that electron density vertical distribution can be ob-
tained from the observational data at fixed altitudes and used expressions. Because
of the fact that ionospheric parameters can be significantly changed in a localized
area during some time interval, two questions should be considered: (1) Are the used
expressions applicable during intensive disturbances? and (2) Can local disturbances
below 100 km be important?

In Nina et al., 2020b influence of a solar X-ray flare which primarily disturbs
the D-region (50 km- 90 km) on GNSS and Synthetic Aperture Radar (SAR) signal
delay is considered. Error in modelling of the signal delay Pp = C - TECp/f? if
the D-region is not included in consideration depends on the total electron content in
D-region, T ECp, which is given by expression:
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Np
TECp = 6Hp Y  Neyna[ni® — (nosin(©y))%] =" (1)
i=1
where § Hp is the thickness of horizontally uniform layers in the D-region, Ny and
n; are the electron density and refractive index in layer i, respectively, and ©g is the
wave propagation angle in the D-region.

3. RESULTS

3. 1. NOISE AMPLITUDE REDUCTION AS POSSIBLE EARTHQUAKE PRECURSOR

Significant reduction of the noise amplitude is recorded for ICV signal emitted in Italy
whose propagation path lies the closest to the EQ epicentre. The beginning of this
reduction is before the EQ which indicates possibility that this type of variation can
be consider as EQ preqursor. Variations in the noise amplitude are also recorded for
other two signals but they are not specific for the considered night and they can not
be connected with EQ event.

To examine influences of the epicentre distance from the signal propagation path
and to examine noise amplitude reduction recorded in the other time periods addi-
tional analyses of the ICV signal amplitude are performed. They were related to:

e Time evolution of the amplitude noise in periods around three EQs of magni-
tudes 4.4 (the same epicetre location like for the main EQ event), and magni-
tudes 4.3 and 4.5 (epicentres at larger distance than in the first two cases);

e Time evolutions of the noise amplitude during hole three days.

The noise reduction is also recorded for EQ with epicentre near the epicentre of
Kraljevo EQ. In the other two cases these reductions are not recorded which indicates
importance od epicentre distance from the signal propagation path.

To examine the regular daily variations in the noise amplitude (this analysis is
important for the extraction of the sudden from periodic variations) the short-period
noise amplitude is analysed during three whole days: 3 and 4 November when two
EQs near Kraljevo occurred, and 9 November when significant reduction of the noise
amplitude is also recorded in analysis of two months in periods of 1 hour around
time of Kraljevo EQ (0:56:54.4 + 0:30 UT). During these day, 46 EQs (excluding 29
that occurred in a few hours after Kraljevo EQ when extraction of their influence is
not possible) were detected with epicentres not far from the ICV signal propagation
path (http://www.emsc-csem.org/Earthquake/). The most intensive were two EQs
with Mw>5 (near Kraljevo (Mw=5.4) and in Tyrrhenian Sea (Mw=5.1)) and two EQs
with Mw>4 (near Kraljevo (Mw=4.3) and in Western Mediterranean Sea (Mw=4.3)).
Only 13 of these EQ events had the magnitude greater than 3. Analysis of the noise
amplitude during these three days shown:

e The short-period amplitude reduction starting before the EQ event is recorded
for all 4 detected EQs with magnitude greater than 4.

e 8 of 10 EQs near Kraljevo (i.e. 80%) with magnitude greater than 2.5 are
connected with the noise amplitude reduction.
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Figure 2: Time evolution of changes in the total electron density within D-region,
ATECp, for different incident angles, © of signal in this area during influence of a
solar X-ray flare occurred on 1 May 2013.

e Thirteen out of a total of 15 (or 87%) decreases of the short-period noise am-
plitude can be related to EQ events.

In addition, it is very important to point out that reductions of the short-period
noise amplitude are recorded in all day periods.

3. 2. INFLUENCE OF THE D-REGION ON SATELLITE SIGNAL PROPAGATION

As one can see in Fig. 2, changes in TECp can be intensive. Results presented in Nina
et al., 2020b show that, for more intensive flares, the D-region can provide the signal
delay of more than 1 m for large incident angles. Keeping in mind that delays of 1 cm
are included in signal propagation modelling it can be concluded that, although quiet
D-region does not affect satellite signal propagations, its influence cannot be ignored
in periods of intensive disturbances because errors in modelling can be important.

4. SUMMARY

In this work we present review of the recent results obtained in the lower ionosphere
investigation based on data obtained by VLF/LF receiver station in Belgrade. We
present analyses of (1) possible new type of earthquake precursor visualized as reduc-
tion of the signal noise amplitude before the earthquake event, and (2) influence of
the ionospheric D-region which is disturbed by a solar X-ray flare on delay of satellite
signals.
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The main results of these studies indicate that:

e Reduction of VLF signal noise amplitude is recorded before several earthquakes
and that confirmation of connection of these changes with earthquake events
requires more detailed statistical analysis.

e Influence of the significantly disturbed D-region on propagation of satellite sig-
nals can be important and its contribution in signal delay should be involved in
modelling.

These studies open many questions important for practical application of iono-
spheric research and they will be in focus forthcoming studies.
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Abstract. The fast technological development and the new possibilities for observations al-
lowed solving some of the theoretical issues in modern heliophysics and astronomy in general.
But there are still unresolved questions regarding the physical processes of solar activity and
space weather. We use the potential of both ground-based and space-based astronomical ob-
servatories to analyze the present results and understandings in the field of heliophysics. We
show the current observational possibilities and perspectives for development in the research
of the solar activity in Bulgaria.

1. INTRODUCTION

For thousand years, as history shows, scientific advances happen in stages. One
observes years of dynamic and fast growth or relatively quiet periods in appearance
of new scientific ideas. Of course, the new scientific proposals precede the technical
applications, it is hardly possible otherwise, except when a random and unexpected
experimental result happens. It is not easy to show constant development of new
concepts and ideas as well as qualitative change of well-established scientific models.
It looks like during the last 60 years the new approaches in science are in a quiet
period. On the other hand, during the last two-three decades we witness the highest
rate of development of the human civilization, in terms of new technological and
engineering achievements and their applications. These achievements offer to us,
astronomers, new opportunities for highly detailed research of a multitude of yet
unanswered questions.

Still debatable are the questions related to: appearance, evolution, and periodic-
ity of solar magnetic field; the processes which cause the heating of the solar corona
and the acceleration of the solar wind; the causes for solar flare; processes of accre-
tion of interplanetary material. The answers of questions related to the nature and
physics of these phenomena are directly connected to constant monitoring of solar
activities such as sunspots, prominences, solar flares and coronal mass ejections. Real
cosmic observatories were launched on different orbits such as SOHO!, STEREO?,

Thttps://sohowww.nascom.nasa.gov/
2https://stereo.gsfc.nasa.gov/
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SDO?3, Ulysses*, GOES®, RHESSI®, Hinode", etc. It is possible today to perform solar
observations in large range of the electromagnetic spectrum — gamma rays, X-rays,
ultraviolet (UV), visible and infrared, radio waves. All these observations are aimed
at increasing our understanding of the physics of the Sun.

Frequently we refer to the year 2020 as a new era in solar astronomy. We have
a new generation of ground- and space-based observatories, which were impossible
to construct up to now. We have the first images of the granulation of the solar
photosphere by Daniel K. Inouye Solar Telescope, which were used for the first light
press release in January 2020 and received broad coverage in the international press
(Rimmele et al., 2020). Its 4-m aperture provides the highest-resolution observations
of the Sun ever achieved. The telescope’s field of view (FOV) using the Visual Broad-
band Imager is 55 arcsecx 55 arcsec and the resolution is close to the diffraction limit
at the wavelength of 789 nm (0.04 arcsec). A newly developed data center located
at the NSO Headquarters in Boulder will initially serve fully calibrated data to the
international users community. Higher-level data products, such as physical parame-
ters obtained from inversions of spectro-polarimetric data will be added as resources
allow.

We need to mention also the new space-based missions ESA /NASA Solar Orbiter
and NASA Parker Solar Probe. Both missions will have the opportunity to research
the solar atmosphere primarily in the UV range of the electromagnetic spectrum —
which is impossible for telescopes based on the Earth’s surface.

Solar Orbiter, a mission of international collaboration between ESA and NASA,
will explore the Sun and heliosphere from close up and out of the ecliptic plane.
Understanding the coupling between the Sun and the heliosphere is of fundamental
importance to understanding how the Solar System works and is driven by solar
activity. To address this and other fundamental questions of solar and heliospheric
physics, Solar Orbiter will combine in-situ measurements as close as 0.28 AU to the
Sun with simultaneous high-resolution imaging and spectroscopic observations. These
will be acquired in and out of the ecliptic plane, and Solar Orbiter will be the first
mission ever to make remote-sensing observations of the Sun’s polar regions (Albert
et al. 2020).

Parker Solar Probe (PSP) will be the first spacecraft to fly into the low solar
corona. PSP’s main science goal is to determine the structure and dynamics of the
Sun’s coronal magnetic field, understand how the solar corona and wind are heated
and accelerated, and determine what processes accelerate energetic particles (Fox et
al. 2016).

In addition to delivering ground-breaking science in its own right, Solar Orbiter
has important synergies with NASA’s Parker Solar Probe mission, as well as other
space- and ground-based observatories.

The above-mentioned three grand projects are targeted mainly at studying the
minor structures of the Sun, while also including solar activity phenomena at a global
aspect, related to the whole Solar System. These observations are supported by
ground-based telescopes with more modest dimensions, appropriate for large-scale

Shttps://sdo.gsfc.nasa.gov/

4http://www.esa.int /Science_Exploration/Space_Science/Ulysses_overview
Shttps://www.goes-r.gov/

Shttps://hesperia.gsfc.nasa.gov/rhessi3/

"https://hinode.msfc.nasa.gov/
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structures studies. Observations of total solar eclipses is still a main and powerful
method for research of solar corona in the range of 1 — 10 solar radii. A comprehensive
observational network, which includes space- and ground-based facilities, appears to
be the most suitable form of research of the manifestations of solar activity, completed
together by scientists from all over the globe.

In this paper we show our new project for observation and research of solar chro-
mosphere through commissioning of a new 30-cm chromosphere telescope in Bulgaria.
We present our intentions to develop our observational capabilities with regards to
the monitoring of active manifestations of solar activity at different layers of solar
atmosphere.

2. RESEARCH IN THE FIELD OF HELIOPHYSICS FROM
BULGARIA AND THE INSTITUTE OF ASTRONOMY
WITH NATIONAL ASTRONOMICAL OBSERVATORY

AT THE BULGARIAN ACADEMY OF SCIENCES

At different layers of solar atmosphere (photosphere, chromosphere, transition region
and corona) sporadic interactions between solar plasma and magnetic field of different
space and time scales, as well as with different balance of mass and energy, happen.
This complex of events is known as solar activity. There is a large number of solar
activity phenomena, but the main ones, which have substantial geoeffective potential,
are sunspots, prominences, solar flares, and coronal mass ejections.

Naturally at the end of the XX and the beginning of the XXI century, the space
sciences and heliophysics in particular, established the term “space weather”, which
includes the physical conditions in the solar atmosphere, the solar wind, magneto-
sphere, ionosphere and thermosphere of the Earth, which could create unfavorable
conditions for the normal operations of space- and ground-based technological sys-
tems or could negatively influence human health (Bonadonna et al. 2016). The Sun is
major source and engine of the space weather, setting its parameters at every moment
in accordance with the level and type of solar activity.

Historically, the development of Bulgarian astronomy naturally leads to the de-
velopment of solar research. We owe its historical roots to the activity of Prof. Marin
Bachevarov — Dean of the Faculty of Physics and Mathematics of Sofia University,
Rector of the University and a pioneer for the construction of the first modern ob-
servational astronomical instrument in Bulgaria — a 6-inch refractor. From 1899 to
1905 Prof. Bachevarov, together with a group of students, began regular observations
of sunspots from the Observatory in Sofia (Petrov et al. 2018, Tsvetkov and Petrov
2020). Years later, in 1961, the first research expedition to observe a total solar eclipse
on February 15 was organized in Bulgaria (Dermendjiev et al. 1999).

In the very beginning of 1990s the foundations of modern observational solar
physics were laid in Bulgaria by Prof. Vladimir Dermendzhiev, who built solar tower
with 15-cm refractor for white-light observations of active processes. It was the first
important step to the realization of the idea of own observational base in the Insti-
tute of Astronomy and National Astronomical Observatory (IANAO). Sun and Space
Weather project was established by scientists from Department “Sun” at TANAO.

Since then the research done by the scientists from Bulgarian solar group relies
both on ground- and space-based observations. We determined the time profiles,
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dynamic parameters (speed and acceleration) and the horizontal shifting of the “foot-
points” of plenty of eruptive prominences observed by the telescope of the Astro-
nomical Institute at the University of Wroclaw in Poland, SOHO, and SDO, as well
as their connection to solar flares and/or CME (Duchlev et al. 2010; Tsvetkov and
Petrov 2018, 2020; Tsvetkov 2020).

Research of eruptive prominences observed in UV by SDO and STEREO were
performed during the last several years. A reconstruction of the coronal magnetic
fields in the surroundings of prominences and a comparison of the kinematic properties
of the prominences during eruption with spatial distribution of the rate of decrease
of magnetic field with height was shown. This allows determining the mechanism
of formation of the prominences and demonstrates the possibilities for prediction of
appearance of instabilities leading to eruptions by tracking the values of the index,
characterizing the decrease of the magnetic field in strength when reaching critical
levels (Myshyakov and Tsvetkov 2020).

The team of the Sun and Space Weather project in IANAO has experience in pro-
cessing observations of solar energetic particles (protons), their association with solar
eruptive processes (flares, coronal mass ejections, prominences, radio emission), de-
tailed analysis of particular events, as well as compiling numerous catalogues (Miteva
et al. 2013, 2018) necessary for statistical studies covering almost two solar cycles
(Miteva and Tsvetkov 2019; Bogomolov et al. 2018; Tsvetkov et al. 2018).

Observations and research of the solar corona at total solar eclipses are part of
the activities of our team. Our main priority tasks are related to investigation of
the fine structure of solar corona in white light, prominences and their surroundings
(Myshyakov and Tsvetkov 2020); sublimation of dust particles in solar corona up to
10 solar radii (Gulyaev and Petrov 2003); polarization of solar corona in white light
(Merzlyakov et al. 2019); as well as phenomena in the Earth’s atmosphere during
total solar eclipse (Tsvetkov et al. 2019).

As a result of engineering efforts, a solar coronagraph was built in the solar tower of
National Astronomical Observatory (NAO) Rozhen in 2005 (Petrov et al. 2018). The
renovation and progress of solar observational infrastructure in Bulgaria continued
in 2019 with laying the foundations of building the first chromospheric telescope in
Bulgaria.

3. NEW 30-CM CHROMOSPHERE TELESCOPE
IN ROZHEN OBSERVATORY

Our new telescope should be designed so as to be adapted to new scientific challenges.
The new 30-cm solar telescope to be installed in NAO Rozhen can be described in
terms of requirements of modern solar and solar-terrestrial physics. Nowadays ground-
based imaging of the Sun can be used as a complement monitoring of the solar activity.
Its main advantages in the era of space-borne instruments are the relatively low cost
of implementation and the ability to access the received data immediately.

We plan a new beginning for H, solar observations to reveal the active nature of
the solar atmosphere. The interaction between the convective motions in the pho-
tosphere and the dynamics in the hot corona happen in the chromosphere — an in-
termediate layer where the kinetic energy of the plasma gradually becomes weaker
than the energy of the magnetic field and the plasma parameter § shifts from 8 >1
(photosphere) to 8 <1 (Rodriguez Gomez et al. 2019) before reaching low-beta values
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in the corona and in the active region chromosphere (8 <<1) (Sakurai 2017). The
chromosphere is also a region from solar atmosphere where the temperature rises in
height as it is situated right above the temperature minimum layer.

Prominences/filaments, fibrils, Ellerman bombs, flares, etc. are only part of the
phenomena observable in H,. One of the main scientific purposes of the new solar
telescope is dedicated to make regular observations of various manifestations of solar
activity. A free-access online database is going to be established and updated as soon
as the daily observations begin.

A network with amplified magnetic field situated above the photospheric network
is visible in the chromosphere during H, observations. It is called chromospheric
network and is outlining the supergranulation cells. A downward flow of material
with typical velocity of about 1-2 km s~ marks their boundaries (Rieutord and Rincon
2010). Bright streams of luminous gas about 10000 km high, called spicules originate
from the chromospheric network (Sterling 2000). They are one of the smallest quiet-
Sun structures available for observations. The surface of the spicules is assumed as
the actual boundary between the chromospheric and coronal material.

Our telescope is currently under construction although it has already received its
first light. It is designed as Schmidt—Cassegrain reflector with diameter of the main
mirror D = 305 mm and a focal length F' = 3050 mm (Figure 1), which determines
the telescope ratio — F'/10. It is equipped with Hinode solar guider and a flat K8
glass filter with a bandwidth 65604500 A that provides reflection of at least 94% of
the light in non-working areas of the spectrum to prevent overheating.

F =3050 mm
telecentr;c -
focal ~ lens A
reducer
\ 1l s
/) £
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filter (a]
. |
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mirror Sef:])ir:r;ry flat glass filter

Schmidt plate

Figure 1: Optical scheme of the Schmidt-Cassegrain telescope.

The DayStar H,, filter that the telescope uses, works best for parallel beam of light.
The larger its divergence when reaching the H,, filter is, the larger the bandpass width
becomes. This means that at large focus distances we get better approximation of
the falling light to parallel beam, resulting in higher resolution of the image.
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A system of telecentric lens (up to 5x) provides the opportunity for correction of
the focal length. The effective focal length F.f; will vary in range 3050 to 15250 mm
and, respectively, the field of view will change between 2.5x2.5 arcmin and 10x10
arcmin.

With this telescope, we will be able to obtain observational material from active
regions in the solar chromosphere with a line-of-sight velocity resolution between 0
and 10 kms~'. At the end of the tube will be placed a H, filter (A=6562.801 A) with
a bandwidth ~0.3 A (central area of the filter) and a possibility for displacement of
the center of the bandpass at £0.5 A by 0.1 A step. The telescope was planned to
receive its first light from the territory of NAO Rozhen in the first half of 2020, but
now the deadline is indefinitely extended due to the pandemic situation.

Earth Scale

Figure 2: Upper image: A preliminary image of the telescope, taken on 2020 August
10, showing the active region 12770. Lower images: The same active region as cap-
tured by Kanzelhoehe H,, telescope, SDO/ATA 1700 A, SDO /HMI magnetogram and
SDO/AIA 171 A, respectively.

Nevertheless, the optical part of the telescope is already constructed and the first
calibration test image, taken at the factory is now released (Figure 2). It is captured
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when to the telescope F' = 3050 mm is attached a telecentric focal extender 4.3x
equal to F' = 13115 mm. Immediately after the H,, filter we have optics system for
reducing of the total focus distance and for forming of the final image. This focal
reducer increases the FOV, increases the ratio and reduces the exposure time.

The reduction coefficient of the focal reducer is 0.65x that, finally, makes F' =
8525 mm. The digital camera in use is Basler ace acA1920-155um, with pixel di-
mensions 5.86 umx5.86um. The scale of the image is 0.13 arcsec/px in unfavorable
weather conditions with high seeing.

Apart from the operational software for telescope control, for the analysis of the
observational data, a new software product founded on existing procedures in the
IDL-based software product SolarSoftware will be developed. Precise data processing
is the basis for quality scientific production, which necessitates the development of a
specific algorithm that will facilitate and universalize the preliminary data analysis.
Processed data will be provided through a specially designed website.

Upon its completion, the telescope will serve same tasks, both in regular solar ob-
servations and in the effective training, qualification and educational activities related
to heliophysics and astronomy.

4. CONCLUSIONS

We present an overview of the capabilities and technical specifications of the new
30-cm solar telescope that is going to receive its first light from the territory of NAO
Rozhen in 2021. The telescope suggests a H, view to the structures and dynamics of
solar chromosphere in precise detail. Unlike most of the H,, telescopes used nowadays
it is not going to capture full disk images of the Sun. The changeable field of view that
varies between 2.5x2.5 arcmin and 10x 10 arcmin will offer observations of particular
separate chromospheric parts. A database with free access that is going to archive
daily observations is currently under construction.

Acknowledgements

This study is supported by the National Science Fund of Bulgaria with contract
No. KP-06-H28/4 and the joint project of cooperation between JANAO, Bulgarian
Academy of Sciences and the Department of Astronomy, Faculty of Mathematics,
University of Belgrade, Serbian Academy of Sciences and Arts P-04,/04.02.2020.

References

Albert, K., Hirzberger, J., Kolleck, M. et al.: 2020, A&A, 642, id.A1l, 31 pp.

Bogomolov, A. V., Myagkova, I. N., Myshyakov, 1., Tsvetkov, Ts., Kashapova, L., Miteva,
R.: 2018, JASTP, 179, 517.

Bonadonna, M., Lanzerotti, L., Stailey, J.: 2016, Space Weather, 15.

Dermendjiev, V. N.,; Mishev, D., Koleva, K.: 1999, Solar eclipses, Prof. Marin Drinov
Academic Publishing House, Sofia, Bulgaria.

Duchlev, P., Koleva, K., Dechev, M., Petrov, N., Kokotanekova, J., Rompolt, B., Rudawy,
P.: 2010, BAJ, 13, 47.

Fox, N. J., Velli, M. C., Bale, S. D. et al.: 2016, Space Science Reviews, 204, Issue 1-4, 7.

Gulyaev, R. A., Petrov, N. I.: 2003, AApTr, 22, Issue 4-5, 617.

Merzlyakov, V. L., Tsvetkov, Ts., Starkova, L. I., Miteva, R.: 2019, Serb. Astron. J., 199,
83.

143



N. PETROV

Miteva, R., Tsvetkov, Ts.: 2019, AIP Conference Proceedings, 2075, Issue 1, id.090014.
Miteva, R., Klein, K.-L., Malandraki, O., Dorrian, G.: 2013, Sol Phys, 282, Issue 2, 579.
Miteva, R., Samwel, S. W., Costa-Duarte, M. V.: 2018, Sol Phys, 293, Issue 2, 44.
Myshyakov, 1., Tsvetkov, Ts.: 2020, ApJ, 889, Issue 1, 7.

Petrov, N., Kjurkchieva, D., Tsvetkov, Ts.: 2018, AApTr, 30, Issue 4, 441.

Rieutord, M., Rincon, F.: 2010, Living Rev. Sol. Phys., 7, article number: 2.

Rimmele, T. R., Warner, M., Keil, St. L. et al.: 2020, Sol Phys, 295, Issue 12, article id.172.

Rodriguez Gomez, J. M., Palacios, J., Vieira, L. E. A., Dal Lago, A.: 2019, ApJ, 884, Issue
1,7.

Sakurai, T.: 2017, Proceedings of the Japan Academy, Series B Physical and Biological
Sciences, 93(2), 87.

Sterling, A. C.: 2000, Sol Phys, 196, 79.

Tsvetkov, Ts., Petrov, N.: 2018, JASTP, 177, 29.

Tsvetkov, Ts., Petrov, N.: 2020, ApJ, 893, Issue 1, 7.

Tsvetkov, Ts.: 2020, BAJ, 33, 117.

Tsvetkov, Ts., Petrov, N.: 2020, Proceedings of the Twelfth Workshop “Solar Influences on
the Magnetosphere, Ionosphere and Atmosphere”; 36.

Tsvetkov, T's, Miteva, R., Petrov, N.: 2018 JASTP, 179, 1.

Tsvetkov, Ts., Miteva, R., Ivanov, E., Popov, V., Nakeva, Y., Bojevski, L., Damm, T.,
Petrov, N.: 2019, Proceedings of the Fifteenth International Scientific conference “Space,
Ecology, Safety - SES2019”, held 6-8 November 2018 in Sofia, Bulgaria. Edited by P.
Getsov, G. Mardirossian and Ts. Srebrova, 52.

144



Publ. Astron. Obs. Belgrade No. 100 (2021), 145 - 152 Invited Lecture

THE CENTENARY OF THE JEANS EQUATIONS:
DARK MATTER IN MASSIVE EARLY-TYPE GALAXIES

S. SAMUROVIC

Astronomical Observatory, Volgina 7, 11060 Belgrade, Serbia
E-mail: srdjan@aob.bg.ac.rs

Abstract. The year 2019 marked the centenary of the publication of the book Problems
of Cosmogony and Stellar Dynamics by James Jeans in which he summarized the work on
dynamics of stellar systems based on his works published from 1915 onwards. We discuss one
important application of his work relevant for contemporary galactic research: we analyze
the problem of dark matter in massive early-type galaxies (ellipticals and lenticulars) using
various available observational data. We show that in these galaxies dark matter does not
dominate in the inner regions, but becomes more important beyond three effective radii.

1. INTRODUCTION

The problem of dark matter (DM) and its contribution to the total dynamical mass
of various morphological types of galaxies exists since the 1970s. The existence of DM
in spiral galaxies is well documented and the studies of their rotation curves (RCs)
provided ample evidence for the existence of DM (see e.g., Bertin 2014). The use of
available databases, such as the THINGS (The HI Nearby Galaxy Survey) database
(Walter et al. 2008) provides the opportunity to study the DM problem in nearby
spirals. For example, Jovanovi¢ (2017, and also the contribution by Jovano