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Abstract

The purpose of this review is to give a general idea of the results on theoretical astrophysics investigations
carried out at the Byurakan Observatory during the period of its existence. A special place in the review is given
to the research work in the Department of "Theoretical Astrophysics”, founded in 1965. The review consists
of two parts. The first part is mainly devoted to works on the theory of radiation transfer somehow related to
Ambartsumian’s ideas developed in his fundamental studies of the 40-50s of the last century. The second part
presents, on the one hand, the results which are of importance for theoretical physics in general and, on the other
hand, gives their application to the interpretation of observational data of various cosmic objects. In order to get
an idea of the importance of each result, the background and prerequisites of the research are given, indicating
its significance from the point of view of astrophysics. Naturally, the most important results are presented in
more detail. At the same time, the review in one way or another includes almost all of the most important results
obtained by various members of the department dérdint times. It should be noted that works on some other
areas of theoretical astrophysics are not included in the review, since they are presented in other reviews of this
series.

I. THEORY OF RADIATIVE TRANSFER

1. INTRODUCTION . PREREQUISITES.

The middle of the last century was marked by the rapid development of radiation transfer theory, which was increas.
ingly being used in a wide variety of astrophysical research fields. Along with classical theory, which dates back to
the works of its founders Schuster, Milne, Eddington in connection with modeling the stellar atmospheres, new more
advanced and flexible methods, better adapted to numerical calculations, appeared. Around these years, when t
Byurakan observatory was founded, Ambartsumian’s fundamental works appeared (Ambartsumian, 1941; 1942a,}
1943a,b; 1944a,b,c; 1947; see also his Scientific Papers, 1960), which developed new ideas and approaches to solv
various, in particular, classical problems of the radiative transfer. Since then, the mentioned theory with variety of its
applications have always been one of the main directions of theoretical studies in the observatory. The following is &
comprehensive description of the observatory’s achievements in this and adjacent areas.

The study of the equation of radiation transfer and its solutions in various forms occupied important place in
the first works aimed at interpreting the stellar spectra. Of course, there were investigated first of all simplest anc
therefore the rough models, in which the medium assumed to be plane-parallel, stationary, homogeneous and pure
absorbing. The last assumption substantially simplifies the problem of finding the field of radiation in the atmosphere,
since in this case the state of the radiating gas obeys the equilibrium laws of Saha and Boltzmann with the local value
of temperature and density. In this approximation, referred to as the approximation of LTE (local thermodynamic
equilibrium), the source function, appeared in the transfer equation, is given by the Kiréiduock law. The situa-
tion changes drastically, when one takes into account the scattering of radiation which is of particular importance in
the problem of the spectral line formation. Now the state of the radiating gas depends not only on the local values
of thermodynamic parameters, but also on the field of radiation at the particular point, which establishes coupling
between dferent volumes inside the atmosphere. The equation of radiation transfer in this case is infiayeaitdil
and its solution, in general, encounters gre#idlilties.

In spite of the rough assumptions, the first works in this direction in many respects contributed to the physical
understanding of the studied processes and stimulated the development of theory. The approach, which was develop
in them and became classical, consisted in finding the source function as a function of the depth in the atmospher
which, in its turn, made it possible to determine the field of radiation in it. In the simplest cases of isotropic and
monochromatic scattering the problem mathematically is reduced to the solution of an integral equation of Fredholm'’s
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type with the kernel, which is the exponential integral depended on the modulus fiéeedce of the arguments.
For instance, in the simplest case of isotropic scattering the problem of finding the radiation field in a semi-infinite
atmosphere illuminated by a beam of parallel rays at angle of acdsagduced, as it is known well, to the solution
of the following integral equation

S(n¢) = %j(; Ei (|T_T’|)S(T’,§) dr’ + :—lle‘ﬁ @)

whereA is the single-scattering albedo (or the probability of the photon re-radiation during elementary act of scatter-
ing) andSis the source function. Its solution allows, in particular, determining the intensity of the radiation emerging
from the atmosphere, i.e., the quantity, directly measured during the observations.

2. THE PRINCIPLE OF INVARIANCE
In contrast to conventional approach described above, Ambartsumian proposed the new method, named by him ‘tr
principle of invariance’, which allowed to find the outgoing intensity without the preliminary determination of the
light regime at all depths in the atmosphere. By principle of invariance, he implies such transformation of the ini-
tial atmosphere, which does not influence the global optical characteristics of a medium (Ambartsumian, 1942a,b
1943a,b, 1980). The application of principle significantly facilitates the solution of the problems of radiation transfer,
revealing from the very beginning the structure of the desired solutions what, in its turn, is a great help in determining
the field of radiation inside the atmosphere. As it was shown subsequently (see below, Sect. 5, and also (Nikoghos
sian, 1999), the principle of invariance is, in fact, a special case of the more general variational principle, connectec
with the translational transformation of optical depth.

The invariance principle was formulated for the first time by Ambartsumian (1943a) in treating the problem of
diffuse reflection of light from a semi-infinite homogeneous atmosphere. Considerations underwent the principle
based on the apparent fact that the addition to this medium a layer of infinitesimal optical thitknpessessing the
same properties as the original one, must not change its reflectivity. This thesis was referred by the author to as th
principle of invariance. This implies that the total contribution of processes relevant to the added layer will be equal
to zero.

The reflectance of a medium is characterized by the reflection funefipr), whereg andn are respectively the
cosines of the angles of incidence and reflection. Contribution of the all other possible processes is of the higher orde
of smallness with respect tor and may be ignored. Then in the simplest case of isotropic scattering the condition of
invariance of the reflection function for the semi-infinite atmosphere can be written in the form

(+ (1.8 = 56 (0 (@), @

where the function

1
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is referred to as the Ambartsumian function. The last two equations imply that the functiosatisfies the following
functional equation

A (feme®)
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usually called the Ambartsumian equation. Ef). ghows that the reflectangdn, ¢) is expressed through a function

of one variable and is a symmetrical function of its arguments. The quaytity, ¢) dn possesses a probabilistic
meaning, namely, it gives the probability that the quantum incident on the medium in the dikgatiirbe reflected

by it in the directional intervalrf, » + dn). In the same paper the principle of invariance was applied for solving the
problem of the diuse reflection and transmission for the medium of finite optical thickness. In this case the layer
of infinitesimal optical thicknesar is added to one of boundaries while such layer is subtracted from the opposite
side. For the reflectange(n, ¢) and difuse part of transmittance (1, ¢) this results (for convenience of the further
discussion, we adopt here somewhdiatent notations)
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The auxiliary functions () andy () are determined from the following system of functional equations
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wherery is the optical thickness of the medium. These functions also are called the Ambartsumian functions. It is
clear that the reflectance and transmittance, as well as the funetighandy (7)), depend also on optical thickness of
the medium, nevertheless, for brevity,is not indicated explicitly among arguments. As has already been indicated,
the starting point for the determination of the intensity of radiation outgoing from the medium is here not the equation
of transfer, which allows finding the required quantity only after the regime of radiation is found for all depths in
the atmosphere. It is obvious that, in view of the linearity of problem, knowledge of the functions of reflection and
transmission makes it possible to determine the intensity of the outgoing radiation for any flux falling on the medium.
On the other hand, formulag)(and () give solution not only of one particular problem offdise reflection (for
the semi-infinite medium) or the problem offtlise reflection and transmission (for the finite medium). In fact, they
make it possible to reveal the structure of the global optical characteristics of medium, as such, expressing in thi
case the unknown quantities through the functions of one variable. Approach itself in many respects contributed tc
the presence of a number of important relations connecting with each offesedt characteristics of the radiation
field, in the problems of the radiative transfer theory most frequently encountered in the astrophysical applications
Some of them follow directly from invariance property. Such relationships were obtained inffineidi time by a
number of the authors both abroad (Sobolev, 1963; Chandrasekhar, 1960; Preisedorfer, 1976; Rybicky, 1977; lvano
1978) and in Byurakan observatory (Yengibarian & Mnatsakanian, 1974; Nikoghossian, 1995, 1997, 1999; Krikorian
& Nikoghossian, 1996).

It should be noted that the relatiord,((4) were obtained by Ambartsumian earlier by another way in considering
the scattering of light by the atmospheres of planets (Ambartsumian, 1942b). The way chosen in the mentioned wor|
consists in the formal étierentiation of the initial integral equation for the source function over the optical depth.
From a purely mathematical point of view the way proposed is of large importance, since it shows, how the solution
of the integral equation of the Fredholm-type with th&eatience kernel can be reduced to the solution of functional
equation.

The idea on the invariant property of the global optical characteristics of the scattering and absorbing atmospher
with respect to the layer addition was employed in the problem of the radiatifwsion through the optically thick
medium (Ambartsumian, 1941; 1944a). This research implies that the furctigradmits a physical interpretation
which concerns the angular distribution of the intensity of radiation transmitted through the optically thick atmosphere
in the absence of true absorption. Various meanings can be ascribed to this function, of which the limb-darkening lav
for the Sun is one of astrophysical examples.

In various astrophysical problems one encounters, as it is known, the necessity to find the radiation field within the
medium. An important advantage of the invariance principle is that knowledge of the intensities of radiation outgoing
from a medium facilitates the solution of this problem essentially (see, e.g., Sobolev, 1959). For instance, being
applied to Eq. 1), the invariance principle makes it possible to reduce the solution of this Fredholm-type integral
eqguation to the solution of following Volterra-type equation for an auxiliary funciidmn) related with the resolvent
function of Eq.() (see, e.g., Sobolev, 1957)

®(r)=L(r) + fOT Lir-7)o(r")dr, (8)

where the kernel-function

1
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is known well in the radiative transfer theory (lvanov, 1969; Case & Zweifel, 1967). An explicit expression for
the function® () was obtained in (Minin, 1958). For illustration, we limited our consideration by the simplest
case of monochromatic scattering, though the described picture and conclusions remain valid for the much mor:
general statement of the transfer problem. From the pure mathematical point of view, principle of invariance may be
considered as a way reducing the boundary-value problem usually formulated for the source function to the solutior
of the initial-value or Cauchy problem.

The invariance principle has played an important role in the theory of radiative transfer. It has been especially
effective as applied to relatively complicated problems in radiative transfer theory. According to the idea suggested in
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Figure 1: Schematic picture of the radiation transfer in two added layers

(Preisendorfer, 1976), this theory can be constructed so that it is based on the invariance principle, while the radiativ
transfer equation and the invariance relationships follow directly from it. Subsequently, as the theory developed, the
feasibility of this approach became obvious and the direct use of this approach seemed preferable in some cases. T
advantage of the approach lies in the profound intuitive content of the invariance principle and the existence of a clos
connection with the characteristic features of the physical problem under consideration, the symmetry property, an
the boundary and initial conditions. In addition, as it is well known from physics, there is the relationship between
invariance properties and conservation laws. In view of the importance of all these questions, they are examined thel
in more detail in Sect. 5 using radiative transfer in a plane-parallel atmosphere as an example.

3. THE LAYERS ADDING METHOD

As a result of Ambartsumian’s studies in 1941-1948 on the theory of radiative transfer also anotheffiettiee e
method, named by him the method of addition of layers, was proposed (Ambartsumian, 1944b). It gives response t
the question, how the global optical characteristics of the absorbing and scattering meffiaiéot® of reflection
and transmission) during their joining are added. It is obvious that tHicigmtly general posing of the question
appears naturally, if we abandon the requirement that the optical properties of a medium would remain unchange
during the addition to it of additional layer.

Because of importance of Ambartsumian’s arguments in deriving the laws of addition of global optical charac-
teristics for the further discussion, we present together with an explanatory figure the starting auxiliary equations
written for the 1D homogeneous media. Fig.1 shows a medium of optical thickpehgded into two parts with
thicknesses; andr,. Each of the media is characterized by reflecti@md transmissioq codficients. The medium
is illuminated externally and is supposed to be free of internal sources of energy. Based on some simple physical an
probability arguments, one can write

l1=r(r2)lo+q(r2) I3, (10)
l2=0q(r1) la, (11)
I3 =r(71) 4, (12)
la=q(r2) lo+r1(72) 3. (13)

In view of the fact that; = r (r1 + 72) lg, andly = q(71 + 72) lo, it is easy to obtain the requisite addition laws for
the reflection and transmission ¢beients of scattering and absorbing media

_ q(r1)q(z2)
q(r1+12) = m, (14)
T 2 T
e+ 72) = 1 (r) + D12 (15)

1-r(r)r(r2)
The quantitieg), r have a probabilistic meaning and may be correspondingly interpreted as the probabilities of the
transmission and reflection of a photon incident on the medium.

Replacingr; by the infinitesimalA and passing to the limit whef — 0, one finds

dg A A
i =~ (1-5)ato) + Sator (o). (16)
a2 A,
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Nikoghossian A.G. 189

doi:



Theoretical Astrophysics in the Byurakan Observatory (19262-1)
The obtained system of non-lineaffdirential equations satisfies the initial conditia{®) = 1,r (0) = 0. Its solution
is:

_ a2kro ) e—kTO
r (ro) = VOW, q(ro) = (1-r3) 1rZe 2’ (18)
wherek = (1/4) (1 - rg) /ro, andrg is the codficient of reflection from a 1D semi-infinite atmosphere.

Thanks to their generality, these relations became a base for various modifications and stimulated the developme
of new methods in the radiative transfer theory. Some results obtained in the field are, in essence, nothing but elabc
ration of some special cases of the law of the layers addition. For instance, taking as one of the layers semi-infinite
atmosphere and for another a layer of infinitesimal optical thickness, we are led to the problem considered in previou
section, for which the invariance principle was formulated. When the infinitesimal layer is added to a finite layer, the
requisite optical characteristics are found as the functions of optical thickness. Thus, the problem becomes ‘imbed
ded’ in a family of similar problems tliering by the value of optical thickness. The generalization of this approach
to the three-dimensional case was given by Chandrasekhar (1960). It underlies the metivadiarit imbedding
developed by Bellman and his co-authors (1960, 1963).

Finally, the method of addition of layers plays an important role in numerical solving the problems of radiation
transfer in inhomogeneous atmospheres (see Sect.5.xvi). In this case the medium is divided into a number of layel
in such a way as each of them can be regarded as homogeneous and the addition fariulas @re repeatedly
applied (see, e.g., Bellman, Kalaba & Wing, 1960; Bellman; Kalaba & Prestrud, 1963; Van de Hulst, 1980; Nikoghos-
sian, 2004). It is noteworthy that in the course of derivation of requisite optical parameters the fluxes appearing al
the interfaces between adjacent layers are eliminated. Accordingly, in each application of the addition formulas one
deals only with the intensities at the boundaries of the composite atmosphere. This is pointed out in some papel
(Redhdfer, 1962; Grant & Hrant, 1968; Peraiah, 1999) in which the addition formulas are treated in the case when
the component layers are allowed to be inhomogeneous. In the last two works the law of addition of layers is callec

“the star product”.

4. OTHER DIRECTIONS
i. Statistical description of the radiation diffusion. In astrophysical problems, it is often necessary to estimate
various statistical averages which describe tifiidion of radiation in an atmosphere. It is especially important to get
some idea of the average number of scattering events underwent by a photon as a result of multiple scattering. In or
of his early papers, Ambartsumian (1948) derived for this value the formula

dlnl

N=2a L (29)
wherel is the intensity of radiation. This formula served as a starting point for the study of statistical mean values
describing the process of the radiatiorffaision in the scattering and absorbing medium. It has been shown in a
series of papers that the invariance princifglers an €ective method for determining the mean number of scattering
events, as well as the average time, for a photon travel in a medium. In particular, it was found thii) Egjoifly
valid for estimating the average number of scattering events for "moving” photons, i.e., those which have not been
thermalized in the medium (see below Sect. 5.iv).
ii. Anisotropic scattering. The first works on the principle of invariance concern the monochromatic and isotropic
scattering. It was apparent, however, that the principle may also be applied under much more general assumptions ¢
the elementary act of scattering. That is why as early as in the paper Ambartsumian (1943b) handles the problem c
diffuse reflection of light from a semi-infinite plane-parallel atmosphere for anisotropic scattering with arbitrary phase
function. It is noteworthy that here he employs the expansion of the phase furip(y is the angle of scattering)
in a series of Legendre polynomials which was suggested earlier by him (Ambatsumian, 1941, 1942a)

X(y) = > %Pi(cosy). (20)
i=0
or with use of the summation theorem for spherical functions
X9 —¢') = > cosm(p —¢') > cmP" () P (), (21)
m=0 i=m

where the constants, are expressed through the @ogientsx;, andP[" (;7) are the associated Legendre polynomials.
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Then an expansion similar t@1) holds for the reflection function

P00 =¢) =) pm(n.n’)cosm(p - ¢). (22)

m=0

Now the solution of the problem is written by means of the functighg;)

N AN niim. A e (1)
pm (1) = 4§< DM e (23)
which are determined from the following set of functional equations
(_1)i+m 1
o) = P + 252 [ pmln) PP ) i (24)
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wheresm is the Kronecker symbol.

In the same paper these results were illustrated in treating two special cases: the scattering with two-term and th
Rayleigh phase functions, which are of astrophysical importance.

iii. Non-LTE atmospheres Since the mid-60s, the principle of invariance began to be applied to solve various
problems of radiation transport of interest to astrophysics. One of directions was non-linear problems relating with
the transfer in the Non-LTE atmospheres, in which tfiect of the radiation field in the medium on the local optical
properties of the medium is taken into account. These problems are extremely complicated but also important fron
an astrophysical standpoint. The nonlinefieet shows up even in the case of a single spectral line (Ambartsumian,
1964a,b,c, 1966, 1988, 1998). In these papers Ambartsumian studies the possibility of generalizing the layers addin
method to non-linear problems. It was shown, in particular, that finding the intensity of radiation emerging from
a finite medium reduces to solving a quasilinear partifiedential equation that includes both the derivative with
respect to the limiting optical thickness and the derivative with respect to the intensity of the flux incident on the
medium.

A special place in the non-linear theory of radiative transfer is occupied by so-called multilevel problems, in which
radiation is redistributed over fiierent lines as it diuses in a medium. One of the simplest problems this type was
examined by Ambartsumian (1964a). It was assumed that the medium consists of three-level atoms, with transition
between the two lowest levels being neglected. It was found that depending on the magnitude of the fluxes inciden
on the medium, it can become transparent in one of the lines. The approach employed for this problem involvec
first finding the radiation field and, therefore, the degree of excitation in the medium in terms of the ordinary linear
theory for an arbitrary value of the actual optical thickness and then finding the latter as a function of limiting optical
thickness and of the incident radiation flux. Ambartsumian called this apptbaahethod of self-consistent optical
depths

5. DEPARTMENT OF THEORETICAL ASTROPHYSICS
The department of theoretical astrophysics in the Byurakan observatory was established in 1965 to further develo
the theory of radiation transfer and its applications in interpreting the spectra of various space objects.
i. Nonlinear problems. The first works in the department studied the possibility of generalizing the method of addi-
tion of layers and invariance principle to nonlinear problems in which ffexeof the radiation field in the medium
on optical properties of the medium becomes essential. The problems are highly important from an astrophysica
standpoint since theffiect shows up even in the case of a single spectral line, when the density of the radiation is
relatively high and induced emission processes begin to play an important role (Ambartsumian, 1964a,b, 1966). Ir
this relatively simple situation the problem mathematically becomes linear by proper replacement of variables. In
the simplest case of pure scattering in homogeneous atmospheres, the usual exgresdiofL + (r/2)] for the

transmission cdécient is replaced by
1+aF

- - 2
1+5+aF’ (25)

whereF is the intensity of the flux incident on the mediumn= (1/a) (1 + g2/01), g1 andg are the statistical weights
of the upper and lower layers, respectively, and 87hv3/c? is the Planck factor represents the limiting value of
the optical thickness of the medium corresponding to the case when all the atoms lie in the lower state. The latte
is introduced in nonlinear problems because the actual optical thicknesses depend on the radiation fluxes incidel
on the medium and are found after solving the problem. The method of self-consistent optical depths was used b
Terebizh (1967) to solve two linearized transfer problems. An important result obtained in the area is that finding
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the intensity of the radiation emerging from a finite medium now reduces to solving a quasilinear pfigiahtial
eqguation that includes both the derivative with respect to the limiting optical thickness and the derivative with respect
to the intensity of the flux incident on the medium. The further progress in the theory is connected with relatively
recently published works by Pikichyan (2010, 2016a,b,c, 2019).in which an alternative way of linearization of the
problems was proposed and some inverse problems were treated.

The so-called multilevel problems, in which radiation is redistributed ovEgréint lines as it diuses in a medium,
occupy an important place in the nonlinear theory of radiative transfer. As it was above said, the simplest problems o
this type was examined by Ambartsumian (1964b, 1996), and also (1988, 1998). It was found that, depending on th
magnitudes of the fluxes incident on the medium with three-level atoms, the medium can become transparent in on
of the lines.

The three-level problem of fluse reflection from a semi-infinite atmosphere under more general assumptions
particularly when all the transitions between energy levels are permitted has been examined using the invariance prir
ciple by Nikoghossian (1964, 1965). The problems were reduced to the solution of a partial quasitiieeantéil
equations, the first integrals of which were found analytically. Later, the same problems, however, with use of the
method of addition of layers were considered by Gros & Magnan (1981) and Magnan (1993) who developed a conve
nient numerical procedure for the solution. The three-level problem in the Schwarzschild-Shuster approximation for
pure scattering was considered by Terebizh (1969).

ii. Homogeneous atmosphereAn important place in investigations of the department occupied an analytical work
aimed at developing new schemes for the solution of classical problems of radiation transfer, facilitating the obtaining
of the required solutions numerically. With limited computing capacity in the early years of the department, such work
became particularly important. At the initial stage, relatively simple problems concerning mainly isotropic scattering
of radiation in homogeneouatmosphere were considered.

For instance, Danieian (1976) showed that the internal field of radiation in the finite medium illuminated by the
parallel beam of rays can be found without integration over the optical depth. Approximate analytic solutions were
derived by Mnatsakanian (1975, 1976) for determining the internal field of radiation in the medium of finite optical
thickness under assumption that scattering is monochromatic and isotropic. Although these solutions are essential
asymptotic, in terms of the optical thickness of the medium, they are accurate within a few percent for the media of
any thickness.

Due to the &ectiveness of Ambartsumian’s methods in the mentioned classes of problems, numerical algorithms
for calculating fundamenta - function for semi-infinite media, as well @s- andy- functions for atmospheres of
finite optical thickness, were developed (Danielian & Pikichyan, 1977; Andreasian & Danielian, 1978, 1983). Thus,
for example, in the last of these works, a new scheme of numerical calculation @f foaction was proposed,
which has a relatively high convergence rate. A special place in the research was occupied by issues related to tt
study of properties and the definition of ways to facilitate the determination of Green’s function (Pikichyan, 1978a,
1980). The Green function approach in the non-coherent transfer problems was considered in (Pikichyan, 1978b
The specific properties of homogeneous atmospheres were used by Pikichyan (1982a,b; 1983, 1984) to treat media
arbitrary geometrically and physical characteristics. The explicit expression for the resolvent function for the problem
of radiation transfer in an atmosphere with horizontally homogeneities was obtained by Danielian (1989).

The structure of the functions characterizing the non-stationary field of radiation has been studied by Terebizt
(1968). It was shown that the similarity principle allows to reduce the solutions of the vast class of problems to the
solution for a special case for only one value of the scattering albedo.

iii. Anisotropic scattering. Following Ambartsumian’s approach to the problems of anisotropic scattering in its
general formulation was treated by Nikoghossian & Harutyunian (1978). The asymptotic behavior of Ambartsumian
functionsg™(n) for large values of indices is employed in elaborating a simplified method of solving the problem of
diffuse reflection of radiation from a semi-infinite atmosphere. The method was exemplified on the Henyey-Greensteil
phase function

1-¢?

26
(1+ g2 - 2gcosy)3/?’ (26)

X(y) =

whereg is a parameter that determines the lengthening of the phase function. There was estimated the rate at whic
the functionsp"(;7) approach to spherical functio®$'(r) for large values of, as well as, the dependence of the rate

of convergence to true values of the reflection function on the degree of the phase functions elongation.

iv. Partial redistribution over frequencies and directions. It is well known that the multiple scattering of the

line radiation in various astrophysical media undergoes redistribution over frequencies and directions. The transfe
problem arisen in the general case of partial redistribution is similar in many respects to that for anisotropic scattering
This analogy is especially distinct when one uses the bilinear expansions of the redistribution functions. Thus, for
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example, in the simplest case of a pure Doppler redistributiom Hummer’s numeration (Hummer, 1962; Mihalas,
1970) it has been shown by Nikoghossian (1977) that the expansion

1 X2 + X% = 2xX COSy} ¢
ex =) co< X) ag (X 27
. p{ = ek e () 27)

holds, wherexandx’ are the so-called dimensionless frequencies of the incident and scattered photons measured fron
the center of the spectral line in units of the Doppler width and

rnx,xy) =

(%) = (26 \/Ek!)_l/2 exp(—x%) Hi (X) (28)

is an orthonormal system of functions with weight (éxb) expressed in terms of Hermite polynomidt,(x). Anal-
ogous bilinear expansion was obtained in the same paper also for the case of the combined Doppler and dampir
effects €)1 (X, X, 7)), the latter being due to radiation and collision.

00

o CSCy o2 U (xcscy — uctgy, o-cscy)
732U (0,0) J-wo (X —u)? + o2

i (X’v X, )/) = du’ (29)
whereU (x, o) is the Voigt function with the parameter, Note that whenr — 0, r;; — r;. The proper bilinear
expansion has a form

[e9)

rm(xX,%y) = COé(’yaf (X”O')a (% 0), (30)
Il 00 24 " .
where .

Itis easy to see that the cage- 0 corresponds to coherent scattering, white /2 - to the scattering with complete
redistribution.
For directionally averaged redistribution laws, there was obtained

n(x,x) = f exp(—uz) du= Z Aok (X) aak (X), (32)
max(,x') k:o

whereAy = 1/ (2k + 1). Analogously,

rm (X, X) = 2U(0 )f exp f(x u) f (x,u)du=

T05 2 oz (X az(x.0). (33)
> k=0

where
+u _1X—u

f(xu) = tg—lxT _tg (34)

a
In these non-coherent cases the one-dimensional problem of the spectral line formation in a semi-infinite atmo.
sphere the analog of Ambartsumian equatigyh@s a form

00

%[a/ ) +a(X)]p(X,x)=r(X,x)+ ﬁwp(x, X (X7, xX)dx' +

f r (X, X//)p (X”, X’) dx’ + f 0 (X, X”) dx”’ f r (X”, XlN)p (XN’, X’) dXN,, (35)

o0 (o8] o0

wherer (X', X) is either of redistribution functions. Bilinear expansions ¢, x) reduce the problem to solving the
infinite set of functional equations for the functiops(x)

o) = a2 (9 + ZAm [ () dx. (36)

wherea (X) is the profile of the absorption cfiwient. This is the natural generalization of equatiénht the case
of partial redistribution over frequencies. Using expansions of typ&sand (30) makes it much easier to solve the
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corresponding transfer problems for the line-radiation (Yengibarian & Nikoghossian, 1972a,b,c; 1973a,b; Yengibar-
ian, Nikoghossian & Gevorkian, 1975). Quasi-analytic and numerical methods have been developed for solving thes
problems (Nikoghossian & Harutyunian 1976, 1978, 1979; Harutyunian & Nikoghossian, 1978a,b; Nikoghossian,
1979, 1986a; Harutyunian, 1980a,b, 1985, 1991a,b; 1993, 1996). It was shown that the accuracy in solving the trun
cated set of equations) can be highly increased in view of the fact that to any fixed valuetbkre corresponds
the numben beginning of which the functiong, (x) may be replaced by the known functiomg (x). Physically this
reflects the fact that the formation of the far wings of the spectral line is due to the single scattering. Mathematically,
this follows from the asymptotic behavior of functiomg(x) in Eq.(29)

an (X) ~ 20 D/2n/2 exp[(x2 - n) /2] cos( 2n + 1x — n_27r) (37)

This allows reducing the solution of the infinite set of functional equatiaastp the set of equations of the form

G0 = a2 () + 5 Z An [ xyax + 5 [ LU0y, (39

o' (x) +a (x’ 2 a(X) +a(x)

and makes it possible to construct solutions of various problems of line-radiation transfer in the general case o
frequency redistribution..

The works carried out in the 60s in this direction in the Byurakan observatory allowed not only to develop ef-
fective mathematical methods for solving problems of spectral line formation for partial redistribution of radiation in
frequencies and directions, but also to compare the obtained numerical results with the data in the commonly use
assumption of completely incoherent scattering. For instance, Harutynian & Poghosyan (2018) numerically realizec
the algorithm for solving Ambattsumian’s functional equations obtained for finite medium. Calculations were carried
out for the particular case of the complete frequency redistribution. To this end, the authors elaborated the softwar
package for calculating the nodes and corresponding weights of Hermite polynomials with high number of significant
digits. The influence of the number of the used quadrature nodes, as well #&tt®Ethe values of slab’s thickness
and the photon survival probability on the solution of problem were studied in details.

v. Statistical description of the radiation diffusion in an absorbing and scattering atmosphereAmbartsumian’s

result Eq.(9) for determining the mean number of scattering events (MNSE) photons undergo duringftisiodi

in an absorbing and scattering atmosphere was treated and developed in a series of papers (Nikoghossian, 1984
1986b; Harutyunian & Nikoghossian, 1983, 1987). A new approach was elaborated to determining any statistica
average characterizing aflilision process in an atmosphere. It is based on invariance principle and extensive use of
generating functions. It was shown that the method is applicable to determining the statistical averages of continuousl|
distributed random variables as well, though it is then necessary to use appropriate characteristic functions. As a
illustration, the problem of the average time of a photon travel (ATT) in an atmosphere under assumption that it
spends time only in travelling between scatterings was treated by Nikoghossian (1986b). In the general case, whe
the photons are thermalizing not only in scatterings but also in flight, this average makes it possible to gauge the
relative importance of energy dissipation in the medium and of energy flow through a boundary. Another important
application of this average is associated with the problems, frequently encountered in astrophysical applications, ©
the radiation of an atmosphere subject to non-stationary energy sources. In these problems, knowledge of the AT
makes it possible to ascertain whether radiative equilibrium in the medium is established.

Under general assumptions concerning the elementary scattering event, equations were obtained in Nikoghossiar
papers for determining the MNSE and ATT in a plain-parallel semi-infinite atmosphere. It was shown that, for moving
photons (i.e. not for those being trapped in the course of multiple scattering) the problem simplifies and is reduced tc
differentiation of the reflectance correspondingly over the paramdterthe MNSE ang3 — for ATT. Here we limit
ourselves by presenting few results obtained on the base of invariance principle.

It has been shown that the formula E@9)is valid only for 'moving’ photons, i.e. those that have not been truly
absorbed in the atmosphere and thermalized. The required values of MNSE and ATT for the photons reflected from
semi-infinite atmosphere satisfy integraffdrential equations easily obtained by the mentioned fornfig@réntiation
of the proper equation for the reflectanceA separate approach has been developed to account for the number of
scatterings of thermalized photons, which, in turn, makes it possible to find the desired average characteristics for a
photons, regardless of their further ‘fate’. For instance, the requisite values of MNSE x, 7)) and ATT(Q (7, X, 7))
the photons with frequency-directional characteristicg)moving at optical depthr undergo and spent during their
traveling in the semi-infinite atmosphere, are found from equations

B(N((;'TX 77)> VYN (T, %7) + 2 f dnf r(xm;X,7"){N(r,x,7"))ydX + v(x), (39)
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Figure 2: Frequency redistribution function&, 6) andr (x) for Compton scattering.

4(Q (1, X, A (1 e ;o ’
n ( ((;_XU»:_V(X)<Q(T’X’n)>+§fl dnf r(x,nxX,n"){Q(,xn))ydx + 1, (40)

with the conditiongN (0, x, 7)) = 0,(Q (0, x, 7)) = 0 for > 0. Note that the time intervals represent the mean time

taken in free path between two successive scattering events for a photon in the line center. The obtained equatiol
differ from the transfer equations only by free terms, so that many of methods of solution for the latter cover these
equations as well. It was proved that there is a rather general relation connecting considered average statistical valu

(1-DN(@xn) +4BLQ(rxn) = Ro (7. x.1)., (41)

whereRy (1, X, n7) yields the probability the photon at optical depttwith characteristicgx, ) will be destroyed
somewhere in the medium during itsfidision. Some of the presented results were generalized by Nikoghossian
(2004b) to the case of inhomogeneous atmospheres.

vi. Compton scattering on free electronslt is known that when interpreting the data obtained from observations of
some astrophysical phenomena are widely used the mechanism of Compton scattering on electrons. In particular, th
mechanism can be adopted to explain the sources of short X-ray bursts, X-ray radiation of quasars and nuclei of activ
galaxies (Zel'dovich & Syunyaev, 1970; lllarionov & Syunyaev, 1972; Basko, 1978). Before, the softening of the
radiation in the course of multiple Compton scattering in the non-relativistic approximation was treated by Terebizh
(1970).

It is of interest detection of the radiation spectra distortion caused by radiation scattering on free electrons anc
often referred to as "comptonization” of radiation. Especially .important in this case is the case of scattering on
relativistic electrons, where the electrons transmit, in an average, some of the kinetic energy to the scattering phototr
This phenomenon is commonly referred to as inverse Compteate

To solve the problems of radiation transfer undergoing multiple Compton scattering, it is necessary to describe
the elementary act of scattering, i.e., to know the law of the radiation redistribution on energy and directions. Under
some simplifying assumptions the normalized redistribution funat{gyp) analytically was derived by Harutyunian
& Nikoghossian (1980)

X 1+ X2 — 2xcosH
r(x6) = expl —a , (42)
2Ky (@) V1 + X2 — 2xcosf 2x (1 - cosb)

wherea = mec?/kTe, Ko (@) is the cylindrical function of an imaginary argument of the second orderxasdhe
ratio of frequency of the scattered photon to that of the incident photon. Hence the redistribution law averaged ove
all direction is of the form

_ =X f"" ot (2 4\732
r(x) = W) e (t2-1) " dt,

wherexo = (1 + X) /24/X.
As it follows from Eq. (}2), there is a drift in the frequency of the scattered photon towards high energy, the greater
the scattering angle. These displacements are increasing also with decreakiigalso seen that when scattered
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in the direction of motion of the original photon the energy of the latter does not change. The scattering indicatrix
is lengthened in the opposite direction, the degree of which depends on the energy of electrons, Thus one can s:
that the most part of photons are scattered in the opposite direction with mostly increased energy. It is important tc
note that the redistribution function for the Compton scattering in this case depends only on the ratio of the scatteret
and incident photons energies. This implies that the global optical properties of the medium for this mechanism of
scattering are also the functions of the mentioned ratio.

The problem of diuse reflection from a semi-infinite medium with Compton scattering on free electrons was
considered by Harutyunian & Nikoghossian (1981). The rigorous statement of the problem in terms of the invariance
procedure was given.

The elementary events of photon scattering by a chaotically moving monoenergetic electron gas has been e»
amined by Harutyunian (2006) to obtain the angle-averaged redistribution function. Expressions were obtained fo
the averaged redistribution function and its asymptotes which describe the redistribution function for low frequency
radiation. The question of determining the frequency-dependent absorptidicien¢ was discussed, as well.

vii. Intensity fluctuations. Dynamically active media. The need to create a theory of radiative transfer in media
with a complicated fine structure subject to random variations has long been felt. Already in the 1970’s (Cram, 1972)
it was shown that the observed profiles of chromospheric lines of ionized calcium cannot be explained in terms of
the theory developed for homogeneous stationary media. It is quite evident that a satisfactory interpretation of othe
nonstationary phenomena in the solar atmosphere, such as chromospheric spicules, coronal streams, and polar plu
would require a new theory. Problems involving the propagation of radiation in randomly inhomogeneous media
also appear in other branches of astrophysics. Examples include the scattering of light on molecular clouds in the
interstellar medium and the stochastic attenuation of galactic radiation as it travels over cosmologic distances.

The first papers in the area appeared in the frameworks of scientific collaboration between Meudon Observatory i
France and Byurakan Observatory examined the line formation problems in multicomptaiembedia, i.e. the pos-
sible motions of structural elements were ignored (Nikoghossian, Pojoga & Mouradian, 1997, 1998a,b; Nikoghossiar
& Mouradian, 2000; Nikoghossian, 2002; Nikoghossian, Aboudarham & Mouradian, 2005). The direct implication
of this research was interpretation of the EUV spectra of solar quiescent prominences (see below,iject. 7, (

An analytical procedure explored by Nikoghossian (2002) aimed at constructing the profiles of the spectral lines
formed in a stochastic multicomponent atmosphere. A model one-dimensional problem was solved for the atmo:
spheres in both local thermodynamic equilibrium (LTE) and non-LTE. The results previously obtained for the LTE
atmosphere were generalized to include, in particular, correlations of the random variations in the physical proper
ties of the structural elements. The line profiles formed in LTE stochastic atmosphere may have rather complicate
shapes and, in generalfidir significantly from those specific to the averaged homogeneous atmosphere. Particularly,
it was shown that the stochastic multicomponent atmosphere may produce a kind of double-peaked profile, which i
usually associated with the multiple scatterifiggets. The influence of the Markovian correlations between structural
elements on the line profile was revealed.

The problem of the line formation in a stochastic non-LTE atmosphere was considered under assumption of
the complete redistribution over frequencies with allowance for the absorption in continuum. For the line profile,
a closed-form analytical expression was derived. The computed profiles were compared with those for a homoge
neous deterministic atmosphere with preliminarily averaged physical properties. This allows one to conclude that the
discrepancy between the line profiles relevant to these two cases may become significant, whereas the normalize
profiles are fairly close to each other. The evident advantage of the model problem discussed in the cited papers is th
it provides an important insight into specificity of the line radiation in an inhomogeneous atmosphere with randomly
varied properties and it allows for various generalizations.

The theory was developed in (Nikoghossian, 2002, 2005) to determine the mean intensity and the relative meal
square deviation (RelMSD) for the line radiation emerging from an one-dimensional atmosphere with randomly dis-
tributed inhomogeneities. Both the local thermodynamic equilibrium (LTE) and Non-LTE cases were considered. The
results previously obtained for the LTE atmosphere were extended to encompass the more realistic situation when tt
random parameters describing the physical properties of structural elements may take an arbitrary number of possib
values. The profiles of spectral lines constructed by solving the stochastic problem of radiative transfer in the LTE
atmosphere allow one to check the accuracy of the commonly used approximations.

The LTE problem treating the numbirof structural elements each of which is described by the optical thickness
7, and the power of the energy releaBgthe value ofB is assumed to be constant within each individual element)
was presented by (Nikoghossian, Pojoga & Mouradian, 1999). The paper considers the simplest situation, when th
pair of quantities B,r) takes randomly only two possible sets of values with some probabifitiesd p,. For the
averaged characteristics of the emerging radiation such as the mean inthyjsétgd the RelMS¥y were found
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Mn
(Iny =Ln(l2),  on= ez (1+061) b2 N g (43)

(1) L2
where the following notations are used
Ln=(1-cV)/1-a), Mn=(1-8Y)/1-p), Av=(n-MN)/(@-B), (44)

anda = (exp(-7)), B = (exp(-21)), K = (Jexp(-7)), J = (B(1 - exp(-1))).

An important salient trait inherent in Eqs4d) is that the values of the mean intensity and the RelMSD for the
multicomponent atmosphere with arbitrary number of elements are determined by only a few parameters. These
parameters for the general casenaéalizations of B r) area B,y =YL pdiK =X, piJi(1-exptri)), and

61= ZZZHZWGJN (45)
(112 &

All these five parameters are the average characteristics of a single structural element so that, in general, there mt
exist a great number of configurations, having a fixed number of components, that are characterized by the sam
values of the mean intensity and the ReIMSD and, moreover, by the same behavior with Maryimg problem of
determining the statistical characteristics of the line radiation formed in a multicomponent Non-LTE atmosphere was
first treated for the case of conservative scattering. It was derived a closed-form analytical expression for the RelMSL
of the outgoing intensity for an arbitrarily large number of structural elements in the medium.

The theoretical results were employed for interpreting some of the features specific to the spatial brightness fluc
tuations of prominences in extreme ultraviolet (EUV) lines (see Sect. 7.i). The estimates obtained for the mean value
of the line-of-sight number of threads are in agreement with those inferred by the other authors. Some importan
conclusions on the multithread structure of prominences were drawn.

The theory was generalized afterwards to cover the frequency-dependent problem in (Nikoghossian, 2002; Nikogt
sian, Aboudarham, Mouradian, 2007). It was particularly concludedathan the intensity fluctuations of radiation
escaping from a multicomponent atmosphere are due to random variations in the distribution of internal energy
sources, the RelIMSD of the measured intensity decreases monotonically from the center of the line to its wings, whil
if these fluctuations are resulted mostly from thgiedénce in opacities of structural elements the run is opposite: the
RelMSD grows towards wings.

Further generalization of the theory concerns the dynamically active stochastic and multicomponent atmosphere
(Nikoghossian, 2007a). Two types of problem for the LTE lines were discussed. In the first it was assumed that the
realization of one or another type of non-thermal motion depends on the type of structural element and in the othe
this type of dependence is absent, i.e., it was supposed that the assumed random values of the velocity are distribut
according to a law that is common to all the components.

The general fect of large-scale motions on spectral line profiles and on the scale of their spatial (or temporal)
fluctuations was considered for spectral lines in LTE, which can be regarded, with a high probability, as valid for most
of the non-hydrogen lines in the EUV spectrum of quiescent prominences. The theoretical results were compare
with observational data obtained with the SUMER spectrometer in the SOHO space mission (Fig.3). The distinctive
feature of the RelMSD of the radiation in a line formed in a dynamically active stochastic atmosphere is local “spikes”
(maxima) in the wings of the line. The theoretical results obtained were compared with spectral observations of
quiescent solar prominences obtained in framework of the SOHO space mission.

The “spikes” (local maxima) in the wings of the lines predicted by the above theory for non-thermal (hydrody-
namic) motions can be seen distinctly. It can also be seen that for lines with affégtive formation temperature
(i.e., the lines formed primarily in the surrounding corona), such asXa¥032 A, 11037 A, and NVAL1242 A,
the magnitude of these spikes appears to be smaller than for the lines formed entirely within the prominence. The
appearance of isolated single spikes is an indication that the velocities of the non-thermal motions are only slightly
greater than the thermal speed, if they exceed it at all.

viii . Turbulent atmospheres The formation of spectral lines in a turbulent atmosphere with a spatially correlated
velocity field were examined in a series of papers Nikoghossian (2007b,c, 2017). A new approach for solving this
problem proposed in the first of these papers does not base on the Fokker-Planck formalism commonly used in th
literature. The invariant imbedding method makes it possible to reduce the problem of finding the mean radiant
intensity observed in a line to solving a system dfatiential equations. This possibility is based on determining the
mean intensity of the radiation emerging from the medium for a fixed value of the turbulent velocity at its boundary
(Yengibarian & Nikoghossian, 1969). A separate integral equation is derived for this quantity. The dependence of the
line profile, integrated intensity, and width on the mean correlation length and the average value of the hydrodynamic
velocity was studied. It was shown that the transition from a micro-turbulent regime to a macro-turbulent regime
occurs within a comparatively narrow range of variation in the correlation length. Fig.4 demonstrates the dependenc
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Figure 3: Statistical mean profiles (smooth curves) and the corresponding relative mean square deviations (dotte
curves) for a series of relatively strong EUV lines of a solar prominence observed on August 10, 1999, as part of the
SOHO space mission.

g A 1A

Figure 4: Integrated intensities of spectral lines observed at the boundatieg (a), andr = 0 (b) of a turbulent
atmosphere of optical thicknesg = 1, with the energy sourcd®(r) that vary linearly with depth.

of intensities emergent from an atmosphere of optical thickngss 1 on the correlation length. The sources of
energy in the medium are assumed to be linearly varying with optical depth.

The proposed method yields a solution to the problem for a family of inhomogeneous atmospherefexihtdi
optical thicknesses, which makes it easy to determine the radiation field inside the turbulent medium. This approacl
can be generalized in various ways, in particular, it can be applied without significant changes to the case, where th
correlation length depends on the position within the atmosphere.

The difuse reflection of line radiation from a one dimensional semi-infinite turbulent atmosphere was examined
in (Nikoghossian, 2007c) in two limiting regimes of micro- and macro-turbulence assuming that turbulence developed
in the atmosphere is homogeneous. This means that the hydrodynamic velocitywectorandom function that
depends on depth, while the average characteristics of the velocity field are independent of depth in the atmosphe
(Batchelor, 1970). Because of the homogeneity of the process, the correlattiniend = |r — 7’| (r, 7’ - optical
depths) depends only on the distapdeetween two points. It was also assumed that the probability law according to
which the hydrodynamic velocity, measured in units of the mean thermal speed, takes one or another value is also
independent of depth. In addition, it was supposed that the variations in the velocity inside the medium are correlate
with one another. It was found the mean intensity of the radiation emerging from the boundary of the medium. The
effect of the radiation on the velocity field was neglected. Formulated in this way, the problem models the case,
often realized in astrophysics, where the optical depth of a radiating medium is large in the absence of turbulence
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Figure 5: Profiles of lines formed during reflection from a semi-infinite micro-turbulent (left) and macro-turbulent
(right) atmospheres. The central intensity of a line formed by reflection from a micro-turbulent atmosphere essentially
remains unchanged as the average non-thermal velocity increases. In the macro-turbulent regime, the equivalent wid
of the line does not change.
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Figure 6: Mean number of scattering events experienced by a photon dufimgjati in an atmosphere with micro-
(left) and macro-turbulence (right). True absorption in the continuum is also treated as scattering.

The problem was solved by applying invariance principle. In addition to the observed spectral line profile, statistical
averages describing theflilision process in the atmosphere (mean number of scattering events, average time spent by
a photon in the medium) were determined. The dependence of these quantities on the average hydrodynamic veloci
and scattering cdicient was shown in Figs.4-7. It was shown that in the micro-turbulent regime the intensity at the
line center depends only slightly on the mean non-thermal velocity. In both regimes, photons in the far wings undergc
scattering more frequently than in a static atmosphere, although they spend, on average, less time in it.

The method of invariant imbedding used in the above-mentioned papers enables solution of the problem unde
rather general assumptions about the character of the turbulence, as well as about elementary scattering events and
distribution of energy sources in the medium. It was concluded that in the case of micro-turbulence, the reflectivity
of the medium and its opacity are low over the entire frequency range. It was also found that the dependence of th
observed characteristics on the correlation length is stronger when the medium is thicker and the average velocity ¢
the turbulent motions is higher.

ix. Non-linear relations of the radiative transfer theory. As early as in 1977 Rybicky derived quadratic integrals of

the transfer equation, however, some important points risen there remained unanswered for a long time. He studied tt
problems, for which the transfer equation admits integrals that involve quadratic moments of the radiation field. When
the boundary conditions (or other constraints) are required to be met, the integrals convert into nonlinear relations o
specific form for quantities characterizing the radiation field in the atmosphere. The so@alledd R- integrals

involve as a particular case a certain class of ‘surface’ results, some of which were known well in the transfer theory.

Further generalization of Rybicki’s results for monochromatic, isotropic scattering in the plane-parallel medium
was given in (lvanov, 1978). The so-called ‘two-point’ relations have been found that couple the intensities of equally
directed radiation at two fferent depths in the atmosphere. The more general concept of ‘bilinear integrals’ (or
relations) was introduced in (Nikoghossian, 1997) for quadratic integrals that connect the radiation fields of two
separate transfer problems but referred to the same optical depth. Following the given terminology, it was reasonabl
to introduce also the concept of ‘two-point bilinear integrals’ for those coupling with each other the radiation fields
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Figure 7: Average photon residence time in semi-infinite micro- (left) and macro-turbulent (right) atmospheres.

referred to both dferent transfer problems and diverse optical depths. Evidently this latter type of relations comprises
all other types as the specific cases. Regardless of the new results, the main question on the physical nature of exister
of quadratic and bilinear relations remained abstruse for a long time until appearing the mentioned Nikoghossian’s
paper. The idea that there must exist some relationship to the invariance principle suggested itself and is justified i
for no other reason than that the majority of nonlinear equations in the transfer theory are associated in some or othe
way with the invariance technique. Most commonly these equations admit a plain physical interpretation and can b
established by means of a direct use of the mathematical model of the physical process. Having this in mind, one ma
naturally be tempted to derive the requisite bilinear relations by the similar manner, thus making clear the physical
significance of these relations. This kind of attempt has been made by Hubeny (1987a,b), who provided some intuitive
insight into physical nature of quadratic results of the transfer theory.

The more general and mathematically rigorous derivation of quadratic and bilinear relations was given in (Kriko-
rian & Nikoghossian, 1996, Nikoghossian, 1999) on the base of the principle of invariance. The authors elucidated the
profound connection between invariance principle, quadratic relations and conservation laws resulting from genera
variational principle.

Due to the importance of the results obtained, it is expedient to reproduce here some of them for the simplest cas
of monochromatic, isotropic scattering in a semi-infinite, plane-parallel atmosphere. Suppose also that the atmosphe!
is homogeneous and does not contain energy sources. Turning to2lEqS) &nd making use the expression for the
zero-momentyg of ¢ (1)

1
ao=f0 e dn=2(1- V1-2)/4, (46)
one can derive N L L
Q- +&pn.€)= > (1 - fo e (1) n’dn’) (1 - fo p(&n) n’dn’) : 47)

Alongside with the reflection cdicient, it is of importance the functio¥i(r, i, 1) that characterizes the proba-

bility of the photon exit from atmosphere in the directjarif originally it was moving at depth with the directional
cosinen. The symmetry property of thé - function follows from the reciprocity principle and can be represented in
the form:

Y (ro, ) = 1l Y (7=, —m) = |ul Y (7, 11, m) 5 (48)
where for convenience it was introduced the functibwith angular arguments referenced from inner normal direc-
tion. This function also admits a probabilistic interpretation, namély, n, ) dy is the probability that a photon
incident on the atmosphere with the directional cogineill move (in general, as a result of multiple scattering) at
depthr within the directional intervalf,  + dn). Itis clear thatY(0,u,5) = no(i.1). Infact,Y (z, i, ) / Inl is none other
than the Green function for the source-free problem called also the surface Green function (Case & Zweifel, 1967)
This quantity completely determines the radiation field throughout the semi-infinite atmosphere that is illuminated by
the external mono-directional source of unit intensity. Taking into account that

1 1
Y (r,-n,u) = fo Yo' ,wp@ mndy,  Y(ru-n)= nfo Y (z,1,m") p(n,m") . (49)
and using Eqg.47), it is easy to obtain
1 1 1 1
[ ey -ende=5( [ Yeena)( [ virend). (50)
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We shall see below that the described procedure admits a simple physical interpretation which makes it possible t
obtain the same result directly by means of some modification of invariance idea. The probabilistic meaning assigne
to the functionY sets one thinking that some statistical explanation may be suggested for equéji@s (vell.
Indeed, this equation implies that2 can be regarded as the correlationfiorent of two random events so that this
result can be stated in the probabilistic language as follows.

Two random events of two photons exit from a semi-infinite atmosphere in certain fixed (diverse, in general)
directions, if they were originally moving in opposite directions at sorferént optical depths, are correlated with
the correlation coficient equaled ta/2.

The second fundamental result generating quadratic and bilReglations, can be found by a similar manner
from Eq. (7). Multiplication of this equation by (z..,n)Y (' 1, €), and integration ove and¢ in the range (0,1)
in light of the second of Egs4(), yields

+1 . +1 d +1 d
-0 [V Ve de = %( [ Y(W,f)fé)( [ Y(T',ﬂ',afé). (51)

With use of the reversibility property Eg4€) in Eq. (51), one can obtain

+1 1 1
1-2 f Y)Y (7 )k = %( f 1Y(r,f,u)§d§)( f N (T',f,u’)fdf)- (52)

Relations §1), (52) constitute a wealth of information about radiation fields in the source-free media. Some of
their versatile consequences will be examined below. Here merely the special results following from these relations
whenrt = v/ andu = u’ are presented

2

1 +1
[ yeenve-cnde=5( [ Ve 59
0 -1
+1 +1 2
(1-1) fo Y ()Y (1 —Eup1,) 20 = %( f 1 Y(nf,u)fdf) . (54)

Thus, we arrived at quadrati@ - andR - relations representing the prototypes of those obtained in (Rybicky,
1977). The derived bilinear and quadratic relations may be appliedfereatit transfer problems of astrophysical
interest to give a number of new results.

Let us start, for instance, with the problem oftdse reflection from a semi-infinite atmosphere, which is illumi-
nated from outside by parallel beam of radiation of unit intensity with directional casibsing superscripts+’ and
‘-" to denote the intensities with angular argumentsand—n, respectively, by virtue of the probabilistic meaning of
functionY given above, one may write

o) =Y@uw-n)/m @) =Y @un) /n (55)

Now equations Eqs5() and 1) correspondingly yield

Qrou; u) = A (r, 1) I(7', ),

A-DR(@u; 7'y ) = AH (m, ) H (7', 1), (56)
where L
J(r,p) = 5[1 [ (rg, ) + 17 (7,m, 1) dig,

+1
M0 =3 [ 17 o =1 ol (57)

are the mean intensity and flux, respectively; we introduced also two quadratic moments of the radiation field given
by

’ 7 1 " — (7 ’ ’ N |-
Q(T,u;w)=§fl T (@)™ @ o)+ 17 (7 1) 1 (7, )] Ay, (58)
1 +1 5
R(ru7'y’) = §f1 (" @™ @) + 17 (@)1 (3, )] °dn. (59)
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The angular argumentsandy’, which specify the directions of incidence, enter into E2f.&s a parameter so
that the relations of this type can be written for arbitrary angular distribution of illuminating radiation. Moreover,
they enable one to establish the relationship between radiation fields of two diverse problemstergmidangular
distribution for incident radiation.

An important insight into the source-free problem and the group of related problems can be given upon the simple
and physically intelligible formula, second of Eq49 which was employed in deriving Eq8%). By virtue of
formulas Eq. £5) it can be rewritten as

1
|+(T,n,u)=nfo p(m,6)1" (t.6, 1) d, (60)

which states the obvious fact that, in the absence of internal sources, the upward radiation (and ultimately the radiatio
field at any optical depth is completely determined by the intensity of inward radiation. Indeed, taking account of
that

_ T _etdt 1 _z
o = [ IEne TS S me (61)

and the source functio8 (r, u) = AJ (r, ). The formula ¢1) being inserted into Eq.6() yields

S(T,,u)=fOTL(T—t)S(t,,u)dt+%gp(,u)e_f'. (62)

Thus, knowledge of the reflectance of the atmosphere makes it possible to reduce the classical boundary-valt
problem of determining the internal field of radiation to the Volterra-type associated with an initial value problem.
This result is not unexpected, however, and is important in the sense that similar equations may be written (see belov
for some special internal-source problems as well while formuié no more valid.

It has been shown that discussion similar to that given above be carried out for some other classic problems of th
theory of radiative transfer. For instance, consider the atmosphere with the uniformly distributed internal sources of
energy so that

St =3+ (1-2)B, (63)

whereB = const is related to the Planck function. Two-point quadratic relations now have a form

Q(r,B;7',B)=4S(r,B)S(«',B') - (1- 1) BB, (64)
1-2)R(r,B7,B)=AH(r,B)H (', B") +
(1- 1) [BK (¢, B) + B/K (r,B)] - (1 1) BB/3, (65)
where L
KB =5 [ 17 B+ 1" By (66)

is theK-momentand, for clarity, we marke® explicitly as an argument identifying the problem under consideration.
It was shown that here again the source satisfies Volterra-type integral equation analogous to that)f Eq. (

S(T,B)zfOTL(T—t)S(t,B)dHB«/l—A. (67)

Using the same approach, two-point quadratic relations were derived also for the Milne problem and for the radiatior
transfer problem concerning the atmosphere with the exponential distribution of internal energy sources of the forn
b(r,m) = (1 - 1) Be"™ with constanB andm. Sending the reader aft€ - andR — non-linear relations to [17], we

limit ourselves by presenting here the equations, counterparts of &s(&7) for corresponding source functions

S(T,F):fOTL(T—t)S(t,F)dt+(\/§/4)F, (68)
whereF is the constant factor in the Milne problem known as astrophysical flux, and
S(r,m) = fo L (t-)S(tmdt+(1-1)Bp(m')e™™. (69)
It must be emphasized that all the presented relations are valid if brtyconst more generally, they are true

wherever the local optical characteristics of the atmosphere do not change.
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Figure 8: Derivation of the two-point biline& relation.

X. The modified principle of invariance. The preceding results suggest an idea on that there must exist a close
inter-connection between bilinear relations and the invariance principle. For this reason, let us return to the origina
formulation of the invariance principle given in the outset of the review. Consider a semi-infinite, plane-parallel and
source-free homogeneous atmosphere. For simplicity of exposition, the probabilistic approach to the problem will be
adopted.

Let a photon is incident upon the boundary plane: 0 of the atmosphere at an angle ths (Fig.8) to the
inner normal, and we are interested in the probability of the photon exit at some angtacmsthe upper normal
direction. The classical formulation of the invariance principle assumes the addition (or removal) of a thin layer to
(from) the surface of the atmosphere, presuming the optical properties of the layer and atmosphere to be the sam
It is completely clear, however, that physically there is ndetience whether we add (or remove) the layer to (from)
the top of the atmosphere or do it somewhere within it with some selected tayer Q). In the latter case we are
interested in the probability of reflection subject to condition that the levwelersected. Recalling the probabilistic
meaning of function& andY introduced in the outset of this subsection, it is readily seen that the probability of the
mentioned event is

1
du fo Y () ¥ () d. (70)

Further, we must determine the same probability accounting of the elementary processes of interaction with the
selected layert( T + A) and equate to that of the formula EqOJ in accordance with what have been said. One may
distinguish three types of processes of the first ordeéyradissociated with the layer.

a.The scattering photon passes the selected layer with no interaction.

b.The photon enters the selected layer by crossing the plamel is scattered in the layer in some direction
specified byy.

c.The photon enters the selected layer from below, i.e. by crossing the plaer] and is scattered in the layer.

The proper probabilities for these three events are derived in (Nikoghossian, 1997). By adding up the obtained value:
after some simple transformation we arrive at the specific version of the bilheaelation ¢0) written forr = 7.

1 , 1 1 1 ,
j:lY(T’f’ﬂ)Y(T’ _g’ﬂ )dg = E (j:lY(T’é:’#) df) (j_‘lY(T’é:nu )d‘f) (71)

Finally, on settingr = 0 in and taking account of the boundary condit¥d®, £, 1) = § (¢ — 1) we are led to invariance
equation ?) for the reflection cofficient. We see that equationl) is more informative (as compared to EG?( and
can be regarded as the extension of Ambartsumian’s equation to all depths in the atmosphere.
xi. The variational formalism. As was above said, the theory of radiative transfer can be made to rest on the
principles of invariance. It was shown that the invariance equation, being combined with some simple physical
reasoning, makes it possible to derive the more informative quadratic and bilinear relations, for which the former
eqguation is a special (surface) result. It turned out that the res@timglations may be envisioned as a manifestation
of a somewhat generalized version of the classical principle of invariance and can be obtained immediately. Thes
facts indicate the fundamental nature of the invariance property of transfer problems and set one thinking that ther:
must exists some general formulation of problems that implies both the equation of transfer and the principles of
invariance as a kind of laws.

As it was shown by Nikoghossian (1999), the problems of transfer of radiation in the plane-parallel homogeneous
atmosphere admit a variational formulation, the equation of transfer then being the Euler - Lagrange equation and th
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bilinear Q - relation being the conservation law due to form-invariance of the suitable Lagrangian. In fact, a single
functional comprises all the information on features of the problem and allows a systematic connection betweer
symmetries and conservation laws. Being the first integrals of the Euler - Lagrange equation, the conservation law
may facilitate the solution of the problem under consideration and assist in its interpretation. Two salient problems,
encountered in having recourse to the variational principle, are the existence of the principle for a given problem
and the derivation of appropriate conservation laws. The former of these problems for systems of feremitidil
equations was solved by Vainberg (1964), who showed that this problem is equivalent to determining whether ar
operator is potential or not. The derivation of the conservation laws is based on Noether's theorem (see, Gelfand &
Fomin, 1965), which suggests a systematic procedure for establishing these laws from a direct study of the variations
integral. An important generalization of the Noether’s theorem to encompass the intéfgadrdial equations was
given by Tavel (1971).

While the variational approach is widely used in various branches of theoretical physics, it was not the case in
the field of the radiative transfer theory, with the only exception being the paper of Anderson (1973) who employs
Tavel's results to establish the conservation law suitable for the case of non-isotropic scattering. The results of the
rigorous mathematical theory in applying the Lagrangian formalism is used in (Krikorian & Nikoghossian, 1996) to
the one-dimensional transfer problem. Due to the importance of the issue, let us consider it in more detalil.

Let us start with the angle-dependent transfer equations for the function

dY (z, 27, 1) 2 VO
in—W:—Y(T,in,ﬂ)+—f Y (r,n',u)dy’. (72)
dT 2 -1
From these equations one can easily obtain
e20) 1 , ,
Pz = 0= [ oty (73

where® (7,1, 1) = Y (1, +1, 1) + Y (1, -1, p).
One may readily check the self-adjointness of this equation so that the variational formulation is admitted. The
Lagrangian density corresponding to Eq./(3) was obtained in (Anderson, 1973)
L(®, D', 7,7, 1) = D? + (nd’)? — 20U, (74)
where

1
U =5 [ o@rmar. (75)

In accordance with this result, the Euler-Lagrange equation has a form

oL d aL Lo
—_ - A —dn'=0. 76
o0 drov foau'7 (76)

One will make sure that insertion of the Lagrangia)(into (76) yields the transfer equatiori). It is important

that both the transfer equation) and the Lagrangian density4) do not depend explicitly on, or stated dterently,

they are form-invariant under infinitesimal transformation

T 17 =71+671, n=n, u=u, 77

where the quantityr is allowed to be an arbitrary infinitesimal function af This implies that the transformation
Eq. (77), i.e. translation of the optical depth, is the symmetry transformation for Eg). ahd suggests a certain
conservation law as follows

1
oL
j(; [L - 8—@@ ]dn = const (78)
which, in view of (74), takes a form
1
fo |®% (.. 1) = 1?07 (2.0 ) = 2U (7.1) @ (z.17.1) | dp = const (79)
or
1 A/ 2
fo Y(TemY(r—¢ p)ds = Z(fl Y (7,6,1) dg) + const (80)
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This relation is, in essence, a prototype of e- integral obtained by Rybicki (1977). The above considerations
imply that by its content the integrat() is an analog of the momentum conservation law in mechanics and is due to
the axes translation transformation.

For semi-infinite atmospheré(r, +¢,u) — 0 ast — oo so that, conste 0, and we arrive at Eq.5(). More
general relation for this case Eqg.1) may be derived in treating the problemstdiing with each other by the value
of the parameteu. It holds everywhere wherédoes not vary with depth, i.e., if the medium is homogeneous.

The variational formalism suggested in the Byurakan observatory allows not only to elucidate the physical mean-
ing of invariance principle but enables one to derive along with many known results a great number of new relations of
great importance for the theory and applications. It allows also to find out some statistical characteristicsff-the di
sion process in the atmosphere (Nikoghossian, 1997, 2000). Some of the known non-linear relations possess a fair
obvious physical gand probabilistic meaning and could be written immediately on the base of simple arguments.
However, as we shall show below, by no means all of them follow from the variational principle, so they cannot be
recognized as invariance relations or, even more, invariance principles.

xii. The polynomial distribution of sources. An important question to be answered is the applicability of the La-
grangian formalism to the transfer problems for atmospheres containing energy sources. Inasmuch as fogethe di
reflection and Milne problems obey the homogeneous integfidrdntial equation, the suitable quadratic and bilinear
integrals are possible to write directly. In the case of the source-containing atmospheres we are led to the inhomc
geneous integral-tlierential equations with appropriate source terms. Generally, the self-adjointness of the transfer
eguations may be violated so that the direct application of variational principle becomes impossible. Nevertheless
as it was shown by Nikoghossian (1999), in some cases such as the uniformly and exponentially distributed source
this difficulty was get over by using the apparent connection between these two problems treated in Sect. vii anc
the source-free problem. Now an additional possibility based on the conservationdais appeared to reduce the
source-containing problems to the source-free problem. As an example we shall briefly reproduce here the result
obtained for the case of polynomial distribution of sources (Nikoghossian, 1999). The first attempt in this direction
was made in (Rybicki, 1977). The approach proposed there was successful, however, for polynomials of the degre
not higher than second, whereas, as it was shown in the mentioned Nikoghossian's paenttugals exist for
polynomials for arbitrary high order. Let we have the transfer equation of the form

, 02D !
Gz = -0 = [ owrdr -290). (81)
where
N .
9@ =(1-VBE), B@)=) B (82)
i=0
whereN is the degree of polynomial&™ = d™B/dr™. By introducing the functions
[N/2]
Fn(mn) =2 ) B (@) pac(n), (83)
k=0

where brackets mean the integer part, one can check by direct substitutiéitisah partial solution of Eq(l) if
only px (n) are polynomials of the ordekZk=1,2, ..) defined as follows

P2k () = X P2i (0) 2%, (?7)and

1 <& paeiy O)

P (0= 173 2 kv 1

,Po(n) = 1. (84)

Having the rule for construction the functiofi4), one can derive the requisi@-integrals for any source term
with polynomial depth-dependence. Some results for small valulsané presented in (Nikoghossian, 1999).
xiii. The group of the RSF (reducible to the source-free) problems.Thus, one may conclude that there exists
a group of diferent frequently occurring radiation transfer problems of astrophysical interest which admit quadratic
and bilinear integrals. They can be reduced to the source-free problem. This group includes the Milne’s problem,
the problem of diuse reflection (and transmission in the case of the atmosphere of finite optical thickness) as well
as the problems with exponential and polynomial laws for the distribution of internal energy sources. An important
special case of the last type of problems is the problem of the radiative transfer in an isothermal atmosphere (i.e
in atmosphere with homogeneous distribution of internal sources). This group of problems is characterized at leas
by three common features. First of all, the invariance principle implies bilinear relations connecting the solutions
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of the listed problems. As it was shown in (Nikoghossian, 2011b), the group of the RSF-problems admits a class
of integrals involving quadratic and bilinear moments of the intensity of arbitrarily high orders. Secondly, if the
problem can be formulated for finite atmosphere then the principle allows connecting its solution with that of the
proper problem for a semi-infinite atmosphere. Finally, knowledge ofpthenction reduces their solutions to the
\olterra-type equation for the source function with the kernel-functiynThe author refers to these problems as the
group of RSF-problems.
xiv. Arbitrarily varying sources. For further insight to the point can by given by considering the general treatment
of the problem of sources. Consider the transfer of monochromatic radiation through semi-infinite homogeneous
and plane-parallel atmosphere that contains energy sources varied arbitrarily with depth. The source function of thi
problem, as is known, satisfies integral equation

S(T)z%fomEi(h—n)S(t)dug(T). (85)

As it was shown in (Yengibarian, 1972, Yengibarian & Nikoghossian, 1973b), the solution of this equation is
equivalent to the solution of the following coupled pair of the Volterra-type equations

S(T):a)(T)+f(;TL(T—t)S(t)dt, (86)

w(T)=g(T)+me(T—t)w(t)dt. (87)

As a matter of fact, the set of equatiods), (87) represents a kind of splitting the so-call&ebperator (Hubeny,
1982) and may become useful in solving the transfer problems. Note that being applied to this system, the escag
probability approach (Rybicky, 1984) leads, as could be expectedfficiently accurate results. For instance, when
B = const one may easily find for = 0 thatw = g/ (1 - 1) andS(0) = w = BV1- A. For deep interiors of the
atmosphere it yields

. . w

t“—mos (@) tII—)no]o L(7) + m B
Thus in both cases his approach leads to exact values of the source function, whereas the same approach appl

to Eq. ©5) gives the rather crude estimate for the surface vatu@@) = 2(1 - 1) B/ (2 - 2). At the same time, it

easy to see that the kernel splitting method provides correct valug®)for all the treated special RSF-problems.

This follows from the fact that in these cases Eg7)(allows exact analytical solution so that the problems resolve

themselves into the solution of a single Volterra-type equatiGhfpr the source function.

The approach described for the semi-infinite atmosphere is easy to apply to an atmosphere of finite optica
thickness. In fact, the generalization of previous results for such atmosphere is attained trivially and resolves itself tc
determining the proper values of the integration constants. To proceed, we introduce by analogy to the semi-infinite
atmosphere the quantiti&qr, +n, u; 7o) with similar probabilistic meaning, characterizing the photon’s exit from the
boundaryr = 0 of an atmosphere for the photon moving in directionat depthr (angular arguments are referenced
with respect to the outward normal to the surface 0). This implies that

(88)

Y(O,nm,4;10) =6(n— 1), Y (70,1, 1; 70) = pq (1, 17, 70)
Y (0, —n, u; T0) = ppe (U1, 70) Y (10, -1, u; 70) = 0, (89)
where o
A, 7o) =06 (- e +o(un 7o), (90)

is transmittance of the medium. Since the functidr(s, +n, u; 7o) satisfy the partition transfer equations Eq®?)(
the variational principle leads to the quadrafie integral Eq. §0) with the value(1/4) 2 (u, 7o) for the constant. It
is apparent that with no morefert one may derive many filerent kind of bilinear and two-point bilinear relations
linking with each other dferent quantities describing the field of radiation iffetient depths of the finite media
of different optical thickness. Such relations for some of the RSF — problems for finite atmosphere are given in
(Nikoghossian, 1999).

Of special interest are the nonlinear relations which establish connection between characteristics of the radiatio
transfer in finite and semi-infinite atmospheres. We limit ourselves to presenting here only two of them which will be
mentioned below
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1
7P (1'sm) = —np (1,7, 7) + fo a(,6.7) Yoo (1, =6, 77") dg—
A ! , i,
- 500 [ Yolnsade - Gee 0e (7). 91)
1
Yoo (r.,17.7") = A (17,7, 7) —nfo P (,6.7) Yoo (1, =5, 7") dg—

1
-5 [ Yo msa) ds = Gen 1) 0 (1.7, 92)

where guantities pertaining to the semi-infinite atmosphere are marked by the sign of infinity.

xv. The nature of some non-linear relations of the radiation transfer theory Invariant properties of the problems

of radiation transfer in homogeneous atmospheres lead to a variety of non-linear relations. They are widely used an
are especially fcient when being combined with other methods of solution. In light of the new results presented in
the above cited works carried out in the Byurakan observatory, the question arises to what extent certain nonlineg
relations in radiative transfer theory are connected with the variational principles resulting from invariance with respect
to the translational transformation of the optical depth. Only those relations are implied here, which are used in
connection with the invariance principle or with the method of adding layers. As it was shown by Nikoghossian
(2009a,b), some nonlinear relations found in the theory sometimes are erroneously considered to be a consequence
the invariance properties of the problem. This question is crucial to the theory of radiative transfer, so it is expedient
to summarize here the findings of the above mentioned works.

To begin, it is important to note that, for instance, Eqs0) - (13) in deriving the layers adding law have been
written without invoking the invariance principle, to which they are, of course, not related. In fact, these formulas
remain valid in general cases, when it is inappropriate to speak of invariance properties of the problem. For example
these equations remain in force even when the media are inhomogeneous, with, of course, their polarity property take
into account (see below).

We now rewrite Egs. 1(0) - (13) for the three-dimensional plain-parallel homogeneous atmosphere. The initial
problem can be re-formulated now in the following way: let a parallel beam of radiation with intégnbiyincident
on the boundaryr = 0 of a medium at an angle of arcepgo its inner normal (Fig. 9). The intensity of the
reflected radiation is related to the reflection functid®, ¢, 7o) by 1 (0,7, ¢) = lge (1, 5, 70) . In analogous fashion
for transmitted radiation we havdro,7,¢) = 10q(7,s,70) <, in which we have retained the customary notaion
for the difuse part of the transmitted radiation. For brevity, the dependence of the intensities on the optical thickness
of the medium is left out of the arguments. Since the medium can now be regarded as consisting of two parts witt
respective thicknessesandrg — 7, relations analogous to Eqs.() - (13) can be written in the forml§ can be taken
equal to unity without loss of generality).

1
ps.10)s=pns7)s+1(mnc) e +f0 o, )l (ry,¢)n'dy, (93)

o (1.5.70)s = o (5. 70 — 1) g€ /T + 1" (1, -1, ) e/

1
fo o @110~ D)1* (5, 5) G (94)
1
| (t,1,6) =p (1.6, 70—7) s /5 + fo p(mn,to-7) 1" (r,-1",¢) ' dy’, (95)
1
l*(T,—n,§)=fT(n,s‘,T)§+fo p(m.n, ) (.0, ¢)n'dy, (96)

where the diuse part of the intensity of the downward moving radiation is indicated by an asterisk.

The nonlinear relations written down by Chandrasekhar in the 1950’s and called invariance principles by him
(Chandrasekhar, 1960) are well known in radiative transfer theory. These relations were examined by Nikoghossia
(2009a,b) from the standpoint of their possible connection with the invariance principle.

The problem of dtuse reflection and transmission of radiation by a medium of finite optical depth examined by
Chandrasekhar was stated as follows: on a medium of optical thickpessirection o, o), falls a parallel beam
of radiation with fluxzF per unit area perpendicular to the direction of incidence. The reflection furtma the
transmission functioil are introduced so that
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Figure 9: Dituse reflection of light from a medium of finite thickness.

F . F
(0,1, ) = @S(To,ﬂ’sﬂiﬂo#o), 1" (t0, =1, ¢) = @T (o, 4, ¢; Ho, ¥0) - (97)

Chandrasekhar wrote down the following four nonlinear equations:

F _
| (t, 1, ) = e TIHOS (10 — T, 1, @} o, P0) +

1 Zﬂ l ’ ’/ * /7 / ’
o f d<pf S(ro— @i @)1 (.~ @) i, (98)
T JO 0
) =
I (7, —p, ) = 4—T (7. 1, @; po, o) +
m
1 21 1
Y f d<pf S(muei @) (nu', ) A, (99)
T JO 0

F F .
4—S(To,u,<ﬁ;,uo,90o) = 4—3(‘1’,/1,90;#0,900) + e (t, ;) +
A A

1 o ! ’ ’ ’ ’ ’
o [t [ T o nt (100
T Jo 0
F F T —\70—T,
2T (0. 11,5110, 90) = 7-€ /0T (r0 = 7. 41, ¢ o, o) + € 07NN (7,1, ) +
z Z
1 2n ! ’ ’ * ’ ’ ’
y— dsvf T(ro—nueu', @) 1" (7,—1', ") d/, (101)
T Jo 0

We now set ourselves the task of comparing EgS) { (101) with Egs. €3) - (96) of the preceding section. To do
this we neglect the azimuthal dependence in Egg). {(101), setF = 1, switch to the previous notation, and include
the following easily verified relation between the correspondingfiments of reflection and transmission:

(1/2) S (r0.1.5) = nsp (1.5, 70) » (1/2)T (70,1.5) = nso (1,5, 70) (102)

Then it is easy to show that Eqs94) - (101) are the same as Eqs95), (96), (93), and ©4), respectively.

Thus, neither these, nor the previous equations have a direct connection to the invariance principle associated with
translational transformation of the optical depth, and so they cannot be derived from the corresponding conservatio
law.

These considerations imply that the nonlinear relations discussed above can be divided into two classes. The fir
includes those formulas which characterize only the radiative transfer process, itself, in a plane parallel atmosphere
these have great generality. Equatiofs) (- (13), (998) - (101), belong to this class. The second, narrower class
includes equations that are a consequence of the invariance properties of the specific transfer problem at hand. Ma
eqguations of this type for groups of the RSF-problems have been derived in the first part of this review.

xvi. Inhomogeneous atmosphereWhen interpreting the radiation from objects in space it is usually necessary to
apply various simplifying assumptions regarding their geometry and physical properties. For example, it is often
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assumed that a radiating medium is homogeneous and stationary, although it clearly has a rather complex structu
and is subject to variation in time. This simplifies the problems to a great extent and makes it possible to estimate
some characteristics of the radiating medium averaged in some sense. However, the high-resolution observation
data available nowaday#fard an opportunity for a more detailed investigation of astrophysical objects and analysis
of their radiation. This leads to pressure to develop a suitable theory of radiation transfer trough an inhomogeneou
atmosphere, providing newfeient methods of computations. Such attempts were made by a number of authors
(see e.qg., Jeries, & Lindsey, 1988; Secchi-Pestelini & Barletti, 2001; Menkohn, & Richling, 2002). In connection
with solar prominences, it was in (Nikoghossian, S. Pojoga, & Mouradian, 1997, 1998, 1999; Nikoghossian, &
Mouradian, 2000) treated th&ect of physical inhomogeneities related to the distribution of internal energy sources
and to geometrical factors. In an analysis of multiple scattering at the line frequencies, the scattdficigrosas
usually assumed to be constant inside the radiating volume. It is, however, evident that such an assumption may k
rather crude for interpretation of radiation in the optically thick lines. Henceforth under inhomogeneous atmosphere
we will mean atmosphere with the scattering ffi@éent arbitrarily varying with depth, though methods developed in
these works remain in force also in the case of variation of other parameters which determine an elementary scatterir
event and the distribution of primary energy sources.

The complexity of the boundary-value transfer problems makes it necessary to develop appropriate analytica
techniques in order to make it somehow easier to get a numerical solution. In each individual case, depending ol
the initial assumptions about the properties of the medium, of elementary scattering events, etc., specialized methoc
have been developed. One of the first methods of this type was the method based on invariance principle, i.e., on tf
symmetry properties of the problem, which avoided the aboffecdities in the case of homogeneous atmospheres
and allowed to determine the intensity of the emerging radiation without prior knowledge of the radiation field in
the entire atmosphere. There has also been a natural drive to find an alternative statement of the classical probler
of radiative transfer theory with the aim of reducing them to initial-value problems (so-called Cauchy problems).
With the development of high speed electronic computers, research in this area have become especially important
connection with the fact that solving this kind of problem is more suited to the computers’ capabilities. Among the
first papers in this area, we note those of Bellman (1957) and Sobolev (1957, 1959, 1985) who developed a metho
based on extensive use of the “surface” resolvent function. The idea of this approach goes back to Krein’'s pape
(1955).

Attempts to apply the invariance principle in solving the radiation transfer problems for inhomogeneous atmo-
spheres were made by Sobolev (1956) (see also Yanovitskij, 1997). As it was above said, the method of invarian
imbedding enables one to readdress standard problems in a way such as to reduce them to the initial value problen
Of the extensive literature in this area, besides the above cited works of Bellman’s group of authors, we note alsc
monographs (Scott, 1973; Casti & Kalaba, 1976).

The method descrybed in Nikoghossian (2004, 2004a,b,c; 2012a,b; 2013a) includes a simple, but, at the sarr
time, universal computational scheme that can be used to determine the radiation field and various characteristics
the scattering process as solutions of corresponding initial-value problEmaesidea behind this method developed
for solving a given linear problem of the radiation transfer involves a preliminary determination of the global optical
properties of an atmosphere — the reflection and transmissiofficeats, as well as some other related quantities,
for a family of atmospheres withggrent optical thicknesses. This makes it possible to determine the radiation field
inside the 1D inhomogeneous medium without solving any new equatitmvgever, as it was shown below, there
exists another route that allows reducing the computational process to ordinary matrix multiplication. Regardless
of the initial assumptions, the calculations are easily carried out on modern computers and, most importantly, are
numerically stable.

Generalization of the layers adding law for the case of inhomogeneous atmosphi&ses.was shown by
Nikoghossian (2004), Ambartsumia’s arguments and derivations described in Sect.3 for homogeneous atmosphe
can be generalised by considering the division of the medium into two parts as a combination of two media generally
of different optical properties.

For illustration of the basic idea, it is reproduced here the simplest scalar case involving the transfer of monochro-
matic radiation in a one-dimensional inhomogeneous atmosphere. As it was shown in (Nikoghossian, 2004), the
inhomogeneous atmosphere exhibits the so-called polarity property with respect to the sense of the incoming illumi:
nation, i.e., its optical properties in the scalar case are described by three parameters: two reflgbtmmtoand
one transmission cdi&cient.

Fig.10 is a schematic illustration of two cases where a photon is incident from outside on a composite medium
formed as the result of adding two inhomogeneous scattering and absorbing media with optical thickressses

The formulas for addition in the case shown in the upper part of the figure are
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Figure 10: Reflection and transmission of a composite atmosphere.

q(r1)q(72) r (r1) o (r2)
1-r(r)r(r2)’ 1-r(r)r(r2)’
where the barred values refer the direction inverse to that of radiation incidence. For the refledfiaientef a
composite atmosphere on the left (lower drawing of Fig.10) it was obtained

q(ri+12) = r(ri+72) =r(m2) + (103)

r(r1) & (r2)
1-r(r)r(r2)

It should be noted that, in general, the two components of the composite medianode from another not only
by optical thickness, but also by the form of the scatteringfatient. Even in the case of the scattering fiicéent
common for two components, their optical characteristics mégrddy the range of variation of this cieient. But
this should not cause confusion in further discussion since hencefonitl be replaced by infinitely thin layer.

Now consider an atmosphere of thicknegswhere the inhomogeneity stems from variability of the scattering
codficientA with depth, is divided into two parts. Then, the ordinary procedure of taking the limit, when the thickness
of one of components tends to zero, leads to equations which coincides with those for homogeneous atmosphere (s¢
Eq. (L6), Eqg. (L7)). For the inverse illumination one finds

r(r1+712) =r(r1) + (104)

drg

9°(70) (105)

where we take into account that in the scalar @pseq (Nikoghossian, 1999, 2004b),

This is important that (7o) satisfies a separate equation. It is a Riccati equation and can be solved by one of the
standard numerical methods. Note that a fairly high accuracy is obtained even in the simplest case of solvi)g Eq. (
by the Euler method.

After finding the reflectance (o), the transmission cdigcient is determined explicitly using the formula (Nikoghos-
sian, 2011c)

(o) = exp[— o) dr], (106)

where
1 (T 0)

@ (r0) =1- [1+71(70)] . (107)
It follows from Eqgs. ((06) and (LO5) that asrg — oo, 1 (10) andq (7o) correspondingly approac(ﬁ — Ao —2V1- /loo) /Ao
and zero, wherd,, is the limiting value of the scattering ciheient.
An alternative approach to the theory of radiation transfer in inhomogeneous media was developed by Nikoghos
sian (2012b) by considering the new functions

_ (7o) _
P (7o) = q( 5 S (7o) = ato) =1 (70) P(0) - (108)
From Eqg. (L05) it is easy to obtain (see e.g., Nikoghossian, 2004, 2004a, b, ¢)
= =|-52 P - 25 ). (109)
T0

which is the first of the requisite equations. On the other hand, EQafd (L09) imply

& _dp -1 “TO)]S(TO), (110)
dro 2

Equations {09 and (L10) represent the required linear system dfatiential equations. It must be supplemented
by initial conditionsP (0) = 1, S (0) = 0, which follow from the similar conditions for the reflection and transmission
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codficients. Having solved the system, the quantitiés)) andq (o) are readily found from Eq.108). The system
of equations 109 and (L10) plays an important role in the theory being put forward.
Note that, ifA (o) is differentiable, Eqs.109 and (L10) may be used to obtain separatéeliential equations for
determining the functionB (rg) andS (o). Differentiating the mentioned equations, after some simple transforma-
tions, we arrive at the following linear fierential equations of the second order (Nikoghossian, 2004)

P X dP X
d—%—ja—(l—ﬂ—j)P(To)—o, (111)
d?’s xds Py
d_'rg_;a_(l_/l—'—;)S(TO)_o’ (112)

respectively, with the initial conditionB(0) = 1, P’ (0) = 1 - @, S(0)=0,5(0) = @.

In the case of homogeneous atmospheres these equations, like the corresponding density of the Lagrangian, |
not containtg explicitly (i.e., g is a cyclical coordinate), so that translation of an optical thickness is a symmetry
transformation for the system EqsL00), (110). The variation approach proposed in (Krikorian & Nikoghossian,
1996; Nikoghossian, 1999) for equations of this type indicates that this system of equations allows a conservation lav
of the form

[P (10) — S (r0)]* - (1 - A) [P (7o) + S (r0)]* = const (113)

The value of the constant is determined from the initial conditions for the fundB@mp¥ and S(tg) and equals..
It can be expressed in terms of the reflection and transmissidghaests as

A[1+ 1 (10)]? = 4r (o) = A¢? (7o) . (114)

If the explicit dependence afon g is known, then Egs.1(L1) and (L12) can be solved using one of the available
computational schemes for the Cauchy problem for linefieidintial equations. In order to clarify the particularly
mathematical aspect of these results, we must point out the relationship of these equations to Riccati equations. Thu
for example, solving system of Eqs.(9), (110 is equivalent to solving the second ordeffeliential equation

F (r0) = [1 = A (r0)] F (r0) = 0 (115)

For the functionF (o) = P (70) + S (7). The initial conditions will obviously b& (0) = F’ (0) = 1. On the other
hand, it is well known that the substitution= F’/F yields the following Riccati equation

U (o) + U (1) = 1 — A (o). (116)

Equations {11), (112) also are reducible to this type of equation. In some cases, solving this system reduces to finding
the solution of ordinary diierential equations of known types, whose solutions are expressed in terms of special and
elementary functions.

One criticism sometimes raised about the applicability of the methods of adding layers and invariant imbedding
is that the latter are supposedly néieetive for determining the radiation field inside a medium. Here we show that,
in fact, these methods make it easy to determine this field as well as a number of other quantities which describe th
process of multiple scattering inside a medium.
One can now write the transfer equations in term&Jdf, 7o) andV (r, 7o), which represent the probabilities that
photon will move at the optical depthin the direction of decreasing and increasing optical depths, respectively (see
Fig.11):

%—LTJ = [1 - ?} U (7, 70) - ?V (7. 70), (117)
(;—\: = ?U (r,70) — [1 - ?} V (r,70), (118)

These equations satisfy the boundary conditidr{so, 70) = 1, V (0, 70) = 0. In classical astrophysical problems, the
transfer equations are usually reduced to just these kind of boundary-value problems. It is easy to see on comparir
the system of Eqs.1(L7) and (L18) with Egs. (L09) and (L10) that, as functions of optical depth, the functidhe V

satisfy the same equations as the functiBrisS of the optical thickness. However, in the first case, we have to deal
with a boundary-value problem, and in the second, with an initial-value problem.
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Figure 11: Schematic illustration of radiative transfer in a one-dimensional medium.

Based on some simple physical arguments it is easy to show that

q(ro) =a(@U (r.70),  V(r.70) =1 (1)U (7. 70). (119)

These equations follow mathematically by comparing the conditions at the bounda®, U (0, 79) = q(ro) and
V (0, 79) = 0, with the same conditions for the functioRsandS. In fact, these equations need no proof, since the
addition rules for the reflection and transmissionfiioents have been derived from them.

Eq. (119 yields

U (T,To) = exp[— fTow(T’) d’

, V(r,70) =1 (7) exp[— fTO @ (77) dT’] . (120)

Thus, for determining the radiation field inside a medium it iisient to first determine the reflectance of a family
of atmospheres by solving EqL{6). It should be noted that, as is clear from the above formulas, the variables
70 in expressions fo andV are separated:

U(r10) =q(m0) P(r).  V(r.70) = d(r0) S (7). (121)

These equations follow mathematically from a comparison of the conditions at the boudd@ryp) = q(ro) and
V (0, 7o) = 0, with the same conditions for the functioRandS.

We see that the radiation field inside the atmosphere is determined entirely by the reflectance and transmittanc
of its individual parts. In other words, knowledge of the global optical properties for a family of atmospheres with
different optical thicknesses, but with a given type of inhomogeneity, can be used for directly determining the radiation
intensity at an arbitrary optical depth, without solving any new equations

Furthermore, the fact that the variablesinandV are separable makes it substantially easier to find these in-
tensities, since the required solution can be obtained immediately for a family of atmospherestesigmntoptical
thicknesses. Equations{]) clarify certain features of the radiation field in an atmosphere. Thus, for example, they
imply that the radiation fluxes in both directions at some depith atmospheres with ffierent optical thicknesses
are proportional to the transmittance of these atmospheres, while the intensitiferantidepths inside a given
atmosphere are proportional to the corresponding opg¢ity

Knowledge ofr makes it possible to find explicit solutions for a whole series of problems that are frequently
encountered in astrophysical applications. Here we consider a few of them.

a. Internal energy sourcesSuppose that an inhomogeneous atmosphere contains energy sources ds frQwer
and it is required to determine the intensity of the radiation emerging from the medium and the radiation field within
the medium. If we denote the intensities emerging from the medium through the boundariesandr = 0 by
11 (7o) andls (1), then, after some simple reasoning, we can write (Nikoghossian, 2004b)

() = 5a(r0) [ 14T (1B e/, (122

20 =5 [ ROLE)+BElaE d (123

Knowledge of the latter is shicient for determining the intensitids (7, 7o), |~ (r, 7o) of the radiation directed, re-
spectively, toward decreasing and increasing depths, i.e.,
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1" (7, 70) = [12(70) = 12(7)] /0 (x), (124)
17 (r,70) =1 (1) 1" (7, 70) + 11.(7).. (125)
b. Average number of scattering eventd/e introduce the notations; (o), Nq (7o) for the MNSE, respectively,
for two categories of photons: reflected and transmitted. It has been shown by (Nikoghossian, 2004b) that thes

guantities can be completely expressed in terms of the above reflection and transmis$iciectzefor the family of
atmospheres by

_ }qz (to) (™ 2 dr
N = 570 o AP0l o (126)
1 [T
Ng (70) = > f(; A@{Q+r@[1+ N ()]} dr. (127)

c. Reflection from the opposite boundaRor completeness, here we also give the formula for the reflectidficient
of this medium when it is illuminated from the side of the boundary 0 in Fig.10. It was shown (Nikoghossian,
2004, 2004a,b,c), that

70 70 T
r(to) = % fo A(r)qz(r)dT:% fo A(x) €2k 7 g7, (128)

Thus, we can note the major conclusion of this sectionorder to solve the scalar problem of the radiation
transfer in inhomogeneous atmosphere it is enough to know its reflectivity, since all the other quantities of interest are
found explicitly.

xvii. Group-theoretical description of radiative transfer.

Media composition groups Scalar case Ambarsumian’s method of addition of layers was further developed
by Nikoghossian (2011a; 2014a,b; 2016, 2019), where, for the first time, the group theory was applied to solve
the problems of radiative transfer in inhomogeneous absorbing and scattering atmospheres. It was introduced tf
concept of a composition or transformation of scattering and absorbing atmospheres, which involves the adding o
an additional atmosphere to an initial one in the general case of an inhomogeneous atmosphere (or removing son
part from an initial atmosphere). It was assumed that the added or subtracted parts do not contain primary energ
sources. The transformations induced in this way form a group if the group product is taken to mean the resultant o
two successive transformations. It is easy to see that the other conditions for formation of a group are satisfied. Ir
particular, the role of a unit element is the identity transformation, which leaves the initial atmosphere unchanged, anc
the inverse elements are transformations which reversefie ef one or another already performed transformation.
The associativity of the group product is evident. This group of transformations was referred to as the GN2 group. It
is easy to see that, in general, it is not commutative. Among this type of groups, an important role is played by groups
associated with the formation of a multicomponent atmosphere. In that case, the transformation is taken to mean th
addition (or removal) of a homogeneous medium characterized by an optical thickness and a scattéicrentioe
This group (referred to as GNHZ2) is a two-parameter, noncommutative group. The special cask iwhieeesame
for all the added or removed media (group GH2) yields the case of homogeneous atmospheres. In this case, the gro
is obviously commutative, i.e., is abelian (Wigner, 1961). It is also a one-parameter, infinite, and continuous group.

Every homogeneous medium of optical thicknessan be characterized by two quantities, the refleat{og) and
transmissiorg(tg) codticients, which have a probabilistic meaning. At the same time, it has been shown (Nikoghos-
sian 2004, 2004a) that an inhomogeneous atmosphere has a polarity property, i.e., its optical properties are describ
by three parameters: two reflection doeients and one transmission ¢deent. Turning again to Fig.10 and the
layers adding laws Eq.03), Eq. (L04), one can rewrite these laws in terms of functi®hs, S. These were derived
in (Nikoghossian, 2011a) and read as

P(r1+712) = P(11) P(12) - S(11) S (r2), (129)

S(r1+12) = P(r1) S(12) + S(r1) M (72), (130)
whereM(t)= [1- S(t)S(t)] /P(t). Similarly,

S(r1+72) = P(r2) S(r2) + S (r2) M (r2) . (131)
It can be confirmed by direct testing that there is also an addition laM ey,
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M (r1+72) = M (1)) M (r2) - S(12) S (r2). (132)
On introducing the matrices _
AG) =( 50 ey ) (133)

it is easy to confirm that they also constitute a group and form a representation of the group GN2. In fact, each elemer
of the group GN2 corresponds to a transformatfigg),

P(ri+72) \ _( P(r2) -S(r2) \[ P(r1)
(S(T1+T2))_(S(T2) M (72) )( S(Tl))’ (134)
if the medium is illuminated from the right, afdd(g),
P(ri+72) )\ _( P(r1) -S(r1) \[ P(72)
( S (1 +12) )‘( S(r) M) )( S(r2) ) (135)

in the opposite case.

In addition, the group produgi®g, corresponds to the matrix produ{r, + 72) = A(r2) A(r1),i.e., T (g1 ® Qo) =
T (g2) T (gy), for illumination from the right andA (r1 + 2) = A(r1) A(r), i.e., T (g1 ® gp) = T’ (91) T’ (g), for
illumination from the left. (Here a tilde denotes the transposed matrix.) The identity transformation obviously cor-
responds to the unit matrixt (e) = E andT s(e) = E. The matrixA(t) is nonsingular (its determinant equals 1), so
inverse matrices exist, with

_ M) S@)\ M(r) S(7)
wro=( 150 b0 ) A0 150 56 ) (139)

These two group representations are isomorphic, since the correspondence between the groupS@)Nzaamwkll
as between GN2 anti(g), are mutually unique.

The vector-matrix case Up to now the discussion was restricted to the simplest scalar problem for one-
dimensional media. It was shown by Nikoghossian (2014a,b,c) that the results can be generalized to the matri;
case, which covers a wide range of astrophysical problems in which the spatial and frequency distributions of the ra
diation field are taken into account. Besides its purely theoretical significance, this generalization is of great practica
importance since it makes it possible to develop new methods for numerical solution of many extremely compli-
cated astrophysical problems. In particular, these include the formation of spectral lines in media with various kinds
of inhomogeneities, particularly, in those with fine structure that can be observed with the aid of powerful modern
instrumentation.

In general, the adding media canffdr from one another in optical thickness, as well as in the character of
their inhomogeneity related to variations irffdrent parameters that control elementary scattering event, such as the
absorption profile, scattering déieient, scattering indicatrix, frequency distribution of the radiation, degree of po-
larization, etc. The matrix case described in the above-mentioned works includes botfiusienliof radiation in
a three-dimensional plane-parallel medium, and in a one-dimensional medium where the frequency redistribution o
the radiation is taken into account. The results were presented for the last of these two cases with partial frequenc
redistribution where the inhomogeneity of the atmosphere resulting from by variations in the scattefiicgeabe
within it. As above, the composition or transformation of absorbing and scattering atmospheres was taken to mea
adding another, generally, inhomogeneous atmosphere to one of the sides of an initial atmosphere. These transforn
tions form a group if the group product (a binary operation) in it signifies the result of two successive transformations.
Everything stated above for 1D case relating to the conditions for formation of a group in the scalar problem remains
in force in the matrix case examined here. This generalized version of the composition group was referred nominally
to as a GN(2,C) group which, like the GN(2) group in the scalar problem is infinite and, in general, noncommutative.
The set of atmospheres obtained as a result of a described composition will evidently consist of multicomponent at
mospheres with inhomogeneous components. There are two subgroups of GN(2,C), both of which are of independe
interest. The first is related to the compositionh@imogeneoumedia, which difer from one another not only in
thickness, but also in several optical properties that characterizeffsioin process in it. These groups referred to as
GNH(2,C) are noncommutative and two, three-, or multicomponent, depending on the number of parameters that var
on going from one medium to another. This sort of multicomponent media, in which each component is homogeneou:
and difers from the others in its optical characteristics, can serve as a prototype for an entire series of real radiative
media that are often encountered in astrophysical applications.
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Figure 12: Reflection and transmission in an inhomogeneous two-component atmosphere.

The second subgroup is contained in the first and refers to the case when the added layers have the same propert
and difer from one another only in their thicknesses (group GH(2,C)). Obviously, any transformation in this case
yields only homogeneous media. This kind of group is commutative (abelian), one-parameter, infinite, and continuous
with the continuously varying optical thickness.

Fig. 12 demonstrates a configuration consisting of two media, whitér diom one another generally in optical
thickness and in the functional behavior of their parameters which determine an elementary scattering event. Thi
means that both components are inhomogeneous, so they have the property of polarity. As opposed to the scalar ca
the reflection and transmission d¢heients now depend on frequency (and also on direction in three-dimensional
problems), as well as on thickness; thus, it is convenient to write them down in operator form. Thseoteare
denoted, respectively, By;, Q; (i = 1, 2) when the medium is illuminated from the right (top drawing in Fig. 8) and
by R; andQ; when the medium is illuminated from the left (bottom drawing). We recall alsoQhat Q;", where the
asterisk denotes the transposed matrix. Thus, in the following discussion one shall adhere to the@btation

. o . . . -1 .
Along with the transmission cdiicientsQ;, their inverse matriceB; = Qi‘l, P = (Q;k) , (they exist because the

matrix Q; is nondegenerate) the matricgs= R;P; andS = PR play an important role in the developed theory The
matrix analogs of addition laws Eqs.(129, 130) are written as follows

P12 = PoP1 - $S1, S1y2 = SP1+M2S; (137)

whereM = Q* — SR.
Using the concept of supermatrices (Berezin, 1986; Wigner, 1961), EGS) dan be combined and written in

the form _
P1y2 P, -S \( P2
- . 138
(51U2) (sz M)(sa) (138)
Itis introduced the notation _
- (P -S
A—( - ) (139)

where the tilde means that a quantity is a supermatrix (or, as it is still customarily called, a cell or block matrix).

One can see that the supermatridgsalso form a group and are representations of the group GN(2,C) that
maps it in a linear supervector space. It is important to note that the technique for composition of absorbing anc
scattering media described By (the transformatio) does not depend on that what of some particular parameters is
responsible for inhomogeneity. Thus, these results apply equally to the media with components that Heerewof di
kind inhomogeneity.

It is easy to understand that the transformation E&f)( only provides a partial answer about the optical properties
of the resultant atmosphere. It can be used to determine the reflectivity and transmission of a medium only from the
side on which it is illuminated; this can be regarded aficent only in the case of a homogeneous atmosphere. To
find the lacking properties of the resultant atmosphere, we proceed as follows. It is evident that adding new medie
twice on the right to an initial layer is equivalent to taking the product of matrices ( This yields the addition rules
for SandM,

Siy2=PoS1+SM1,  Miy2=MM;1-$S;. (140)
Equations (xv.12) can now be written in vector-matrix form as
M2 M, -S M1
= = = = | 141
(s )-(s = (s ae

Thus, we arrive at yet another representation of the transformgitsgyrmeans of the supermatrix
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é:('\é ‘PS). (142)

The notationsl (g)and'IT(g) are introduced to denote the above representations of the group GN(2,C) corresponding
to transformations of the initial medium from the right. Then the group prodiasy, will correspond to the super-
matrix productsA; ;2 = AyA; andByj2 = B1Bo, ie, T(91®02) = T(g2) T(01)) andT (g1 ® 92) = T(92) T (Qn)-

The identity transformatior corresponds to the supermatrix

~ I O
E= ( 0 | ) (143)
wherel is the unit matrix.

The representations EG{9 and Eq.(42) found above are isomorphic to the group GN(2,C), since the corre-
spondence between this group anfh), T (g) is mutually unique and the product of any two elements from GN(2,C)
corresponds to matrix multiplications of the corresponding representations of this group. These two representation
can be combined and written in the form of the reducible representation

P1y2 P, -S, O 0 P,
S12 S M, 0 O S

- , 144
Miy2 0 0 M -3 M1 (144)

S1y2 0 0 & P S

with P(0) = M (0) = 1, S(0) = S(0) = 0.

Therefore, it is concluded that the ordinary matrix multiplication can be used to determine the quantities express-
ing the reflectivity and transmittance of a composite atmosphere if these parameters of its components are knowr
Evidently, in the case of a homogeneous medium, it fB@ant to consider the transformation Ed.3¢) instead of
Eq. (1449).

When the composite medium is illuminated from its left boundary (bottom drawing of Fig.12), the composition
transformation reads

(22015 58)()
Sz S, My S
Finally, instead of Eq.{(41), it is obtained
s )5 S 0E)
S i S [t (146)
(SlUZ S P S

Thus, there was found two new representations of the group GN(2,C) that describe the transformation of the globa
optical characteristics of a composite atmosphere illuminated on its left bounday

~ P* _S* ~ M* _§*
e-(2 ) so(W F) aar)

As it was proofed by Nikoghossian (2019), the superdeterminants (Berezinians) of all the supermafic€sand
D are equal to unity, so that both two-sided inverse matrices of them exist. Here are these matrices

. M* S . P S . M S . P S
Alz(_s* P*), Blz(_g* M*), clz(_§ P). D1=(_S M). (148)

These supermatrices are fundamental in the developed theory since they establish the laws of transformation «
global optical characteristics in composing scattering and absorbing media. All of them have a nhumber of common
properties: they are non-singular (non-degenerate) and have invariant superdeterminants equal to unity. In othe
words,the only global invariant during composition of media of arbitrary optical thickness is the superdeterminant
of the corresponding transformation operator. Physically, this is a consequence of the invertibility property of optical
phenomenaThis result can be illustrated using the geometric significance of the determinant of an ordinary two-
dimensional matrix (Fig. 13).

The theory developed in (Nikoghossian, 2011, 2014a] has been applied to the probldgfasifalreflection of
line radiation from an atmosphere of finite thickness with partial frequency redistribution. Transformations of the
group GNH(2,C) make it possible to construct a multicomponent atmosphere with a certain optical thigkttress
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Figure 13: Geometrical interpretation of the determinant of a scalar néstoixseveral values of the optical thickness.

components of which can be distinguished by their physical characteristics. As an example, it was examined a one
dimensional, inhomogeneous medium illuminated on the side at a boundany. It was assumed that medium

is composed of components of equal and quite small thickness, which are characterized by constant values of tt
scattering coficient . such that it can be regarded as a continuous function of optical depth in the limit when the
thickness of the components goes to zero. For the infinitesimal operator of the/Aywitip the parameter equal to

70, it was obtained

SN _ g A (o +At0) —A(t0) _( m(r0) —n(ro)
= (7o) = A!rI(EEO Ato “\n (to) —m (7o) )’ (149)
where

m (r0) = o — “;0) I nro)= A(ZTO)I‘. (150)

anda andT" are the discrete analogs of the scatteringfcient profile in the line and the frequency redistribution
law, respectively. It is assumed for simplicity that both of these quantities are independent of optical thieksess.
diagonal matrix with elementg = a (X;).

Eqg. (149 leads to the system of equations (Nikoghossian, 2013, 2014a]

dP

d—m:m(To)P(To)—n(To)S(To), (151)
8 1 (r0) P o) - m (o) S(ro). (152)
T0

with initial conditionsP(0)= | andS(0)= 0, where0 is the zero matrix.

The matrixP(to) obtained by solving the system of Eqs.5(), (152) can be inverted to determine the desired
values of the reflection and transmission fiieéents of the medium. The analogous system for the rest of other
properties of the medium reads

Z—M = -m (r0) M (70) — N (r0) S(v0) , (153)
T0
5~ hEoM (o) + (1) S(r0). (154)

with the initial conditiondM (0)= 1 andS(0)= 0.
If the medium is homogeneous, then it idfitient to limit ourselves to the system of Eqs5() and (L52), the
solution of which can be written in the form of a series expansion of the matrix exponential

P( )—|+(a—4r)@+[a2—3(ra—ar)T—(Z’+ (155)
0= 2 )1 2 20
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Figure 14: lllustrating the determination of a radiation field inside a medium.
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Depths translation groupsThe group-theoretical description of radiation fields in inhomogeneous atmospheres
was developed in (Nikoghossian, 2014b). A definition of the group of optical depth translations was given and
demonstrated its equivalence to the group of compositions of atmospheres. The transition from one optical dept
to another by attaching a new layer to it is, in fact, an infinite set of translations of this kind and forms a group,
since if the group product is taken to be the result of two successive translations, then it will satisfy all the group
postulates. In accord with the physical significance of the problem, the values of the optical depth obtained as the
result of translations should not exceed the optical thickness of the medium being consideregl. (This group, as
a subset of the GN(2,C) group, is equivalent to the analogous subgroup introduced in the first part of this paper for ¢
composition of media with dierent optical thicknesses.

The theory was applied, as above, to an inhomogeneous plane-parallel atmosphere of optical thjdkness
minated from the side of the boundary= 7o (top sketch in Fig. 14). In general, scattering in this medium can be
accompanied by redistribution with respect to both frequency and direction. To describe the radiation field inside
the atmosphere, it is introduced the matritk&, 7o) andV (r, 7o), which specify the probability that a photon with
spatial - frequency characteristiegx) incident on the boundary at= 1o will, as a result of dfusion, end up at depth
T, moving, respectively, toward the boundartes 0. T = ¢ generally with some other characteristigsx.

Given the probabilistic significance tf(z, 7o) andV (z, 7o), One can write

Q) =QM@MU(r.70), V(r7)=R(@)U(r70), (157)
which implies that

U(r.70) =P()Q(0).  V(r.70)=S(7)Q(70). (158)

It is seen that in a vector-matrix formulation, the variabledifr, 7o) andV (r, 7o) are separated, which is one of the
advantages of the approach we are using.

It follows directly from Eq. (59 that the subgroup of the representati@ifg) corresponding to the composition
of media with diferent optical thicknesses is, at the same titine group of representations for translations of optical
depths Note that, in this sense, a group of compositions of media witeréint thicknesses can be referred to nom-
inally as agroup of translations of optical thicknesséfherefore, the supermatrix plays a fundamental role, both
when combining atmospheres withfférent optical thicknesses and for optical depths translation of radiation field
inside a specified inhomogeneous atmosphere. In other words, it can be regarded simultaneously as the “compose
(former) of an inhomogeneous atmosphere and the “translator” for the transition from one depth of the medium to
another.

It is important to note that, as Eq{9) implies, in the transition from one depth to another only the global optical
characteristics of the added layer are important, while the characteristics of the radiation field within the layer play
no role in this transformation. Here it does not matter what particular parameter or parameters have changed t
produce the inhomogeneity of the medium. Thus, the approach described here is also suitable for problems involvin
atmospheres that havefidirent kinds of inhomogeneities and have arbitrary distributions.

Eq.(L159 and translation rules 161), (152) lead to the ordinary transfer equations for the operator functibns
andV,

z—f =m(@)U(r,70) -n(@)V(r,70), (159)
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?;]_\T/ =n(@)U(r,79) - M (1) V (1, 70). (160)
with initial conditionsU (0, 79) = Q (10), V (0,79) = 0.

It is easy to see that the group of translations of the optical depths in this problem is the same as the subgroup c
the group of compositions of media GNH(2,C) introduced above. This implies that, when determining the radiation
field inside a medium, it is possible to proceed without solving any new equations, since it can be found using the
results obtained in constructing a given medium by composition of proper layers and multiplying the found value of
Q (7o) by the values oP andS obtained in intermediate calculations.

The far reaching analogy between the group GN(2,C) and the group of translations of optical depths makes
it possible to transfer various results for the global optical characteristics of atmospheres to the case of quantitie
describing the radiation field within them.

Thus, the media composition groups and their representations generalize the layers adding method, which no
covers inhomogeneous, particularly multi-component, atmospheres with allowance of the angle and frequency distri
bution of the radiation field. The group representations being expressed in terms of some combined discrete quantitie
allow to find the most general summation laws for reflectance and transmittance of the plane-parallel media. This
confirms the importance of the approach proposed in (Nikoghossian, 2013b,c), according to which for determinatior
of the radiation field in the medium one must preliminary find its global optical properties. This contrasted with
the approach adopted in the classical transfer theory. Usage of composers facilitates solution of a rather broad cla
of the line-formation problems by reducing the most part of computations to the simple algebraic operations with
matrices. The ficacy of the approach becomes more discernable in the case of multi-component atmospheres oftel
encountered in astrophysical applications.

Employment of infinitesimal operators of the introduced groups makes it possible to establish the close connectior
of the introduced groups with the classical transfer equations and the equations ensuing from invariant imbedding. I
fact, the first of them are connected with the depth translation groups, while the second - with composition groups fol
media of diferent optical thicknesses.

The developed theory facilitates solution of some other standard transfer problems of astrophysical importance
as, for instance, the problem of multiple scattering in inhomogeneous atmosphere with internal energy sources ¢
in a semi-infinite atmosphere, the problem of findinffatient statistical mean quantities, characteristics of the ra-
diation difusion and so on. The theory is offBaiently great generality since it does not depend on the nature of
inhomogeneity of the media, as well as on the angle and frequency distribution of the radiation field.

Hamilton’s principle. It was shown (Nikoghossian, 2014b) thaffdiential representations of composition and
translation groups reduce the solution of the radiation transfer problems to systems of lifexantial equations
with initial conditions. The first of these for a homogeneous atmosphere is given by Egs.(151,152), and the second b
(Egs. (159, (160)).

The linear system of Egs. (151,152) is analogous to non-linear equations obtained by invariant imbedding (Chan
drasekhar, 1960; Sobolev, 1963; Bellman & Wing, 1973). At the same time, (EgS), (160) are the classical
radiative transfer equations. If the first of these two systems is first solved and the transmisfioienbis known,
then the transport problem (Eq<.50), (160)) can be formulated as a problem with initial conditiongathematically,
we are dealing with one and the same system of equations Vfithediit initial conditions; this is because of the sim-
ple relationships coupling the global optical characteristics of the medium and the quantities describing the emission
regime inside the mediunmSystems of equations of this type can be reduced to a second order mégmerdial
eqguation

D" = k0, (161)

with appropriate initial conditions; thetf = (o — 2n) . In the first case, her® signifiesP + Sand, in the second)

+ V. The operator acting in Eq1{7) is self-adjoint (potential), so a variational principle can be applied to this type of
problem (Vainberg, 1964). This possibility is important for the theory of radiative transfer. A variational formulation
of these problems of continuum physics is the shortest way to clarify the general physical laws of the phenomena bein
studied and interpret them. Generalized expressions for the Lagrangian density and the Euler-Lagrange equation c:
be written in this case for the matrix-vector operator in Ed:1f (Nikoghossian2014a):_

L (®, @, k, o) = ®? + k2®"?, (162)
d oL IL
el 2= = 163
dr o® oD (163)
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For the two problems being discussed here, the Hamilton’s principle (by analogy with the principle of the least action
in analytic mechanics) is written in the form

5fA(<D, @', k,70)drp =0, 6fA((I), @', k,7)dr =0, (164)

whereA is the Lagrangian.

It is easy to see that these generalized formulas have a significance analogous to that in the scalar problen
Mathematically, this general approach is extremely important, since it covers an extremely wide circle of physical
problems. One example is thefitlise reflection and transmission of a three-dimensional medium with isotropic
scattering considered in Sect. 5.xi (Nikoghossian, 1999).

Conservation laws. Quadratic and bilinear integral¥he characteristic feature of the matrix equation Ee.1)
is that the optical thickness of the medium and the optical depth do not appear explicitly in it. In other words, these
guantities are cyclic coordinates, which leads to conservation laws expressed as constancy of the Hamiltonian, i.e.,

Z (L - aa(; d)’) = const (165)
or
Z (®? - k~2@’?) = const (166)

For the above three-dimensional problem of isotropic scattering,lEG) {akes the form

1
f |®% - (n@')? - 20J] dy = const (167)
0

In considering the internal radiation regime, we hdve U + V, andp®’ = U -V, so that Eq. {6]) yields

1 1 2
A
[ vV @ o= 4( [ O @i+ V@) —const (o)

This equation is the so-called integral of Rybicky (1977) written in our notation. The constant of integration is
found from the boundary conditions: it equals

2

1
const= -%( fo Q. 11, 70) dn) , (169)

for a finite medium and zero for an infinite medium. This dependence can be dealt with most easily in a physical
sense if we examine the scalar analog of the problem. ThenlEg) yields
H? (1) - (1 - ) @ (7) = AQ° (v0), (170)

whereH =U - V and® = U+V . These quantities are related to the radiative flux and the integrated intensity (or
source function), respectively. It shows that in a medium with a given optical thickness and a specified scattering
codficient at its every depth, a mutually unique relation develops between the integrated radiation field and its flux;
i.e., when more radiative energy is confined in the medium, its flux is greateri@mglersa In particular, in the two
limiting cases oft = 0 andA = 1, we haveH (r) = U (7) andH () = Q(ro). Finally, in a semi-infinite atmosphere we
haveH () = V1 - A® (7). It should be specially noted that in this problem it is possible to derive a number of other
integrals, in particular th&-integral. These integrals, however, are consequences of a conservation law and have no
independent significance (Nikoghossian, 1999). In similar fashion, the Hamilton principle is applied for the global
optical characteristics of a scattering atmosphere, when the cyclic coordinate in Egs. (1517382 ®ding to the
Lagrangian. In this case, the system of matrix equations (151) and (161) leads to the conservation law

1 1 2
A A
fo P (0,1,1) S (t0, 7, ) dp — Z(fo [P (r0. 7. 1) + S (70,1, )] dn) =7 (171)
For a one-dimensional medium it takes the form
1(1+R?-4R= Q% (172)

This integral is well known in the classical theory of radiative transfer (Ambartsumian, 1960; Sobolev, 1963). It
has a simple physical significance that indicates the relationship between the reflection and transmission capacitie
of a given atmosphere is fully determined by the magnitude of the scatterifigcem®. The results shown in this
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section answer the questions posed in (Rybicky, 1977) regarding the nature of the quadratic integrals of the transfe
theory. The group approach also makes it possible to extend the results obtained there, as well as in (lvanov, 197
Janovitskij, 1997), to the quantities which determine the reflectivity and transmission of a scattering and absorbing
atmosphere. The additivity of the linear operator in Eici 1 shows possibility to derive so-called bilinear integrals,
which connect with each other the solutions dfetient radiative transfer problems.

Multiparameter groups The definition of the composition group for absorbing and scattering media given above
is suficiently general, since it imposes no limits on the physical and optical properties of the combined media. They
can be inhomogeneous and havfedent optical thicknesses. Compositions of homogeneous media fifeatfim
one another in several parameters characterizing thgsdn process in them are of special interest. Depending on
the number of these parameters, the resulting groups are one-, two-, or three-parameter groups, etc. In the limitin
transition to infinitesimal thicknesses, multicomponent groups usually lead to a linear pdrtiedrdial equation of
order determined by the number of parameters that vary independently of one another.

As examples, we point at two problems of the theory of radiative transfer which are reduced to solving equations
of one and the same kind. The first is the nonstationary radiative transfer problem in a homogeneous medium o
finite optical thickness. We shall be interested in the dependence of the reflection and transmigBmantsen
the thickness of the medium and time under the assumption that as thesedihe photons spend time only in flight
between two successive scattering events. The average time offfliglaetermined by the densityof the medium
and the average value of the absorptionfioent in the linek: T = (ckn~L. In the following we assume that the time
w is measured in units of. The addition law for these media will again be given by Etp Y, where the indices
(i =1,2, 1U2) now belong both to the optical thicknegsf the given medium and to the dimensionless time~or
simplicity we consider the problem in a one-dimensional approximation assuming that scattering in the medium take:
place with complete frequency redistribution wHer agay, with the elements of the diagonal matriegsa;, being
the values of the absorption déeient in a spectrum line normalized in corresponding fashion. The addition law for
this problem reduces to the following hyperbolic system of the linear parti@rdntial equations of the first-order
with two independent variables:

oP  oP_ MP (w, 70) — NS (w, 7o), 5,8 nP (w, 70) — MS(w, 70) , (173)
ot Ow otg Ow

with the condition® (w,0) = I, S(w, 0) = 0; P (0, 1g), S(0, 7p). Treating the left side of Eq.1(’3 as the derivative

with respect to direction and making the corresponding parametrization, the unknown functions can be represented «
functions of a single variable which vary in a direction perpendicular to the characteristic direction (Arsenin, 1984).
Along this direction the equations have the same form as the equations discussed above. In particular, by analog
with Eg. (L61) we have

D' =KD (9, (174)

whered (s) =P () + S (s) andk2 = m? - n2,
Using the variational principle along this direction makes it possible to introduce the Lagrangian density,

_ i i 2 2_/_l 2
L_(6T0+8w)[P +S 2(P+S)] (175)

for this problem along with a conservation law in the form

D (a% ; %) [%ao (P+9)2 - Ps] 0, (176)

where the arguments of the unknown matrix-functions in EGg5)(and (L76) have been left out for brevity. The
sum in Eqg. (76) is taken over one of the columns denoting the frequency of the reflected radiation. In the stationary
problem the time dependence vanishes and we find

bl
> 720(P+ S)? - PS= const (177)

The second problem involves determining the profiles of spectrum lines formed in a homogeneous scattering ani
absorbing atmosphere of finite thickness with developed homogeneous turbulence. Referring the reader to (Nikogho!
sian, 2017) for a statement of the problem and its physical aspect, here we note only that an approach based on tl
group properties of the quantities describing radiative transfer can be used in this problem as well if the spatial corre
lations of non-thermal motions are represented as a Markov process, which is described by Gaussian distributions i
a plane. For this distribution in this case, the Chapman-Kolmogorov relation applies, i.e.,
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Guu,p(l1+12) =f G(u,u”,p(12)) G (u,u”, p(I2)) du”. (178)

—00

The distributionG has a probabilistic sense in tia(u, u’, o (1)) duis the probability that if at some depthithe non-
thermal velocity equalg’, then at depthr it takes a value within the intervali(u + du). The correlation cd@icientp
for Markov process varies exponentially@8) = exp(-I/A), whereA is the average optical correlation length. Then
the addition law for two layers with optical thicknessgsandr; is given by
P12 (u) ) ( P(u) -S(u) ) ( P1 (u) )
= G . 179

(S0 )= (S0 e Joe( 56 (179)
Here the variable: denotes the shift of the frequency at the right boundaries of these media. The system of vector-
matrix differential equations generated by this rule is given by

oP 10P

pr T m (u) P (u, 7o) — n (u) S(u, 70),

oS 19S

8_7-0 + T n(u) P(u, o) — m(u) S(u, o), (180)

with the initial conditiongP(u,0) = | andS(u,0) = 0. m andn are specified by the same formulas as in the preceding
example with the frequency shift taken into account. The system of Egx) i valid for any values of the cor-
relation codicient exceptA = 0. This case, which corresponds to a microturbulent regime is generally examined
separately (Nikoghossian, 2017). We can see that this system of equattens idi form from Eqgs. 173 derived
for the preceding problem in that the correlationffi@@gnt A appears on its right hand side. Thus, both the methods
for studying and solving it, as well as the possibility of using the variational principle with conservation laws, are
fundamentally the same.

[I. APLICATIONS TO ASTROPHYSICAL PROBLEMS.

INTERPRETATION OF SPACE OBJECTS SPECTRA.

6. THEORETICAL PHYSICS

i. The relativistic Doppler broadening of the line absorption profile. The classical results of Doppler broadening

of the spectral line absorption profile was generalized in (Kichenassami, Krikorian & Nikoghossian, 1982) in a rela-
tivistic gas in thermal equilibrium by taking into account the relativistic variance of the volume absorptiGoieae

of the gas, as derived in (Thomas, 1930). The latter was shown to be important, since the variance produces a smi:
correction even in the non-relativistic approximation. The derived expression of the absorpfiicierdg,, has a

form

= — p— e_ 2vx —_— 181
2 Ko (mg) m? J_o (x—v)? +1? (181)

where the following notations are uset is density of the gas in its rest frameg = 1€?/mec, £ = ¢2/KT, cis light
velocity,x=yv(1+f),y = [1 + (p/m)z]l/z. The modified Bessel function of the second ordgfmé) is defined by

n oof T f"" me(x2+2) xdx
Xv =

Ko(mg) = 2 f e MChichtdt (182)
0
For vanishind" Eq. (182) gives
nooo f =2 e‘mg(zvzwg (183)
= _ V0
XV 00-0 2K2(m§)v2 >

whereyy is the frequency in the center of the line.

ii. The photon scattering by electrons. Energy losses by electrong\ series of papers in Byurakan Observatory
were devoted to derivation of the redistribution function (scattering kernel) describing the photons scattering on free
electrons. The simplest special case of isotropic and low energetic photons scattering on the ensemble of electrol
with the Maxwellian distribution of moments was considered above in Sect. 5.i (Harutyunian & Nikoghossian, 1980).
The generalized problem for the redistribution law averaged over directions of monoenergetic electrons velocities ir
the observer’s frame was treated in (Harutyunian & Nikoghossian, 1981, 1989; Dzhrbashian & Harutyunian, 1985).
The explicit expression of this law is too cumbersome to be presented here. We limit ourselves with only mentioning
that the first of the cited two papers uses the obtained results to formulate the probléinssf diflection of radiation

from a semi-infinite absorbing and electron scattering atmosphere. Exact expressions for the energy losses durir
photons scattering is treated and investigated in (Harutyunian, Dzhrbashian & Nikoghossian, 1988).

The results of numerical calculations for the energy loss by electrons and photons depending on their energy ar
depicted in Fig.15. It is noteworthy the maxima of curves for the electrons energy loss.
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Figure 15: The angle-averaged value of the energy loss by electrons as a function of the energy of photons an
electrons (left panel); the dependence of the energy loss by photons on the energy of the photons and electrons (rig
panel).

7. SOLAR PHYSICS

7.1. Quiescent prominences.

i. The research work on solar prominences carried out in collaboration with the Meudon observatory in Paris startec
in 1994. The cooperation involved Z. Mouradian (Meudon), A. Nikoghossian (Byurakan observatory) and their PhD
student S. Pojoga (Romania). The first works used digital raster images of prominences obtained with the Harvart
College Observatory (HCO) aboard ATM-Skylab, which represent a rich observational resource for investigating the
statistical properties of the spectra formation in media with composite thread-like structure. Spatial and temporal
variations of the prominences brightness in the EUV spectral domain were studied. The spatial brightness variation
of prominences may have several reasonffedinces in the line-of-sight number of structural elements and in the
value of the filling factor, physical inhomogeneities of the structures, instrumental errors and so on. These factors ar
studied separately in order to determine the significance of each in establishing the variations.

ii. The theory developed in a series of papers by Nikoghossian, Mouradian & Pohoga (1997, 1998a, 1998b, 1999
Pojoga, Nikoghossian & Mouradian (1998), Nikoghossian & Mouradian (2000), Nikoghossian (2001), Nikoghossian,
Aboudarham & Mouradian (2005) aimed at determining the mean intensity and the relative mean square deviatior
(RelMSD) for the line radiation emerging from an one-dimensional atmosphere with randomly distributed inhomo-
geneities. The idea of such statistical approach based on the study of spatial fluctuations of brightness goes back
Ambartsumian’s classical works (1951, 1960) studying fluctuations of the Milky Way brightness in estimating the
mean value of the opacity of interstellar matter.

iii. The theory developed in the cited papers both for spectral lines in the LTE and Non-LTE, allowed to make an
idea on the processes leading at the observed spatial and temporal fluctuations of brightness, and then on the opti
thicknesses, temperature and velocity field. Some information on the line-of-sight number of threads was obtainec
by theoretical treatment of dependence of the filling factorffodent of filling of the spectrograph slit in each pixel)

on this number (Nikoghossian, 2001). It was shown that the role of the random variations in the filling factor is
insignificant among the other factors producing brightness fluctuations for the regions of prominences having high
and moderate packing of filaments. At the same time, this role may become important for rarified and weakly radiating
regions. Note that analogous approach is applicable also in studying such multicomponent and non-steady formatior
in the solar atmosphere as chromospheric spicules and various coronal streams. Similar examples can also be cit
from other fields of astrophysics.

iv. The classical method for determining the velocities of micro-turbulent motions in solar prominences (Tandberg-
Hanssen, 1995) was generalized in (Nikoghossian & Mouradian 2010) to account for the possible opacity of the
spectral lines. A new characteristic of a line was introduced, which, for a given line formation mechanism, allows
also to determine the optical thickness of the emitting region. The method was applied to the spectral lines in the EUV
region observed with the SUMER spectrograph as part of the SOHO space program. Comparison with observationz
data not only confirms the validity of this mechanism for the line formation, but also shows that the optical thickness
of the medium is typically small for these lines. fgulties involved in determining the kinetic temperature and,
therefore, the micro-turbulent velocities, are mainly due to accuracy of the observational material. Based on the line:
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Figure 16: Early observation of a coronal linear (in dark) ray-thread showing a large aspect ratio. This is a greatly
magnified negative print made by the team of the Kiev University (Ukraine) using a 10 cm diameter lens of 10 meters
focal length and 30 s exposure time (left panel). Selected part of a composite (inner part is a W-L compressed imag
taken from Iran by the team of the Institut d’Astrophysique de Paris-CNRS using a radial filter; outer parts is the

Lasco C2 image from SOHO taken simultaneously from space on July 11, 1999) to show the NE limb, right above
a coming flaring active regions. High resolution images of the more inner parts of this limb did show many loops.

Arrows are indicating the most obvious linear rays-threads. The one raising above the N-pole region was seen on bot
ground-based and space-born images (right panel).

of various ions, this velocity is estimated to be on the order of 3Gv40 The cited paper presents a table of 20
spectral lines with the proper estimating values of the micro-turbulent velocity, opacity and kinetic temperature.

7.2. Coronal supra-thermal streams.

For a long time high resolution W-L eclipse images taken near the time of the solar maximum of activity did show
multiple thread-like streams afuat straight and fine “diverging” rays of unknown origin. This structure is not anchored

at the surface of the Sun but appears as a straight linear structure starting from a fraction of the solar radius and wz
sometimes called rays or “fan-streamer” (Vsessviatski & Bougoslavskaya 1944; Koutchmy 1969). They are typically
seen above limb active regions which produced flares or at least sub-flares before. Coronal streams are one of tl
intriguing short-lived phenomena emerging from the magnetically dominated part of the inner atmosphere of the Sun
their typical linear structure, their large aspect ratio, and their dispersed directions with respect to the local radial
direction strongly suggest that they largely ignore the outer background of the general coronal magnetic field which is
usually computed using current-free or force-free extrapolations of the measured magnetic field at the solar surface
They probably represent fluxes of supra-thermal electrons (with velocities up’ tend6-1) moving partly along

spiral trajectories.

The theoretical works by Nikoghossian & Koutchmy (2001, 2002) aimed at revealing the role of the Compton
effect when considering the W-L scattering of the solar photospheric radiation by coronal supra-thermal streams. Th
height-dependent model problem of Compton scattering on the beam of fast electrons gyrating around the lines ¢
force of the magnetic field was considered. The resulting change in frequency averaged over the beam and the sol
angle, within which the photospheric radiation falls, is computed for both sunward and anti-sunward directed streams
The dependence of thdfect on the height above the solar surface, the speed of electrons and the slope angle were
discussed. For illustration, it was assumed that the frequency distribution of the incident radiation is Planckian. The
effective value of the cross-section of interaction was compared with that for the Thomson scattering.

The results may be summarized as follows. At the least, at high distances over the solar limb the frequency chang
in the suprathermal stream radiation resulting from the Compton scattering may be significant even for moderate
energies of electrons. For electrons movirigtbe Sun, longwave-ward drifts of the spectrum are more likely, while
opposite ones are due preferably to the opposite directed beams of electronfethweaes expected to be detectable
only if the fractional density of fast electrons is not very small.

The realistic height-dependent model problem was treated in (Nikoghossian & Koutchmy, 2002). The results of
numerical calculations for the mean frequency change and the proper cross-section for both the sunward and ant
sunward directed beams of electrons were given as a function of height and the slope angle. It was concluded tha
depending on the angle between directions of the initial outburst and magnetic field, the scattering on the beam
moving away the Sun may produce measurable drifts in frequency to shortwave as well as to longwave domains o
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the spectrum. At the same time, the sunward directed beams result only in an increase in the photon energy.

In order to verify the theoretical results obtained, observations were made during the total eclipse in Angola
in 2001. The authors first document several examples of well observed cases of the linear W-L coronal thread:
extending above flaring active regions which are good candidates to give the signature known from the interpretatiot
of radio type Il bursts. There were performed measurements of the color index of the coronal supra-thermal streams
Observations imply that the color index of stream@edts markedly from that for adjacent parts of the surrounding
corona taken as reference (Koutchmy & Nikoghossian, 2005). The registered drifts to the longwave and shortwave
domains of the spectrum are in agreement with theoretical results obtained by the authors.

8. STELLAR ASTROPHYSICS
8.1. Flare stars. A certain place in the works of the Department of Theoretical Astrophysics occupied the study of
flare stars as a part of observational programs in the Byurakan Observatory
i. In the frameworks of this research field, a statistical analysis of the flare data obtained in 1967-1969 for the star UV
Cet and in 1967-1970 of the star YZ CMi was carried out by Oskanian & Terebizh (1971a,b). They showed that the
flare activity of these stars did not change during the mentioned periods. The detailed investigation of a number o
flares showed that the succession of the flares on the stars are near the Poisson distribution law. The research wc
was continued by B-color photometric observations of the stars AD Leo, EV Lac, YZ CMi, UV Cet, The distribution
of amplitudes, amounts of radiated energy and frequencies were studied. The influence of the observational selectic
on the detection of small-amplitudes flares as well as the problem of determination of the absolute flare activity of
these stars were discussed in detail.
ii. The Ambartsumian paper appeared in 1978 is devoted to derivation of the frequency function of stellar flares
in clusters. First, the problem of determining the total number of flare stars was considered on the example of
Pleiades under assumption that all stars flare equally often. Assuming that the flares occur according to Poisson’s lay
the problem was solved by using the chronology of discoveries (“first flares”) and the chronology of confirmation
(‘second flares’). For the expected number of stars in the aggregate that have not flashed in the entire time they we
observed, an estimate was obtained
a 2n2’
wheren; andn;, are expected numbers of stars that respectively flared once and twice.
If frequencies of flares areftierent for diferent stars, then this formula gives only the lower limit of this value. It
has been shown that in the case dfatient frequencies, there are the following inequalities

No (184)

2 2
ﬁ >ng> i (185)
np — - 2n2

Further, as subtracted, the fraction of flare stars increases when getting to fainter stars, in other words, the flar
activity previously decreases in more luminous stars.
iii. The possibility of interpretation of flare radiation of red dwarf stars with use of the inverse Compton scattering was
discussed by Harutyunian, Krikorian & Nikoghossian (1979). They refined the expressions, adopted earlier for the
law of the frequency redistribution during the scattering process and gave the formulfidoertial cross-section. It
was indicated the importance of the geometry of the photon-electron interaction and showed that the interpretation c
observational data by this mechanism meets considerdfileutties.
iv. Chavushian, Pikichyan et al. (2004) constructed the three-dimensional distribution of flare stars in the Pleiade:
cluster. For this purpose a one-dimensional distribution was first constructed from the observed two-dimensiona
distribution of the stars. It was shown that reliable construction of one-dimensional distribution requires solution of
the Abel equation. The last one was used to determine the dependence of the real three-dimensional distribution «
the density of flare stars on distance from the center of the cluster. This reveals a spherical layer of width 0.5 pc
2.8 < R < 3.5pc with a deficit in the member of flare stars. A profile of the three-dimensional density distribution of
flare stars was constructed in the region of deficit. The characteristics of this region were described.
v. The works by Hayrapetian & Nikoghossian (1989), Hayrapetian, Vikhrev & Nikoghossian (1989) showed that
gualitative and quantitative comparison of the results of plasma experiments with observational data on stellar flare
suggests that flares could be explained by the Pifigti i.e., by the plasma compression by magnetic field in the
outer layers of these stars. A possible scenario of magnetic tubes floating from the convective zone with furthel
stretching and arch structures formation was suggested.
vi. Hayrapetian & Nikogohossian (1988) showed that some spectral peculiarities of T Tau stars such as the values c
half-widths of Balmer lines, the short-term variability of hydrogen lines, the values of Balmer jumps and shifts of the
Hel lines, can be explained by generation of the quasi-stationary plasma turbulence in atmospheres of these stars.
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vii. An inverse problem of determination of the total number, luminosity function and the variability characteristics
of brightness of T Tau type stars in stellar aggregates was considered by Pikichyan (2018). It was demonstrated th:
the four observations of stellar aggregate make it possible to estimate the total number of irregular variable stars. B
assuming that the random process is continuous and stationary, it was formulated an inverse problem for restoration ¢
the star’s luminosity function, as well as the distribution function of the brightness variability. The original information
requires detailed photometry of two rather distant in time "pictures” of the aggregate stars. It is significant that the
mentioned author with his co-author proposed a project aim at minimizingfithet ®f the astronomical dome and
tower on the quality of the star image (Muradyan & Pikichyan, 1986). The new class of astronomical domes of
changing geometry was suggested, which are smaller in size and simpler in constructing as compared to the classic
ones with constant geometry.
8.2. LBV stars.
i. The spectral variability of P Cyg was investigated by Israelian & Nikoghossian (1993). The careful analysis of the
CCD - spectra of P Cyg made it possible to identify 10 of the 43 lines that had been unidentified up to that time. The
majority of identified lines belong to multiply ionized atoms. The conclusion was reached that there is anomalous
heating in the certain layers of the stellar wind. There were presented facts that suggest variation in the degree ¢
ionization of the stellar wind. Some forbidden lines were identified in the spectrum of P Cyg (see, also Israelian &
De Groot, 1992).
ii. Based on the fact that the stellar winds of LBV stars are due to acceleration of matter resulting from radiation pres-
sure in optically thin weak emission lines of metals in the Balmer continuum, Israelian, Nikoghossian & Tambovtseva
(1993) constructed models of the winds of these stars for some specific cases. The obtained results are in satisfactc
agreement with observational data.
iii. The papers by Nikoghossian & Israelian (1996), Israelian & Nikoghossian (1996) and Nikoghossian (2020) present
a theoretical study of changes in some spectral characteristics of the early type supergiants due to the scattering
radiation in the continuous spectrum. Thomson scattering on free electrons was regarded as a scattering mechanis
although the approach used is fairly general. The cause of changes in the star’s spectral class at constant bolomet
luminosity and surface temperature was revealed, and conditions necessary for their implementation were given. Th
effect of scattering in the continuum on the magnitude of intensity jumps in the hydrogen spectrum depending on the
degree of ionization was studied. The conditions under which the Schuster mechanism of emission lines formatior
starts to operate both in the isothermal atmosphere and in the atmosphere with temperature gradient were brought o
iv. Possible reasons for displacement of the peak of an emission line of an object with an expanding shell were con
sidered by Grigorian & Arshakian (1990). A nesect, a blue shift of the emission line peak, was established. It
was shown that such peak arises because the simultaneously observed photons reached the observer from point:
the shell at diferent distances emitted afffidirent times of its expansion. Théect is more pronounced, the closer
the speed of the ejected layers of the shell to the speed of light. The case of continuous shell isotropically expandin
with velocities proportional to the distance from the star was treated. A method was proposed for determining the
displacement of the emission peak and estimating the lower limit of the density of atoms emitted a given line. Appli-
cation of this method to the supernova SN 1987A led to an estimate of the radial velocity (-1s)ckmesponding
to the lower limit of the displacement of the peak of thgline.
8.3 Ap stars.
In the context of the study of elementalidision in Ap stars, Alecian (Meudon Observatory in Paris) in cooperation
with Harutyunian (2012), Haruthunian et al., (2016) treated the problem of radiative transfer in an inhomogeneous
medium with the depth-dependent absorptionfidccent. The corresponding equations are obtained to solve by
numerical methods.
8.4. Pulsars
The radio luminosities of pulsars were given by Andreasian & Arshakian (1993) as a function of their period and the
time of its variation. The parameters of that dependence were calculated and independent distances were determin
for 288 pulsars. The average electron densities toward the pulsars were determined from the known dispersion me
sures. The results obtained were used to study the large-scale electron density distribution in the Galaxy at a distan
of 4-5 kps from the Sun. The distribution maximum has been found to lay at a distance of 9 kps from the center of the
Galaxy in the vicinity of the Sagittarius spiral arm. They found that the electron density fiaddgponentially in the
regions between arms (toward the Perseus and Centaurus spiral arms).

9. EXTRAGALACTIC ASTROPHYSICS

i. The possibility of explaining the broad emission lines formation in quasars spectra by Cherenkov radiation was
considered by Nikoghossian (1994). This idea was suggested and worked out by some authors in a number of papel
where, however, somdtects, being essential for the line profile, were ignored. The classical Non-LTE line-formation
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problem with allowance for the Cherenkov radiation was solved in the above-cited paper. The results obtained fol
the Lyman alpha line for the electron temperatilise~ 1.5 - 10°K show that the fect of this mechanism becomes
measurable merely for unreasonably high densities of relativistic eleatgons 10Ment3. ii. The statistics of
interacting galaxies was treated by Karachentsev & Terebizh (1968). They used data for the systems of interactin
galaxies brighter than I50 spatial distribution. The results of statistical analysis have proved that the processes
giving rise to interacting galaxies have been spontaneous and induced by internal causes.

iii. The source-count analysis and §#&/, test in the study of the evolution of quasi-stellar radio sources was
treated by Terebizh (1973). The exact expressions/idy, the distribution under arbitrary character of their evolution
were derived. The dependence offéient methods were quantitatively was estimated. Arguments were rendered
in favor of the density evolution of quasi-stellar radio sources on the analysis of distribution of these objects on
the luminosity-redshift diagram. The same author studied the luminosity functions of Seifert galaxies and quasar:
(Terebizh, 1975, 1980).

iv. The spectra of Arakelian galaxies with high surface brightness were obtained by Doroshenko & Terebizh
(1975). A total 40 of 73 galaxies were with emission lines in the spectra. Red shifts and absolute magnitudes of
galaxies were determined.

v. The large scale spatial orientation of the major axes of extended double radio sources was studied by Arshakia
(1991). It was found the preferable orientation of the axes for 82 objects. Within limits of error the resulting direction
was concluded to coincide with the direction of the regular metagalactic magneticviielthe problem of finding
the distribution of separation velocities of the components of classical double radio sources were solved by Arshakial
& Andreasian (1993). Most of radio galaxies were found to have velocities in three interval8:0%c, -0.01% and
-0.02&, wherec is the speed of light. For quasars they are in two intervals with average separation velocitieg of 0.13
and 0.26.

ANNEX
Almost simultaneously with opening the Department of Theoretical Astrophysics in the Byurakan Observatory, the
international journal "Astrophysics” was founded. Affdrent times, dferent members of the department were part
of the editorial board of the journal, which soon gained wide recognition from the scientific community. In its turn,
the appearance of the journal was an impetus for the development of theoretical astrophysics both in the observato
itself and in the Republic.

The contribution of the members of the Department to the teaching activity and training of scientific personnel in
the republic is significant. The broad international cooperation of Department played an important role in the further
development of some areas of theory in the observatory, as well as in the creation of new ones.
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