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Editor’s Introduction
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This issue of the Communications of BAO is dedicated to the 110th an-
niversary of Viktor Ambartsumian — the founder of the BAO. We pointed in
the first issue of the renewed ComBAO that Ambartsumian was the founder
of this scientific periodical as well. More than 70 years ago, the first gen-
eration of Byurakan astrophysicists got a scientific magazine where they
published many important scientific papers.

In the occasion of the jubilee, the International Conference “Instabil-
ity Phenomena and Evolution of the Universe” took place at the Byurakan
Astrophysical Observatory during the week 17-21 September 2018. That
was a tribute to the memory of Ambartsumian, who was the first to con-
centrate his attention and attention of his co-workers on the decisive role
of instability phenomena in the evolution of cosmic objects.Indeed, estab-
lishing the observatory in 1946 Ambartsumian also outlined its scientific
priorities. Since that time the study of active or non-stationary phenomena
were always among first priorities.

The point is that comparing with the long lasting evolution processes in
cosmic objects activity phenomena more easily show the dominant direction
of the matter evolution in the Universe. All the physical conclusions require
accurate observational data, providing all necessary tools to reveal clear and
unambiguous empirical regularities concerning the objects of research and
the usage of physical theories well established and approved owing to their
reproducible character. That was one of the cornerstones for the research
methodology of studies of cosmogonic problems if one stays in the Ambart-
sumian’s ideological frame.

Although some of the ideas stated by Ambartsumian in the field of stellar
and galactic cosmogony are referred to have only historical interest, drastic
changes in the comprehension of star formation or the role of active galactic
nuclei, makes his research methodology rather valuable for the future stud-
ies of the relevant issues. One should mention that nowadays are common
studies of the star forming regions and active galactic nuclei, any discourse
about which considered to be ground less at very beginning. Speakers pre-
sented to the attention of participants of the conference many aspects of
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instability in the various cosmic objects, belonging to all hierarchical levels
of the Universe. Researchers considered observational data concerning the
instability phenomena in separate stars, stellar groups and galaxies, which
allowed comparative analyses of the types of these phenomena. In par-
allel, some presentations, stellar configurations consisted of various types
of super-dense matter, including quark stars, are considered theoretically.
These series of theoretical studies also initiated Ambartsumian in early 60s
of the last century jointly with Professor Gurgen Sahakian, is under future
elaboration at the Yerevan State University.

All the papers passed relevant peer-review.We are glad that in the mag-
azine established by Ambartsumian we publish papers, which in some way
are related to his scientific ideas and results.
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Abstract

We give a review of the most important scientific achievements of
one of the greatest scientists of the XX century, the founder of the mod-
ern astrophysics in Armenia, Viktor A. Ambartsumian (1908-1996).
He has fundamentally contributed in various fields of astronomy and
astrophysics, cosmogony, theoretical physics, mathematics, and phi-
losophy. We list the most important scientific results, including his
revolutionary works on origin and evolution of stars and activity of
galactic nuclei that turned over the development of astrophysics and
gave life to our before unchanged Universe. He was one of the founders
of the theory of planetary nebulae, stellar dynamics, protostellar dense
matter, as well as he has contributed in other important areas of the
theoretical astrophysics. Ambartsumian was also a great organizer of
science, important political and public figure. He was the founding Di-
rector of the Byurakan Astrophysical Observatory (BAO, 1946-1988),
the President of the Armenian Academy of Sciences in 1947-1993, the
President of the International Astronomical Union (IAU) in 1961-1964
and the President of the International Council of Scientific Unions
(ICSU) in 1968-1972. He was the founder of the theoretical astro-
physics in the Soviet Union, the founder of chairs of astrophysics in
Leningrad (St. Petersburg) and Yerevan state universities, as well as
the journals Communications of BAO and Astrofizika (Astrophysics).

Keywords: Theoretical Physics — Theoretical Astrophysics — Stellar Dy-
namics — Stellar Fvolution — Planetary Nebulae — Interstellar Medium —
Radiative Transfer Theory — Stellar Associations — Active Galactic Nuclei
- Superdense Matter.

1. Introduction

Viktor Ambartsumian (1908-1996) is one of the greatest scientists of the
XX century who has fundamentally contributed in various fields of astron-
omy and astrophysics, cosmogony, theoretical physics, mathematics, and
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philosophy. His revolutionary works on origin and evolution of stars and
activity of galactic nuclei turned over the development of astrophysics and
gave life to our before unchanged Universe. He is one of the founders of the
theory of planetary nebulae, stellar dynamics, protostellar dense matter, as
well as he has contributed in other important areas of the theoretical astro-
physics. Ambartsumian was also a great organizer of science, important po-
litical and public figure. He is the founder of the Astrophysics Departments
at Leningrad (St. Petersburg) and Yerevan state universities, Byurakan
Astrophysical Observatory (BAO), journals Communications of BAO and
Astrofizika (Astrophysics), one of the founders of the Armenian Academy
of Sciences. Ambartsumian was the founding Director of BAO (1946-1988),
the President of the Armenian Academy of Sciences in 1947-1993, the Pres-
ident of the International Astronomical Union (IAU) in 1961-1964 and the
President of the International Council of Scientific Unions (ICSU) in 1968-
1972.

Figure 1: Viktor Ambartsumian (1908-1996) and Byurakan Astrophysical
Observatory (BAO), founded by him.

Viktor Amazasp Ambartsumian was born on September 18, 1908, in
Thilisi (Georgia). After the graduation of Leningrad (Saint-Petersburg) Uni-
versity and post-graduate studentship in Pulkovo Observatory, he founded
at the University the first Department of Astrophysics in the Soviet Union.
In 1943, V.A. Ambartsumian was one of the founding members of the Arme-
nian Academy of Sciences and its Vice-President. Soon, in 1947, he became
the President of the Academy, and since 1993 he was its Honorary Presi-
dent.In 1946, Byurakan Astrophysical Observatory (BAO) of the Academy
of Sciences of Armenia was founded. Since the first days till 1988 V.A.
Ambartsumian was the Director and scientific leader of BAO. And since
1988, he was its Honorary Director. Thanks to Ambartsumian’s and his
colleagues’ works it became one of the known observatories in the world.

Ambartsumian’s research works are distinguished in perfection and al-
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most every time opened new directions in astrophysics. His works on physics
of gaseous nebulae and radiation transfer theory are classic. They played an
important role in this field, in particular, in the theory of multiple light scat-
tering. The invariance principle, formulated in these works for the first time,
had a wide application in a number of other fields of the science. Ambart-
sumian’s investigations on the problem of stellar evolution brought in 1947
to revealing of stellar systems of new type, stellar associations. The existence
of stellar associations in the Galaxy, dynamically non-stable and disintegrat-
ing systems, was the first observational evidence in favour of continuing at
present star-formation in it. Ambartsumian put forward a hypothesis about
the joint origin of the diffuse matter and stars of dense matter of unknown
nature, protostars. Ambartsumian’s studies of early stages of evolution of
stars and stellar systems are rather significant. It was shown, that in the
early stages of the evolution, the instability of the state reveals itself, being
the regular phase of the cosmogonic processes. Among these results the con-
clusions about the existence of stellar systems of positive total energy in the
Galaxy, non-thermal nature of ultraviolet stellar radiation of T Tauri type
and flare stars, are to be mentioned. New principle results were achieved by
V.A. Ambartsumian in study of evolution of galaxies. It was shown for the
first time that the central regions of galaxies, their nuclei, play a decisive
role in the phenomena of instability, observed in galaxies. Besides the stars
and diffuse matter, they must contain dense massive bodies of unknown
nature. The activity of galactic nuclei defines their evolution. At present
the active galactic nuclei (AGN) are the most intensively studied objects in
extragalactic astronomy.

Ambartsumian has carried out some other investigations of great im-
portance in astrophysics as well, such as the study of interstellar absorbing
matter in the Galaxy (the idea of its clumpy structure, the theory of fluc-
tuations of light of the Milky Way), works on stellar dynamics (establishing
of the basis of new, statistical mechanics of stellar systems), statistical in-
vestigations of flare stars, and others. V.A. Ambartsumian has published
about 20 books and booklets, more than 200 scientific papers, and numerous
popular articles.

Ambartsumian was an outstanding organizer of science, who significantly
promoted the international scientific cooperation. In 1948-1955 he was the
Vice-President, and in 1961-64, the President of the International Astro-
nomical Union (IAU), in 1968 and 1970 he was twice elected the President
of the International Council of Scientific Unions (ICSU). His many-sided ac-
tivity accepted high estimate. He was awarded governmental prizes, orders
and medals of a number of countries (Twice Hero of Socialist Labour in 1968
and 1978, USSR State Prizes in 1946 and 1950, Russian State Prize in 1995,
National Hero of Armenia in 1994), gold medals of a number of academies
and scientific societies.

He was elected honorary and foreign member of 28 Academies of Sci-
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ences, including USA, UK, France, Italy, Netherlands, Belgium, Denmark,
Sweden, Greece, Czechoslovakia, India, Argentina, and others, honorary
member of scientific societies of many countries, honorary doctor of the
Universities of Canberra (Australia), La Plata (Argentina), Warsaw and
Torun (Poland), Prague (Czechoslovakia), Liege (Belgium) and Sorbonne
(France).

Victor A. Ambartsumian passed away on August 12, 1996 in Byurakan.
He will remain forever as one of the most outstanding scientists of the XX
century.

Viktor Ambartsumian’s scientific achievements are well-known in the sci-
entific community, especially among astronomers and astrophysicists. How-
ever, he has left so much legacy that one should try to thoroughly study,
analyze and classify all this big material. Once, a small attempt was made by
Ambartsumian himself in his memories given in the book “Life Episodes”
(Shahbazyan 2001; 2003; however, this is only in Russian and Armenian
and the world community still has no access). Ambartsumian recalled that
some scientists especially mention some definite results by him from 1930s.
Most of these concerned theoretical astrophysics, theory of planetary neb-
ulae, stellar dynamics, etc. On the other hand, later on, many scientists
considered the discovery of stellar associations (1947) and the hypothesis on
the activity of galactic nuclei (1950s) as Ambartsumian’s most important
works. The theory of superdense matter (1960s) and the statistics of the
flare stars (1968) that resulted in the major conclusion about the flare ac-
tivity of all dwarf stars are also worth to mention. In 2008 we released a
DVD devoted to Ambartsumian’s 100th anniversary and we made an effort
to sort his major achievements in science (Mickaelian 2008). These results
were also published in Harutyunian Mickaelian (2008; 2011). Most detailed
description of Ambartsumian’s most important scientific results is given in
the book “Viktor Ambartsumian: Life and Activities” (Mickaelian 2014).In
this review we summarize and analyze Viktor Ambartsumian’s most impor-
tant achievements based on all these previous studies.

2. Most important scientific results

2.1. Astronomy, Astrophysics and Cosmogony
2.1.1. Theory of Planetary Nebulae (PN)

For the first time the influence of the light pressure on the plane-
tary nebulae dynamics was studied (1932). Each quantum of light owns
a definite amount of energy and linear momentum. The bigger the frequency
of the quantum (or shorter the corresponding wavelength), the bigger the
momentum carried by them. As there are many hot stars in the center of
planetary nebulae, which emit short wavelength photons, a question arises,
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how this emission may affect the circumstellar gas medium.This problem
had a very important subtext. The matter was that the classical cosmogony
claims that stars are being formed as a consequence of the condensation of
gas and dust, and the joint existence of a star and a nebula could introduce
a definite clarification in their evolutionary chain. And it was really ob-
tained that owing to light pressure the planetary nebulae expand
and should gradually dissipate in the space. It was also shown that
the age of the planetary nebulae could not exceed 100000 years if
no continuous outflow existed from the central star. Thus, for the
first time the new evolutionary paradigm on the formation of objects from
denser matter was formulated.

Figure 2

Zanstra’s method for determination of the planetary nebulae’s
central star temperature was modified giving the probabilistic def-
inition of short-wave energetic photons transformation into less
energetic ones (1932). It is known that the planetary nebulae radiate
due to the transformation of short-wave photons emitted by the hot stars
located in their center. It means that the high energy photons emitted from
the star, which are not visible to the eye due to their short wavelengths,
are being absorbed in the nebula ionizing the gas atoms. Due to this, ions
and electrons are being originated in the nebula. Later on, electrons couple
with ions and as a result numerous different energy photons form, including
those visible to the eye. If a method is being developed allowing calculate
the number of the transformed and hence visible photons, the number of
those short wavelength photons that originated the visible ones also may
be determined. Just due to this it becomes possible to calculate the sur-
face temperature of the star. This definition leads to the determination of
radiative equilibrium.

2.1.2. Novae and Supernovae

For the first time the amount of matter ejecting as a result of
Novae and Supernovae explosions was estimated (together with N.A.
Kozyrev, 1933). The phenomena of Novae and especially Supernovae belong
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to the largest stellar explosions. The first of these names has been formed
historically. The matter was that in the sky from time to time people dis-
covered stars that had never been observed before and it seemed as if they
were newly born stars.Later on it was understood that they also existed
before, however were not visible due to their faintness. They become visible
at some moment due to a burst and increase of their brightness dozens of
thousands or even million times. And in a few months they return to their
previous state. The Supernova phenomenon is much more powerful com-
pared to the ordinary Novae. If the Nova after the explosion returns to its
normal state, the Supernovae after the explosion don’t return to their former
state anymore. For the thrown out matter as a consequence of the explosion
Ambartsumian obtained the presently known values of 0.00001
and 1 solar masses correspondingly for the Novae and Supernovae
phenomena.

Figure 3

2.1.3. Stellar Dynamics

For the first time the distribution of stellar spatial (3D) velocities
was derived using only the coordinates and radial velocities. By classical
method, the stellar spatial velocities are being determined by their radial
and tangential velocities. However, the observations at different directions
lead to a variety of errors. Taking into account that the spatial velocities
are being given in three components, Ambartsumian applied a completely
different method using three other variables for each star; the radial velocity
and celestial coordinates. As a matter of fact, a necessity originated to
find the required function that depended on three variables by means of
a known function also depending on three other variables. This problem
was reduced to the numerical inversion of the Radon transformation. Four
decades later the same mathematical scheme was applied for the
construction and exploitation of computer tomography. “It seems
to me quite possible that Ambartsumian’s numerical methods might have
made significant contributions to that part of medicine had they been applied
in 1936”7, — mentioned in 1985 Allan Cormack who won the Nobel Prize in
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Physiology and Medicine for creating the tomography.

Figure 4: Viktor Ambartsumian derived the 3D distribution of the stellar
velocities and 4 decades later the same mathematical scheme was applied
for the construction and exploitation of computer tomography by Godfrey
Hounsfield and Allan Cormack who won the Nobel Prize in Physiology and
Medicine in 1979.

Using the statistical studies of, so called, wide binaries it was
shown for the first time that those did not obey the dissociative
equilibrium conditions (1936-1937). The matter is that during the stel-
lar approaches as physically coupled binaries may form so as the existing
binaries may disrupt. So, if three physically uncoupled stars approach each
other, an energy exchange may happen between them. One of the possible
consequences of such exchange is that one of the three stars obtains large
energy and leaves and the remaining two, losing some part of their energy,
cannot anymore move away and form a binary. The inverse phenomenon
may also take place, when a third star approaches a physically coupled bi-
nary, transfers part of its energy to them and decouples them from each other
and three uncoupled stars form as a consequence. A dissociative equilibrium
establishes in a definite time when these two inverse processes equal each
other. Ambartsumian showed that such equilibrium has not yet been estab-
lished and the number of binaries is many times larger than was expected
in the case of the equilibrium state. The same studies allowed arriving at a
conclusion that the components of binaries had been formed jointly. More-
over, the observed distribution put an upper limit for the Galaxy age, which
agreed with “the short scale”.

Figure 5

A.M.Mickaelian 168



Viktor Ambartsumian’s most important scientific achievements

The mechanism of star “evaporation” from the open star clus-
ters was revealed (1938). The use of this phenomenon allowed him for
the first time find the halftime of the clusters’ decay, and was applied to
anticipate the gradual decrease of the number of low mass stars in clusters.
A new stellar statistical method was developed to consider this problem.
For this, it was taken into account that in the stellar system of any type
mutually connected by gravitational forces an ongoing energy exchange was
taking place between its components. As a consequence, a so-called equi-
librium Maxwell distribution of energies is being established. On the other
hand, in the case of equilibrium distribution some stars gain such velocities
that allow them break away from the gravitational field of the system and
irreversibly leave. As a result, the energy equilibrium is being broken and
the energy exchange again establishes a new equilibrium state. This process,
which is by its sense the same as the water evaporation, gradually depletes
the star cluster. And by the way, the low-mass stars leave the cluster the
first as in the case of the same energy low-mass stars gain larger velocities.
These studies provided a theoretical basis for decreasing the accepted age
of the Galaxy for thousand times (the previous estimate, so-called “the long
scale” was by James Jeans, 1013 years), making it equal to 10 billion years
and for introducing “the short scale” of the Galaxy age. Note that
this estimate has not changed until nowadays, though with the development
of science many new methods have been applied to calculate the age of the
Galaxy. It is worth stating that by modern estimates the age of the Universe
is 13.8 billion years.

Figure 6: Viktor Ambartsumian and James Jeans (UK), who disputed in
1930s about the age of Our Galaxy

2.1.4. Interstellar Medium (ISM)

The patchy structure of the Milky Way’s absorbing dust com-
ponent was revealed (together with Sh.G. Gordeladze, 1938). Our Galaxy
has two components, one having disk-like flat form and spiral arms come out
from its nucleus. The stars belonging to this component form in the sky the
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nebulous strip of the Milky Way. And the whole gas-dust matter of the
Galaxy belongs just to this component. Even with the naked eye one can
see that the stars in the Milky Way are not distributed equally; in some parts
their number is rather small compared to the neighboring regions. This is
simply because of the presence of the absorbing matter. Ambartsumian was
the first to show that the distribution of the absorbing matter was rather
inhomogeneous and in the reality it was formed of individual clouds. The
sense of the name “patchy structure” is just the fact that it is consisted
of these individual clouds. For the first time, the mean absorption of
corresponding single clouds was estimated to be of the order of
0.2 magnitudes corresponding to some 1.2 times weakening of the
light passing through it.

Figure 7

The theory of the fluctuations in brightness of the Milky Way
was formulated (1944). In the simplest form it asserts that the probability
distribution of fluctuations in the brightness of the Milky Way is invariant
to the location of the observer. In the interstellar space the absorbing clouds
are concentrated in a rather thin strip around the plane of symmetry of the
Galaxy. Definite deviations of the observed distribution of the brightness of
the Milky Way have formed in the sky due to the light absorption in them.
For the same reason, deviations from the equal distribution of the number
of other galaxies are also formed. In other words, for example if in the case
of absence of interstellar absorption, the brightness of the Milky Way in
the neighboring regions of the sky would not vary much, the presence of the
absorbing clouds causes abrupt variations of this brightness. The nature and
size of the observed deviations are completely determined by the properties
and the number of the interstellar absorbing clouds. The investigation
of the observed deviations by the theory of fluctuations allowed
determine the properties of the absorbing clouds.

2.1.5. Radiative Transfer Theory

The Invariance principle was proposed to solve the radiative
transfer problems (1941-1942). The principle in fact has a very simple
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physical sense and statement. For the first time it was established for the
purpose of the formulation of the problem of the reflection of radiation from
the semi-infinite medium. It is enough to imagine a radiation scattering and
reflecting medium that has only one surface and fills half of the space. An
example of such a medium is the ocean for the ordinary light. The radiation
penetrates into the depth of the medium and may change its direction in
the case of each scattering process and move in the opposite direction or
continue moving in the same direction. The problem is to determine the
number of the reflected radiation as a result of numerous scattering pro-
cesses, which in general case depends on different variables, including the
direction, wavelength, etc. Very simple physical reasoning that the reflec-
tion properties of the semi-infinite medium will not be changed if a very
thin layer of the same physical properties is added to the medium boundary
gave an excellent basis for creation of a new and strong research method.
The mathematical equations describing the problem are much simpler and
are being easily solved compared to the previously used so-called transfer
equation. After many years Ambartsumian declared the Invariance Princi-
ple to be one of the most important tools he invented. This principle bears
V. Ambartsumian’s name and the corresponding function was named V.
Ambartsumian’s ¢ function.

Figure 8: A humorous drawing by the French astronomer Jean-Claude
Pecker showing Ambartsumian’s Principle of Invariance

2.1.6. Stellar Evolution

The importance of the stellar associations as dynamically un-
stable entities was revealed (1947-1949). The stellar associations, which
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are distinguished by a rather big partial density of similar stars, attracted
Ambartsumian’s attention still in 1930s. A special interest caused the ques-
tion how the similar stars had gathered in the same area. Investigating their
structural properties, Ambartsumian showed that they had been formed
together and that they could not be older than a few dozen mil-
lion years. It meant that the stars belonging to the stellar association also
could not be older than that. Taking into account that the prevailing part
of the stars of the Galaxy are a few billion years old, a conclusion was
made that these were newly born stars. Thus it was shown for the
first time that at present the star formation process also continues.
It was the first case when it was shown that in a finite space volume there
exist stars of different ages. The other important conclusion was that the
star formation occurs in groups.

Figure 9

Ambartsumian showed that the continuous emission observed in
the spectra of non-stable stars had nonthermal nature and put for-
ward an idea about new possible sources of stellar energy, the hypothesis of
the superdense protostellar matter (1954). Moreover, later on Ambartsum-
ian concluded that the same source might be responsible for the phenomena
taking place in the centres of galaxies, galactic nuclei. Observational evi-
dences, particularly huge amounts of energy emitted from the central parts
of galaxies, insist on the existence of powerful sources of energy. At present
the most popular explanation for the AGN powerhouse, the Unified Scheme,
involves accretion of gas onto a Super Massive Black Hole (SMBH). Thus,
Ambartsumian’s suggestion that there existed a supermassive dense body
in the center of galaxies is now well accepted and SMBH could be one of
the possible models of such matter. Though Ambartsumian believed that
the source of energy was inner, it is obvious that his idea on the activity of
galaxies based on the energy sources hidden in the galactic nuclei is mod-
ified to fit known physical theories, which Ambartsumian himself did not
find unambiguous.

Theoretical studies of the hypothetical superdense protostellar
matter have been done in the frame of the modern knowledge of physics (to-
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gether with G.S. Sahakyan, 1960-1961). The existence of stellar associations
and the possibility of the formation of stellar groups in a small space volume
already require the presence of matter of a new type that is by its density
comparable to atomic nuclei. The activity of the galactic nuclei and the need
of the presence of large masses in them even more increased the necessity of
the theoretical justification of the superdense matter. These researches
allowed later increase the Chandrasekhar limit of stellar masses.
However, so far it has not been possible to theoretically prove the possibility
of the existence of superdense matter concentrations having masses of galax-
ies or their nuclei. So far just this prevents the further dissemination of the
point of view of the activity of galactic nuclei and the formation of daughter
galaxies by decay and ejections from galaxies. Some researchers believe that
this obstacle is in fact a consequence of the non-perfect knowledge of the
laws of Nature.

Figure 10

Statistical studies of the flare stars revealed their evolutionary
status (1968). In general, on all stars one can find various evidences of
activity. Even on the Sun that is considered as a quiet star, giant explosions
and bursts take place, though having essentially smaller energy compared to
the total energy emitted by the Sun. However, there exists a whole class of
dwarf stars, which show flares having emitted energy dozens and hundreds
times more than that of the star at quest state. These stars are called flare
stars and no stellar inner structure model had predicted such a phenomenon.
For this reason for some time these stars were considered as “crazies” of the
stellar family that do not obey the general regularities. However, their ob-
servational study and statistical investigation showed that the flare activity
was a regular phase in the evolutionary path of low-mass and low-luminosity
stars. It was proved that all the stars of the mentioned category in-
evitably possess flare activity in the early phases of their evolution.
Later on (1978), on the basis of the chronology of discovery (first flares) and
confirmation (second flares) of the flare stars, Ambartsumian by a solution
of an inverse problem derived the distribution function of average fre-
quencies of flares in the given stellar system.
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2.1.7. Active Galactic Nuclei (AGN)

The hypothesis on the activity of galactic nuclei was proclaimed
(1956). Previously it was believed that the nuclei of galaxies were their oldest
parts that did not have any participation in the evolution of galaxies. Even
there was an opinion that the nucleus was the “grave” of the dead matter.
However, the observational facts showed evidence that there were ejection
and outflow of matter from the nuclei of galaxies, including some cases when
these processes were connected with expenditure of a rather large amount
of energy. Moreover, the amount of the ejected matter sometimes can be
enough to form a new smaller mass galaxy. This and other similar facts
served as a basis for a formation of an unprecedented idea on the activity of
galactic nuclei. The various forms of activity have been presented as different
manifestations of the same phenomenon of activity. The evolutionary
significance of the activity in the galactic nuclei was emphasized and
further hypothesis was declared on the ejection of new galaxies from the
active galactic nuclei.

Figure 11

Since the beginning of 1950s, Ambartsumian carefully analyzed all ac-
cumulated data on emission-line galaxies, radio galaxies, blue components
around giant galaxies, Haro’s blue galaxies, etc. and came to a conclusion
that all these different manifestations (various forms of activity) related to
the same physical phenomenon, namely activity of the galactic nuclei. It
was not straightforward and obvious, as the data were very few and each
seemed to have independent explanation. Moreover, blue-UV emission of
some nearby galaxies obviously came from their spiral arms and was ex-
plained by a large number of hot stars. Thus, a hypothesis on the activity
of galactic nuclei was proclaimed by Ambartsumian (1955; 1956). The evo-
lutionary significance of the activity in the galactic nuclei was emphasized
and a further hypothesis was suggested on the ejection of new galaxies from
the active galactic nuclei. The hypothesis on the superdense protostellar
matter was engaged to explain the observational data. According to Am-
bartsumian, forms of activity could be rather different: emission of gas from
the central part of the galaxy having velocities up to several hundreds of
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km/sec, emission of fluxes of relativistic particles originating high-energy
particles (forming radio halos around the nuclei), eruptive outbursts of gas
matter, eruptive outbursts of relativistic plasma, outbursts of blue concen-
trations having absolute luminosity typical of dwarf galaxies, etc. A compar-
ative analysis of all these observational data shows that independent on their
apparent differences, all these phenomena have a common physical nature.
Ambartsumian came to such conclusion at the very beginning of investiga-
tions, however, during many years (1960s-1980s), all types of revealed AGN
were regarded as different kinds of objects, probably with different mech-
anisms of radiation. Moreover, all historical classifications (Seyfert 1 and
2, radio galaxy, QSO, LINER, BL Lac objects, etc.) supported an idea to
explain them separately and then (if possible) try to find similarities or links
between these classes.

The theoretical study of the numerous observational evidences of various
sorts of physical instability in galaxies led Ambartsumian to a fundamental
conclusion that in processes of origin and evolution of galaxies, the role
of the central small in their sizes condensations, the nuclei of galaxies, is
huge. He justified an essentially new understanding that all observational
evidences of the instability of galaxies are a consequence of activity of the
galactic nuclei. Further on he established that to various degrees of activity
of nuclei of galaxies correspond various manifestations by the form and power
in structure and radiation of galaxies.

In 1985, Antonucci and Miller published a paper “Spectropolarimetry
and the nature of NGC 1068 (a classical Seyfert 2 type showing only nar-
row emission lines). The polarized flux plot revealed the presence of very
highly polarized, very broad symmetric Balmer lines and also permitted Fe
II closely resembling the flux spectra of Seyfert type I nuclei. This line emis-
sion indicated that both polarizations were due to scattering, probably by
free electrons which must be cooler than a million K. A model was suggested
in which the continuum source and broad line clouds were located inside a
thick disk, with electrons above and below the disk scattering continuum
and broad-line photons into the line of sight. All of the narrow lines, in-
cluding the narrow Balmer lines, had similar low polarizations, unrelated
to that of the continuum. Further studies strengthened such a geometrical
understanding of the difference between the AGN, so that each type (the
classification) depended on the observed angle.

Ambartsumian considered the existence of a supermassive dense matter
in the center of stars and galaxies that was responsible for their activity and
evolution. However, there in fact was no any developed model to describe
this hypothesis, beside some attempts to build superdense stellar configu-
rations. Observational evidences, particularly the huge amounts of energy
emitted from the central parts of galaxies, insist on existence of a power-
ful source and until now this puzzle is not yet finally solved. There are in
fact two opposite understanding on the phenomena of star formation, cos-
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Figure 12

mogony in general, and activity of the galactic nuclei; classic approach and
Ambartsumian (or Byurakan) one. It is important to anyway understand,
how much these two “opposite” approaches contradict each other and how
much they are related.

At present, the most popular explanation for the AGN powerhouse in-
volves accretion of gas onto a Super-Massive, perhaps spinning Black Hole
(SMBH). Different regimes of accretion have been invoked to constitute
the basis of a unified picture of AGNs. The predictions of the theory are
that rotationally supported thin disks would form at lower accretion rates
(M < MEgqq), while supercritical (M > Mpgyq) accretion flows are expected
to form thick disks supported by radiation pressure. A very subcritical flow
may not be able to cool and, instead of forming a thin disk, it puffs up
giving rise to an ion torus supported by gas, rather than radiation, pres-
sure. The formation of the torus is crucial to support the unified model
of AGN. Further studies strengthened such an understanding of the AGN
energy sources. However, there still are many difficulties and the discovery
of new objects with new properties encounter challenges in their explanation
in frame of the general scheme. Ambartsumian’s theoretical consideration of
observational data about the known forms of activity of the galactic nuclei
gave serious bases to admit that activity of nuclei was caused not by stars
and not by diffuse matter containing in them. They could not explain, at
least, such observed forms of nuclear activity, which were connected with
allocation of enormous amounts of energy and eruptions of unusually big
masses of matter. Hence, it is necessary to consider that in corresponding
nuclei there are bodies of at present unknown nature, which contain very
big stocks of matter and have huge energy. In other words, it is necessary to
consider, that in galactic nuclei physical conditions of matter are extremely
unusual and strongly differ from the conditions observed in other parts of
the Universe. In particular, in some bodies containing in nuclei of galaxies,
the matter density should be extremely high. Only in this case the nuclei
can provide the continuous outflow of matter or emissions and eruptions
of the big masses from the nuclei, phenomena revealed by observations in
some galaxies. These reasons also have formed a basis for working out of
new important understanding that the galactic nuclei are sources of huge
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amounts of matter and energy, which then give rise to formation around
them galaxies or systems of galaxies and supply them with energy of the
observed non-stationary motions. Ambartsumian showed that the results of
studies of non-stationary systems of galaxies and various forms of display
of nuclear activity of separate galaxies represent huge scientific interest not
only for discovery of the laws of the origin of stars and stellar systems of
various scales, but also for detection and research of while unknown states
of matter, including the proto-stellar ones. And the results received by Am-
bartsumian in this area are in a full consent with understanding of the theory
of stellar associations already mentioned earlier that matter development in
the Galaxy has a certain orientation from denser states to less dense ones.
One could believe that the search for such forms and states of matter in the
central parts of galaxies led some astrophysicists to find the model of SMBH
as such, though not completely explaining many aspects.

There are of course principle differences in the classical and Ambartsum-
ian’s approaches to the explanation of AGN energy sources. Ambartsumian
believed that the source of energy was inner; it is emitted from the central
engine and was directly connected to the nature of the central dense matter.
The unified scheme and related accreting SMBH theory attributes the energy
to the accretion on SMBH, which is in fact a physical process related to the
environment of the central source. But there also are similarities between
the classical and Ambartsumian’s approaches. Ambartsumian’s suggestion
that there existed a supermassive dense body in the center of galaxies is
now well accepted and SMBH could be one of the possible models of such
matter. It is obvious that Ambartsumian’s idea on the activity of galaxies
based on the energy sources hidden in the central parts of galaxies (nuclei) is
modified to fit known physical theories, which Ambartsumian himself didn’t
find unambiguous.

2.2. Theoretical Physics

In 1930 he published a paper with Dmitri Ivanenko where the impos-
sibility of the existence of free electrons in the atomic nuclei was
proved. After the formation of the first understanding on the atomic struc-
ture, the explanation of the contents of the atomic nucleus was considered
as the most important problem. It was known that the nuclei were charged
positively and the simplest explanation was that they consisted of protons.
However, as the experiments showed, the nuclear mass was bigger than the
summarizing mass of the protons corresponding to their charge. To over-
come this controversy the author of the atomic structure Ernst Rutherford
believed that the nuclei were formed of as many protons as was needed to
reach the nuclear mass and the excessive charge was neutralized by the cor-
responding number of electrons located in the nucleus. Ambartsumian and
Ivanenko showed that only electrically uncharged elementary parti-

A.M.Mickaelian 177



Viktor Ambartsumian’s most important scientific achievements

cles of approximately proton mass could exist together with pro-
tons in the nuclei. Two years later the English physicist James Chadwick
discovered the neutron. Ambartsumian and Ivanenko also put forward an
idea that not only the quanta of the electromagnetic field, photons, but also
other particles (including particles having nonzero rest mass) may
be born and disappear as a result of their interaction with other
particles (this idea lays in the basis of modern physics of the elementary
particles and quantum field theory).

James Chadwick

(20 Det 4891 . 20 July 1874 |

Figure 13: Viktor Ambartsumian, Dmitri Ivanenko and James Chadwick

2.3. Mathematics

For the first time the problem of finding the form of the differen-
tial equation corresponding to the known family of eigenvalues was
solved. This problem is rather hard in its general statement. As an exam-
ple, one can imagine such a problem. It is known that all atoms have discrete
energy levels and spectral lines form due to transitions between them. A
question arises; having the set of the spectral lines characterizing an atom, is
it possible to find the equation with the line frequencies as its eigenvalues?
The problem discussed by Ambartsumian belonged to the same family of
problems but was incomparably simpler, though at that time also seemed
unsolvable. It related to the frequencies of oscillations of a homogeneous
string. It was shown that only the given string could have the given spec-
trum of frequencies. The paper devoted to the solution of this problem was
published in the German Journal of Physics (ZeitschriftfirPhysik, 1929). It
remained unnoticed for one and half dozen years. “If an astronomer pub-
lishes a paper on a mathematical problem in a physical magazine, he is not
to be wondered that nobody has noticed it”, — was recalling he many years
later. However, the paper was found, valued highly by mathematicians and
it initiated a wide direction in mathematics — inverse problems.
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3. Ambartsumian’s most important scientific pub-
lications

Here we give the papers that contain Ambartsumian’s most important
scientific results listed above.

W.A. Ambarzumjan — Uber eineFrage der Eigenwerttheorie (On a Prob-
lem of the Theory of Eigenvalues) // Zeitschrift fur Physik, Vol. 53, Nos.
9-10, p. 690-695, 1929 (in German)

W.A. Ambarzumjan, D.D. Iwanenko — Eine quantentheoretischeBemerkungzurein-
heitlichenFeldtheorie (A Quantum-Theoretical Remark on the Uniform Field
Theory) // Doklady USSR Acad. Sci., Ser. A, Vol. 3, p. 45-49, 1930 (in
German)

W.A. Ambarzumjan, D.D. Iwanenko — Uber eineFolgerung der Dirac-
schenTheorie der Protonen und Elektronen (On a Consequence of the Dirac
Theory of Protons and Electrons) // Doklady USSR Acad. Sci., Ser. A,
Vol. 6, p. 153-155, 1930 (in German)

V.A. Ambartsoumian, D.D. Ivanenko — Les electrons inobservables et
les rayons (The Inobservable Electrons and Rays) // Compterenduhebdo-
madaire des seances de 1’Academie des sciences de Paris, Vol. 190, No. 9,
p. 582-584, 1930 (in French)

V.A. Ambartsumian — The Radiative Equilibrium of a Planetary Nebula
// Monthly Notices of the Royal Astronomical Society (MNRAS), Vol. 93,
No. 1, p. 50-61, 1932 (in English)

V.A. Ambartsumian — On the Temperatures of the Nuclei of Planetary
Nebulae // Poulkovo Observatory Circular, No. 4, p. 8-12, 1932 (in English)

W.A. Ambarzumjan, N.A. Kosyrew — Uber die Massen der von den
neuenSternenausgestossenenGashullen (On the Masses of Envelopes thrown
out by Novae) // Zeitschrift fur Astrophysik, Vol. 7, No. 4, p. 320-325,
1933 (in German)

V.A. Ambartsumian — On the Derivation of the Frequency Function of
Space Velocities of the Stars from the Observed Radial Velocities // Monthly
Notices of the Royal Astronomical Society (MNRAS), Vol. 96, No. 3, p.
172-179, 1936 (in English)

V.A. Ambartsumian, G.A. Shain — On the Faint White Stars in Low
Galactic Latitudes // Soviet Astronomy, Vol. 13, No. 1, p. 1-7, 1936 (in
English)

V.A. Ambartsumian — Double Stars and the Cosmogonic Time-Scale //
Nature, Vol. 137, No. 3465, p. 537, 1936 (in English)

V.A. Ambartsumian —On the Statistics of Double Stars // Astron. Zh.,
Vol. 14, No. 3, p. 207-219, 1937 (in Russian)

V.A. Ambartsumian —On the Dynamics of Open Clusters // Trudy LGU;
UcheniyeZapiski LGU, Ser. Math. Sciences (Astronomy). Issue 4, No. 22,
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p. 19-22, 1938 (in Russian)

V.A. Ambartsumian, Sh.G. Gordeladze — Problem of Diffuse Nebulae
and Cosmic Absorption // Bulletin of the Abastumani Astrophysical Ob-
servatory, No. 2, p. 37-68, 1938 (in English and Georgian)

V.A. Ambartsumian — The Scattering of Light in a Turbid Medium //
Journal of Physics, Vol. 5, No. 1, p. 93, 1941 (in English)

V.A. Ambartsumian — A New Method of Calculation of the Light Scat-
tering in Turbid Medium // Izvestiya Acad. Sci. USSR, Ser. Geograph.
and Geophys. Sci., Vol. 3, p. 97-103, 1942 (in Russian)

V.A. Ambartsumian — To the Theory of Fluctuation in the Brightness
of the Milky Way // Doklady USSR Acad. Sci., Vol. 44, No. 6, p. 244-247,
1944 (in Russian)

V.A. Ambartsumian —Evolution of Stars and Astrophysics // Acad. Sci.
ArmSSR, 39 p., Yerevan, 1948 (in Armenian)

V.A. Ambartsumian — Preliminary Data on O-Associations in the Galaxy
// Doklady USSR Acad. Sci., Vol. 68, No. 1, p. 21-22, 1949 (in Russian)

V.A. Ambartsumian — Stellar Associations // Astron. Zh., Vol. 26, No.
1, p. 3-9, 1949 (in Russian)

V.A. Ambartsumian, B.E. Markarian — Stellar Association around P
Cygni// Communications of the Byurakan Observatory, No. 2, p. 3-17,
1949 (in Russian)

V.A. Ambartsumian — On the Frequency of the Orion Trapezium type
Apparent Multiple Systems // Doklady Acad. Sci. ArmSSR, Vol. 13, No.
4, p. 97-103, 1951 (in Russian)

V.A. Ambartsumian —On the Statistics of Trapezium type Multiple Sys-
tems // Doklady Acad. Sci. ArmSSR, Vol. 13, No. 5, p. 129-131, 1951 (in
Russian)

V.A. Ambartsumian — The Phenomenon of the Continuous Emission and
Sources of Stellar Energy // Communications of Byurakan Observatory, No.
13, p. 1-36, 1954 (in Russian)

V.A. Ambartsumian —On the Nature of Radio Sources // Proc. Fifth
conference on Problems of Cosmogony: “Radioastronomy”, held on 9-12
Mar 1955. Acad. Sci. USSR), p. 413-416, Moscow), 1956 (in Russian)

V.A. Ambartsumian —On Multiple Galaxies // Izvestiya Acad. Sci.
ArmSSR, Ser. Phys.-Math., Nat. and Tech. Sci., Vol. 9, No. 1, p. 23-
43, 1956 (in Russian)

V.A. Ambartsumian, G.S. Saakyan — The Degenerate Superdense Gas
of Elementary Particles // Astron. Zh., Vol. 37, No. 2, p. 193-209, 1960
(in Russian) // English translation in: Soviet Astronomy, Vol. 4, No. 2, p.
187-201, 1960

V.A. Ambartsumian, G.S. Saakyan —On Equilibrium Configurations of
Superdense Degenerate Gas Masses // Astron. Zh., Vol. 38, No. 5, p. 785-
797, 1961 (in Russian) // English transaltion in: Soviet Astronomy, Vol. 5,
No. 5, p. 601-610, 1962
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V.A. Ambartsumian, G.S. Saakyan —Internal Structure of Hyperon Con-
figurations of Stellar Masses // Astron. Zh., Vol. 38, No. 6, p. 1016-1024,
1961 (in Russian) // English transaltion in: Soviet Astronomy, Vol. 5, No.
6, p. 779-784, 1962

V.A. Ambartsumian —On the Statistics of Flare Objects // Proc. symp.
“Stars, Nebulae, Galaxies”, devoted to the 60th anniversary of academi-
cian V.A. Ambartsumian, held in Byurakan, 16-19 Sep 1968. Acad. Sci.
ArmSSR), p. 283-292, Yerevan, 1969 (in Russian)

V.A. Ambartsumian —Derivation of the frequency function of stellar
flares in a star cluster // Astrofizika, Vol. 14, No. 3, p. 367-381, 1978
(in Russian) // English translation in: Astrophysics, Vol. 14, No. 3, p.
209-217, 1978

4. Ambartsumian’s legacy

In this paragraph we list those scientific items that relate to Viktor Am-
bartsumian’s achievements and were named after him. They may serve as
scientific commemoration of his legacy.

Ambartsumian’s Hypothesis on the Activity of GalacticNuclei.
In 1956, a hypothesis on the activity of galactic nuclei was proclaimed. The
various forms of activity were presented as different manifestations of the
same phenomenon of activity. The evolutionary significance of the activity
in the galactic nuclei was emphasized and further hypothesis was suggested
on the ejection of new galaxies from the active galactic nuclei. The hy-
pothesis on the superdense protostellar matter was engaged to explain the
observational data.

Ambartsumian (or Byurakan) School in Cosmogony.The hypothe-
ses on superdense matter giving origin of stars and nebulae and on activity
of galactic nuclei led to the establishment of a new approach in cosmogonic
interpretation of the evolutionary processes in the Universe. The Ambart-
sumian (Byurakan) school in cosmogony appeared, describing the evolution
of cosmic matter from more dense states to less dense ones. In contrary, the
widely accepted classical school describes the evolution of cosmic matter
from less dense states to more dense ones (origin of the stars from gas and
dust).

Ambartsumian’s Hypothesis on the Superdense Matter. In
1949, a theoretical prediction of the phenomenon of expansion of stellar
associations was made. In 1951, Ambartsumian carried out a statistics of
Trapezium Orionis type systems and proved the disintegration of young stel-
lar systems. He showed the nonthermal nature of the continuous emission
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observed in the spectra of non-stable stars and put forward an idea about
new possible sources of stellar energy, the hypothesis of the superdense pro-
tostellar matter (1954). Theoretical studies of the hypothetical superdense
degenerate protostellar matter led to the development of the principles of
the theory of baryonic stars (1960-1961).

Ambartsumian Principle of Invariance. Development of light scat-
tering theory in turbid medium, theory of Invariance. The principle of in-
variance was proposed for solving the radiative transfer problems. A very
simple physical reasoning that the reflection properties of the semi-infinite
plane-parallel medium do not change if a very thin layer of the same physical
properties is added to its boundary gave an excellent base for creation of a
new research method (1941-1942).

Ambartsumian’s ¢ function. The main function defining the coef-
ficient of reflection from semi-infinite medium by means of the principle of
invariance. In the case of redistribution by frequencies it coincides with
Chandrasekhar’s H function.

Ambartsumian’s Method for determination of the tempera-
ture of the Planetary Nebulae Nuclei. New method (modification
of Zanstra’s method) for determination of the planetary nebulae’s central
stars surface temperature giving the probabilistic definition of short-wave
energetic photons transformation into less energetic ones. This definition
led to the determination of the radiative equilibrium of planetary nebulae
(1932).

V.A. Ambartsumian’s Knot. The elliptical galaxy NGC 3561 has a
jet outcoming from its central region and containing a very high luminosity
condensation (this condensation is called Ambartsumian’s Knot) compa-
rable with the luminosity of such galaxies as for example the satellites of
Andromeda nebula. There is no doubt that we encounter with a huge out-
flow from the nucleus. This outflow is actually a dwarf galaxy, which has
been separated from the nucleus of the giant galaxy:.
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Abstract

Large amounts of circumstellar material accompany lives of most
stars at different evolutionary stages. Formation mechanisms of these,
often disk-like envelopes are not always clear. The B[e] phenomenon
includes the presence of permitted and forbidden line emission and
strong infrared (IR) excess in radiation observed from stars of the
B and early-A types. It is found in several groups of mostly binary
systems. The recently defined FS CMa group is thought to have their
gas-and-dust disks due to an earlier strong mass-transfer between the
binary system components. FS CMa objects seem to possess long-
living disks, whose properties have not been studied well. T will be
reviewing the group properties and results of a long-term monitoring
program of some of its members with a focus on detected variations of
the brightness and spectrum.

Keywords: emission-line stars — circumstellar matter — stellar evolution
— binary systems

1. Introduction

Many stars and stellar systems go through evolutionary stages associated
with strong mass loss or transfer that lead to formation of gaseous and/or
dusty circumstellar envelopes/disks. The circumstellar material comes from
protostellar clouds at early stages of star formation and from stellar wind
at later stages in single stars as well as from mass transfer in systems with
several components. As a result, the star or the entire stellar system gets
partially or fully veiled and such features, as emission lines and continuum
distortion are introduced. However, formation mechanisms of these, often
disk-like envelopes are not always clear.
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Ble] Phenomenon in FS CMa Type Objects

Although many phenomena concerning circumstellar matter have been
successfully explained by the theory of stellar evolution, some remain puz-
zling even with the currently available wealth of data and sophisticated
modeling methods. One of them is the Ble] phenomenon that refers to the
presence of permitted and forbidden emission lines in the spectra of B—type
and early A—type stars (effective temperatures, Teg = 8000-30000 K) and
strong IR excess radiation due to the presence of circumstellar dust. It is
found in several groups of mostly binary systems, but was originally discov-
ered at the dawn of IR astronomy by Allen & Swings (1976).

The presence of forbidden lines gave the name to the Ble] phenomenon
(Conti 1976), although did not mention the IR excess which is also a defin-
ing factor of the phenomenon. Lamers et al. (1998) recognized 4 subgroups
of Ble] objects with known evolutionary status: pre-main-sequence Herbig
Ae/Be stars, symbiotic binaries (a cool giant and a white dwarf or a neu-
tron star), compact Planetary Nebulae, and a small sample of supergiants.
They confirmed the conclusion by Allen & Swings (1976) that the Ble] phe-
nomenon is found in objects at very different evolutionary stages but with
similar conditions in their circumstellar environments. However, Lamers et
al. (1998) were unable to assign about half of the originally selected 65
Galactic Ble] objects to any stellar group with known evolutionary status
and suggested to call them “unclassified”.

Studies of objects with the Ble] phenomenon have already made substan-
tial contributions to the picture of stellar evolution. In particular, they led to
the observational discovery of circumstellar disks around pre-main-sequence
intermediate-mass Herbig Ae/Be stars (Mannings & Sargent 1997) and later
to a new theoretical approach to the dusty disk modeling and planet for-
mation (e.g., Meijer et al. 2008). Also, investigation of the Luminous Blue
Variable binary n Carinae has changed our view of the post-main-sequence
evolution of massive stars so much that a special Hubble Space Telescope
Treasury Project was devoted to it (Davidson et al. 2003). The circumstellar
matter formation and evolution mechanisms are still the least understood
in the “unclassified” Ble| objects that led to defining the FSCMa group
(Miroshnichenko 2007).

2. Properties of the FS CMa group

Galactic FS CMa objects named after the prototype Ble] star (Swings
2006) and defined by Miroshnichenko (2007) are characterized by a star
of spectral types from early B to early A with a nearly main-sequence lu-
minosity surrounded by large amounts of circumstellar gas, which powers
low excitation forbidden lines and strong permitted lines, and circumstellar
dust, which produces a strong IR excess. The main properties of FS CMa
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objects include the following. 1) A very strong line emission (Fig.1, left
panel) accompanied by free-free and free-bound radiation, which may pro-
duce a strong veiling of the stellar spectra. The circumstellar contribution
to the optical brightness can be up to +1 mag, depending on the system
geometry and the tilt to the line of sight (e.g., Miroshnichenko et al. 2005).
2) A steep decrease of the IR flux at A\ > 10 um with a typical slope of
dlog A\Fy/dlog A < —1.0 that implies a compact spatial distribution of the
dust, as hot stars emit enough high-energy photons to warm it even at a large
distance and provide a strong far-IR flux. 3) Location not far from the main-
sequence but over a wide luminosity range (2.0 < log L/Ls < 4.5, Fig. 1,
right panel) mostly determined spectroscopically. Even with the mentioned
circumstellar veiling, the FS CMa objects are much less luminous than Ble]
supergiants which have an average log L/Lg = 5.1 (Miroshnichenko 2007).

The FS CMa group currently consists of 23 out of 30 original “unclassi-
fied” objects (Allen & Swings 1976) and ~70 others found recently (Mirosh-
nichenko et al. 2007, 2011, 2017a), and the number of the group objects
keeps growing. The nature of some “unclassified” objects has been recog-
nized (e.g., MWC 137 was found to be a supergiant, Kraus et al. 2017,
MWC 922 was classified as a planetary nebula, Zasowski et al. 2015), but
a few of them still remain poorly studied (e.g., MWC819). In addition to
the above mentioned defining features, we detected the presence of absorp-
tion lines of neutral metals, which typically include the Li 1 6708 A line, in
the spectra of 15 group objects (Miroshnichenko & Zharikov 2015). These
lines are due to cool stellar components, and their strengths suggest these
components are fainter (AV > 2 mag) then the hot ones (except MWC 623,
Zickgraf 2001). Orbital periods have been constrained only for several group
objects. A dozen other objects show radial velocity variations possibly due to
orbital motion or were detected by spectro-astrometry (Baines et al. 2006)
and interferometry (Millour et al. 2009). Two F'S CMa objects are known to
have compact secondary components: CI Cam (a white dwarf or a neutron
star, Robinson et al. 2002) and AS 386 (probably a black hole, Khokhlov et
al. 2018).

3. Recent results for the FS CMa group members

Typically the brightest members of most stellar groups receive more
attention, but it does not mean they are better understood. The bright-
est members of the FS CMa group are HD 50138 (V' ~ 6.6 mag), FSCMa
(V ~ 6.9 — 8.8 mag, currently ~7.5 mag), and HD 85567 (V ~ 8.6 mag).
Although secondary components were detected in these three objects with
the spectroastrometry technique (Baines et al. 2006), no other strong evi-
dence for binarity has not been found for them (e.g., Khokhlov et al. 2017).
This might be due to a low mass of the secondary component compared to
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Figure 1: Left panel: Examples of Ha profiles in FS CMa objects, whose
equivalent widths reach ~1500 A. Intensities are continuum normalized and
radial velocities are shown in kms~!. Right panel: Hertzsprung-Russell di-
agram for FS CMa objects. Solid lines: the zero-age main-sequence (ZAMS)
and evolutionary tracks for single rotating stars (Ekstréom et al. 2012) with
initial masses indicated.

that of the primary, a large orbital eccentricity along with a poor periastron
epochs coverage, focus of the previous studies on mostly emission lines, a
possibility of merging the secondary components, etc.

Nevertheless, we have recently managed to find orbital periods in two
moderately bright F'S CMa objects, MWC 728 (period 27.5 days, V ~9.8
mag, Miroshnichenko et al. 2015) and AS 386 (period 131.3 days, V' ~10.9
mag, Khokhlov et al. 2018). The former object shows absorption lines of
a cool star in the optical spectrum (see Fig.3). We have measured radial
velocity variations of this component but not those of the primary, B-type
star. The pair can be resolved with interferometry, as the components’
separation is supposed to be 20-30 mas at a distance of 1 kpc suggested
by us. At the same time, the recent GAIA measurement of the parallax of
MWC 728 (4.3+£1.0 mas, GAIA Collaboration 2018) implies a closer distance
which in turn implies a lower than the main-sequence luminosity for the
primary component (see Fig. 2). The distance controversy may be reconciled
by interferometry, but the GAIA parallax may also be erroneous because of
not taking into account the secondary component.

The second object with the measured orbital period is AS 386. It shows
spectral features of a lowest-luminosity supergiant (luminosity type Ib),
which also contains an unusual number of absorption lines of such species
as Ne 1, Si 11, Al 11. Along with non-detection of traces of the secondary
component, the latter may be a sign of mass transfer from a more evolved
and more massive component. The system mass function, f(m) =1.94+0.3
Mg, along with the B-type component mass (71 M) leads to a mass of
> 7 Mg for the secondary component irrespective of the orbital inclination
angle. No regular brightness variations have been detected in the optical
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range, but only a chaotic variability with an amplitude of AV ~ 0.15 mag.
Although we have found regular variations of the object’s IR brightness
with the orbital period, but it was explained by a variable illumination of
the inner dusty rim by the B-type component. These results led us to a sug-
gestion that the system contains a black hole as the undetected component.
The latter does not reveal itself because of a lack of circumstellar matter in
its immediate vicinity. The emission-line spectrum of AS 386 is weak, and
an active mass-transfer process is not expected to be present. The GAIA
parallax (0.1940.02 mas) for this system is also inconsistent with our data
probably due to the same problem as for MWC 728.

Other recent results from our program include confirmation of the orbital
period of the A2/3 1b[e] object 3 Pup (in prep. for publication), a detection
of very small radial velocity variations in HD 85567 (Khokhlov et al. 2017),
and revealing a long-term cycle in variations of the emission-line spectrum of
HD 50138. We are currently closely monitoring several other objects, whose
stellar and circumstellar properties have only been vaguely constrained in
the past to increase our collection of well-studied objects and tune up the
observing strategy for the rest of the sample.

1041401*
10-19-2013
Eo10-18-2013

10-14-2013

-600 -400 -200 0 200 400 600

RERNRO RERRD RENARD WD

Figure 2: Left panel: Ha line variations in the spectrum of the FS CMa
object MWC 728 during a week—long period (Miroshnichenko et al. 2015).
The intensity and velocity are in the same units as in Fig. 1. Right panel:
Evolutionary tracks of 5 Mg (solid line) and 2 Mg (dotted line) components
of a close binary system with non-conservative mass loss (van Rensbergen et
al. 2008). The onset of mass transfer is marked with an open circle on the
track of the 5 Mg, star, while the 2 Mg star is still near the starting point
of its evolution. The tracks are shown until the end of the mass transfer
stage. The dashed lines show the zero-age and terminal-age main sequence
for rotating single star models (Ekstrom et al. 2012). The filled circles show
the fundamental parameters of the MWC 728 binary components (Mirosh-
nichenko et al. 2015).
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4. Evolutionary scenarios for explaining the group
properties

We have put some constraints on the evolutionary status of the FS CMa
objects. There are only two classes of hot stars surrounded by circumstellar
dust in their region of the Hertzsprung-Russell diagram: pre-main-sequence
Herbig Ae/Be stars and post-AGB Proto-Planetary nebulae. Pre-main-
sequence stars possess larger dusty disks/envelopes, exhibit stronger far-IR
excesses, and retain them longer than near-IR ones (e.g., Miroshnichenko et
al. 1996a) due to dust photoevaporation (e.g., Gorti & Hollenbach 2009).
In contrast, F'S CMa objects are not found in star-forming regions and show
much weaker far-IR excesses. Post-AGB stars with initial masses of >5 Mg,
are thought to evolve so fast that spectral changes due to increasing Teg
can be detected within a decade (Blocker 1995, Miller Bertolami 2016), and
their IR fluxes typically peak at A >30 pym. Low-mass (~1 Mg) post-AGB
stars evolve very slowly and exhibit very weak emission-line spectra. Nei-
ther of these properties of post-AGB stars is observed in FS CMa objects
(Miroshnichenko 2007). Nevertheless, a thorough comparison of properties
of known binary post-AGB objects (Van Winckel 2018) needs to be done to
rule out a possibility that the lowest mass F'S CMa objects are not currently
undergoing this final stage of evolution.

The above results strongly suggest that FS CMa objects are binary sys-
tems that have undergone a phase of a strong and non-conservative mass
transfer. This hypothesis is supported by our early modeling results that
mass loss rates of M ~ 1076 — 107 Mg yr~! are required to explain the
Balmer line strengths in most FS CMa objects (Miroshnichenko 2008, Car-
ciofi, Miroshnichenko, & Bjorkman 2010). Such high rates are predicted
only for single supergiants with L > 10° L (Vink et al. 2001), while for
single main-sequence early B-type stars they do not exceed ~ 1072 Mg yr—!
(Krticka 2014).

We found that neither component of the detected binary systems cur-
rently fills its Roche lobes, at least no signs of strong mass transfer have been
detected in the spectral line profiles. The circumstellar disks were probably
created during the mass transfer phase from the formerly more massive and
currently cool or compact component. The observed line profile variations
(Fig. 2, left panel) can be qualitatively explained by interaction of the disk
material with the wind of the hot component that could result in creation
of unusual density distributions.

Matter may also accumulate in the circumbinary area, where its density
may be sufficient for dust formation. Theoretical studies of intermediate-
mass binaries (e.g., Van Rensbergenet al. 2008) predict periods of strong
mass transfer (up to ~ 1072 Mg yr~! due to a Roche lobe overflow), when
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Figure 3: Left panel: Comparison of the spectrum of AS 386 with that
of BS1804 (B9 1b). The spectra are continuum normalized and shifted with
respect to each other along the vertical axis, and the wavelength scale is
heliocentric and shown in Angstroms. The spectrum of BS 1804 was taken
at the 2.1 m telescope of the Observatorio Astronomico Nacional San Pedro
Martir (OAN SPM). The shown spectrum of AS 386 is an average from sev-
eral spectra that were shifted to the same (zero) heliocentric radial velocity.
Right panel: A radial velocity curve derived from the spectra of AS 386
and folded with the orbital period. The dashed line shows the systemic ra-
dial velocity, the solid line represents the best fit to the data. The velocity
is shown in kms~' along the Y-axis, and the orbital phase is shown along
the X—axis.

the gainer cannot accept all the mass. If this scenario is indeed working
in FSCMa type objects, then there is an unaccounted channel for dust
production in galaxies. Such objects have not been ever considered as dust
producers (e.g., Gehrz 1989).

5. Conclusions and future work

We have defined the FS CMa group of objects with the Ble] phenomenon
which most likely different from other four groups showing this phenomenon,
found ~70 new members and candidates, revealed 15 binary systems among
the group members, suggested a hypothesis for the group nature and evolu-
tionary status, published studies of 11 group members (e.g., Miroshnichenko
et al. 2000, 2002, 2003, 2015, Khokhlov et al. 2017, 2018) and intermediate
results of our observing program in the proceedings of the third interna-
tional conference on studies of objects with the Ble] phenomenon held in
2016 in Prague (Miroshnichenko et al. 2017b), obtained a large collection of
observational data, and prepared a set of tools to prove our hypothesis. This
hypothesis suggests that the group represents an evolutionary stage of close,
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mostly intermediate-mass binary systems which have underwent a phase of
a strong, non-conservative mass transfer. Part of the mass transferred from
the originally more massive star was captured by the originally less massive
one, but a noticeable part of this mass settled down in the circumprimary
and circumbinary region. This process has most likely spun up the star
which accepted the mass and is currently the hot one. The donor star is
currently either a cool giant or a stellar remnant, such as a neutron star or a
black hole. Evidence for the latter case is currently emerging. It is already
clear that the FS CMa group is a new source of interstellar dust. A number
of FS CMa objects with cool secondary components show the presence of
neutral lithium, a feature that is rare and still awaiting explanation.

Since the beginning of the century, we have been collecting multicolor
photometric and high-resolution (spectral resolving power R = 12000 —
80000) spectroscopic data for the group members and candidates. To date
50-250 spectra have been taken for the brightest group objects of FS CMa,
HD 50138, MWC 342, MWC 728, MWC 623, IRAS17449+2320, and 3 Pup
(which has always been classified a Ble] supergiant but may actually be
closer to FS CMa objects by both mass and luminosity). Most spectra are
being taken at the 2.1m telescope of OAN SPM (Mexico), 3.6m CFHT
(Hawaii), and 0.81 m telescope of the Three College Observatory (North Car-
olina, USA). Various samples of the group members are also observed at the
9m South African Large Telescope (SALT), 3.5m telescope of the Apache
Point Observatory (New Mexico, USA), the 2m telescope of the Ondrejov
Observatory (Czech Republic), 1.5m telescope of CTIO (Chile), and 2m
Himalayan Chandra Telescope (India). Long-term data sets have also been
obtained for such fainter group objects as AS78, AS116, AS 160, AS 174,
MWC 657, MWC 1055, Hen 3-140, TRAS 0708040605, TRAS 0634140159,
and a few more (V = 10 — 12 mag). The faintest objects (V > 13 mag) are
being observed at a lower spectral resolution at several telescopes including
the 2.6 m telescope of the Byurakan Astrophysical Observatory (Armenia),
2.1m telescope of OAN SPM (Mexico), 1.82m telescope of the Asiago Ob-
servatory (Italy), and the 1.5 m telescope of the Bologna Observatory (Italy).

Photometric observations in the optical spectral range are being taken at
a 1m telescope of the Tien-Shan Astronomical Observatory (near Almaty,
Kazakhstan) and a set of robotic telescopes (e.g., PROMPT, Moran & Re-
ichart 2005), while near-IR observations are being taken at 1m telescope
at Campo Imperatore (Italy) and 0.84m telescope of OAN SPM. Since the
objects are complicated, data modeling has only been done for a handful
of them (e.g., Carciofi, Miroshnichenko, & Bjorkman 2010). With a bet-
ter understanding of the group properties, which comes as a result of our
observing program, the modeling process will become easier.
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Abstract

Although the formation of blue straggler stars (BSSs) is routinely
attributed to stellar interactions in binary systems, the relative im-
portance of the direct collision and slow(er) stellar coalescence forma-
tion channels is still poorly understood. We selected a sample of 24
Magellanic Cloud star clusters for which multi-passband Hubble Space
Telescope images are available to address this outstanding question.
We compiled a BSS database, containing both traditional and evolved
BSSs. We found a robust correlation between the number of BSSs in
a cluster’s core and its core mass, INBgs,core X M&i’gio‘w, which sup-
ports the notion that BSS formation is linked to a population’s binary
fraction. At low stellar collision rates, the mass-normalised number of
BSSs does not appear to depend on the collision rate, which implies
that the coalescence-driven BSS formation channel dominates. Com-
parison with simulations suggests that stellar collisions contribute less
than 20% to the total number of BSSs formed.

Keywords: blue stragglers — galazies: star clusters - Hertzsprung-
Russell and C-M diagrams - Magellanic Clouds.

1. Blue straggler stars

Blue straggler stars (BSSs) are among the most visible deviations from
the once generally accepted ‘simple stellar population’ model of star clus-
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ters. In essence, this model assumes that star clusters were formed al-
most instantaneously from the same progenitor molecular cloud, so that the
nascent stars have almost identical ages and the same chemical composition.
Translated into colour-magnitude space, the Hertzprung—Russell diagrams
of single-aged, single-metallicity star clusters would exhibit narrow stellar
evolutionary features, including a tight main sequence and a well-defined,
sharp main-sequence turn-off, in turn leading to narrow subgiant and red gi-
ant branches. BSSs, which are predominantly found at brighter magnitudes
and bluer colours than the main-sequence turn-offs of their host clusters, do
not fit well into this picture.

First discovered by Sandage (1953) in the outer regions of the old Galac-
tic globular cluster (GC) M3, many decades of research effort has led to
the realisation that BSS formation is intimately linked to the evolution of
stellar binary systems. In essence, the primary and secondary components
of the binary system evolve into a single object with the combined mass
of its progenitor components to gain a new lease of life as an apparently
rejuvenated BSS. The current consensus is that BSSs can form in one of
two ways, that is, through direct collisions between two stars and through
a slower process leading to stellar coalescence. In the former scenario, when
two low-mass stars collide, they will form a gravitationally bound system
that is subject to rotation to satisfy the conservation of angular momentum.
As both stars merge, they release some of the collision products in the form
of debris, which eventually disperses.

The resulting object is a more massive, rapidly rotating star that ap-
pears blue because the stellar atmospheres of the progenitor stars have been
stirred up violently, allowing core materials to float up to the surface lay-
ers. The merged collision product gradually heats up under the effects of
gravitational contraction and it eventually expands to become a red giant-
like star. Magnetic braking causes a reduction in the star’s rotation rate,
allowing the star to shrink, heat up again, and eventually settle as a slowly
rotating BSS. In the coalescence model, the resulting merger into a more
massive star occurs on a much longer timescale. The merger product is a
rapidly rotating BSS.

Observational evidence in apparent support of these two BSS formation
channels was first provided by Ferraro et al. (2009), who showed that the
colour-magnitude diagram of the core-collapse Galactic GC M30 exhibited
two clearly separated ‘sequences’ of stars in the area of parameter space
usually occupied by BSSs. The fainter, blue sequence appeared to be an
extension of the cluster’s single-star main sequence to brighter magnitudes
(that is, including younger ages but offset by AV ~ —0.4 mag with re-
spect to the younger extension of the isochrone describing the GC’s bulk
stellar population), while the bottom envelope of the brighter, red swarm
of data points coincided with the locus of the equal-mass binary sequence
if extended to higher masses than those defining the main-sequence turn-
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off. The natural interpretation of these observations was that the blue BSS
sequence had resulted from stellar collisions triggered by the cluster’s core
collapse, while the red main sequence and the stellar sample at brighter
magnitudes may have formed through stellar coalescence (but see below).
Note that this latter sample in Ferraro et al. (2009) observations did not
occupy a single, well-defined red sequence, presumably because a fraction
of the coalescence products had already undergone further evolution, and
thus they would have started to move away from their birth environment
in colour-magnitude space. Alternatively, some of those objects could sim-
ply be unresolved interacting binary systems involving non-main-sequence
components that have yet to merge.

Further evidence provided by Ferraro et al. (2009) suggested that the
collision products were mostly found in the GC’s core environment, while
the coalescence products occupied larger clustercentric radii. Similar results
were reported by Li et al. (2013) for the Large Magellanic Cloud (LMC)
GC Hodge 11, although their results were less clear-cut. At the larger dis-
tance of the LMC, of order 50 kpc, the effects of (back- or foreground) field
contamination and stellar crowding could significantly affect the quality and
reliability of photometric observations of dense star clusters in their outer
and core regions, respectively.

2. Star clusters in the Magellanic Clouds

Nevertheless, the Magellanic Clouds are better environments to study the
evolution of dense, massive star clusters than the Milk Way, for a number
of important reasons: (i) star clusters in the Magellanic Clouds cover a
large range in ages (by contrast, Milky Way GCs are almost uniformly older
than 10 Gyr); (ii) given their far southern location in the sky, the Clouds are
located far from the Galactic plane, and hence they are negligibly affected by
foreground extinction (although a relatively small level of internal extinction
still needs to be dealt with); and (iii) the set of massive star clusters in the
Magellanic Clouds are less dense than their Galactic GC counterparts, thus
counteracting the distance effects (i.e., stellar crowding) to some extent.

Despite these clear advantages of exploring the physical properties of
Magellanic Cloud clusters, their large distances still require us to avail our-
selves of high-resolution imaging observations with the Hubble Space Tele-
scope (HST), particularly using the Advanced Camera for Surveys (ACS)/
Wide-Field Channel (WFC) or the Ultraviolet—Visible (UVIS) channel/Wide
Field Camera-3 (WFC3), to resolve the bulk of their stellar populations. The
resolution of ~ 80 milli-arcsec at optical wavelength attainable with these
instruments translates to ~ 0.02 pc at the distance of the LMC. For our
analysis we selected all intermediate-age (1-3 Gyr-old) and old (~10 Gyr-
old) clusters in the Magellanic Clouds for which suitable HST observations
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were available. Young massive clusters were excluded, because the latter do
not exhibit clear main-sequence turn-offs, which thus complicates the selec-
tion of BSSs. Application of these considerations resulted in a sample of 24
massive clusters (for details, see Sun et al. 2018).
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Figure 1: Colour-magnitude diagram of the LMC star cluster NGC 2173.
BSSs, evolved BSSs, as well as red giant branch (RGB)/asymptotic gi-
ant branch (AGB)/red clump stars are marked with blue circles, green
pentagons, and orange squares, respectively. The best-fitting PARSEC
isochrones (Bressan et al. 2012) for the bulk stellar population (red solid
line) and the BSS population (blue dashed line) are also shown. (Adapted
from Sun et al. 2018.)

In a series of recent articles (Li et al. 2018; Sun et al. 2018), we re-
alised that while the best-fitting isochrones representing the bulk stellar
populations in our sample of Magellanic Cloud star clusters also matched
the ridgelines of their red giant branches very well, many clusters exhibited
significant numbers of stars blueward of the blue envelopes defined by the
red giant branch ridgelines and well beyond the prevailing 30 observational
uncertainties. In fact, isochrone fits to the cluster’s BSS sequences appeared
to adequately match those bluer red giant branch-like stars, which led us
to suggest that the latter objects might be evolved BSSs: see Fig. 1. We
carefully validated this idea on the basis of Monte Carlo simulations includ-
ing the prevailing uncertainties, the number distributions, as well as their
spatial distributions (Li et al. 2018; Sun et al. 2018). Henceforth, in re-
lation to each of our sample clusters, we will therefore refer to (i) our core
BSS sample and (ii) our evolved BSS sample. BSSs are found in all of our
clusters, with BSS numbers in their cores ranging from five to 70. Evolved
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BSSs can be resolved in the intermediate-age clusters using optical filters,
but they cannot be disentangled easily from the red clump in old clusters.
Following Knigge et al. (2009) and Leigh et al. (2013), we explored
whether our Magellanic Cloud BSS numbers, Npgg, also correlated with the
core mass, Mcore, Of their host clusters. Knigge et al. (2009) and Leigh et
al. (2013) reported a relationship of the form
NBSS,core X M(%re; a~ 0.5 (1)
for samples of 57 and 30 additional Galactic GCs, respectively. Our 24 LMC
clusters, on the other hand, yielded a significantly steeper proportionality,

NBSsS core X Me; ae = 0.66 £+ 0.07, (2)

core?

and a Spearman coefficient of pg = 0.84 (Sun et al. 2018). If we include the
‘evolved BSSs,” however, the power-law index of this latter proportionality
becomes acie = 0.51 +0.07 (and ps = 0.80), which implies a robust cor-
relation that is indeed very close to the previously published Galactic GC
results.

Knigge et al. (2009) suggested that the ‘sublinear’ relation between the
number of BSS stars in a cluster and its core mass could be explained as the
result of binary interactions if the binary fraction, fyin, also depends on the
core mass (Milone et al. 2012),

Foin 0 More. (3)
However, Leigh et al. (2013) found that including the numbers of binary
stars in the cores of their sample of 30 additional Galactic GCs did not
strengthen the correlation, either because of the empirical uncertainties af-
fecting the derived binary fractions or owing to the correlation’s intrinsic
dispersion; the resulting degradation of the correlation further complicated
efforts to understand the BSSs’ origins.

Therefore, we explored whether the numbers of BSSs, both in the clus-
ter cores and including the evolved counterparts, might be correlated with
the clusters’ representative (annual) stellar collision rates: see Fig. 2. We
normalised both quantities by the clusters’ core masses to reduce any effects
owing to a dependence of the collision rates on the core masses of our clus-
ters. It is clear that in low collision-rate clusters, the collision rates do not
depend on core mass. At high collision rates, on the other hand, BSS for-
mation appears to be suppressed. We suspected that this could be evidence
of the importance of binary-mediated BSS formation.

Figure 2 also includes the results of the numerical simulations performed
by Chatterjee et al. (2013). The simulation results shown in, respectively,
the left- and right-hand panels highlight BSSs formed through coalescence of
binary systems and direct collisions, for different initial binary fractions. The
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Figure 2: Mass-normalised number of BSSs in the core (npsscore) as a
function of the mass-normalised collision parameter, 7 (single star collisions
only). Magellanic Cloud clusters are shown as the grey data points. The
grey dashed line represents the best-fitting model of the form n = C + a?’.
The simulation of Chatterjee et al. (2013) is overplotted. BSSs formed
through the binary and collision channels in the simulation are shown in,
respectively, the left- and right-hand panels as coloured squares, for different
initial binary fractions (fy ini). The shaded regions encompass the possible
contributions from collisions in lower collision-rate environments. (Source:

Sun et al. 2018.)

left-hand panel shows that the mass-normalised number of BSSs generated
from primordial binaries in the Chatterjee et al. (2013) simulations declines
toward higher collision rates, as observed in our Magellanic Cloud cluster
sample, while the collision model predicts the opposite. This suggests that
binary disruption may be at work. Extrapolating, we estimate that the
share contributed by collisions in lower collision-rate environments is less
than 20%, thus demonstrating a more significant contribution from binary
coalescence.

Although our results for 24 Magellanic Cloud clusters appear very sim-
ilar to those published previously for Galactic GCs, we emphasise that the
Magellanic Cloud clusters represent a special environment for the study of
BSS formation in star clusters. The underlying formation channels might be
different in the Magellanic Clouds compared with the Milky Way. Indeed,
the low stellar densities and low collision rates in the Magellanic Clouds pro-
vides a great opportunity to resolve the tension between observations and
simulations in the interpretation of the observed correlation between BSS
number and core mass in Galactic GCs.
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Abstract

In 30 - 40s of the last century Viktor Ambartsumian has published
several studies on the kinematics and dynamics of stellar systems. The
scientific issues of these papers not only remain relevant up to nowa-
days, but also are of key importance for the construction of the gener-
alized theory of star formation. The launch of the Gaia spacecraft on
December 19, 2013, opens up new horizons in the study of young stellar
systems origin and evolution. The accuracy of astrometric measure-
ments (the typical uncertainty is about 0.04 - 0.7 mas for the positions
and parallaxes, and about 0.05 - 1.2 mas yr~! for the proper motions),
undoubtedly, will allow lifting the possibilities of study the kinematics
and dynamics of star-forming regions to a new level. We focus our
present research on the young (~ 2 — 3Myr) stellar cluster IC 348.
It has a complex structure, which includes the older compact core and
the younger subgroup in the vicinity of HH 211 outflow. Based on the
Gaia DR2 data, we considered the kinematic properties of both the
cluster as a whole and its subgroups. We found that special veloc-
ity dispersion significantly exceeds the virial velocity dispersion and,
therefore, the IC 348 stellar cluster is a supervirial or gravitationally
unbound system.

1. Introduction

In 1936 academician Ambartsumyan published a work ”On the Deviation
of the Frequency Function of Space velocities” of the Stars from the Observed
Radial Velocities, in which he provided an elegant mathematical solution to
the problem posed earlier by Eddington (Eddington, 1915) of determining
the distribution of the spatial velocities of stars from the distribution of their
radial velocities, obtained for various regions of the sky. The equations,
provided in Ambarzumian (1936) were of fundamental importance for study
the kinematics and dynamics of stellar systems. Moreover, this work was
the second one among Ambartsumian’s series of papers on the solution of
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the inverse problems. It had an essential significance also for another series
of papers devoted to the problems of cosmogony and formed part of the
discussions of the 1930s between advocates of the long (10'3 years) and
short (1019 years) scales for galactic evolution (Ambartsumyan 1937a, 1937b,
1938). The scientific arguments presented in these papers put the final point
in the debate about the ages of our galaxy in favour to the short scale.
Furthermore, because of their profundity, Ambartsumyans papers had more
than a momentary significance and have had an influence on research in
stellar kinematics and dynamics that is perceptible even now. In particular,
the Eq. (1) in Ambarzumian (1936) made the possibility to determine the
spatial velocities of stars for a given set of coordinates and radial velocities
of these stars, but without invoking their proper motions.

(V. a)dV = n(a) /( | emin 1)

where f(V,a)dV is the number of the observed stars with azimuths between
o and a + da and with radial velocities between V and V + dV. The
graph, which is explaining the notation in the Eq. (1), is borrowed from
Ambarzumian (1936) and represented on Fig. 1.

Figure 1. The graph explaining the notation in the Eq. (1).

Further, this mathematical solution was the subject of active research.
(Ossipkov 2012 and ref. therein). It should be emphasized that the solu-
tion of Eq. (1) is of great importance not only for solving problems related
to the kinematics of stellar systems, but also goes far beyond astronomy, in
particular, computerized tomography (Cormack 1985). Looking back, it can
be said that mentioned above Ambartsumian’s several papers contributed
significantly to the formation and development of such a fundamental di-
rection of modern astrophysics as the study of kinematics and dynamics of
stellar systems.
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2. New era. Gaia satellite

The launch of Gaia satellite in 2013 opened a new era for a number of
fields of modern astrophysical research. In particular, the phenomenal as-
trometric resolution, has opened up new possibilities for the study of stellar
systems structure. Currently, Gaia Data Release 2 (Gaia DR2) contains
results for 1693 million sources in the magnitude range 3 to 21. The me-
dian uncertainty in parallax are 0.04 mas for bright (G < 14 mag) sources,
0.1 mas at G = 17 mag, and 0.7 mas at G = 20 mag. The median un-
certainties in proper motion are 0.05, 0.2, and 1.2 mas yr—', respectively
(Lindegren et al. 2018). Observational data with such parameters provide
great opportunities for more detailed studies of a number of issues.

Among these issues, it should be noted the identification of new stellar
clusters and checking of the membership of already known, including brown
dwarfs that is very important for construction the luminosity or mass func-
tion for stellar formation at different stages of evolution. Among the most
interesting results obtained in this area can be mentioned the several papers.
Beccari et al. (2018) using Gaia DR2 data on positions, proper motions, and
parallax in Vela OB2 region six new clusters or associations have discovered.
Analysis of the colour-magnitude diagram for these clusters shows that four
of them formed coevally in the same molecular clouds 10 Myr ago, while
NGC 2547 formed together with a newly discovered cluster 30 Myr ago.
In the nearest (100 pc) 27 associations 898 new high-likelihood candidate
members with spectral types from B9 to L2 were discovered (Gagné & Fa-
herty 2018). Wilkinson et al (2018), using Gaia DRI data, identified 167
member candidates of Upper Scorpius, of which 78 are new. The newly dis-
covered stellar objects are distributed within a 10 arcmin radius from core
of star-forming region. These member candidates have a mean distance of
145.6 + 7.5 pc and a mean proper motion of pm(RA) = -11.4 £+ 0.7 mas
yr~! and pm(Dec) = -23.5 + 0.4 mas yr—'. These values are consistent
with measured distances and proper motions of previously identified bona
fide members of the Upper Scorpius association. Earlier, in the same star-
forming region Cook et al. (2017) identified about 100 brown dwarfs with
masses M < 0.05Mg, . They showed that the mass function of stellar objects
with 0.01 < M < 0.1M masses is consistent with the Kroupa Initial Mass
Function and proposed that some proper motion outliers among the brown
dwarfs have undergone a dynamical ejection early in their evolution.

The Gaia DR2 data provide great opportunities for studying the struc-
tural, as well as kinematic and dynamical properties of the stellar formation
on a different evolutionary stages. For instance, the study of proper motions
in Upper Scorpius association showed that the morphology of the association
defined by brightest and faintest members are different (Galli et al 2018).
The brightest (and most massive) stellar objects are distributed in a prolate
ellipsoid with dimensions of 74 x 38 x 32 pc?®, while the faintest cluster
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members define a more elongated structure with dimensions of 98 x 24 x
18 pc3.

The examination of the proper motions of star in the several young stellar
cluster showed that they are gravitationally unbound systems and have non-
isotropic velocity dispersions that undoubtedly requires the revision of some
of the main tenets of the general theory of star formation. Among these
works, we note the following papers. On the basis of the value of the virial
velocity dispersion o,;- in Bravi et al. (2018) it was found that four open
stellar clusters IC 2602, IC 2391, IC 4665, and NGC 2547 are supervirial. It
was shown that three subgroups of Scorpius-Centaurus OB association are
gravitationally unbound and have non-isotropic velocity dispersions (Wright
Mamajek 2018). The authors find the evidence that the subgroups were not
formed by the disruption of individual star clusters. They conclude that
Sco-Cen was likely to have been born highly substructured, with multiple
small-scale star formation events contributing to the overall OB association,
and not as single, monolithic burst of clustered star formation. A dynamical
analysis shows that the stellar surface population of L1688 has a velocity
dispersion 0 ~ 1.14+ 0.35 km s~! that is consistent with being in virial
equilibrium only with a ~ 80% probability (Rigliaco et al., 2016). The study
the dynamical ages of the Young Local Associations showed that in these
star-forming region there were two episodes of star formation: one ~ 40Myr
(Chamaeleontis, TW Hydrae, and 3 Pictoris) and another 5 — 15 Myr ago
(Tucana-Horologium, Columba, and Carina) (Miret-Roig et al. 2018).

Center coordihates:
03 44 34.0 $32 09 8.

Optical radius: 16 arcmin

Figure 2. DSS2 R image of the IC 348 cluster and its structural features
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3. Kinematics in the IC 348 cluster

3.1. IC 348 stellar cluster.

For our study we have chosen a relatively well-studied compact young
star cluster IC 348 (~ 2 - 3 Myr, Stelzer et al. 2012) which is associated
with the Perseus molecular cloud complex and is located at distance ~ 300
pc from the Sun. The pioneering studies of Herbig (1954, 1988) discovered
about 100 stars with H, emission in this cluster. Later, the number of
known H, emitters was doubled (Luhman et al. 2003). In Nikoghosyan
et al. (2015), it was shown that among the cluster members with 13.0 <
R mag < 19.0 the percentage of emission stellar objects reaches 80%. IC 348
was also extensively studied in near- and mid-infrared wavelengths (Lada et
al. 2006, Muench et al. 2007, Currie Kenyon 2009). Using measurements
of infrared excess between 3.6 and 8.0 um, Lada et al. (2006) find that
the total frequency of disk bearing stars in the cluster is ~ 50% and only
~ 30% of the cluster members are surrounded by optically thick, primordial
disks. IC 348 is also well studied in the X-ray regime. It was detected
about 200 X-ray sources, which are associated with known cluster members
(Preibisch Zinnecker 2002, Stelzer et al. 2012, and ref. herein). As it was
concluded in Stelzer et al. (2012), the evolutionary stage of IC 348 cluster
corresponds to the time where the structure of the disks of most young
stellar objects changes from primordial, rather massive accretion disks to
transitional and debris disks. Therefore, the cluster population represents
the outcome of a recent star-formation event. However, on the southwestern
direction on a distance about 1 pc molecular hydrogen jet HH 211 is located.
The dynamical age of this jet is about 1000 yr, that suggesting that this is
the region of a later wave of star formation. On the other hand, in the central
region of the cluster more massive stellar objects with low H, activity and
a small infrared excess, i.e. the members of the cluster at a later stage of
evolution, are concentrated. The age of these objects is about 7-10° years,
which exceeds the average age of the cluster’s members (Nikoghosyan et
al. 2015). These objects form a core with surveys stellar density, which is
almost 20 times higher than the average one in the cluster. Figure 2 shows
an image of the IC 348 cluster and its structural features.

3.2. Cluster’s membership

In previous works, according to the data of spectral and photometric
observations, 377 star objects were identified as the members of the IC 348
cluster. The most complete list is given in Flaherty et al. (2013). The
optical radius of the cluster is ~ 16 arcmin from the centre with coordinates
RA (2000) 03" 44™ 34.0% and Dec (2000) +32° 09’ 48” (Wu et al. 2006).

A histogram of parallaxes on the left panel, clearly defines a maximum
in the range of 2.5 to 3.5 mas, which corresponds to the cluster distance.
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Figure 3. Distribution of the parallaxes (left panel) and proper motions
(right panel) of the objects located in the region of the IC 348 cluster.

The distribution of proper motions also reflects the existence of a cluster.
On right panel of Fig. 3 besides the concentration around zero values,
which corresponds to the field objects, one more concentration of objects

around the pm(RA) =~ 4.5 mas yr—! and pm(Dec) ~ -7 mas yr—! is clearly
distinguished.
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Figure 4. Distribution of the parallaxes (left panel) and proper motions
(right panel) of the objects identified as cluster members. On the right panel
the objects with parallaxes in the range from 2.5 to 3.5 mas are marked by
red and other objects by blue.

In the Gaia DR2 database we were able to identify only 300 objects
among the 377 members of the cluster. Among them the parallaxes and
proper motions were determined only for 272 stellar objects.The distribu-
tions of these parameters are shown in Fig. 4. By the histogram on the
left panel it is clearly seen that the parallaxes of a vast majority of objects,
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namely 199, are in the range from 2.5 to 3.5mas. If we assume that the clus-
ter has a spherical shape, then at a radius of 16 arcmin and a distance of
approximately 300 pc, within the errors (~ 0.37 mas), the parallaxes of the
cluster’s members should fall precisely into this range. The median value
of the parallaxes of these 199 stellar objects is 3.069 + 0.23 mas, which
corresponds to a distance of 326 pc. This value of a distance is in good
agreement with the results of previous studies. The parallaxes of the re-
maining 73 star objects, which were previously identified as members of the
cluster, have a significant shift from the median value and do not fall within
the range from 2.5 to 3.5 mas. The right panel of Fig. 4 shows the distri-
bution of the proper motions of all cluster’s members identified in the Gaia
DR2 database. Notice that the stellar objects with parallaxes in the range
from 2.5 to 3.5 mas are marked by red circles, the other stars are marked by
blue ones. According to the graph, it is noticeable that in the first case, the
values of the proper motions, especially in the direction of a right ascension,
have a smaller variation relative to the average values, which are pm(RA) =
4.31 4 1.26 mas yr—! and pm(Dec) = -6.78 + 1.02 mas yr—!. The standard
deviations in this case are 1.23 and 1.03 mas for pm(RA) and pm(Dec),
respectively. For other objects the standard deviations are higher: 3.21 and
1.66 mas for pm RA and pm Dec, respectively.Taking into account the fact
that parallax is a reliable parameter for determining the distance, we used
only 199 stellar objects with parallaxes in the range from 2.5 to 3.5 mas to
study the kinematics of the cluster.

3.3. Stellar kinematics

To study the kinematics of the star population of the cluster, we trans-
formed the proper motions into tangential velocities in the directions of right
ascension and declination and determined their average values and standard
deviations, which are equal to 3.07E-6 & 1.88 km s~! and 5.39E-6 4 1.51
km s~!, respectively. The histograms of the distribution of these velocities
are shown in Figure 5. The distribution has a wide spread, which is also
indicated by the values of the standard deviation.

In Cottaar et al. (2015) it was determined that the value of the virial
equilibrium velocity dispersion for IC 348 should be of 0.44 4+ 0.06 km s~ .
Moreover, the authors of this paper, on the basis of the values of the radial
velocities of 157 cluster members, obtained the value of velocity dispersion
(0.72 4+ 0.07 km s~! or 0.64 4+ 0.08 km s~!, if two Gaussians are fitted),
which is almost v/2 times more than the viral one and came to the con-
clusion that the cluster is in a superviral state. In our case, the dispersion
value is significant greater, which also, suggests that in general the cluster
is not in equilibrium state and gravitationally unbound. The authors of the
mentioned above paper also did not found the evidence for a dependence
of velocity dispersion on a distance from the cluster centre or stellar mass.

E.H.Nikoghossyan et al. 206



Kinematics in the IC 348 cluster

Count

7 6 5 4 3 20 0 1 2 3 4
km/s

5 & 7 8

Figure 5. Distribution of the tangential velocities of the IC 348 cluster
members in the direction of right ascension (left panel) and declination (right
panel).

Moreover, they concluded that the stars in IC 348 are converging along the
line of sight.

We also considered the averaged values of tangential velocities and stan-
dard deviations in different samples: in the quadrants and along the radius
of the cluster. Fig. 6 shows the result obtained for quadrants. On this
figure the red arrows represent the direction of motion of the stars in each
quadrant. In general, we can say that modules of average velocities do not
differ by quadrants. The direction of motion in both northern and south-
eastern quadrants to some extent confirms the conclusion of Cottaar et al.
(2015) that the stars in IC 348 are converging along the line of sight. The
exception is the south-western quadrant, for which, in addition, the highest
values of standard deviations for both directions are obtained. It should be
recalled that the region of a later wave of star formation associated with
HH 211 object is located in this quadrant.

The distribution of the averaged values of tangential velocities and stan-
dard deviations along cluster radius in the rings with a width of 2 arcmin is
presented in Table 1. From these data, we can conclude that in the central
region of the cluster, the dispersion of velocities in the direction of right
ascension significantly exceeds the values of the same parameter in more
external areas of the cluster. As mentioned above, in the central region of
the cluster massive stellar objects at a later stage of evolution, are concen-
trated. As in the previous case, it can be assumed that the presence of this
substructure is the cause of the greater value of the velocity dispersion.
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Figure 6. Average velocities and standard deviations in the quadrants. The
red arrows show the direction of motion of the stars in each quadrant.

Table 1. The kinematic parameters along the radius of cluster

Velocity in RA direction (km s~1)  Velocity in Dec direction (km s~1)

Region (arcmin) Number Average Sd. dev. Average Sd. dev.
0-2 14 0.11 2.15 -0.57 1.14
2-4 31 0.31 2.87 0.10 1.72
4-6 27 0.21 1.15 0.01 1.16
6-8 14 0.16 1.39 -0.25 1.41
8-10 18 -0.16 1.09 1.46 1.08
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4. Discussion and conclusion

The early (i.e., few Myr) dynamical evolution of star clusters is still
poorly constrained. The majority of stars form in clusters and associations
inside giant molecular clouds. However, most clusters dissipate within 10
— 100 Myr, leaving more than 90% of the stellar population dispersed in
the Galactic field (e.g., Ambartsumyan 1947, 1949, Lada Lada 2003). The
scientific debate on the origin of bound and unbound clusters, along with
the processes leading to their dissolution, is still open. Several authors
suggest that all stars form in dense clusters (density > 103 — 10* stars pc?),
which rapidly dissipate after feedback from massive stars (i.e., supernova
explosions, stellar winds, and radiation pressure) sweeps out the gas that
was keeping the cluster bound (e.g., Goodwin & Bastian 2006, Baumgardt
& Kroupa 2007). These models predict that clusters — after gas dispersion —
should be found in a supervirial state. Recent observations and simulations
question this scenario suggesting that clusters have origin in a hierarchically
structured environment covering a large range of densities and that the
stellar feedback and gas expulsion are irrelevant for the cluster dispersion,
which is, instead, driven by two-body interactions (e.g., Parker & Dale 2013;
Parker & Wright 2016).

From this perspective, the possible scenarios for explanation of observed
supervirial state in IC 348 cluster include: a) the cluster is fluctuating
around a new virial equilibrium after a recent disruption due to gas ex-
pulsion or a merger event, or b) the stellar population in IC 348 a is forming
the subgroups which, moreover, may be the result of successive two or more
star formation waves.

Undoubtedly, the presented results are only the initial stage of the study
of the kinematics and dynamics of the young stellar cluster IC 348. For
the study of the above issues, it is planned to conduct a more detailed
study of various samples of cluster members, relation to both masses and
evolutionary stages.As noted above, in previous works it was shown that in
the cluster there is a stellar population with different infrared excess and
activity, i.e. stellar objects at IT and III evolutionary classes (Herbig 1988,
Lada 2006, Falaherty et al. 2013, Nikoghosyan et al. 2015). Moreover,
stellar objects with different degrees of activity form substructures, which,
as already shown, can affect the kinematics. The presence of a rich database
of observational data, including radial velocities, will allow us to construct
3D model of the cluster as a whole.
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Abstract

We searched for the high-velocity and isolated neutron stars that
encountered in the past with a stellar cluster/association closer than 20
pc. We took about 830000 stars with the high-quality astrometry and
radial velocities from the Gaia DR2 catalogue and empirically selected
about 560 high-velocity stars.

We used a full gravitational potential of the Galaxy to calculate the
motion of a stellar cluster/association and a candidate of high-velocity
star from their current positions to the proximity epoch. For this calcu-
lations we used a numerical integration in rectangular, Galactocentric
coordinates. We used a covariance matrices of the astrometric data for
each star to estimate the accuracy of the obtained proximity distance
and epoch. For this aim we used a Monte Carlo method, replaced
each star with 10 000 of its simulations and studied the distribution
of their individual close passages near a stellar cluster/association. In
addition we investigated a neutron star/runaway star pairs very likely
both ejected from binary system during supernova event.

Keywords: high-velocity stars — runaway stars — hyper-velocity stars — neu-
tron stars - stellar associations - stellar clusters - Gaia astrometry.
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Birth places of high-velocity stars

1. Introduction

What are high-velocity stars? Depending on the definition, a high-
velocity star is a star moving faster than 60-100 km /s relative to the average
motion of the stars in its (V gy, =18.0-20.0 km/s) neighbourhood. Obviously,
this definition is somewhat arbitrary and it depends on the many factors
(for example, star mass, age, origin, galactic potential, velocity distribution
model, etc.). Therefore, empirical determination of them might be more
robust given the huge number of stars with reliable astrometric parameters
and radial velocities provided by Gaia mission.

In general, there are three subclasses for high-velocity stars and they
have different origin.

e Runaway stars: First of all, so called, “Runaway stars” are subclass of
high velocity stars and were first introduced as O and B type stars by
Blaauw [5]. Runaway stars are thought to have formed in the stellar
associations[2] and ejected into the general Galactic field. The proper
motion of a runaway star often points exactly away from a stellar
association, of which the star was formerly a member. The majority
of runaway stars in the literature are high-mass O and B type stars
with ejection velocities less than 200 kms™! [23]. Recent results show
it is possible for low-mass G/K type stars with ejection velocities up
to ~ 1300 kms~![26].

e Hypervelocity stars (HVSs): are another subclass of high velocity
stars, the fastest stars in our Galaxy, which have extreme velocities
above the escape speed of the Milky Way. HVSs can obtain their large
velocity from a number of different processes. Hills [16] first theo-
retically predicted the formation of HVSs via three-body interactions
between a binary star system and the massive nucleous in the Galac-
tic Center (GC). Hypervelocity stars are stars with velocities that are
substantially different from that expected for a star belonging to the
normal distribution of stars in a galaxy. Such stars may have velocities
on the order of 1000 km/s.

e Pulsars: Some neutron stars are inferred to be traveling with similar
speeds as HVSs. This could be related to runaway-stars and their
ejection mechanism. Neutron stars are the remnants of supernova
explosions, and their extreme speeds are very likely the result of an
asymmetric supernova explosion or the loss of their near partner during
the supernova explosions that forms them.
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Origin mechanisms

The Binary Ejection Mechanism (BEM): this was first proposed
by Blaauw (1961) to explain the ejection of runaway O and B stars out of
galactic plane. In this scenario the secondary star of a close binary receives
its ejection velocity when the primary explodes as a supernova.

The Dynamical Ejection Mechanism (DEM): this was first pro-
posed by Ambartsumian [1] in a Trapezium type young multiple systems and
by Poveda, Ruiz & Allen [24] as an alternative to BEM to produce runaway
stars. Dynamical interactions between stars inside young, open clusters and
associations can give large kicks to one or both stars in a collision.

2. Selection of candidates of high-velocity stars

The recent release of the Gaia DR2 catalog [9] has renewed interest
in the high-velocity stars in the Galaxy. In addition to contributing new
samples of candidates [e.g., 19, 25, 12, 14], Gaia proper motions and radial
velocities allow more robust assessments of the distances and space velocities
of previously identified high velocity stars.

The positions and velocities available for over 7 million sources in the
Gaia DR2 archive also enable new tests of theoretical models for the highest
velocity stars.

Here, we use the Gaia DR2 proper motion and radial velocity data for
the brightest and nearby (up to 3kpc from the Sun) stars to select high-
velocity candidates and identify possible birth place and counterparts.

Identifying true high-velocity outliers in the Gaia DR2 archive is chal-
lenging. Among the roughly 7 million stars with measured parallax, proper
motion, and radial velocity, no more than a few hundred candidates emerge
with Galactic rest-frame velocity close to or exceeding the local escape ve-
locity [e.g., 20, 12]. Based on the quoted errors of the measured quantities,
first we have followed the recommendations in the basic source parameter
descriptions [9, 7, 17] by requiring for high-quality astrometry and quality
of the reported radial velocity.

Next, we have selected Gaia DR2 sources for which astrometric pa-
rameters (positions, parallax and proper motions) and radial velocity have
relative errors not exceeding 10%. Further, these sources converted into
Galacto-centric cartesian coordinates (X,Y,Z,U,V,W) and analysed empiri-
cal distribution of total velocities in a spherical rings of 5 pc width around
center of the Galaxy. The estimates of distribution parameters (the me-
dian, most probable value, the highest posterior density intervals') of total

!The highest posterior density interval (HPD) determined as a probabilistic region
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velocity in a spherical ring, having at least 100 sources, performed with
kernel-density estimates obtained with the function density in R (an ex-
ample is illustrated in Figure 1). From this distribution as a high-velocity
candidates were selected outliers which have a value Vioi0r > Virpp,,(99%)
(c.f., vertical darkred-dashed line in the Figure 1 for the spherical ring at
the distance of 7980 < dgc < 7985 pc from GC, containing 2955 stars, 68%
of which in the interval of [189.0 - 258.7] km/s and only 6 stars exceeding
Vipp,,;(99%) = 387.0 km/s). Note, that this is a conservative criteria with
higher confidence for the selection of a high-velocity candidate star and by an
application of a different methods (e.g., the Mahalanobis distance distance or
3 —o clipping alogorithm) lead to the similar results. With above-mentioned
procedure, we have selected 557 high-velocity (see, Fig. 2) candidate stars
(367 within 3 kpc distance from the Sun) not included also in the list of
so-called potentially contaminated radial velocity stars [6].

3. Motion of stars in the Galaxy

To study the Galactocentric motion of a high-velocity star we use a
numerical integration of its equations of motion (Eq. 1) in the gravitational
field of the Galaxy:

around a posterior mode, and is similar to a confidence interval in a classical statistics
[see e.g. 11].
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Figure 2: Selected high-velocity candidate stars based on the empirical
distribution function of space velocities of Gaia DR2 catalog. Left panel :
Total velocity in the Galactic rest-frame as a function of Galactocentric
distance for all selected the 828098 stars in Gaia DR2 with high quality
astrometric and 10-0 data (see details in the text). Grey colour level is
proportional to the logarithmic number density of stars. The blue and green
solid lines are the most probable value and HPD(68%) interval of total
velocity of stars derived from empirical probability distribution function
using kernel-density estimator. The dark red points are selected candidates
of 557 high-velocity stars also derived from the same probability density
function with Prob(Vigta) > 99%. The yellow filled dot presents the Sun
position in the diagram. Right panel : A normalized probability density
function of distributions of velocities of all (dark red) and selected as high-
velocity candidate stars.
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z= —éq)(m',y’z)j
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where gravitational potential ®(z,y,z) is expressed in rectangular co-
ordinates. Here, we considered widely used the Milky-Way gravitational
potential model. This model of gravitational potential ®(x,y, z) is the sum
of a central bulge component ®,(z,y, z) (spherically symmetric), an axisym-
metric disk ®4(x, y, z) and a massive spherical Galactic halo ®j(z,y, z) (dark
matter included):

q)(.’E,y, Z) = ‘I>b(l',y,2)+q)d(l',y, z)—|—(I>h(x,y,z), (2)

where (z,y, z) are Galactocentric cartesian coordinates.
For the Galactic bulge and disk components we use formulae (Py(r),
Hernquist bulge, [15] and ®4(R, z), Miyamoto-Nagai disk, [21]):

Oy (r) = __GMy (3)

\/72 + b}

GM,

\/R2+ ((Id'f—\/ZQ-i-bé)Q?

and for a massive spherical Galactic halo (®j(r), Navarro-Frenk-White
halo, [22]):

(bd(Rv Z) == (4)

By (r) = — EMn 1n(1 + L), (5)

T ap,

where r2 = 22 + y? + 2% and R? = 22 + y?, with parameters of M, =
(0.103 £ 0.006) x 101 My, My = (0.650 + 0.020) x 101t My, M, = (2.900 +
0.765) x 10* M), by, = (0.267+0.009), ag = (4.40£0.73), by = (0.30840.005),
and ap = (7.74+2.1) in kpc (Model IIT from Bajkova & Bobylev [4]), derived
by fitting of modern data on circular velocities of Galactic objects located
at distances up to 200 kpc from the Galactic center.

For numerical integration we utilise the fast and accurate Gauss-Everhart
orbit integrator provided by Avdyushev [3].

3.1. Simulation of astrometric parameters

In order to estimate the uncertainty of the close stellar passage parame-
ters we replace each considered star with a large number (typically 10000)
of its simulations, drawn from a multivariate normal distribution. This is
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possible because in Gaia DR2 catalogue included full information on the
covariance matrix of astrometric parameters. Such a procedure possesses
an evident superiority over the individual, independent random drawing of
each parameter what ignores their obvious mutual dependence. To generate
random vectors x, i.e. of proper motions, parallax, and radial velocity, from
a multivariate normal distribution A, (m, ¥) with a given vector of means
m and a given covariance matrix ¥, we used mvtnorm : a Multivariate
Normal and t Distributions R package with Cholesky method, developed by
Genz et al. [10]:

m = [Noe*a Hs, @, vrad] (6)
Orias Ohers Oas PlHece; H5) O, Oeop(pa, @) 0.0
N— OpaxOps P(#a*a /LL(S) Ops Ops UWP(/L& w) 0.0 (7)
Tpian O P(fass @) OusOwp(pis, fie) oz, 0.0 |’
0.0 0.0 0.0 oo

where p denotes the correlation coefficient between the astrometric pa-
rameters, and it is provided in the Gaia DR2 catalogue. Radial velocities are
uncorrelated to the astrometric parameters, and we assume them to follow
a Gaussian distribution centered on v;,q, and with standard deviation o, .

In order to determine most likely backward in time stellar trajectories of
candidates of a high-velocity stars and their potential birth places (stellar
cluster/association or hypothetical supernova), we used as a measure a mul-
tivariate Gaussian likelihood in four dimensional space (time and position):

)T

n n
L(p, 212) = [ Lilui, ilz) = [] @m) 727 |mifzeemm®Gomd™ )
i=1 i=1

2. Runaway stars AE aur, i Col and 53 Eri and star forming
region Orion

AE Aur, p Col, and 53 Ari are runaway stars traced to the Trapezium
cluster in the Orion Nebula two million years ago. These stars might have
been ejected during a collision of two binary star groups Hoogerwerf et al.
[13]. For the testing purpose, we have applied our approach to these stars
and young clusters in Orion star forming region (see Table 1,2 and Figure 3).

4. Preliminary results

In order to identify the most probable parent stellar association/cluster
of a high-velocity candidate stars we used updated catalogue of optically
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Figure 3: Simulated closest approach of stellar trajectories of runaway stars AE
Aur, p Col, 53 Ari and young stellar groups (NGC 1976, 1977, 1980, 1981 and
Collinder 70) in Orion complex star forming region. The most probable traceback
stellar trajectories, birth places and ejection times (highest likelihoods) of these
runaway stars are presented in the bottom right panel (see also Table 2).
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Name RA DEC [, COSO %) RV d lg(Age)
[°] (] [mas/yr] [mas/yr] [km/s] [pc] [year]
NGC 1976 83.82 -5.39 1.96 -0.77 27.80  400.0 7.71
NGC 1977 83.85 -4.82 2.42 -1.90 24.20  500.0 7.08
NGC 1980 83.85 -5.91 0.83 -0.36 23.00  550.0 6.67
NGC 1981 83.79 -4.40 1.01 1.14 27.90  400.0 7.50
Collinder 70 83.88 -1.10 0.36 -0.68 31.70  390.0 6.71

HIP24575(AE Aur) 79.076 34.313 -4.440 43.368 56.7  405.81
HIP27204(p Col) 86.500 -32.307 2.988 -22.030  109.0 465.64
HIP14514(53 Ari) 46.857 17.880  -23.268 7.973 21.7  315.77

Table 1: Input parameters for simulation of young clusters in Orion star
forming region and runaway stars AE Aur, p Col, and 53 Ari.

Cluster Runaway Relative Most probable Time range
name name number [%]  time [Myr] [Myr]

NGC 1976 AE Aur(HIP24575) 22.30 -2.48 -2.66 -2.26
NGC 1981 AE Aur(HIP24575) 16.70 -2.52 -2.71 -2.31
Collinder 70 AE Aur(HIP24575) 10.70 -2.25 -2.38 -2.12
Collinder 70 u Col(HIP27204) 4.26 -2.46 -2.69 -2.23
Collinder 70 53 Ari(HIP14514) 2.36 -4.59 -5.09 -4.21
NGC 1981 u Col(HIP27204) 1.30 -2.29 -2.47 -2.15
NGC 1976 w Col(HIP27204) 0.93 -2.36 -2.49 -2.20
NGC 1977  AE Aur(HIP24575) 0.77 -2.48 -2.57 -2.35

Table 2: Results of simulation of young clusters in Orion star forming
region and runaway stars AE Aur, y Col, and 53 Ari.

visible open clusters and candidates [8] consisting of 710 objects with astro-
metric parameters and radial velocity of the stellar system and traced back
in time up to 30 Myrs with the step of 1000 yrs.

The similar procedure was applied also for pulsars [18] having good astro-
metric parameters, i.e. the distance and proper motions have relative errors
not exceeding 10%. In this case radial velocity of a pulsar was simulated
from a uniform distribution in the range of -1000 to 1000 km/s.

5. Summary

We searched for the high-velocity stars from the Gaia DR2 catalogue
and selected about 560 candidates.

We developed a new software to trace back the motion of stars through
the Galactic potential, tested it successfully with the original case runaway
stars AE Aur, mu Col, and 53 Ari and then applied it to above mentioned
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Figure 4: Possible triple associted with each other: star RAVE J064600.9-
673053=CD-67 470=Gaia2 5280169713520753536, OCL Mamajek 1 and
PSR J0711-6830

high-velocity stars and optically visible open clusters.

It turned out that for ~15% of high-velocity stars can be identified parent
stellar cluster/association.

In some case we found also a plausible pulsar born in a possible supernova
event (see Table 4 and Fig. 4).
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Abstract

This talk is devoted to the statistical analysis of the new catalogue
of Chemically Peculiar stars compiled from papers, where chemical
abundances of those stars were given. The catalogue contains chem-
ical abundances and physical parameters of 428 stars based on high-
resolution spectroscopy data. Spearman’s rank correlation test was
applied for 416 CP (108 HgMn, 188 ApBp and 120 AmFm) stars and
the correlation between chemical abundances and different physical
parameters (effective temperature, surface gravity and rotational ve-
locity) was checked. From dozens interesting cases we secluded four
cases: the Mn peculiarities in HgMn stars, the Ca correlation with
respect to effective temperature in AmFm stars, the case of helium
and iron in ApBp stars. We applied also Anderson-Darling (AD) test
on ApBp stars to check if multiplicity is a determinant parameter for
abundance peculiarities.

Keywords: Chemically Peculiar stars - abundances — catalogues — in-
dividual stars: HgMn, ApBp and AmFm.

1. Introduction

Historically, main sequence Chemically Peculiar (CP) stars were divided
in 4 groups by Preston (1974) — AmFm, ApBp, HgMn and ABoo stars.
Later, two groups of CP stars were added to the known ones - He-weak
and He-rich stars. All CP stars have different physical properties. The
effective temperatures of all CP stars are in the range of 7000-30000K, some
of them are non-magnetic, some- magnetic. More than 50 percent of CP
stars are binaries or belongs to the multiple systems. But all those stars
have one generality — in the atmospheres of those stars we see peculiarities of
different chemical element’ abundances. AmFm stars are non-magnetic and
they are characterized by underabundances of calcium and scandium, and
high overabundances of iron and nickel (see Kunzli & North 1998; Gebran,
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Figure 1. Abundances for the three CP Types in the present compilation
versus atomic number. Abundances are the logarithm of the abundances
divided by the solar Asplund et al. (2009) ones, the zero line corresponds
to solar abundances. In the HgMn panel, the squares are abundances of the
horizontal-branch star Feige 86.

Monier & Richard 2008, for example). HgMn stars are non-magnetic as well;
they are characterized by strong overabundances of mercury and manganese
(Hg overabundance riches up to 107) (see Catanzaro, Leone & Leto 2003;
Dolk, Wahlgren & Hubrig 2003, Alecian et al. 2009, etc.). In contrary,
ApBp stars are magnetic and characterized by silicon, chromium, europium
and strontium overabundances (see Leckrone 1981; Ryabchikova et al. 1999;
Kochukhov et al. 2006, etc.). In this research we studied 3 groups of CP
stars — AmFm, ApBp and HgMn stars.

2. The new catalogue of CP stars

Our new catalogue of CP stars consists in 428 stars, for which all chemi-
cal abundances were determined through high resolution spectroscopy tech-
niques. 108 stars are identified as HgMn stars (see Ghazaryan & Alecian
2016), 128 stars as AmFm and 188 as ApBp stars. The types of 11 stars
are uncertain and one star is a known horizontal-branch star (Feige 86).
The catalogue contains physical parameters such as effective temperature,
gravity, rotational velocity, and chemical abundances with their error mea-
surements. If for a given element the abundances of different ions were given,
we took the mean of them for the abundance value, and the error bars were
recalculated by the mean square of the errors as in Ghazaryan & Alecian
(2016). Compiled abundances with their errors are shown in Fig. 1. The
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detailed information on our catalogue is given in Ghazaryan et al. (2018).

Table 1. Spearman’s rank test results for HgMn stars. Statistically signifi-
cant correlations are shown in boldface (p-value < 0.05), marginal ones are
underlined (0.05 <p-value < 0.06).

€(Tegr) e(log g) (v sini)

Elements p D N p P N P D N
He -0.40 | 0.001 | 65 | -0.10 | 0.450 | 65 | 0.12 | 0.355 | 64
C -0.23 | 0.105 | 51 | 0.00 | 0.982 | 51 | 0.03 | 0.841 | 50
O 0.23 | 0.156 | 38 | -0.28 | 0.091 | 38 | 0.15 | 0.391 | 37
Mg -0.39 | 0.001 | 69 | -0.07 | 0.580 | 69 | 0.09 | 0.489 | 68
Al -0.42 | 0.005 | 44 | 0.24 | 0.112 | 44 | 0.32 | 0.037 | 44
Si 0.01 | 0929 | 74 | -0.15 | 0.192 | 74 | -0.01 | 0.913 | 73
S -0.61 | 0.000 | 52 | 0.05 | 0.743 | 52 | -0.03 | 0.813 | 51
Ti 0.24 | 0.064 | 62 | 0.11 | 0.403 | 62 | 0.10 | 0.448 | 61
Cr -0.28 | 0.010 | 86 | -0.02 | 0.828 | 86 | 0.22 | 0.041 | 85
Mn 0.48 | 0.000 | 70 | 0.06 | 0.650 | 70 | 0.26 | 0.032 | 69
Fe 0.07 | 0.488 | 90 | 0.06 | 0.561 | 90 | -0.11 | 0.313 | 89
Ni -0.05 | 0.730 | 48 | -0.01 | 0.945 | 48 | 0.11 | 0.473 | 47
Cu 0.32 | 0.106 | 26 | -0.38 | 0.053 | 26 | 0.22 | 0.289 | 26
Zn -0.18 | 0.339 | 29 | 0.00 | 0.999 | 29 | 0.12 | 0.533 | 29
Ga 0.30 | 0.083 | 34 | 0.23 | 0.184 | 34 | 0.00 | 0.997 | 33
Sr -0.49 | 0.001 | 45 | 0.33 | 0.027 | 45 | 0.11 | 0.492 | 44
Y -0.17 | 0.220 | 55 | 0.20 | 0.134 | 55 | 0.19 | 0.161 | 54
Zr 0.25 | 0.133 | 37 | 0.25 | 0.136 | 37 | 0.38 | 0.021 | 36
Xe 0.41 | 0.032 | 28 | -0.04 | 0.823 | 28 | 0.11 | 0.568 | 28
Hg -0.22 | 0.045 | 86 | 0.27 | 0.011 | 86 | -0.01 | 0.944 | 8

3. Statistical analysis

The abundance anomalies may be explained by theoretical models, in-
cluding atomic diffusion, and for that reason it is interesting to know the
correlation between abundances and physical parameters, such as effective
temperature, surface gravity and rotational velocity. To check that correla-
tion we applied Spearman’s rank test (see Spearman 1904) between abun-
dances and mentioned physical parameters. The statistical analysis was
done for each element measured in more than 11 stars. In Table 1 as an
example we show statistical results for HgMn stars. As you see, we found
significant correlation with respect to effective temperature for Mg, Al, S,
Cr, Mn, Sr, Xe, Hg. Possible correlations suggested by Ghazaryan & Ale-
cian (2016) for Ni, Ti, and Si are not confirmed in this study. We found also
significant correlation with respect to gravity for strontium and confirmed
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it for mercury suggested in our previous paper. Considering rotation ve-
locity as parameter, correlations have been found for aluminum, chromium,
manganese, and zirconium.

Such types of tables were created for ApBp and AmFm stars as well.
Dozens correlations between abundances and fundamental parameters were
found for those type of stars too. Four noteworthy cases are secluded and
explained in detail in our paper (see Ghazaryan et al. 2018).

We have applied AD test on single CP stars and those being in binary
systems and do not find any relation between abundance anomalies and
multiplicity in all three CP type stars, possibly because of the lack of data.

4. Conclusions

We present a unique catalogue of 428 Chemically Peculiar stars observed
by spectroscopy during the last decades. Our new compilation of the main
physical parameters and the abundances of elements from helium to ura-
nium for 108 HgMn, 188 ApBp, 120 AmFm stars, plus 12 other peculiar
stars (including 1 horizontal-branch star) confirms the increase of overabun-
dances for heavy elements with atomic number (see Smith 1996) and the
large scatter of the abundances anomalies. This scatter is not only due to
the heterogeneity of the data, or abundance determination errors, but it is
real. The applied statistical tests proofs that there is no any correlation
between abundance anomalies and multiplicity of HgMn, ApBp and AmFm
stars. We have found a significant number of correlations with the effective
temperatures, but also some (fewer) with gravity and rotational velocity. We
discuss also four noteworthy cases, but this does not mean that there are
only four cases that deserve discussion. We are convinced that considering
as a whole, the abundance measurements in CP stars will lead to interesting
understanding of the physical processes in play in the atmospheres of those
stars. In the near future we plan to extend our database to other categories
of CP stars (such as stars with helium anomalies), and we have no doubt
that a major extension of such a database will be achieved from the final
GAIA catalogue.
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Abstract

We present the investigation results of structure and stellar content
of a molecular cloud surrounding the five IRAS sources: 0516843634,
0518443635, 0517743636, 0516243639, and IRAS 05156+3643. Us-
ing multi-color criteria, we identified a rich population of embedded
YSO candidates with infrared excess (Class 0/T and ClassIT) and their
characteristics in a quite large molecular cloud which is located in the
region of 24 arcmin radius. The molecular cloud includes 240 candi-
dates of YSOs within the radii of sub-regions around 5 IRAS sources.
The color-magnitude diagrams of the sub-regions suggest a very young
stellar population. We construct the K luminosity function (KLF) of
the sub-regions and according to the values of the slopes of KLF's, the
age of the sub-regions can be estimated between 0.1-3 Myr. The SEDs
are constructed for 45 ClassI and 75 Class IT evolutionary stages YSOs
and the received parameters of those YSOs are well correlated with the
results obtained by other methods.

Keywords: stars: pre-main sequence — stars: luminosity function — in-
frared: stars — radiative transfer — individual objects: IRAS 05168+3634,
IRAS 05184+3635, IRAS 05177+3636, IRAS 05162+3639, IRAS 05156+3643

1. Introduction

In this paper, we present a detailed study of a extended star formation re-
gion surrounding IRAS 0516843634 source. IRAS 05168+3634 is also known
as Mol9 from the catalogue of Molinari et al. (1996). Within 2 arcmin ra-
dius from IRAS 0516843634 source, it has been detected three objects with
magnitudes of MSX survey (Egan et al. 2003), one of which is associated
with IRAS 0516843634 source.

IRAS 0516843634 is a luminous YSO with estimated L=24 x 103 L,
(Varricatt et al. 2010) and it is located in a high-mass star-forming region

N.M.Azatyan 228
DOI: 10.52526/25792776-2018.2.2-228



Study of stellar population in new extended star formation region

in the pre-UC HII phase (Wang et al. 2009). This star-forming region asso-
ciated with HoO, NHgs, 44 GHz CH30H, as well as 1665 MHz and 1667 MHz
OH maser emission (Zhang et al. 2005, Molinari et al. 1996, Fontani et
al. 2010, Ruiz-Velasco et al. 2016), the SiO (J = 2—1) line (Harju et al.
1998), and four *CO cores (Guan et al. 2008b). Molinari et al. (1998) have
detected 6-cm radio emission 102 arcsec away from the IRAS 05168+3634
source.

The embedded stellar cluster in this region was detected in the NIR and
MIR by various authors (Kumar et al. 2006; Faustini et al. 2009; Azatyan
et al. 2016). In (Azatyan et al. 2016) it was showed that this is a bimodal
cluster with 1.5 arcmin radius from geometric center of the cluster which
does not coincide with the IRAS 0516843634 source. One of the subgroups
is concentrated around the IRAS 0516843634 source and one must notice,
it does not contain a rich population compared to other concentration.

The distance estimations of this region are different. A kinematic dis-
tance was estimated 6.08 kpc (Molinari et al. 1996) based on systemic LSR
velocity Vigr = —15.5£1.9km/s. The trigonometric parallax of IRAS
05168+3634 with VERA is 0.5324+0.053 mas, which is corresponding to a
distance of 1.88f8:%% kpc placing the region in the Perseus arm, rather than
the Outer arm (Sakai et al. 2012). This large difference of estimated dis-
tances causes some significant differences of physical parameters for individ-
ual members.

The observational data used to make the subsequent analysis are dis-
cussed in Section 2. The results and discussion are given in Section 3 and
Section 4 concludes the results of this work.

2. Archival data

For our study, we have used the data covering a wide infrared range from
NIR to FIR wavelength. At first, it is the NIR photometric data and images
of UKIRT Infrared Deep Sky Survey (UKIDSS) Galactic Plane Survey DR6
(GPS, Lucas et al. 2008) in J, H, and K bands.

MIR observations of this region have obtained using the Spitzer Space
Telescope under the Galactic Legacy Infrared Midplane Survey Extraordi-
naire 360 (GLIMPSE 360) program (Churchwell et al. 2009) in the 3.6,
4.5 pm bands with the resolution of 0.6”/px. We have also used the data
of Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010) (3.4 um,
4.6 pm, 12 pm and 22 pm) and the MSX survey (8.28 yum, 12.13 pm, 14.65 pm
and 21.3 um).

We obtained FIR data using the instruments Photodetector Array Cam-
era and Spectrometer (PACS, Poglitsch et al. 2010) and Spectral and Photo-
metric Imaging Receiver (SPIRE, Griffin et al. 2010) on the 3.5 m Herschel
Space Observatory (Pilbratt et al. 2010). For our analyses, we used the
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PACS 70, 160 pm and the SPIRE 250,350 and 50 um photometric data and
images with resolutions varying «~5.5"”-36" . We also used photometric data
of IRAS mission (12 and 25 um).

3. Results and discussion

3.1. Structure of the molecular cloud

Comparison of images taken in different spectral ranges showed that
TRAS 0516843634 star-forming region has more complicated structure in
the FIR wavelengths than in the NIR and MIR. Figure 1 shows the region
in different wavelengths. Moving toward longer wavelengths, the cloud fila-
ments surrounding TIRAS 05168+3634 source become more expressive and it
is obvious that the IRAS 0516843634 star-forming region is not limited in
1.5 arcmin radius from geometric center (Azatyan et al. 2016) but is more
extended and is located within a 24 arcmin radius molecular cloud where
the center of molecular cloud is conditionally selected TRAS 05168+3634
source. Studying common star-forming region in the molecular cloud, it
turns out that apart from IRAS 0516843634, there are four IRAS sources:
IRAS 0518443635, IRAS 0517743636, IRAS 0516243639, and IRAS 05156+
+3643, which are embedded in the same molecular cloud. There is very few
information about these IRAS sources. TRAS 0518443635 and IRAS 05177+
43636 are associated with dark clouds DOBASHI 4334 and 4326, respec-
tively (Dobashi 2011). In Casoli et al. (1986), the distances of IRAS 05184+
+3635 and IRAS 0517743636 were assessed based on the 3CO velocities: -
17km/s and -15 km /s respectively, as a result of which both IRAS 05184+3635
and IRAS 05177+3636 were evaluated at the same 1.4 kpc distance. The lat-
ter value coincides with the distance of IRAS 0516843634 based on trigono-
metric parallax. This fact also indicates that these IRAS sources are most
likely to be found in the same molecular cloud. There are 2 objects near to
IRAS 0517743636 source detected in submillimeter wavelength (Di Francesco
et al. 2008). IRAS 0516243639 associated with HoO maser (Sunada et al.
2007). It has been detected a high proper-motion star in LSPM-NORTH
catalog by 0.35 arcmin far away from the IRAS 0515643643 (Lépine & Shara
2005), which is probably compatible with IRAS 0515643643 source within
error bar.

We have constructed map of the distribution of stellar surface density
within a 48" x 48’ region to investigate the structure of each concentration in
the molecular cloud, using photometric data of Herschel PACS Point Source
Catalog: 160 pum and Extended Source List (red band). The density was
determined simply by dividing the number of stellar objects in 200" x 200"
area with step size 100”. Figure 2 shows the map of the distribution of
stellar surface density based on Herschel PACS 160 pym photometry.

It is known that in the case of homogeneous distribution of stars in the
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Figure 1: Investigated region in different wavelengths from NIR to FIR. The
positions of 5 TRAS sources are marked by arrows and the IRASs are num-
bered as follows 1-IRAS 0518443635, 2-IRAS 0517743636, 3-IRAS 05168+3634, 4-
TRAS 0516243639 and 5-IRAS 05156+-3643.

field, the number of stars is comparable to the surface area occupied by
those stars. Let us figure out how much the distribution of stars in this
field differs from the homogeneous distribution. We can clearly distinguish
five subgroups, the distribution of which can not be accidental. From this,
one can conclude that all 5 IRAS star-forming regions with high probability
belong to the same molecular cloud and, therefore, are at the same dis-
tance. As the distances for whole region, we used the distance estimations
of TRAS 0516843634 star-forming region: 6.08 kpc (kinematic estimation)
and 1.88f8:%% kpc distance (based on the trigonometric parallax).

3.2. Selection of Objects

For the selection of objects in the molecular cloud, we have used the data
of NIR, MIR and FIR catalogs (see Section 2) within the radius of 24 arcmin
concerning to conditionally selected IRAS 0516843634 source. As the main
catalog, we have chosen GPS UKIDSS-DR6. We have selected objects with
a probability of being noise <50 % and taking into account the complete-
ness limit of UKIDSS survey in K band, the objects that have a measured
magnitude of K>18.02 have been removed from the list. This yielded ap-
proximately 48000 objects. The MIR and FIR photometric catalogs were
cross-matched with GPS UKIDSS-DR6 catalog within 3¢ of combined er-
ror matching radius and then was obtained a combined photometric catalog.
Thereafter, the following set of steps were followed for the identification of
the young stellar objects (YSOs).

3.3. C-C diagrams

One of the most powerful tools for identifying YSO candidates via red-
dening and excess is their location on color-color diagrams. The choice of
colors depends on the available data. We have constructed 4 color-color
(hereafter C-C) diagrams. As YSOs we have chosen those ones which are
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Figure 2: Stellar surface density distribution based on Herschel PACS 160 um
photometry. Stellar surface density distribution map is overplotted on Herschel
SPIRE 350 um image. The surface density of the last isodences exceeds the average
value of the field surface density on 1 o

classified as objects with infrared excess in at least 2 C-C diagrams to min-
imize the likelihood of the wrong choices.

The first infrared excess objects identification was carried out with (J-
H) vs. (H-K) C-C diagram. Figure 3 top left panel shows the (J-H) vs.
(H-K) C-C diagram where the solid and dashed curves represent the locus
of the intrinsic colors of dwarf and giant stars, taken from Bessell & Brett
(1988) after being converted to the CIT system using the relations given by
Carpenter (2001). The parallel solid lines drawn from the base and tip of the
dwarf and giant loci, are the interstellar reddening vectors (Rieke & Lebofsky
1985). The locus of unreddened classical T Tauri stars (CTTSs) is taken
from Meyer et al. (1997). The region bounded by the dashed lines where the
PMS stars with intermediate mass, i.e., Herbig Ae/Be stars are usually found
(Hernandez et al. 2005). The objects with different evolutionary stages have
certain places in this diagram (Lada & Adams 1992). We have selected those
stars as YSOs, which have the considerable, accurately expressed IR excess
i.e objects located to the right of reddening vectors.

We have used the data of GLIMPSE 360 catalog to construct C-C dia-
gram combining NIR and MIR photometry. Figure 2 top right panel shows
the K-[3.6] vs. [3.6]-[4.5] C-C diagram where the diagonal lines outline
the region of location of YSOs with both ClassI and ClassII evolutionary
stages. The de-reddened colors are separated into ClassI and II domains by
the dashed line. Arrow shows extinction vector (Flaherty et al. 2007). All
the lines in the K- [3.6] vs. [3.6]-[4.5] diagram are taken from the (Allen et
al. 2007).
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Figure 3: The C-C diagrams of the region. The blue circles are selected YSOs
and black circles are unclassified ones. Not all unclassified objects are presented in
these diagrams. IRAS sources are marked by triangles and they are labelled.

We have also constructed 2 other C-C diagrams using the list of objects
with good WISE detection, i.e., those possessing photometric uncertainty
< 0.2 mag in WISE bands. Figure 3 below left panel shows the [3.4]-[4.6]
vs. [4.6]-[12] C-C diagram and below right panel shows [3.4]-[4.6] vs. [4.6]-
[22] C-C diagram. As it was mentioned for previous C-C diagrams, the
objects with different evolutionary stages are located in certain places in
this diagram too (Koenig et al. 2012).

Totally, we have selected 1224 YSOs within 24 arcmin radius and they
are marked with blue circles. TRAS sources are marked by triangles and
they are labelled in diagrams. Unfortunately, this kind of selection of YSOs
cannot give a possibility to find the exact number of YSOs.

The distribution of classified YSOs in the field, shown on Figure 4, clearly
shows that ClassII objects are distributed more homogeneous on the field
than ClassI objects which are located in certain areas and show clear con-
centrations. Since the region is quite large, then the probability of being
fore/background objects within the selected ClassII objects is very high,
and in case of ClassI objects, that possibility is small, as they are not de-
tected outside of the molecular cloud filaments. In order to minimize the
number of incorrect ClassII objects, further investigations will only be per-
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Figure 4: Stellar surface density distribution based on color-color diagrams. Class
I and Class II evolutionary stage objects are marked by filled circles and crosses,
respectively.

formed on concentration areas. For that purpose, we have constructed map
of the distribution of stellar surface density within a 48’ x 48’ region to
investigate the structure and the size of each concentration in the molec-
ular cloud, using the coordinates of selected YSOs. We have refined the
radius of each sub-region relative to the geometric centers of them based
on the density distribution of selected YSOs. Table 1 presents the coordi-
nates of IRAS sources in (2)-(3) columns, in (4)-(5) columns are the coordi-
nates of geometric centers and in last column are shown the radii based on
stellar density distribution. Two objects from GPS UKIDSS-DR6 catalog
were identified with IRAS 0516243639 source as a result of cross-match, i.e.
probably IRAS 0516243639 source is binary object and three more ClassI
objects are located very close to it, but they do not show any real concen-
tration. Therefore, the 0.25 arcmin value of radius given in the Table 1 is
conditional and includes those three ClassI objects and the binary associ-
ated with IRAS 05162+3639 source. Further studies will be conducted for
the 240 YSOs of 1224 selected from C-C diagrams and it is a total number
of objects falling within the already-defined radii of five sub-regions.
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IRAS «(2000) | ©5(2000) | «(2000) | 6(2000) | Radius
(hh mm ss) | (dd mm ss) | (hh mm ss) | (dd mm ss) | (arcmin)
M ) ©) 0 6 ©)
05184+3635 | 0521 53.2 | 436 38 20.4 | 05 21 52.6 | 436 39 07.1 2.5
0517743636 | 0521 09.4 | 436 39 37.1 | 0521 02.8 | +36 38 28.5 3.5
05168+3634 | 0520 16.4 | 436 37 18.7 | 05 20 22.3 | +36 37 33.9 3
0516243639 | 0519 38.4 | 436 42 25.0 | 0519 384 | +36 42 25.0 0.25
05156+3643 | 0519 03.6 | +36 46 15.7 | 0519 04.0 | +36 48 02.0 2.8
Table 1: Geometric centers of sub-regions. (1)-Name of sub-regions,

(2),(3)-The coordinates of IRAS sources, (4),(5)-The coordinates of geo-
metric centers, (6)-The radius of each sub-region according to YSOs surface
density distribution in the molecular cloud
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Figure 5: K vs. (J-K) C-M diagrams for the identified YSOs in sub-regions.
The objects belonging to different sub-regions are marked with different colors:
TRAS 0518443635 = red, IRAS 0517743636 = green, IRAS 0516843634 = blue,
TRAS 0516243639 = yellow and IRAS 05156+3643 = pink. The IRAS sources are
labelled.

3.4. C-M diagrams

The distribution of the 240 identified YSOs in the K vs. J-K color-
magnitude (hereafter C-M) diagrams are shown in Figure 5 with filled circles
in different colors for each sub-region. In Figure 5 the zero-age main sequence
(ZAMS, the thick solid curve) and PMS isochrones (thin solid curves) are
taken from Siess et al. (2000). The J and K photometry of the selected YSOs
are corrected for two different distances: 6.1 and 1.88 kpc, and for interstellar
extinction estimated according to the COBE/DIRBE and IRAS/ISSA maps.

In general, the selected YSOs (according to the C-C diagrams) are dis-
tributed to the right of 0.1 Myr isochrones and this distribution confirms
their being YSOs. Only a few identified as YSOs objects in the C-C dia-
grams are located to the left (black circles) of ZAMS, which means their
non-membership, i.e. probably they are fore/background objects.

N.M.Azatyan 235



Study of stellar population in new extended star formation region

IRAS C-C C-M-1.88kpc C-M-6.1kpc  ClassI A, a slope
Mem. ClassI Mem. ClassI Mem. Classl (mag)
(%) (%) (%)

(1) 2) 3) (4) (5) (6) (7) (8) 9) (10)
0518443635 52 21 48 23 52 21 11 14 0.12 + 0.04
0517743636 79 28 65 34 79 28 22 1.34 0.2 £ 0.02
0516843634 57 43 45 54 56 45 24 4.3 (4.5) 0.21 £0.05
0516243639 5 - 5 — 5 - 5 1.23 —
0515643643 47 20 40 23 47 20 9 1.03 0.15 £+ 0.04

Table 2: Characterizes of sub-regions. (1)-Name of sub-regions, (2)-(3)-
number of YSOs and the fraction of ClassI objects (in percent) according
to the C-C diagrams, (4)-(7)-number of YSOs and the fraction of ClassI
objects (in percent) according to the C-M diagrams in different distances,
(8)-number of ClassI evolutionary stage objects, (9)-Interstellar extinction,
(10)-The « slope of KLF of each sub-region

According to the results of C-C and C-M diagrams, one can note that
within the selected radius of each sub-region the youngest is IRAS 05168+3634
star-forming region, since ClassI objects represent a fairly large percentage.

3.5. K Luminosity function

The luminosity function in the K-band (KLF) is frequently used in stud-
ies of young clusters and star-forming regions as a diagnostic tool of the
initial mass function (IMF) and the star formation history of their stellar
populations (Zinnecker et al. 1993; Lada & Lada 1995). It is possible to
construct the KLF to constrain the age of the embedded stellar population
in each star-forming region independently. As pointed out by Lada et al.
(1996), the age of a sub-region can be estimated by comparing its KLF to
the observed KLF's of other young clusters. In the case of IRAS 05162+3639
sub-region, the number of YSOs is not enough to construct KLF and so it is
impossible to estimate the value of a slope. The KLFs corresponding fitted
slopes are provided in Column (10) of Table 2. According to the calculation
of Massi et al. (2000), o values between 0.2-0.28 are consistent with the ages
of 0.1 - 3Myr. The « values of the observable sub-regions are close to this
range of values, therefore, the age of all four sub-regions can be estimated
between 0.1-3 Myr, which also well reflects the location of stellar objects
relatively to the isochrones.

3.6. SED analysis

We have constructed the spectral energy distributions (SEDs) for 45
ClassI and 75 ClassII evolutionary stage YSOs and fitted them with the
radiative transfer models of Robitaille et al. (2007). This procedure has
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been done using wavelengths ranging from 1.1 ym to 160 yum in particular
J, H, K (UKIDSS), 3.6 and 4.5 um (Spitzer IRAC), 3.4, 4.6, 12 and 22 pum
(WISE), 8.28, 12.13, 14.65 and 21.3 ym (MSX), 12 and 25 um (IRAS) and
70, 160 um (Herschel PACS). The SED fitting was carried out using both
distance estimations: 1.88 and 6.1 kpc. We used the ranges of the interstellar
extinction (A,) and the distances of 1 - 40 mag and 5.5-6.5 kpc and 1.6-2 kpc,
respectively.

The results of the SED fitting tool in general confirm the age estimations
obtained by the KLF slope for each sub-region and the results obtained in
the C-C and C-M diagrams for individual objects.

4. Conclusion

Our investigation shows that the TRAS 05168+3634 star-forming region
has more complicated structure in the FIR wavelengths and is located in
a quite large molecular cloud within the region of ~ 24 arcmin radius (the
center of the molecular cloud is conditionally selected IRAS 05168+3634
source), which, in turn, consists of another four star-forming regions. From
the statistical analysis follows that all IRAS star-forming regions are at
the same distance: 6.1kpc (Molinari et al. 1996) or 1.88kpc (Sakai et al.
2012). In addition, these regions repeat the shape of the molecular cloud.
And also the distances of IRAS 0518443635 and IRAS 0517743636 assessed
based on the 3CO velocities were evaluated at the same 1.4 kpc value, which
is coincides with the distance of IRAS 05168+3634 based on trigonometric
parallax.

In this paper, we analyzed the stellar content of the molecular cloud and
separately for each star-forming region associated with IRAS sources using
the NIR and MIR photometric data. We obtained the census of the young
stellar population and their characteristics within 24 arcmin radius region
surrounding the molecular cloud, which includes 1224 candidate YSOs, and
240 of them are concentrated around five IRAS sources. We have classi-
fied 71 YSOs as objects with evolutionary stage ClassI and 132-169 YSOs
(depending on the distance) with evolutionary stage ClassII stars within
radii of sub-regions. It should be noted that, unlike the ClassII objects, the
Class1 objects are located mainly in the filaments of the molecular cloud,
i.e. the distribution of ClassI objects reflects the initial state of the parent
molecular cloud. The estimated distances and the interstellar extinctions of
each sub-region were taken into account in corrections of J and K magni-
tudes for C-M diagrams which generates such a difference in the number of
Class II objects.

We have also calculated the slope the KLFs for four sub-regions, namely
IRAS 0518443635, IRAS 0517743636, IRAS 0516843634 and IRAS 05156+3643.
According to the values of the slopes of KLFs, the age of all four sub-
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regions can be estimated between 0.1-3 Myr. There are not enough YSOs
in IRAS 0516243639 sub-region, so KLF for this sub-region were not con-
structed.

The SEDs are constructed for 45 ClassI and 75 ClassIl YSOs. This
procedure has been done using wavelengths ranging from 1.1 pm to 160 pm.
The results of the SED fitting tool, in general, are well correlated with
the age estimations obtained by the KLF slope for each sub-region and
also, at the distance of 1.88 and 6.1 kpc, IRAS sources can be classified as
middle-mass YSOs which confirm the results obtained in the C-C and C-M
diagrams.
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Abstract

A phenomenon with a significant role in stellar evolution is the FU
Orionis (FUor) type of outburst. The first three (classical) FUors (FU
Ori, V1515 Cyg and V1057 Cyg) are well-studied and their light curves
are published in the literature. But recently, over a dozen new objects
of this type were discovered, whose photometric history we do not know
well. Using recent data from photometric monitoring and data from
the photographic plate archives we aim to study, the long-term pho-
tometric behavior of FUor and FUor-like objects. The construction of
the historical light curves of FUors could be very important for deter-
mining the beginning of the outburst, the time to reach the maximum
light, the rate of increase and decrease in brightness, the pre-outburst
variability of the star. So far we have published our results for the
light curves of V2493 Cyg, V582 Aur, Parsamian 21 and V1647 Ori.
In this paper we present new data that describe more accurate the
photometric behavior of these objects. In comparing our results with
light curves of the well-studied FUors (FU Ori, V1515 Cyg and V1057
Cyg), we conclude that every object shows different photometric be-
havior. Each known FUor has a different rate of increase and decrease
in brightness and a different light curve shape.

Keywords: stars: pre-main sequence — stars: variables: T Tauri, Herbig
Ae/Be — stars: individual: V2493 Cyg, V582 Aur, V1647 Ori, Parsamian
21

1 Introduction

During the pre-main sequence (PMS) stage of evolution, young stel-
lar objects exhibit different types of photometric variability (Herbst et al.
1994). One of the most dramatic of these events, with very high amplitude
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variations, is the FU Orionis outburst. First Ambartsumyan (1971) draws
attention to this object by linking it to the evolution of the PMS stars and
proposes the abbreviation FUor. Herbig (1977) defined FUors as a class of
young stellar objects after the discovery of two new FUor stars: V1057 Cyg
and V1515 Cyg. The main characteristics of FUors are a significant increase
in optical brightness of about 4-5 magnitudes, a F-G supergiant spectrum
with broad blue-shifted Balmer lines, strong infrared excess, location in star-
forming regions, and connection with reflection nebulae (Reipurth & Aspin
2010, Audard et al. 2014, Connelley & Reipurth 2018). Typical spectro-
scopic properties of FUor objects include a gradual change in the spectrum
from earlier to later spectral type from the blue to the infrared, a strong Li
1 6707 line, P Cygni profiles of Ho and Na I 5890/5896 lines, and the pres-
ence of CO bands in the near infrared spectra (Herbig 1977, Connelley &
Reipurth 2018). The prototypes of FUors seem to be low-mass PMS objects
(T Tauri stars) with massive circumstellar disks.

According to a commonly accepted view, the FUor outburst is produced
by a sizable increase in accretion from the circumstellar disk to the stellar
surface (Hartmann & Kenyon 1996). The cause of this increase in accretion
from ~10~" Mg /yr to ~10~* Mg /yr appears to be thermal or gravitational
instability in the circumstellar disk. This accretion disk model can account
for most of the main properties of FUors.

Among all objects associated with the group of FUors, only three (FU
Ori, V1057 Cyg, and V1515 Cyg) have detailed photometric observations
taken during the outburst and during the fading period (Clarke et al. 2005).
For a few objects, V1735 Cyg (Elias 1978, Peneva et al. 2009), V733 Cep
(Reipurth et al. 2007, Peneva et al. 2010), V2493 Cyg (Semkov et al. 2010,
2012), V582 Aur (Semkov et al. 2013) the presence of an optical outburst
is also documented and they are labeled classical FUors. About a dozen
objects have spectroscopic properties similar to the classical FUors, but
there is no evidence of an outburst at optical wavelengths. These objects
are termed FUor-like (Reipurth et al. 2002, Greene et al. 2008) and only
partial photometric observations have been published for them.

2 Observations

The photometric observations of FUor and FUor-like objects were per-
formed with the 2 m RCC, the 50/70 cm Schmidt and the 60-cm Cassegrain
telescopes of the National Astronomical Observatory Rozhen (Bulgaria) and
with the 1.3 m RC telescope of the Skinakas Observatory' of the Institute
of Astronomy, University of Crete (Greece). The observations were per-

1Skinakas Observatory is a collaborative project of the University of Crete, the Foun-
dation for Research and Technology - Hellas, and the Max-Planck-Institut fiir Extrater-
restrische Physik.
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formed with eight different types of CCD cameras Photometrics AT200 and
VersArray 1300B at the 2-m RCC telescope; Photometrics CH360 and AN-
DOR DZ436-BV at the 1.3-m RC telescope; SBIG ST-8, SBIG STL-11000M
and FLI PL16803 at the 50/70-cm Schmidt telescope; FLI PL09000 at the
60-cm Cassegrain telescope. The technical parameters and specifications of
the used CCD are summarized in Ibryamov et al. (2015). All frames were
exposed through a set of standard Johnson-Cousins filters. All the data
for each object were analyzed using the same apertures and the same back-
ground annulus. In this way, we have reached the maximum correspondence
of data obtained from different telescopes.

In order to facilitate transformation from instrumental measurement to
the standard Johnson-Cousins system for each of the studied objects we
are calibrated a sequence of photometric standards. Calibration in BV RI
bands was made during several completely clear nights with the 1.3-m RC
telescope in Crete, where the conditions for precise photometric observations
are very good.

3 Archival photographic observations

The construction of the historical light curves of FUors could be very im-
portant for determining the exact moment of the beginning of the outburst
and the time to reach the maximum light. Another important option is to
study the pre-outburst variability of the star. The only possibility for such a
study is a search in the photographic plate archives at the astronomical ob-
servatories around the world. Most suitable for this type of research are the
plate archives of the big Schmidt telescopes that have a large field of view.
Photographic observations from BAO could also be used for these purposes
after the implementation of the Byurakan Astrophysical Observatory Plate
Archive Project (Mickaelian et al. 2017).

In this paper, we present some of our result using the photographic plate
archives of the 105/150 cm Schmidt telescope at Kiso Observatory (Japan),
the 67/92 cm Schmidt telescope at Asiago Observatory (Italy) and the 2-m
RCC and the 50/70 cm Schmidt telescopes at NAO Rozhen (Bulgaria). We
also used the digitized plates from the Palomar Schmidt telescope, available
via the website of the Space Telescope Science Institute.

The plates from Asiago Schmidt telescope are inspected visually through
a high-quality Carl Zeiss microscope offering a variety of magnifications.
The magnitude is then derived by comparing the stars in the photometric
sequence with the variable, identifying those that are more closely bracket-
ing the variable. The plates from Kiso Schmidt telescope were scanned with
Canon CanoScan LiDE 600F portable scanner, which has 1200 dpi resolu-
tion. The plates from NAO Rozhen were scanned with Epson Expression
1640 XL/10000XL scanners, which have 1600-2400 dpi resolution and a cor-
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responding pixel size from 16x16 pm to 10x10 pum. Aperture photometry
of the digitized plates was performed with DAOPHOT routines using the
same aperture radius and the background annulus as for CCD photometry.

4 Results and discussion

4.1 V2493 Cyg

The large amplitude outburst of V2493 Cyg was discovered during the
summer of 2010 (Semkov & Peneva 2010, Miller et al. 2011, Semkov et
al. 2012). The new FUor candidate is located in the dark clouds (so-called
" Gulf of Mexico”) between NGC 7000 and IC 5070 a region of active star
formation. Simultaneously with the optical outburst appearance of a re-
flection nebula around V2493 Cyg typical of all classical FUor objects was
observed. Follow-up photometric observations recorded an ongoing light in-
crease in both the optical and infrared (Késpal et al. 2016, Semkov et al.
2017). The high and low resolution spectroscopic observations by Miller et
al. (2011), Lee et al. (2015), Semkov et al. (2017) showed significant vari-
ability in both the profiles and intensity of the spectral lines. On the basis
of our photometric monitoring and the spectral properties at the maximal
light (a G3I supergiant spectrum with strong P Cyg profiles of Ha and Na
I D lines), we have confirmed that the observed outburst of V2493 Cyg is of
FUor type (Semkov et al. 2012).
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Figure 1: Long term BV RI light curves of V2493 Cyg.

The BV RI light-curves of V2493 Cyg during the period September 1973
— May 2017 are plotted in Fig. 1. The filled diamonds represent our CCD
observations, the filled circles CCD observations from the Palomar Schmidt
telescope, the open diamonds photographic data from the Asiago Schmidt
telescopes, the open squares photographic data from the Palomar Schmidt
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telescope, the filled squares photographic data from the Byurakan Schmidt
telescope and the open circles photographic data from the Rozhen 2-m RCC
telescope. The photometric observation obtained before the outburst dis-
played only small amplitude variations in all pass-bands typical of T Tauri
stars. The observational data indicate that the outburst started sometime
before May 2010, and reached the first maximum in September/October
2010. Since October 2010, a slow fading was observed and up to May 2011
the star brightness decreased by 1.4 mag. (V). Since the autumn of 2011,
another light increase occurred and the star became brighter by 1.8 mag.
(V') until April 2013. During the period April 2013 - May 2017 the star
continues to keep its maximum brightness showing a little bit fluctuations
around it. V2493 Cyg was the first FUor object observed in all spectral
ranges during the rise of the brightness as well as during the first year after
reaching the maximum brightness.

4.2 V582 Aur

An object with a very strong increase in brightness is discovered by An-
ton Khruslov (Samus 2009) in the region of active star formation near Auriga
OB2 association. The star was cataloged as USNO A2.0 1200-03303169 and
according to the General Catalog of Variable Stars as V582 Aur. Munari
et al. (2009) obtained the first low-resolution spectrum of V582 Aur and
registered the presence of absorption lines of the Balmer series, Na I D and
Ba II (A 6496) and the absence of the Li I (A 6707) line in the spectrum. Our
results from detailed photometric and spectral observations of the star were
reported in Semkov et al. (2013). In the paper we come to the conclusion
that V582 Aur has all observational characteristics of FUor objects.
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Figure 2: Long term BV RI light curves of V582 Aur.
The historical BV RI light curves of V582 Aur from all available photo-

metric observations are plotted in Fig. 2. On the figure, the filled diamonds
represent our CCD observations, the filled circles photographic data from

E. Semkov et al. 244



Long-term Photometric Monitoring of FUor and FUor-like Objects

the 67/92 cm Asiago Schmidt telescope, the filled triangles photographic
data from the 105/150 cm Kiso Schmidt telescope, and the filled squares
photographic data from the Oschin Schmidt Telescope on Palomar. Typical
for this FUor object is a very strong variability with a large amplitudes.
During the large drop in brightness on 2012, the spectrum of V582 Aur
change from a typical FUor to typical T Tauri star spectrum. And also
during this period the star indicate the typical for UX Orionis objects effect
of color reversal due to the appearance of dust particles in the circumstellar
environment (Semkov et al. 2013).

4.3 V1547 Ori

The outburst of PMS star V1647 Ori was discovered by amateur as-
tronomer Jay McNeil in January 2004 (McNeil 2004). The star showed an
increase in optical brightness by around 5 mag. beginning from November
2003 till February-March 2004 (Briceno et al. 2004). V1647 Ori remains
in a state of maximal light about two years, then its brightness declined to
the pre-outburst level. During the outburst V1647 Ori exhibited a strong
emission spectrum in the optical and near-IR, typical for eruptive PMS stars
from EXor type (Herbig 2008). A second outburst of the star was registered
in 2008, when its brightness increased again to the level of the first eruption
(Kun 2008). The optical and infrared follow-up observations show that the
star and the surrounding nebula appear photometrically and morphologi-
cally similar to the first outburst.
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Figure 3: V RI light curves of V1547 Ori during the first and second out-
burst. Only data from our photometric monitor are plotted. The observation
limit of the 2-m RCC telescope (September 1 and 2, 2018) is indicated by
an arrow.

Our observations suggest that the second outburst of V1647 Ori con-

tinued for approximately ten years. At the beginning of September 2018,
we recorded a new drop in the brightness of the object, which is below the
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2-m RCC telescope I-band limit. The photometric data show a continuous
slight decrease in brightness during the period from the end of 2008 to the
beginning of 2018. In the meantime the star becomes redder with decreasing
of brightness. According to Aspin et al. (2009) the decrease in brightness of
V1647 Ori over the period 2006-2008 was caused by reduction in accretion
rate and reformation of dust in the circumstellar environment of the star.
Such interpretation of the observational results leads Aspin et al. (2009) to
the hypothesis that V1647 Ori is a FUor object.

4.4 Parsamian 21

Parsamian 21 is a young stellar object surrounded by an extended re-
flection nebula, located in a small dark cloud in Aquila. The object was
discovered on the plates from the Palomar Observatory Sky Survey and in-
cluded in the catalog of cometary nebulae (Parsamian 1965). On the basis
of optical spectroscopic and far-infrared properties Staude & Neckel (1992)
suggest affiliation of Parsamian 21 to the group of FUor objects. Results
supporting the FUor nature of Parsamian 21 were published in Késpal et al.
(2008). Parsamian 21 was a subject of many studies, but very few optical
photometric data have been published to the present. Since no outburst
was observed at optical wavelengths in most of the studies Parsamian 21 is
classified as FUor-like object (Greene et al., 2008).
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Figure 4: Long term BV RI light curves of Parsamian 21. The filled

triangles represent our CCD observations, and the filled circles photographic
data from the Palomar Schmidt telescope.

Our CCD photometric observations of Parsamian 21 in the period 2003
- 2017 show that the brightness of the star is almost steady. We observed
only low amplitude fluctuations around the middle values. Comparing our
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CCD photometric observations with the data from Palomar plates showed
no significant change in the brightness of the star for a very long period
(65 years). We conclude that Parsamian 21 is probably a member of the
group of long-lived FUors and that the time-scale of the FUor phenomenon
in some cases is much longer than that predicted in previous studies.

5 Summary

Photometric results presented in this paper show the usefulness of sys-
tematical photometric monitoring of the regions of star formation. These
data can be used to detect new FUor or EXor events and to determine
the type of the registered outbursts. Therefore, the collection of new pho-
tometric data (from photographic plate archives and ongoing photometric
monitoring) will be of great importance for study of PMS variability. At
the same time, according to existing observations the light curves of FUor
objects, confirming the hypothesis that each known FUor has a different
rate of increase and decrease in brightness and a different light curve shape.
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Abstract

We present an analysis of the optical observations of Herbig AeBe
star V1686 Cyg, which is demonstrating photometric variability up to 3
to 4 magnitudes. We observed this star as a part of our project of young
eruptive stars investigation. Observations were performed on 2.6m
telescope of Byurakan Observatory. In the course of observations we
noticed that this star underwent a new outburst. After data reduction
we found that full rise and decline of V1686 Cyg brightness for almost 3
magnitudes lasted about 2 months. We were able to trace the changes
of the stellar spectrum during the outburst. They are discussed and
compared with other young eruptive variables.

Keywords: stars — variables — T Tauri — Herbig Ae/Be — photometry —
spectroscopy.

1 Introduction

LkHa 224 is Herbig AeBe star with characteristic Ho emission. It is
located in the vicinity of bright BD+404124 star, which is showing very
strong Ha line in emission. For the first time this star was mentioned by
Herbig (1960), when he studied AeBe stars connected with bright nebulosi-
ties. There are other emission line stars near this object, e.g. V1318 Cyg,
so they create a small cluster of young stars. Optically brightest member of
this cluster is BD+4404124, which itself is Herbig Be star. Shevchenko et al
(1991) estimate a distance to this group as 980 pc. In general this region
is embedded in the dense molecular cloud. The most complete information
about photometric behavior of LkHa 224=V1686 Cyg so far is collected in
the work of Shevchenko et al. (1991). Based on their observations, the
star demonstrates irregular variability: 2 mag outbursts of four-five days
duration, with about 2 months of minimum brightness between. Beside
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these short-term variations, this star shows also long-term variations: it
decreased in brightness by more that 4.5 mag in 7.5 yr, and then raised
its brightness by 4 mag in 4 yr. In the survey of Herbst & Shevchenko
(1999) of UBVR photometry of Herbig AeBe stars, carried out since 1983,
they estimate V=14.07 for V1686 Cyg mean brightness, while Hillenbrand
et al. (1995) found out V=16.13. Concerning the spectrum of this star, it
should be noted that no final agreement on its spectral type exists. The
prominent variations of absorption features make classification process very
problematic. Hillenbrand et al. (1995) suggest spectral type B5Ve, while
Mora et al. (2001) estimated the spectral type to be A4, but with more
than 5 subclasses error. Hernandez et al. (2004) obtained spectra of all
Herbig AeBe stars from the Herbig-Bell Catalog (Herbig & Bell 1988) and
noticed that spectrum of V1686 Cyg looks very different compared to the
previous observations, and classified it as F9. In the work of Magakian et al.
(1997) the spectrum of V1686 Cyg was studied in details. They confirmed
that this star is an early-type star, where only the broad Ha emission with
an asymmetric profile is visible in the optical range. There are no detailed
studies of this star during its brightening phase, so this work will for the
first time show the differences in the spectrum of V1686 Cyg in two phases.

2 Observations

In 2015 we started our project on investigation of eruptive stars. Ob-
servations were carried out on 2.6 m telescope in Byurakan Observatory.
We used SCORPIO spectral camera, and obtained direct images, as well as
long-slit spectra. As an object of our previous interests we started our obser-
vations for V1318 Cyg young variable star, and at the same time obtained
data for the neighbor V1686 Cyg star. Observations were implemented
from September 2015 to July 2017. Data reduction was done in the usual
way, using IRAF and ESO-MIDAS programs. Photometric estimations were
done by aperture photometry. For calibration we used several stars in the
field, measured by Hillenbrand et al. (1995) and Shevchenko et al. (1991).
The typical errors for our data are about 0".02 — 0".03. We also obtained
spectra for this star from Sept. 2015 to Dec. 2016, with different spectral
resolutions: 0.50, 0.80, 1.50 and 2.65 A /pix.

3 The new outburst of V1686 Cyg

In the period of Sept. 2015 — Aug. 2016 V1686 Cyg did not show any
significant variability. But in Aug. 2016, during our regular observation
we noticed that V1686 Cyg raised its brightness. In Fig. 1 we see the
appearance of the star before the outburst, while in Fig. 2 it is already
raised its brightness. For the comparison we found out the images of IPHAS
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survey in R, I bands, and estimated the brightness of the star in 2003-
2006. The continuation of our observations demonstrated that V1686 Cyg
star raised its brightness for almost 3 magnitudes for 2-3 months, and then
again gradually came to its typical appearance in minimum. In the Table
1 and Table 2 we present the results of our photometry of 2.6 m telescope
images and IPHAS survey images correspondingly. Such type of brightness
fluctuations is usual for this star and is in a good agreement with the previous
works, described above.

Date B A% R |

22.09.2015 | 17.22 | 15.88 | 14.68 | 13.27
18.11.2015 | 17.18 | 15.96 | 14.87 | 13.56
31.03.2016 | 17.03 | 15.61 | 14.48 | 13.07
10.06.2016 | 17.42 | 16.05 | 14.76 | 13.00
23.08.2016 | 14.82 | 13.50 | 12.48 | 11.58
20.12.2016 | 16.34 | 14.98 | 13.62 | 12.49
17.07.2017 | 16.99 | 15.66 | 14.63 | 13.53

Table 1: V1686 Cyg photometry

Year R I

2003 | 13.29 | 13.37
2004 | 15.00 | 13.90
2006 | 14.98 | 13.79

Table 2: Photometry of IPHAS images of V1686 Cyg star
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4 Spectrum of V1686 Cyg in minimum

As was pointed out above, we obtained the spectra of V1686 Cyg during
the whole period of its outburst. First spectra, taken before the outburst,
are quite typical for this star, and very similar to description of Magakian
& Movsessian (1997). One can see broad Ha in emission, and [OI] and [SII]
forbidden lines, which belong to background nebulosity around the star.
After the ending of outburst, in Nov. 2016, spectrum looks the same way,
without any significant differences.

L G ERN . | T ] [ 71 [
V1686 Cyg =
10.06.2016 Ha
600 —
o | ]
S
(. B =
400 - -
0 | |
5
A i o [5[11 ]
X
200 |- | 1 S
n | w,.},:'rl\m’*"u"’\mm gt WptetaMa,
L M""*‘*"‘Nw v —
[T WM Atm/‘mﬂ ‘ .
ol i
I (| - A N NS NN R S [ Y N S B
6000 GZOgaue | 86ﬁ4go’[91 6600 6800

Figure 3: Spectrum of LkHa 224 in minimum

5 Spectrum of V1686 Cyg in maximum

Spectrum of Aug. 24 of 2016 corresponds to the outburst of V1686 Cyg.
It keeps its appearance at least until Aug. 30 of 2016. We do not know
exactly when the star started lowering its brightness. The next spectrum
we obtained in Nov. 6, when this star returned to its mean brightness,
and it does not differ from the spectra before the outburst. One can see
that during the outburst V1686 Cyg spectrum is quite different and has
remarkable changes especially in the profile of Ha line: it has narrow, but
very deep, lowering down the continuum absorption component, superposed
on the bright emission. Besides, in maximum one can notice a variety of

H.R.Andreasyan et al. 252



Simultaneous photometric and spectral analysis pf new outburst of V1686 Cyg

low-excitation Fel and Fell emission lines.
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Figure 4: Spectrum of LkHa 224 during the outburst

Besides, it is ought to mention that in both minimum and maximum
spectra we detected diffuse interstellar band (DIB) 6284 A, which is distin-
guished from the nearby atmospheric absorption line 6278 A. This DIB is
among the strongest ones (Herbig 1995).

6 Summary

The new photometric and spectroscopic data confirm, that V1686 Cyg
is HAeBe type star, which constantly vary its brightness for 2-3 magnitudes,
with maxima about 1-2 months duration. Spectral type of this star could
be early A.

The prominent changes in its spectrum in maximal and quiescent states,
observed in detail for the first time, unambiguously show that such out-
bursts are accompanied with significant increase of mass loss from the star.
From the Ha line profile changes and appearance of iron emission lines we
can conclude that during the outburst the star became surrounded by an
enlarging envelope which afterwards dissipates into space.

We should also note, that this star is immersed in dense molecular core,
so A6284 A DIB line which is detected in both minimum and maximum
spectra of V1868 Cyg, is probably related with this cloud.
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Abstract

Luminous Blue Variables (LBV) are extremely rare and enigmatic
stars on the short-lived evolutionary phase with different variation
scales of brightness and spectrum. Some of them are confirmed bi-
nary systems and even secondary components have found by direct
imaging. The blue supergiant P Cygni is one of the prototypes of
LBVs, showing photometric and spectroscopic variability on various
timescales. We are going to present results of the old and new pho-
tometric observations of P Cygni. Old 1951-1983 years photometric
observations were made by E. Kharadze and N. Magalashvili in the
Abastumani Astrophysical Observatory, Georgia, during which they
found, recalculated and made conclusion that the star should under-
gone the next great eruption in some 100 years. New observations were
obtained in 2014, using the 48 cm Cassegrain telescope of the Abastu-
mani Observatory. Some interesting behaviors of the light curves were
revealed.

Keywords: UBVRI photometry - Luminous Blue Variable Stars - P Cygni.

1. Introduction

P Cygni is one of the most luminous stars of the Galaxy. It has been
classified as an Luminous Blue Variable (LBV) after two major outbursts
in 1600 and 1655. The term Luminous Blue Variable was imported by P.
Conti in 1984 and combined the P Cygni type stars, S Dor variable and
Hubble-Sandage variable (Conti 1984). LBVs are descendants of massive
O stars, which are nearly to the end of the core hydrogen burning. They
undergo episodic mass-loss and probably represent a transition between the
most massive O star and the red supergiant and/or W-R stage (Massey
2006). They are characterized by large variability of amplitudes and violent
mass ejections. They have unusually high mass loss rates ranging from 10~6
up to 1073 Mgyp /yT.
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LBVs are extraordinary, because they can show different type of photo-
metric and spectroscopic variations. Three types of variability of Luminous
Blue Variables are known:

1. Micro-variations with 0.1 mag. amplitude and comparatively small time-
scale variations from days to weeks or months;

2. S Dor type variations or outbursts with amplitudes of 0.5 mag.;

3. Large sporadic outbursts with amplitude > 2 mag. on a time-scale of 100
years.

In 1600 Dutch chart-maker, mathematician and geographer W. J. Blaeu
recorded P Cygni (34 Cyg) as a nova. Giant eruption occurred in 1600,
followed by four, compared with the first one, less capacity eruptions, which
began in 1655 and ended in 1684. Analysis of historical observations of P
Cygni has shown that between 1700 and 1988 its overall brightness slowly in-
creased by 0.15 4+ 0.02 mag/century and reached its current value of V=4.82
(Israelian & de Groot, 1999).

P Cygni is an early B(Blla) spectral type hypergiant star. The first
spectra of P Cygni, obtained as early as 1897, already shown the famous
P Cygni-type spectral lines - an undisplaced emission accompanied by a
short-ward displaced absorption core. Initially this was interpreted as a
blend of two different lines. McCrea (1929) and Beals (1930) were the first
to interpret P Cygni-type profiles in novae, Wolf-Rayet stars and P Cygni
itself as due to a radially expanding stellar envelope.

Early serious, detailed analysis of P Cygni spectrum has been carried out
by Beals (1950), Hutchings (1969), and de Groot (1969). Later, Stahl et al.
(1993) have published spectral atlases with identifications of many weak lines
in the visual spectral range. Skinner et al (1996) presented radio observation
of the P Cyg, which revealed the nature and speed of its variability at radio
wavelengths and the size and structure of the radio nebula. P Cyg’s nebula
is harder to observe than the Homunculus of n Car because contrast with
the central star is very faint at all wavelengths. Study the near IR spectrum
of P Cygni Smith Hartigan (2006) show that the total mass of P Cygni
nebula is about 0.1 Mgy,

P Cygni is located on the upper part of the Hertzprung-Russell (HR)
diagram populated by different types of emission-line stars, including Of
supergiants, Ble], LBVs, and Wolf-Rayet stars (Israelian & de Groot 1999).
It was found that P Cyg has three different type variations: 1. Short, 17
days variation; 2. 100 days variation, which is also observed in LBVs; and
3. Long-period variation of several years period.

P Cygni is the nearest LBV, at a distance of 1.7 kpc. At present es-
timated that its mass is 30 Mg,,, however initially it might have been 50
Mgyn, but portion of the mass was lost during evolution. The effective tem-
perature is Tery = 18200 K, radius - R=75 Ry, and Luminosity of L= 5.6
x 10°Lgyn. A. Kashi (2010) suggested that P Cyg has a companion star with
approximately 3-6 solar masses and with orbital period of 7 years. Using
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photometric observations taken from AAVSO databases and photometric
data from Abastumani Observatory obtained during 1951-1983 Michaelis
et al (2018) found that the P Cyg companion orbital period should be 4.7
years.

2. Observations of P Cygni in Abastumani

Observations of P Cygni were held in the Abastumani Astrophysical Ob-
servatory from its very establishment. Two articles are published (Nikonov,
1937 and Kharadze, 1937). Photoelectric observations of P Cyg were made
using 33 cm reflector. The telescope was equipped with electro-photometer
with maximum of spectral sensitivity at 4350 Angstrom of wavelength. The
photometric system was similar with Johnson’s B band (color).
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Figure 1: UBV observations of P Cygni made by E. Kharadze and N.
Magalashvili during 1951-1983. 36 Cygni = HD 193369 used as a comparison
star.

From 1951 N. Magalashvili and E. Kharadze were regularly observing P
Cyg, using 33 cm reflector with electro-photometer. B and V filters were
used during 1951-1960 and then, after 1961, U, B and V filters instead. On
the basis of these above-mentioned observations, Magalashvili and Kharadze
made conclusion that the behavior of the star was similar to W UMa vari-
ability, with the period of 0.500565 d and 0.10-0.08 mag. (Magalashvili &
Kharadze, 1967). The article gained great attention from the investigators
of variable stars, but W UMa variability was not confirmed. Kharadze and
Magalashvili continued observing the star until 1983. After 1968 they used
the same filters and the same photometer with the 48 cm Cassegrain tele-
scope of the Abastumani Observatory. We had the opportunity to re-process
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Figure 2: Color behavior of P Cygni during 1951-1983. The star became
redder by at least 0.4: B-V changed from -0.5 to -0.1 during 1951-1983.

the observations and calculate difference of brightness between the variable
and 36 Cyg, which gave us a real light variation of P Cyg and we are giving
these UBV data on Fig. 2.

At the first glance we can see that during 1974-1983 years the star was
dimmed in U band while brightened in B and V bands (the last third part of
the Fig. 1). The middle part of the figure represents time interval of 1961-
1967 and here the color behavior of the star is different: during brightening
in V band the star is fainter in B and U.

3. Quasi-periods of P Cygni

According to the above mentioned photometric data by Magalashvili
and Kharadze, it seems that the star has different longer and shorter quasi-
periodic flux variability:

1. (1480 + 31) days; (736 |pm 27) days (29 Cyg (HD 192640) used as a
comparison star).

2. (1123 + 36) days; ~ 579 days and ~ 128.7 days 36 Cyg (HD 193369)
used as a comparison star). Short quasi-period was also revealed ~ 15-18
days. Long-period variability maybe due to the binarity of the star.
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Figure 3: BVRI photometric Observations of P Cygni during 2014.

4. Colour behavior of P Cygni

Long-term photometric observations of P Cygni gives us possibility to
trace B-V color variability of the star. Accepted, that P Cygni gradually
reddens. This reddening is very impressive in the observations by Kharadze
and Magalashvili, because (after correcting for the reddening by 0.5 B-V
value) it varies from -0.5 to -0.1 from 1951 up to 1983 (left part of Fig.2).
The star’s color corresponds to the early B-spectral type.

5. Photometric observations of P Cygni in 2014

We observed P Cygni during July 23 - October 20, 2014 using the 48 cm
Cassegrain telescope and standard B,V,R,I filters. HD 228793 (V = 9.9, B
= 10.16) has been used as a comparison star (see Fig. 3). We revealed that
during our observations the star underwent light variations with the mean
amplitude of approximately 0.1 magnitudes in all pass-bands and the period
of this change was approximately 68 days.

6. Conclusion

So, we revised observational data of P Cyg obtained during 1951 - 1983
and in 2014 in the Abastumani Astrophysical Observatory. Observations of
P Cygni obtained by Kharadze and Magalashvili at the Abastumani Obser-
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vatory are very significant due to the following reasons:

1. they represent homogenous data of more than 30 years;

2. There are UBV observations and we can trace colour behavior of the star;
3. The observations by Kharadze and Magalashvili are unique because they
are the only existing data of P Cygni observed with UBV filters between
1951 and 1983.

We need more observational data and detailed analysis because we still
have some unanswered questions like, for example, the binarity of P Cyg.
The mechanism of great eruptions is still not established. Also the connec-
tion between stellar rotation, pulsation and magnetic fields of P Cyg are not
very clear so far.
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Abstract

Eighteen lists of late-type stars (LTSs) have been published between
1990 and 2016. These LTSs have been found in the low-dispersion spec-
troscopic plates of the First Byurakan Survey (FBS). The systematic
search and selection was carried out on a surface ~16000 deg? on al-
most the whole area of the FBS. As a result, “Revised And Updated
Catalogue Of The First Byurakan Survey Of Late-Type Stars” was
generated (LTSs, first version). Since 2007, all FBS low-resolution
spectral plates are digitized, and Digitized First Byurakan Survey
(DFBS) database and second catalog of objects has been assembled.
All DFBS spectral plates are analysed with the help of standard image
analysis softwares (FITSView and SAO Image ds9) and numerous of
comparatively faint LTSs were discovered. We present the 2nd ver-
sion of the FBS catalogue of LTSs with new data. We have made
cross-correlation with the Digitized First Byurakan Survey (DFBS),
the United State Naval Observatory-B1.0 Catalogue, the Two Micron
All-Sky Survey (2MASS), the Wide-Field Infrared Survey Explorer
(new version-ALLWISE) catalogue, the Infrared Astronomical Satel-
lite Point Source Catalogue/Faint Source Catalogue, the AKARI cat-
alogue, the ROSAT Bright Source Catalogue/Faint Source Catalogue,
the General Catalogue of Variable Stars, Sloan Digital Sky Survey
(SDSS) photometric catalogue. We have added updated SIMBAD data
for the objects. For numerous of the new detected objects we present
accurate Digitized Sky Survey 2 positions, approximate spectral sub-
types refined from the DFBS low-dispersion spectra, luminosity classes
estimated from 2MASS colours, and available proper motions for 1471
FBS LTSs. 2nd Version of the Revised and Updated Catalogue lists a
large number of completely new obj- ects, which promise to extend very
significantly the census of M giants, faint N-type Asymptotic Giant
Branch(AGB) carbon stars, CH —type carbon giants at high Galactic
latitudes, also M dwarfs in the vicinity of the Sun up to 16.0-17.0 mag.
in visual. We present also some important data from the Gaia DR2
data base for FBS LTSs. Some supplementary spectra obtained with
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the Byurakan Observatory 2.6 m telescope and LAMOST telescope are
shown.

Keywords: astronomical data bases: miscellaneous - catalogues - sur-
veys - stars: carbon - stars: late-type.

1. Introduction

The First Byurakan Survey (FBS), known also as the Markarian Sur-
vey, was the first systematic objective-prism survey of the extragalactic sky.
This survey was conducted by B. E. Markarian, V. A. Lipovetski and J.
A. Stepanian from 1965 to 1980. The Photographic plates were obtained
using the 1m Schmidt telescope at the Byurakan Astrophysical Observatory
(BAO), which was equipped with a 1.5° prism giving a reciprocal dispersion
of 1800 A/mm near H, throughout a useful field of 4° x 4°. The FBS is
the largest area low-resolution spectral survey and covers a total of 17 000
deg?, segmented in 28 parallel zones of all the Northern sky and part of the
Southern sky at high Galactic latitudes by § > -15° and | b | > 15°. Later,
several other projects based on the FBS were conducted, which resulted
in the discovery of various important objects, such as FBS blue stellar ob-
jects (BSOs) and late-type stars (LTSs) and in the identification of Infrared
Astronomical Satellite (IRAS) sources.

We present in this paper the 2nd updated version of the FBS LTSs
Catalogue at high Galactic latitudes, which is a comprehensive list of 1471
objects.

2. The Second Part of the FBS and Late-Type Stars

The second part of the FBS (which started in 1980s) was devoted to the
discovery and study of BSOs (Abrahamian & Mickaelian, 1996, and reference
therein). The main goal of the second part of the FBS was the discovery
of new bright quasi-stellar objects (QSOs), Seyferts, white dwarfs (WDs),
subdwarfs (sds), planetary nebula nucleus (PNNs), cataclysmic variables
(CVs), and other interesting objects. The results of the investigations of the
new FBS of BSOs are summarized and presented by Mickaelian (2008) in
the “Revised and Updated Catalogue of the First Byurakan Survey of Blue
Stellar Objects”, which contains data for 1103 objects.

The second part of the FBS includes also selection, listing and investi-
gation of faint LTSs at high Galactic latitudes. The large spectral range of
the FBS is also suited to identify cool M-type or carbon (C )-type stars.
The visual inspection (with help of the eye-piece, with magnification of
15%) was used for selecting slitless spectra showing pronounced absorption
bands. C stars can be identified through the presence of the Swan bands of

K. S. Gigoyan et al. 263



Catalogue of FBS Late-Type Stars

the Cy molecule at 4737, 5165, and 5636 A (N-type C stars). Several ob-
jects showing the bandhead at 4382A are early-type C stars (R or CH-type
stars). M-type spectra can easily be distinguished because of the titanium
oxide (TiO) molecule absorption bands at 4584, 4762, 4954, 5167, 5500,
6200 and 6700A (the same criteries of selection that used to select the LT'Ss
on objective-prism plates taken with the Burrell Schmidt telescope at Kitt
Peak (Stephenson 1986; Sanduleak & Pesch 1988). In practice, the limiting
magnitude of the FBS for LTSs is estimated to be 16.0-17.0 in the V-band
(Gigoyan et al 2001).

3. Optical Spectroscopy and Classification of FBS
LTSs

For FBS LTSs a medium-resolution spectrum was obtained on differ-
ent epochs with the Byurakan Observatory 2.6-m telescope (UAGS, Byu-
FOSC2 and SCORPIO spectrographs; Abrahamyan & Gigoyan 1993, Abra-
hamyan, Hambaryan & Gigoyan 1994; Gigoyan, Mickaelian & Mauron 2006).
Medium and high-resolution CCD spectra for FBS C stars were also obtained
with the Observatory de Haute-Provence (OHP, France) 1.93-m telescope
(CARELEC spectrograph; Gigoyan et al., 2001, Mauron 2008). Moderate-
resolution CCD spectra for FBS C stars also were obtained at the 1.83-
m Cima-Ekar telescope of the Padove Astronomical Observatory (Italy)
equipped with the Asiago faint Objects Spectrometer and Camera (AFOSC)
and with the 1.52-m Cassini telescope of the Bologna Astronomical Observa-
tory at Loiano (Italy) equipped with the Bologna Faint Objects Spectrom-
eter and Camera (BFOSC; Gigoyan et al., 2008 ). All CCD observations,
confirms reliability of our preliminary low-resolution spectral class determi-
nations on the FBS plates.

Figure 1 presents 2.6 m Byurakan Astrophysical Observatory telescope
moderate-resolution CCD spectra for some objects.

4. LAMOST Spectra

For 179 FBS LTSs moderate-resolution spectra is available in LAMOST
(Large Sky Area Multi-Objects Fiber Spectroscopic Telescope) DR2 data
base (Luo et al, 2016, CDS VizieR catalog V/149dr2, wavelength coverage
4000-9100A.
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5. Summary

All Digitized First Byurakan Survey (DFBS) spectral plates are analysed
with the help of standard image analysis softwares (FITSView and SAO
Image ds9) on the base of present of the absorption bands of Co and TiO
molecule in the low-resolution spectrum of the objects. We revised, updated
and generated the new version of the FBS LTSs catalogue. The second
version of the catalogue contains main available data for 1471 objects. In
revised catalogue we present DSS1/DSS2 accurate positions, USNO-B1.0
catalogue optical photometry and proper motions, WISE IR photometry,
et al. for 1471 objects. Among 1471 objects, 127 are carbon stars of the
early and late classes. Remaining objects are M giants and dwarfs. Large
number of the FBS LTSs are completely new objects, which promise to
expand the census of M giants and M dwarfs in the vicinity of the Sun. In
combination with new Gaia DR2 data with the existing photometric and
spectroscopic data, futher studies is needed to clarify the nature of the FBS
LTSs, particularly the origin of the high radial velocity M-giants, N-type
AGB C stars, and CH-type faint C stars at high Galactic latitudes and in
Galactic Halo.
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Figure 1: 2.6 m BAO telescope moderate-resolution CCD spectra for some
objects.
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Abstract

The effect of the Earths removal from the Sun is considered. This
effect is difficult to interpret within the traditional paradigm of cos-
mic objects formation and evolution. Currently tidal mechanism is
used as the most appropriate tool for explaining the Earth removal
although no any quantitative data exist concerning the deceleration of
Suns spin. We argue in favor of the dark energy influence, which, on
the other hand, leads to the gradual increase of the Sun mass. Ap-
plying self-consistently all the known consequences of the interaction
between the dark energy carrier and the baryonic matter, one arrives
at a conclusion that the energy of the baryonic objects should grow up
which, in its turn, increases their total mass. The mass growth of the
Sun is estimated using the relevant observational data.

Keywords: Dark energy — expansion at short scales — second law of ther-
modynamics — energy-mass transformation — mass growth — Astronomical
unit — Sun mass.

1. Introduction

When the linear relation between the galaxies distance and redshift was
discovered in 20s of the last century (Lemaitre 1927; Hubble 1929) it was
interpreted as a ponderable proof of correctness of the solutions obtained for
the Einstein gravitational equation (Friedman 1922; Lemaitre 1927). No at-
tention was paid to the fact that the equation has been solved for the homo-
geneous and isotropic distribution of the matter in the Universe, while these
conditions are more or less satisfied only for the large scales. Although, the
inhomogeneity scale was not a common knowledge then. Moreover, at the
end of last century the observational base of cosmology changed drastically
owing to the discovery of the accelerated expansion of the Universe (Riess et
al 1998; Perlmutter et al 1999). Actually, the revealed new behavior of the

H.A Harutyunian, A.M.Grigoryan 268
DOI: 10.52526/25792776-2018.2.2-268



Growing Astronomical Unit

Universe expansion should change scientific views on the Universe structure
and evolution. However, the predominant paradigm remained unchanged in
its main axioms. The Universe origination due to the unique grand explo-
sion followed by countless local, so called, Kantian condensations of matter
in various scales was updated with several fitting parameters, but other-
wise it continued serving as the only adoptable and comprehensive doctrine,
describing the birth and evolution of everything. On the other hand, obser-
vational data constantly provided by ground based and orbital observatories
grows with an accelerating rate, and the existing theories continuously need
inventive updates of fitting parameters for explaining the variety of phenom-
ena and regularities. Researchers use this kind of tricks for reconciling the
dominant paradigm with empirical data if necessary long enough. One can
recall a number of such situations in the history of science dictated due to a
desperate need of overcoming any deadlock appeared because of discrepancy
between new empirical data and established theories. As a striking example
of such a situation, one can remind of the inconsistency revealed between
very high dispersion of galaxy velocities and the total mass of the clusters.
The idea on the existence of dark matter (Zwicky 1933; 1937) was invented
then as a fitting tool, to overcome the ideological difficulty. Now, after more
than eighty years, one can state that this fitting trick remained a thing in
itself, despite the fact that it is used everywhere, where any system of cos-
mic objects is suspected to have positive total energy. Even worse, such an
assumption is now considered a sign of a good scientific manner. According
to the predominant concept on the cosmic objects formation, now we have
a strange physical picture, where the universe is expanding with an accel-
erating rate to the infinity, while at the shorter scales everything shrinks,
making material objects of bigger and more massive clumps. It does mean
that a violation of continuity occurs due to these mutually exclusive pro-
cesses. Therefore, for the self-consistency of the physical picture one should
point out the scales where discontinuity expected or the turning point. This
issue is extremely important to consider in detail. Actually, we hold a dif-
ferent point of view. Keeping in mind that the expansion of the Universe
in fact is the reflection of processes occurring in the micro world, we try
to reveal, wherever possible, all the physical consequences of this physical
mechanism, staying at the same time in the frame of the modern physical
knowledge. For this approach the analysis of the lunar retreat served as a
bench mark (Harutyunian 1995), which showed that one can interpret cor-
rectly the Moon removal if the Universe expansion rate is taken into account
for the smaller space scales. Some other physical consequences show up when
this approach is used, provided, that all the physical laws and regularities
are taken into account keeping always in mind the self-consistency of all the
physical picture (Harutyunian 2017a; 2017b). In this report we consider the
observed change of the Astronomical Unit (AU) again using the hypothesis
concerning the universality of the Universe expansion.
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2. Removal of Earth from Sun

On the base of analysis of radiometric measurements in the inner Solar
System suggested that the secular increase in the unit distance on 154 meters
per century (Krasinsky and Brumberg 2004). Calculations show that this
increase is much larger than can be accounted for any known mechanism.
The trivial one, taking into account the mass loss gives very small effect.
Indeed, owing to radiation, it loses about 7 x 10~ M, per year. Besides, it
due to the mass ejection Sun loses in addition 1.5 + 2 x 10~ M, per year.
Thus, our Sun loses yearly less, than about 9 x 10~ M. One can calculate
easily the upper limit of the AU growth, taking place due to the mass loss
of Sun. One needs to write the Earth angular momentum conservation law
with the dynamical equilibrium of the Earth keeping the planet in the orbit:

M@?}2 M@M@
= 1
MgvR = const (2)

where R is the Astronomical Unit, Mg is the Earth mass and v is the orbital
velocity of Earth. From (1) and (2) one can find the following relation:

MoR = const (3)

provided that the Earth mass does not change. One finds using (3) that the
growth of the Astronomical Unit is not more than 1.35 meter per century,
which is on one order of magnitude smaller than the observed value. Hence,
the most natural, from the viewpoint of the traditional physics, mechanism
cannot explain the observed value of the AU growth. Researchers made
several attempts to explain this possible secular increase of AU, including
e.g., the effects of the cosmic expansion (Krasinsky and Brumberg 2004;
Mashhoon et al. 2007; Arakida 2009), mass loss of the Sun (Krasinsky
and Brumberg 2004, Noerdlinger 2008), the time variation of gravitational
constant G (Krasinsky and Brumberg 2004), the influence of dark matter
(Arakida 2009). Another interpretation, which uses the old idea proposed
for the tidal acceleration in the Earth-Moon system, based on the conserva-
tion of the total angular momentum appeared about a decade ago (Miura et
al 2009). However, if there are methods for estimating the Earths spin de-
creasing rate for the Earth-Moon system, there is no any applicable method
for Suns spin change. Moreover, one cannot solve the paradox of the very
rapid retreat of Moon even in the case of the Earth-Moon system, if one stays
in the frame of the mentioned traditional approach (Harutyunian 1995). In-
deed, according to analysis of the chronography of eclipses observed during
last two thousand years, for the deceleration of the Earths diurnal rota-
tion period amounted about 1.8ms per century (Stephenson Morrison 1995;
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Morrison Stephenson 2002). It is not difficult then finding the lunar retreat
rate if one considers that the portion of angular momentum lost by Earth
completely transfers to the Moon. Evidently, for finding the removal rate
one should take into account the angular momentum conservation law with
the Kepler third law. Then one finds the following relation:

2 2 2

EZZTM%RQ + 27Tm; + kMZt_:TﬂZ = const, (4)
where the coefficients kg and kj; depend on radial density distribution in
the Earth and Moon, correspondingly, T is the period of the Earth diurnal
rotation, m is the mass of Moon, a - the average radius of lunar orbit, r - the
radius of Moon, p - the period of lunar rotation. In the given relation, the
third term is much smaller compared with the first two and therefore can
be neglected. Then from the (4) one easily can derive the following formula:

Aa Mg R% p AT
— =0.664——=— 5
a m a T T’ (5)
or after putting the constants into the relation
Aa AT
— =0.406—. 6
, T (6)

For the Earths deceleration rate equal to 1.8 ms per century, one ob-
tains 3.26 cm for the lunar annual retreat, which is sufficiently below of the
observed value 3.82 £ 0.07 cm (Dickey et al, 1994). It does mean that the
angular momentum lost by the Earth is not enough to explain the lunar
retreat rate. The situation sufficiently changes, if one takes into account the
possibility of the Hubble-like expansion at the smaller scales. If one applies
the Hubble constant value equal to 70 km/s per Mpc, one finds the value
of 2.74cm per year provided by cosmological expansion solely. This part of
lunar retreat does not depend on the angular momentum transfer from the
Earth to the Moon. In this framework, the Earth radius also should grow up.
Simple calculations made for finding this growth amounts to about 0.455mm
per year. This increase of the Earth radius decelerates the Earths diurnal
rotation by 1.23ms per century. Therefore, only a portion of deceleration
equal to 0.57ms per century remains, which can be caused by tidal effects.
The remained portion of angular momentum provides additional rate of lu-
nar removal, which amounts to 1.03cm per year. These two effects together
result 3.77cm growth of the lunar orbit radius per year, which is in the error
box of the observed value. This mechanism allows using of some physically
valid suggestions as well, which makes it much more flexible for usage. On
the other hand, it separates the role of two physical mechanisms and shows
that only about 25 percent of the lunar retreat rate can be stipulated for
tidal effects.
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3. Hubble expansion influence on the Astronomical
Unit

Let us stay in the frame of the universality of the Hubble expansion.
Then one can calculate the value of its growth solely due to the universal
expansion. It is easy to find that for the Hubble constant equal to 70 km/s
per Mpc the relative growth of the length unit amounts 7.14 x 10~ per
year. If the Astronomical Unit obey the same law of expansion, it should
increase by 10.7m per year, which exceeds the observable value by two orders
of magnitude. Therefore, it seems at first glance that one cannot hope for
any natural solution of the problem in this frame of thinking. However,
the wonderful result obtained for the Earth-Moon system suggests that the
main idea likely is plausible, and one needs to find how to use it more
correctly. First idea coming to mind about this is the one, which requires
finding a physical mechanism preventing the Earth from moving away from
the Sun. No doubt, the mass growth of the Sun could prevent the Earths
moving away. One of the authors (Harutyunian) has mentioned that the
idea of dark energy and its possible influence on the baryonic matter are
not considered with proper attention. Omne can do it from the viewpoint
of general physical ideas. First, one should take into attention that dark
energy has been discovered thanks to the galaxies acceleration. Then one
inevitably arrives at a conclusion that dark energy (or something carrying
dark energy) interacts with the ordinary baryonic matter and transfers to
the later some energy to accelerate all the baryonic matter. Hence, a regular
energy exchange should occur there between the ordinary baryonic matter
and the carrier of dark energy, whatever it is. Second, the second law of
thermodynamics states, that in the process of interaction between systems of
different energies, the system possessing of higher energy loses some part of
it, which goes to another one of lower energy. Modern physics considers this
law as a monotonic growth of entropy isolated systems. One should bear in
mind that the second law of thermodynamics belongs to the class of physical
laws, which possess of high priority. According to Eddington the law that
entropy always increases holds, I think, the supreme position among the laws
of Nature (Eddington 1927). Third, all the objects composed of baryonic
matter exist as such exceptionally thanks to negative energy balance (or
lack of energy). Gravitationally bound objects possess of negative potential
energy, and one can find in any textbook on the general physics the formula
describing the energy depending on its mass and size. The atomic nuclei
are the natural tools of transforming mass into energy and vice versa. One
needs a definite quantity of energy to destroy any atomic nucleus and divide
into separate nucleons, increasing by this their combined mass. Moreover,
the contemporary physics of elementary particles states that much more
energy is needed for destroying the elementary particles and obtaining free
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quarks. Therefore, combining all three statements one arrives at inevitable
conclusion that all the objects of the Universe composed of baryonic matter
should grow in their mass during the evolution. This conclusion is very
important from, at least, two points of view. First, using its mechanism of
expansion the Nature uses the expansion energy also for increasing the mass
of the baryonic Universe, preventing thus excessive decrease of its density.
It seems that the Nature acts according self-consistent scenario programmed
in a way to keep the average density unchanged. Second, this mechanism of
energy-mass transformation explains the paradox once introduced by the big
bang paradigm, which states that the baryonic matter of the Universe was
appeared during one act of creation. If one applies physical knowledge in
a self-consistent way, one should expect immediate collapse of the newborn
universe but not its expansion as one observes at present time. Indeed,
it is obvious, that the Universe could not exist if it was born in the same
mass it has at present. The baby baryonic Universe, which had many times
smaller radius, was within the Schwarzschild radius for long time and should
collapse but not expand. It does mean that its mass was many times smaller
not to fall into the conditions obeying the requirement of the gravitational
collapse. If we agree that the Universe is expanding and it was expanding
during all the time, we inevitably should agree that its mass was increasing
in course of its expansion.

4. The rate of solar mass growth

One can use the relation (3) for estimating the mass growth necessary
for compensating the universal expansion rate. Then one should take into
attention both effects, namely, the expected growth of the AU without mass
change and the shortening of the AU growth with the mass increase:

MoR(1+6) = Mo(1+ Ay)R(1+ Ap), (7)

where § = 7.14 x 107! is the growth of the unit length per year for the
Hubble constant amounting 70 km/sec per Mpc, RAr=15cm is the observed
growth of the AU. It is easy to find that the rate of mass growth for the Sun
is equal to

_0—Ag
14+ A R

Obtained mass growth amounts about 4.5x10 g/s, which is equivalent
to the energetic power of 4.5x103¢ erg/s or about 1000 times of the solar
luminosity. This is a huge amount, which can explain the discrepancy be-
tween the measured and predicted values of the AU growth. Nevertheless,
the growth of the mass of Sun, if it occurs, should have a natural physical
explanation, and we will dwell on this in a little more detail. To do this, we
turn again to the structural features of the baryonic matter. The basis of all

=7.04x 1071 (8)

Ay
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baryonic objects is the atomic structure, as well as the structural features of
the elementary particles, the carriers of mass, charge, and spin of the bary-
onic substance. It is also obvious that almost all the mass of the substance
we observe in the Universe is accumulated in atomic nuclei. Moreover, only
atomic nuclei and elementary particles possess of remarkable property re-
sponsible for existence of all the objects. That is their self-consistent change
of individual masses, depending on their binding degree and other physi-
cal conditions, in which they are located. Although it is considered, for
example, that all baryons of the same name are indistinguishable and in
no way differ from each other, they may have different masses in different
atomic nuclei, that is, in different nuclei they transform different parts of
their mass into the binding energy. This is a very important empirical fact.
Figuratively speaking, this natural fitting mechanism makes baryonic con-
figurations of nuclei energetically balanced with the surrounding physical
conditions. Indeed, nuclear binding energy calculated per nucleon changes
in a wide range. For the nucleus 2H it amounts about 1.112Mev, and in-
creases for H up to 2.827Mev, thought the replacing one neutron by a
proton decreases the binding energy for 2He down to 2.573Mev, while for
the alpha particle He it increases up to 7.074Mev. The largest values of the
nuclear binding energy have the iron group nuclei, namely, *® Fe, 58 Fe, 60N
and %2Ni, which possess of binding energies 8.791Mev, 8.793Mev, 8.781Mev
and 8.795Mev, accordingly. One can find many other values of nuclear bind-
ing energy showing that the binding energy can take on a variety of values,
showing thus the variability of the nucleus mass in a nucleus depending on
physical conditions. Taking into account these facts and empirical regu-
larities one arrives at a conclusion that it is not very heretical if one will
consider the possibility of changing of the binding energy of the given atomic
nuclei over the time due to evolution effects. This conclusion follows from
the indisputable facts that baryons in different nuclei can exist with differ-
ent amounts of mass defect, and that baryonic matter interacts with dark
energy carrier. Interaction of various systems of energy carriers obey the
thermodynamic laws, including the second law of thermodynamics. If the
premises is correct, then one should look more precisely for the physical
consequences of such physical effects. Let us emphasize for the later con-
sideration that dark energy evidently has positive sign, since it implements
a huge physical work accelerating the Universe expansion. In contrast with
it, internal energy of baryonic objects is negative. According to the second
law of thermodynamics, the interaction between the baryonic objects and
the carrier of dark energy, baryonic objects should gain energy and therefore
their internal energy will increase, which does mean decreasing the absolute
value of the energy. Gravitationally bound spherical object of mass M and
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radius Ry possesses of energy equal to

M2

U=—-kyG Ro’ (9)
where the coefficient ky depends on the radial distribution of density in the
given object. The gravitational energy increase for such objects should mean
decrease of the ratio at the right hand side of the formula (9). It can happen
if the radius Ry increases more rapidly than M?2. On the other hand, the
baryonic mass of an object grows if the total mass of atoms increases. It
can happen due to the interaction between the carrier of dark energy and
atomic nuclei, resulting decrease of binding energy and mass defect. This is
the plausible way of the mass growth effect for all the objects of the Uni-
verse. The suggested mechanism is perfectly new. It assumes that in the
course of the Universe evolution all the objects, starting with elementary
particles and atomic nuclei and up to gravitationally bound ones undergo
a type of secular variation, which is resulted by their interaction with the
carrier of dark energy. Thanks to this variation, they gradually change their
intrinsic features to be always in the balanced physical interrelation. All the
secular variations are caused by the energy interchange or rather energy in-
jection processes, when dark energy carrier gradually exerts influence upon
the baryonic objects giving them definite portions of energy. Depending on
their intrinsic features, the objects of various hierarchical levels react in com-
pletely different ways. Non the less, the general trend for all these objects
are several they all increase their gravitational mass, they all can decay in
various ways when the internal energy excides some boundary threshold and
they transform the portions of dark energy into familiar forms of energy to
release it in the form of radiation, mass ejection or other. Within the given
context, the change of atomic nuclei can be represented on the base of a
phenomenological analysis. If one adopts the law of conservation of baryons
in the Universe, then one should arrive at a conclusion, that at the very
beginning of our Universe, as we imagine it, baryons possessed only the neg-
ligible portion of their masses. Figuratively speaking, there were embryos of
baryons packaged into atomic nuclei characterized by enormous mass defect.
Nowadays the atomic nuclei continue to gain mass, if the scenario described
above is realistic and makes sense. Simply extrapolating this process back to
the past, one inevitably concludes, the farther into the past, the fainter bary-
onic embryos were. Another important conclusion concerns the radioactive
nuclei we observe today. The most massive stable nucleus existing today is
206 pp with its 206 baryons. All other nuclei, which consist of more baryons,
are instable. Even 209Bi traditionally regarded as the heaviest nuclei ap-
peared to be alpha radioactive, although its half-life is billion times longer
than the estimated age of the Universe. If the secular change of nuclear
properties is something real and the nuclear binding energy was bigger in
the past, one should consent that there were stable nuclei composed of much
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more baryons in the past.

5. Concluding remarks

The contemporary physics provides the only toolkit for interpretation
and description of the world consisted of matter. It does mean that one
should operate by approved and valid concepts when trying to explain re-
sults of experiments or astronomical observations. However, approved by
time does not yet guarantee the applied concept is certainly right for all the
similar conditions or it was right everywhere it was suggested to be right a
priory. We consider here a scenario according which the Hubble expansion
is not the prerogative of cosmologic scale only but it is a particular manifes-
tation of the universal expansion taking place at all scales. In other words,
we consider the Universe where dark energy implements physical work and
interact with the baryonic objects at all scales. Interaction between the dark
energy carrier and baryonic objects causes and predetermines the evolution-
ary path for all baryonic objects in our world. This approach seems to be
an extremely heretical one if considered from the conventional viewpoint.
One can easily find the roots of such prejudice in relation to any concept
speaking in favor of expansion effects at smaller scales. It is hidden in the
predominant hypothesis on the formation of cosmic objects - the kantian
events at all scales which suggest condensation of matter for reaching the
balanced dynamical conditions. Actually the original idea concerning the
origin of cosmic objects due to the expansion, decay and fragmentation pro-
cesses belongs to Viktor Ambartsumian who was insisting for long time on
the existence of pre-stellar super-dense matter, which gradually transforms
into ordinary matter giving born cosmic objects at different hierarchical lev-
els. The idea could not gain many supporters because the physical laws we
apply do not allow existence of such masses in small volumes. Therefore,
the idea has been consigned to oblivion. However, the situation drastically
changes if one takes into account the physical consequences of the interac-
tion between baryonic matter and dark energy. Any piece of baryonic matter
regardless of its size and number of baryons in it accumulates energy and
mass growth due to the mentioned interaction, which leads ultimately to
the processes of energy release through all the possible mechanisms includ-
ing the mass ejection and decay of the initial piece. It is evident, that the
substance located on or closer to the surface of the decay fragment is more
committed to the influence of the external factors and more easily subject
to change due to such influences that those parts that are dipper inside. If
so, one should expect a negative gradient of the matter evolution or ”aging”
degree to the center of cosmic objects. The bigger the object, the larger the
7age” difference between surface and the center of the object. Therefore,
in the depths of massive cosmic objects, baryonic matter must be preserved
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with physical properties it had in the early phases of the Universe evolution.
Using the new paradigm on the spatial universality of dark energy, which
leads to the expansion effects in the non-quantum world, one can solve the
problem appearing in connection with the extremely big masses in small
volumes. It follows from the self-consistent application of our knowledge of
modern physics. Acting this way one arrives at a conclusion that the self-
consistency of the baryonic world is of a very high level. Interaction with
dark energy leads to the growth of spatial sizes of the baryonic world, but
also increases its total mass as the injected into the baryonic objects energy
transforms into the mass. It does mean, that the matter ejected due to Am-
bartsumian events could initially have possessed of much less mass and be
increased during the ejection process due to the physical conditions change
and decrease of the mass defect. In our opinion, this paradigm removes
limitations imposed on the Ambartsumian concept on the cosmic objects
formation. The fact that the mass of these objects grows in the course of
evolution, and a large stock of mass increase is stored in the deep depths of
massive space objects in the form of baryon embryos, allows us to solve this
problem as well as the paradox already mentioned - why the Universe did
not slam immediately after its birth within scenario based on the big bang
hypotheses.
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Abstract

The report is a brief overview of our results in the theory of spec-
tral line formation in atmospheres with complex fine structure. The
research motivation was due to interpretation of the EUV spectrum of
solar quiescent prominences observed with the SUMER spectrograph
as a part of the SOHO space program. We describe the methods
proposed for solving the line-radiation transfer problems in multicom-
ponent atmospheres which use Ambartsumian’s ideas proposed in the
theory of radiation transfer and its applications. It is demonstrated
that even the simplest static model radiating medium composed of
physically different types of elements shows line profiles differing from
those formed in the medium with preliminarily averaged properties.
The more realistic and complicated case of a multicomponent atmo-
sphere with randomly varying properties is considered with special
attention paid to the effect of the velocity field. An important role of
the relative mean square deviation of observed line intensities in the
diagnostics of physical features of spatial and temporal variations of
prominences is shown.

1. Introduction

The need to create a theory of radiation transfer in the media with com-
plicated fine structure subject to random variations has long been felt in
the theory of the solar atmosphere. As early as in the 1970’ s Cram showed
that the observed profiles of chromospheric lines of ionized calcium cannot
be explained in terms of the theory developed for homogeneous stationary
media. Similar problems arise also in interpreting nonstationary phenom-
ena in spicules, coronal streams, and polar plums. Problems involving the
propagation of radiation in randomly varying inhomogeneous media appear
also in other branches of astrophysics. Examples include the scattering of
light on molecular clouds in the interstellar medium (Juvela 1997, Juvela
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& Padovan 2001) and the stochastic attenuation of galactic radiation as it
travels over cosmologic distances (Madau 1995).

The procedure for calculating the statistical properties of the radiation
emerging from a multicomponent LTE-atmosphere was presented by Lindsey
and Jefferies (1987) and Lindsey (1988) for the interpretation of total solar
eclipse observations in the far infrared. These authors derived relations
describing the evolution behavior of the mean value of the intensity and its
variance along the radiation path.

The theory we developed for interpreting the observable emergence of
complex structural pattern of media in the line spectrum may be regarded
as a further generalization of the Ambartsumian layers adding method (Am-
bartsumian 1944, 1960).

The theory is especially simple for the atmosphere in LTE: because of
the absence of scattering, and hence reflection from structural elements, the
mean value of intensity emerging from any part of the multicomponent at-
mosphere remains unaltered when new components are added. This fact is
essential in the sense that it simplifies the problem and allows one to estab-
lish immediately the recurrence relationship for both the mean intensity and
variance so that the problem admits a simple closed-form solution. These
results for the LTE atmospheres were generalized by Nikoghossian and co-
authors (Nikoghossian, Pojoga & Mouradian 1997, 1999), which allows to
reveal quantitative as well as qualitative discrepancies with respect to those
formed in a homogeneous atmosphere with preliminarily averaged random
characteristics. The further development of the theory given in (Nikoghos-
sian & Mouradian 2000) allows to formulate and solve the problem of the
spectral line-radiation also in the NLTE composite atmospheres.

On the other hand, one should take into account the fact that the plasma
in the prominences is known to participate in various kinds of motions which,
of course, affect the observed spectral line profiles. Random thermal and
turbulent motions in prominences with velocities on the order of 5-10 km/s
are superimposed on ascending (eruption) or descending (mass loss owing
to its return to the chromosphere and photosphere) flows and large-scale
hydrodynamic motions (Tandberg-Hanssen 1995). The radiation transfer in
a line through a dynamically active medium of this sort leads to a great va-
riety of line shapes which are distorted by the Doppler effect. Furthermore,
the line profiles depend on a number of other parameters characterizing the
emitting volume, so that a quantitative interpretation of the observed spec-
tra is a rather complicated problem in general. This more realistic problem
making allowance for the dynamics of a radiating multicomponent medium
was considered by the author in (Nikoghossian 2002). An important place
in all the mentioned model problems occupies the frequency-dependent rel-
ative mean square deviations (RelIMSD) of the observed line intensities due
to spatial or/and temporal variation of the number or physical properties
and non-thermal motions of the fine structural elements. The idea to use
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the variance of fluctuations in the observed superficial brightness as an ad-
ditional tool in investigating astrophysical objects goes back to Ambartsum-
ian’s work (1944), where the brightness fluctuations of the Milky Way were
used in estimating the value of interstellar absorption. Generalizing this
approach, we showed that there is a well pronounced relationship between
functional form of the RelMSD within a spectral line and the sources of the
observed line intensity spatial/temporal fluctuations. The direct motivation
of the theory we developed was the rich observational material gained in
frameworks of the Skylab and SOHO space missions for the EUV spectrum
of prominences. The theory we developed in the aforementioned papers is
applied to find out some physical and geometrical features of solar quiescent
prominences characterized by composite threadlike structure.

2. Lines profiles in stochastic multicomponent me-
dia

We start with treating the simplest model of the static LTE multicom-
ponent medium composed of a certain number of structural elements of two
sorts each of which is characterized by its optical thickness 7;, the power
of the contained energy sources B; and the probability p; of appearance (i
=1,2). The dependence on frequency within the spectral line is described
by the Dopplerian profile of the absorption coefficient a(r) = exp(—z?) ,
where the dimensionless frequency z is measured from the center of the
line in Doppler widths. We are interested with the statistical mean value
of the observed intensity ((I(x)) and the ReIMSD dy(x) in the line, where
N denotes the number of structural elements. The closed form analytical
expressions for the mentioned quantities were obtained in (Nikoghossian,
Pojoga & Mouradian 1997, 1999)

(In(2)) = Ly (x)(L(2)), (1)

_ Mn(@) K(@)An(z)
Ly () (I (2)) Ly (=)

where the following notations are introduced

In(x) 14 d1(z)] +2 -1, (2)

_1-¢"(2) _ 1)

Ly(z) = T—q() My (z) = 1~ B
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Figure 1: The statistical mean of the emitting intensities (left panel) and
RelMSD (right panel) for different values of parameters. Special attention is
payed to different combinations of optical thicknesses of structural elements

According to definition, we have

2 2 2
(L(2) =) pidilz), i) = W > pi Y pildi(x) — Jr(x)]?,
i=1 k=1 =1

We see that the degree of fluctuations for any number of components N
is determined by four parameters ¢, 8, 9, and K/(I;) (or by three param-
eters for p; = pa), which are statistical characteristics of the emission and
absorption of a single element of the multicomponent medium.

Fig.1 illustrates profiles of spectral lines and proper ReIMSD when the
number structural elements is 20. In this model case the elements differ
with each other in the power of the internal energy sources. The opacities
are choosen on the ground that the hotter components must mainly be more
opaque. The first effect that attract attention is the double-peaked profile
formed preferably in cases when difference between components are due pre-
dominatly to the value of the sources of internal energy. Remind that such
profiles are usually associated with the lines formed in a NLTE atmosphere
as a result of the frequency redistribution. We see now that multicomponent
media may generate double-peaked profiles even in the abscense of the ra-
diation scattering. Another result concerns the frequency behaviour of the
RelMSD in the wings of the line. It is also seen that its value can either
decrease or increase dependent on values of other parameters.

Further progress of the theory allowed to handle more general and com-
plex models with greater sorts of components and greater number of possible
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Figure 2: The RelMSD of intensity fluctuations in two models of the NLTE
atmosphere. Calculations are performed for A = 0.99, where ) is the photon
re-radiation coefficient in the multiple scattering process. For simplicity’s
sake, the number of components are taken N = 4 and p; = p2. The values
of other parameters are S = By/B1 = 7, 71 = 79 = 7 (left panel) and S =1,
7 = 0.1 (right panel)

realizations. More realistic models consider the correlations between real-
izations of different parameters in two adjacent components. The theory
becomes much more complicated in the case of NLTE atmospheres (see the
above cited papers of the author). The most important conclusion is that
the aforementioned features of RelMSD remain qualitatively valid in the
NLTE media. Fig.2 shows the frequency-dependent RelMSD of observed
intensities in two mutually opposite situations of equal opacities 7 = 7
and B1 # B and the opposite case of differring opacities and equal B;.
We see the quite distinct variation of the RelMSD over the entire fre-
quency range within a line. This effect can obviously be regarded as a diag-
nostic tool in revealing the physical properties of various regions of promi-
nences. It is evident that the real state of the prominence is generally more
complex and depends on variations of both the mentioned parameters. In
this more realistic situation when the optical thickness in the line and the
power of the energy sources take arbitrary non-equal values, the variation of
the RelMSD towards the wings of a line becomes more complex (Nikoghos-
sian 2002, Nikoghossian, Aboudarham & Mouradian 2005). The resulting
center-to-wings variation of the RelMSD obviously depends on that which
of considered causes of fluctuations predominates (see Fig,3). The situa-
tion becomes simpler if we suppose that the opaque lines are formed in the
hotter radiating volumes, which is often the case. It must be noted that
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Figure 3: The RelMSD of intensity fluctuations in two model atmospheres
for N=4and p; =py. S=By/B1 =7, 179 =1: A =0 (LTE,left panel) and
A =0.99 (Non-LTE,right panel)

these effects quantitatively depend on the number of structural elements.
Fig,4 illustrates the variation of averaged values of dimensionless intensities
and proper RelMSD in frequency within a line. As might be expected, with
growing the number of components, the values of ReIMSD decrease towards
to wings. As above, the behavior of the ReIMSD in the far wings of the
line in these two model cases is diametrically different. It is not worthy
that these considerations are important from the point of view of interpre-
tation of the nature of the surface brightness fluctuations of any extended
astronomical object with a randomly varying fine structure.

3. Lines profiles in dynamically active multicompo-
nent media

As it was mentioned, in the real stochastic atmospheres of astrophysi-
cal interest the velocity field is subject to random variations together with
physical and geometrical characteristics of the medium. It is evident that
such kind of velocity variations may affect the observed line profiles gener-
ally in a great degree. Radiative transfer in a line through a dynamically
active medium leads to a great variety of line shapes which are distorted by
the Doppler effect. Furthermore, the line profiles depend on a number of
other parameters characterizing the emitting volume, so that a quantitative
interpretation of the observed spectra is a rather complicated problem, in
general. The problem of the spectral line formation in a stochastic multi-
component atmosphere in LTE was treated by the author in (Nikoghossian,
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Figure 4: Dependence of averaged intensities radiating in a line and the
proper ReIMSD on the number of structural elements for indicated values of
realized opacities,the power of internal energy sources and other parameters
describing the elementary event of scattering ([ is the ratio of the absorption
coefficient in continuum to that in the centre of the line)
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2007). Motions considered in this paper imitate the large scale hydrody-
namic motions usually observed in solar prominences. The effect of the
radiation on the velocity field is neglected which is reasonable for the lines
with low optical thickness. We set ourselves the problem of determining
the radiation emerging from a dynamically active atmosphere consisting of
N structural elements whose physical characteristics undergo random vari-
ations. It is assumed that the spatial process of realization of components
of a given type is Markovian, i.e., the realization of physical properties of a
given component depends only on the realized properties of the preceding
component. Particular attention we paid to ReIMSD of the intensity of the
observed radiation. The important feature of the developed method is that,
for determining the mean intensity of the emerged line radiation, (Iy(x)) ,
one preliminarily finds the auxiliary quantities (I% (z;)) characterizing the
mean mathematical expectation of the intensity of the observed radiation
under the condition that the N-th element belongs to the i-th type, so that

n

(I(a) =~ S (I () 3)

=1

In the case of Markov process (I%;(x)) are determined by reccurence relations

(Iy(2)) = Y ail(Ii (@) exp(—z'7i) + Ph_y Ji(2))], (4)
k=1

where the following notations are introduced: the coefficients ¢;. are ele-
ments of the Markov transition matrix, z* = a(z —«/) + 8 and J;(z) =
Bi[1 — exp(—2z'r;)], the P represents the probability of an event in which
an element of i-th type will appear at the N-th position. Further, u’ =
V}fy 4/ Vin, where Vi, is the mean thermal velocity and Vj,yq - the line-of-sight
component of the hydrodynamic velocity.

Fig.5 shows typical examples of profiles and RelMSD calculated for the
purely stochastic case, when the atmosphere consists of only two types of
structural elements. Along with the profile of the average radiation intensity,
(I), emerging from the medium, we present two other profiles (I1) and (I5)
calculated under the condition that the N-th element belongs, respectively,
to the first and second types. To make the changes in the ReIMSD clearer,
N has been chosen to be relatively small. In order to clarify the effect
of the Markovian interaction between the components on observed profiles
and the RelMSD, we considered the case of the so-called doubly stochastic
atmosphere.

The profiles depicted in the right panel demonstrate essential distortion
of the line profiles caused by hydrodynamic motions. Another important re-
sult is the distinctive feature of the RelMSD of the radiation in a line formed
in a dynamically active stochastic atmosphere is local spikes (maxima) in
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Figure 5: Theoretical profiles of a spectral line and the RelMSD for double
stochastic static (left) and dynamically active (right) atmospheres. It is
assumed that the latter consists of two types of structural elements with

the following parameters: By = By = 1,p1 = p2 = 0.5, 71 = 2, 7 = 0.2,
B=1073, u' =0.5, u> = 0.5, and q11 = q22 = 0.9, 12 = go1 = 0..1

the wings of the line. The obtained theoretical results were compared with
spectral observations of quiescent solar prominences obtained in framework
of the SOHO space mission.

4. Observation data

In order to verify the theoretical results, we have used some observational
data on spectral lines of solar quiescent prominences in the EUV domain of
the spectrum obtained on August 10, 1999 using the SUMER, spectrometer
in frameworks of the SOHO space mission. We were interested in the fluc-
tuations in the surface brightness of the prominences in several of strongest
lines. With each observation, the spectrometer slit with its field of 17120”
yields 120 line profiles so that their variation along the slit could be traced.
These data are usually sufficient for determining the statistical averages of
the radiation intensity and the corresponding RelMSD as functions of fre-
quency within a line.

Fig.6 shows data on the relative mean intensity and RelMSD (broken
curves) for several relatively strong EUV lines. We pointed out above that
the RelMSD increases on going to the line wings. According to the theoret-
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Figure 6: Statistical mean profiles (smooth curves) and the corresponding
RelMSD (dotted curves) for a series of relatively strong EUV lines of a solar
prominence observed on August 10, 1999, in frameworks of the SOHO space
mission
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ical discussion, this was an indication of the fact that the fluctuations in the
surface brightness of the prominence are caused mainly by changes in optical
thicknesses. We see that the central depression in the frequency profile of
the RelMSD is different for different lines and is correlated with the effective
temperature at which they are formed. The spikes (local maxima) in the
wings of the lines predicted by the above theory for non-thermal (hydrody-
namic) motions can be distinctly seen. One can also see that for lines with a
high effective formation temperature (i.e., the lines formed primarily in the
surrounding corona), such as OVI A1032 A, 21037 A, and NV \1242 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.

5. Discussion

The idea of invoking fluctuations in the surface brightness of prominences
as an additional source of information on the radiating volume described
above shows that important information can be extracted by studying the
RelMSD of these changes as a function of frequency within a line. Theoret-
ical studies have been compared with the data on changes in the profiles of
EUYV lines along the slit of the SUMER spectrograph obtained as part of the
SOHO space program. Thus, it has been shown that, with some exceptions,
fluctuations in the surface brightness of prominences in different lines are
caused by changes in the optical thickness and that the changes are smaller
when the lines are formed at higher effective temperatures. The study of
these fluctuations is especially informative when large scale or hydrodynamic
motions are present in the medium. If the radiating volume participates in
rising and falling motions, then the frequency dependence of the ReIMSD is
characterized by unique spikes (local maxima) in the wings of the lines. The
magnitude of the latter depends on the velocity of the large scale motion
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Abstract

The spatially flat cosmological models are investigated within the
framework of f(R)-gravity. An equivalent representation in the form
of a scalar-tensor theory is discussed. For the general case of the f(R)
function, the corresponding cosmological equations are presented in
the form of a third order autonomous dynamical system. The quali-
tative analysis of the latter is given in the absence of nongravitational
matter. Various special cases of the function F(R) are considered and
the corresponding phase portraits are depicted. The possibility for the
realization of a phase with accelerated expansion of the Universe is
discussed.

Keywords: f(R)-gravity — scalar-tensor theories — cosmological models.

1. Introduction

It is known that suitable modifications of General Relativity can result
in an accelerating expansion of the Universe at present epoch. These modi-
fications fall into two general groups. The first one consists of scalar-tensor
theories that are most widely considered extensions of General Relativity
(Will 2018). In addition to the metric tensor, these theories contain scalar
fields in their gravitational sector and typically arise in the context of mod-
els with extra dimensions (Kaluza-Klein-type models, braneworld scenario)
and within the framework of the low-energy string effective gravity. In the
second group of models, the Ricci scalar R in the Einstein-Hilbert action is
replaced by a general function f(R) (for recent reviews see Nojiri & Odintso
(2007) and Clifton et al. (2012). One of the first models for inflation with
quadratic in the Ricci scalar Lagrangian, proposed by Starobinsky (1980),
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falls into this class of theories. An additional motivation for the f(R) theo-
ries comes from quantum field theory in classical curved backgrounds (Birrell
& Davies (1982), Buchbinder et al. (1992) and from string theories. The
recent investigations of cosmological models in the f(R) theories of gravity
have shown a possibility for a unified description of the inflation and the
late-time acceleration.

f(R)-gravities can be recast as scalar tensor theories of a special type
with a potential determined by the form of the function f(R). Various
special forms of this function have been discussed in the literature. In par-
ticular, the functions were considered that realize the cosmological dynamics
with radiation dominated, matter dominated and accelerated epoch. Uni-
fied models of inflation and dark energy have been studied as well (Nojiri &
Odintsov 2011). In the present paper we consider the qualitative evolution
of the cosmological model for a general f(R) function. The general analysis
is specified for various examples, including the original Starobinsky model.

2. f(R)-gravity as a scalar-tensor theory

The action in (D 4+ 1)-dimensional f(R) theory of gravity has the form

S = /dD“:n 9 [f(R) + L (gik, V)] , (1)

where Ly, (gik, 1) is the Lagrangian density for non-gravitational matter
collectively denoted by . It is well known (see Nojiri & Odintsov (2011)
and Clifton et al. (2012)) that (1) can be presented in the form of the action
for scalar-tensor gravity. In order to show that we consider the action

s:/wﬂ% G E =)+ f0) + L (g 0)] . (2)

with a scalar field . The equation for the latter is reduced to f”(n)(R—n) =
0. Assuming that f”(n) # 0, from the field equation we get n = R. With
this solution, the action (2) is reduced to the original action (1).

Introducing a new scalar field ¢ = — f/(n), the action (2) is written in
the form
S = [ dP gl =oR - V(9) + L (g, ), 3
with the scalar potential
Vip) ==f(n(e) — enle). (4)

Here, we have assumed that the function ¢(n) is invertible. The action (3)
describes a scalar-tensor theory. In the representation (3) the Lagrangian
density of the non-gravitational matter does not depend on the scalar field
. Hence, the representation corresponds to the Jordan frame.
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By the conformal transformation

ik = 92(<P)9(E)ik7 Qp) = mPﬁﬂl/(lfD)y (5)
where mp = 1/(167G p41)"/ P~ is the Planck mass in (D + 1)-dimensions
and Gpyi is the corresponding gravitational constant, the action is pre-
sented as

. iy
s = / Pz |g(m)|[=mp " Ry + 59(1 060k
~Ve(9) + L (6, 9(myin ©)]- (6)

Here we have introduced a scalar field
6 =doln (p/mP1), 60 =m{"V*\/2D/(D 1), (7)

with a canonical kinetic term and with the potential

D+1¢

Vi(¢) = —exp <_D—1¢0> [F () + enle)], o =mB e/ (8)

The non-gravitational Lagrangian density is expressed as

LY (8, 9(myins ) = QP Ly (Vg(pyins ¥) , Q= exp [_(Djsl)qﬁo] . (9)
In the new conformal frame, referred as the Einstein frame, the gravitational
part of the action takes the form of that for (D + 1)-dimensional General
Relativity. In this frame there is a direct interaction between the non-
gravitational matter and the scalar field. Several examples of the function
f(R) with the corresponding potentials will be discussed below.

3. Cosmological model and the dynamycal system

Consider a homogeneous and isotropic cosmological model described by
the Einstein frame action (6). The corresponding line element has the form

ds%; = dt* — a*(t)dI? (10)

where dl is the line element of a D - dimensional space of constant curvature,
a(t) is the scale factor. From the homogeneity of the model it follows that
the scalar field should also depend on time only, ¢ = ¢(¢). The energy-
momentum tensor corresponding to the metric (10) is diagonal and can be
presented in the perfect fluid form Tf = diag(e, ..., —p,...), where ¢ is the
energy density and p is the effective pressure.

Introducing dimensionless quantities z = ¢/¢o, T = t/to, with ¢y being
a positive constant with the dimension of time, for expanding models with
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a flat space the set of cosmological equations is written in terms of the third
order autonomous dynamical system

dx d

==y 2= —hyle+ P + 2V @)Y+ goae — V(a),

d

i = —{b(1 +w)[2e + 1 + 2V (2)]V% + poayle, (11)

where w = p/e, € = (to/¢o)%e, b= D/(D — 1), and

1 OLE g
|00

V(x) = (to/¢0)* Vi (doz), a = (12)

e\/l9e)

The Einstein frame Hubble function H = a~da/dt is expressed in terms of
the variables of the dynamical system (11) as

_ 2e+y? + 2V (2)
VR

H> (13)

The set of equations (11) describes the cosmological dynamics in the
Einstein frame (for qualitative analysis of cosmological models of string
effective gravity in the Einstein frame see Saharian (1999, 2000a). The
corresponding dynamics in the Jordan frame is obtained by using the con-
formal transformation (5). For the line element in the Jordan frame one
has ds% = dt% — a%(t;)dl?, where the comoving time coordinate and the
scale factor are related to the corresponding Einstein frame quantities by
dty = mpgol/(l_D)dt and ay(ty) = mpgol/(l_D)a(t). For the Hubble func-
tion in the Jordan frame we get

e®/(o(D—1))
(D —1) o
where the upper/lower sign corresponds to expanding/contracting models
in the Einstein frame. From the relation (14) it follows that for Vg (¢) +

e > 0 the expansion/contraction in the Einstein frame corresponds to the
expansion/contraction in the Jordan frame (H and H; have the same sign).

d¢

Hy = -
J dt |

+1/2¢ + (do/dt)? + 2V (p) (14)

4. Qualitative analysis of gravi-scalar models

The dynamical system (11) has an invariant phase plane ¢ = 0 which
corresponds to the pure gravi-scalar models. For those models, the system
(11) is reduced to the second order dynamical system

de. _dy 2 1/2 1
Ty L= bl 2V @] V(). (15)
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For Einstein frame expanding models, the Hubble function is expressed in
terms of the solution of (15) by (13) with e = 0. The critical points for
(15) are the points of the phase plane (z,y) with the coordinates (z.,0)
where V'(z.) = 0, V(x.) > 0. For the corresponding solution the Hubble
function is a constant, H = H,, with H? = Vg(é.)/[D(D — 1)m5~']. This
solution describes the Minkowski spacetime for Vg (¢.) = 0 and the de Sitter
spacetime for Vg(¢.) > 0. In the latter case for the cosmological constant
one has A = VE(gbc)/(ng_l).
The character of the critical points is determined by the eigenvalues

Mo = —b/V./2+\/02V.)2 -V, (16)

where V. = V(z.), V! = V"(x.). For V" <0 (x. is a maximum of the po-

C
tential V'(x)) the critical point is a saddle. The directions of the correspond-

ing separatrices are determined by the unit vectors n®® = (1, \;)/4/1 + A2,

i =1,2. For V! > 0 (z, is a minimum of the potential V(z)) two cases
should be considered separately. When 0 < V < b%V, /2, the critical point
is a stable node. For 0 < b?V,/2 < V/ the critical point is a stable sink. In
the case V. > 0, v = (dV/)dz") ey, =0fori=1,...,n—1, and vim # 0,

the critical point is (i) a saddle for even n and v <o, (ii) a stable node

for even n and Vc(n) > 0, (ili) a degenerate critical point with one stable
node sector and with two saddle sectors for odd n. Another degenerate case
corresponds to V., = 0 and V! > 0. In this case the critical point is a stable
sink.

If the value of the potential at the minimum is negative, then there
is a classically forbidden region in the phase plane (x,y). This region is
determined by the inequality y? + 2V (z) < 0. At the boundary of the
forbidden region, given by y? + 2V (z) = 0, one has H = 0 and dH/dt =
m};DVE(QS)/(D — 1) < 0. Hence, at the boundary the expansion stops
at a finite value of the cosmological time ¢ and then the model enters the
stage of the contraction (H < 0). The corresponding dynamics is described
by the dynamical system (15) with the opposite sign of the first term in
the right-hand side of the second equation. For nonnegative potentials the
expansion-contraction transition in models with flat space is not classically
allowed.

We should also consider the behavior of the phase trajectories at the
infinity of the phase plane. With this aim, it is convenient to introduce polar
coordinates (p, 0) defined as x = pcos@/(1—p) and y = psind/(1— p), with
0<p<1,0<0 < 2w Now the phase space is mapped onto a unite circle.
The points at infinity correspond to p = 1. For the potentials having the
asymptotic behavior V(z) ~ B|z|™, m < 4, in the limit x — oo one has the
following critical points on the circle p = 1. The points §# = 0 and 0§ = 7
are stable nodes for m < 0 and saddles with two sectors for m > 0. In the
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latter case the sectors are separated by a special solution described by the

trajectory /
yw) ~ D TRyt (1)
by/2V(x) b

for |z| — oo. In the vicinity of the points § = 7/2 and 6 = 37/2 the
potential terms can be neglected and these points are unstable degener-
ate nodes. For m = 4 the nature of the critical points at § = 7/2 and
0 = 37/2 remains the same. In this case the other critical points correspond
to § = —arctan(v/8B/b) and § = 7w — arctan(v/8B/b). The phase portrait
near these points have two saddle sectors which are separated by the tra-
jectory corresponding to the special solution (17). For m > 4 there are two
critical points on the circle p = 1 corresponding to § = 7/2 and 0 = 37/2.
These points are degenerate and have an unstable node sector and a saddle
sector separated by the special solution (17). Similar behavior of the phase
trajectories at the infinity takes place for the potentials with the asymptotic
behavior V(z) ~ Be?l*l, o > 0, for  — oo and for the values of the pa-
rameter 0 < o < 2b. The separatrix between the saddle and node sectors
is described by the special solution y ~ —sgn(x)ov/2Be /2 /\/4b2 — 52 for
x — 00. The general solution behaves as y ~ —sgn(:c)Ceb|x|, with a positive
constant C. This behavior coincides with that in the absence of the poten-
tial. For o > 2b the dynamical system (15) has no critical points at infinity
(on the circle p = 1).

5. Special cases

A number of specific choices for the function f(R) have been discussed
in the literature. In the models with quantum corrections to the Einstein-
Hilbert Lagrangian the function f(R) is of the polynomial form. A similar
structure is obtained in the string-inspired models with the effective action
expanded in powers of the string tension. However, it should be noted
that in both these types of models coming from high-energy physics, the
Lagrangian density in addition to the scalar curvature contains other scalars
constructed from the Riemann tensor. In this context, the f(R) theories can
be considered as models simple enough to be easy to handle from which we
gain some insight in modifications of gravity. In some models proposed for
dark energy the function f(R) contains terms with the inverse power of the
Ricci scalar. For one of the first models of this type f(R) = mB ' (—R +
v/R™) with v and m > 0 being constants (Capozziell 2002). However,
there is a matter instability problem in these models. The model with an
additional term SR? in the brackets has been discussed in Brookfield et
al. (2006). Models containing in f(R) exponential functions of the form
e"® and providing the accelerating cosmological solutions without a future
singularity are considered in Cognola et al. (2008). Examples of the f(R)

R. M. Avagyan et al. 296



Qualitative analysis of cosmological models in f(R)-gravity

functions, containing combinations of the powers and exponentials of R, that
allow to construct models with a late-time accelerated expansion consistent
with local gravity constraints, are studied in references Hu & Sawicki (2007)
(see also Nojiri & Odintsov (2011) and Clifton et al. (2012)). For example,
in the Tsujikawa model f(R) = m5~![~R + ytanh(R/Ry)], whereas in the
Hu % Sawicki model f(R) = mbB ' [~R+~(1+ (R/Ro)™™)] with constants
~v and Ry.
As an application of general analysis given above, first let us consider a
(D + 1)-dimensional generalization of the Starobinsky model (see [?] for the
discussion of inflation in this type of models). The corresponding lagrangian
density is taken as
f(R)=mB™ (-R+ BR?), (18)

where [ is a constant. The potential in terms of the canonical scalar field
is written in the form

V(z) = Vhexp (g_?x> (1—6”)2, (19)

where Vo = (to/¢o)? mB~1/(4B). For B > 0 and = # 0 the potential (19)
is positive. It has a minimum at z = 0 with V(0) = 0. In figure 1 we
have plotted the potential (19) as a function of ¢/¢g for D = 3,4,5 (num-
bers near the curves). As is seen from the graphs, in the case D = 3 an
inflationary plateau appears for large values of ¢/¢o which corresponds to
the Starobinsky inflation. Hence, from the point of view of the Starobinsky
inflation, the spatial dimension D = 3 is special.

In the limit x — —oo the potential behaves as exp[—(D + 1)z /(D — 1)].
From here it follows that the point p = 1, § = w/2 is degenerate having an
unstable node sector and a saddle sector (see figure 2). In the limit x — 400
one has V(z) « exp[(D — 3)z/(D — 1)] and for D > 3 the behavior of the
phase trajectories near the point p = 1, # = 37/2 is similar to that for the
point p = 1, # = 7/2. In the special case D = 3 the dynamical system
has a critical point at p = 1, # = 0. This point is a node (see the left
panel in figure 2) and the corresponding unstable separatarix describes an
inflationary expansion. This special solution is an attractor for the general
solution. For D = 3 the point p = 1, § = 37/2 at the infinity of the phase
plane is an unstable node. The only critical point in the finite region of the
phase plane, (z,y) = (0,0), corresponds to the minimum of the potential.
This point is a stable sink and the corresponding geometry is the Minkowski
spacetime. The phase portrait, mapped on the unit circle, is presented in
the left panel of figure 2 for D = 3 and in the right panel for D > 3.

For the model

f(R)=mp~' (=R + B.R"), (20)

with even n and S, > 0, the potential is nonnegative and is given by the
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Figure 1: The left panel presents the Einstein frame potentials in the
Starobinsky model for different values of the spatial dimension (numbers
near the curves). On the right panel the potentials corresponding to the
f(R) functions (20) (for n = 4, curve (a)), (22) (curve (b)) and (25) (curve
(c)) are plotted.

®

Figure 2: Phase portraits of the dynamical system for a (D+1)-dimensional
generalization of the Starobinsky model in the cases D = 3 (left panel) and
D > 3 (right panel).
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expression:

Vo) =Voesp (~p o) 01— et (21)
where Vo = (n — 1) (to/do)? n"/(l_")ﬁyl/(l_n)mg_l. For n = 2 the potential
is reduced to the one for the Starobinsky model. In the limit = > 1 one
has V(z) — +oo for n < (D +1)/2 and V(z) — 0 for n > (D + 1)/2. For
n = (D +1)/2, in the limit # — 400 the potential has a nonzero plateau:
V(¢) — Vb. The potential (21) for n = 4 and D = 3 is depicted in the right
panel of figure 1 (graph (a)). For n > (D + 1)/2 (see graph (a) in the right
panel of figure 1) we have two critical points in the finite region of the phase
plane. The first one, (z,y) = (0,0), corresponds to the minimum of the
potential and is a stable sink. The second one, (z,y) = (2, 0), corresponds
to the maximum of the potential and is a saddle. The phase portrait is
depicted in the left panel of figure 3. At infinity of the phase plane, the
nature of the point p = 1, § = 7/2 remains the same as in the previous
example, whereas the point p = 1, § = 37/2 becomes an unstable node. In
the region = > 1 and for n > (D + 1)/2 the special solution is an attractor
for a general solution in the limit ¢ — +o0.
For the next example we take the function

F(R) = foe™™. (22)

The corresponding potential takes the form

2 _
V(z) = Vhexp (—D_1x> [az—i—ln(—Mng/'yfg)—l , (23)
with Vo = — (to/¢0)* mB~1/y. For |[yR| < 1 one has f(R) = fo + foyR.
Taking foy = —mgfl, the linear in R term coincides with the Hilbert-

Einstein lagrangian density. With this choice the potential simplifies to

V(z) = Vi exp (— 20 ) (x—1). (24)

D-1
The graph of this potential for v > 0 is plotted in the right panel of figure
1 (curve (b)). The value of the potential at the minimum is negative. Note
that in this case for |yR| < 1 the model reduces to General Relativity with
a negative cosmological constant.
In the case of the function

F(R) = fo (e —1), (25)

with foy = —mb5~! and for small curvatures, corresponding to |[YR| < 1,
the model is reduced to General Relativity with zero cosmological constant.
The corresponding potential is given by the expression

D+1x> 1+ e (z—1)], (26)

V) = Voo (-5
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with the same notation V) as in (24). This potential for v < 0 (Vp > 0) is
plotted in figure 1 (curve (c)).

In the case of the function (22) with foy = —mb5 'and 4 > 0 a char-
acteristic feature of the potential is the presence of the region in the field
space where it is negative. For this type of potentials there is a classically
forbidden region determined by y?+2V (z) < 0. As it has been noted above,
at the boundary of this region the expansion stops at a finite value of the
cosmological time ¢t and then the model enters the stage of the contraction.
For the potential (24), the only critical points of the dynamical system (15)
are at the infinity of the phase plane. The corresponding phase portrait
is depicted in the right panel of figure 3. The classically forbidden region
of the phase space is shaded. The full/dashed trajectories correspond to
the expansion/contraction phases. As it follows from (15), the trajectories
for the contraction stage are obtained from those describing an expansion
by the transformation 7 — —7, y — —y. For expanding models, near the
point p = 1, § = 7/2 the phase portrait has two sectors: an unstable node
sector and a saddle sector. The point p = 1, § = 37/2 is an unstable node.
Depending on the initial conditions, the expanding models start their evo-
lution at finite cosmic time ¢ = ¢; from the point p = 1, § = 7/2 or from
the point p = 1, § = 37/2. During a finite time interval the trajectories
reach the boundary of the forbidden region at ¢t = ¢. > t;. At this moment
the expansion stops (H (t.) = 0) and the model enters the contraction stage
(dashed trajectories on the phase portrait). The corresponding trajectories
enter the critical points p =1, § = 37/2 and p = 1, § = 7/2 at finite time
ty > t.. Hence, all the models have a finite lifetime ¢y — ¢;.

For the function (25) with foy = —mg_l the potential is given by the
expression (26). In the case v < 0 the qualitative behavior of this potential
is similar to that for the function (20) with n > (D + 1)/2 and the cor-
responding phase portrait is qualitatively equivalent to the one presented
in the left panel of figure 3. However, note that the asymptotic behavior
of the potential in the limit ¢ — +oo is not purely exponential. For the
corresponding potential in (15) from (26) one has V(z) ~ Vize 2*/(P—1)
in the limit x > 1. Here, V5 is expressed in terms of the coefficient 1}
in (26). It can be seen that the dynamical system has a special solution
with the asymptotic behavior y? ~ 2V (z)/(D? — 1) in the region z > 1.
This special solution is an attractor for the general solution near the criti-
cal point (p,0) = (1,0). The corresponding time dependence of the scalar
field is determined from the relation 2V (z) ~ (D —1)* (D? — 1)/72, which
is obtained by the integration of the first equation in (15). With the help
of this relation, the asymptotic behavior of the Einstein frame scale factor
is found: a(t) ~ ao(t/tg)?, t — +o00. The asymptotic behavior of  near
the critical point (p, ) = (1,0), as a function of the time coordinate is sim-
pler in the Jordan frame. By using the expression for the function y(z)
and the relation dt; = e~%/(P=Ddt in the region z > 1 we can see that
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S Vng/[Q (D2 — 1)], where 77 = tj/ty. For the scale factor in the Jordan
frame one gets as(ty) ~ const e”.

Figure 3: Phase portraits of the dynamical system for the potential (21),
with n = 4, and for the potential (24).

6. Conclusion

We have considered the qualitative evolution of cosmological models in
(D + 1)-dimensional f(R) gravity. In order to do that the model is trans-
formed to an equivalent model described by a scalar-tensor theory. From
the point of view of the description of the cosmological dynamics, the most
convenient representation corresponds to the Einstein frame, in which the
gravitational part of the action coincides with that for General Relativity.
In this frame there is a direct interaction of the scalar field with a non-
gravitational matter.

For homogeneous and isotropic cosmological models with flat space the
equations can be presented in the form of a third order autonomous dynam-
ical system (11). The corresponding phase space has an invariant subspace
describing the gravi-scalar models in the absence of a non-gravitational mat-
ter. For a general case of the function f(R), we have found the critical points
of the system and their nature, including the points at the infinity of the
phase plane. As applications of general analysis, various special cases of the
function f(R) are considered.

Acknowledgments

R. M. A. and G. H. H. were supported by the Committee of Science
Ministry of Education and Science RA, within the frame of the Project No.
18T-1C355.

R. M. Avagyan et al. 301



Qualitative analysis of cosmological models in f(R)-gravity

References

Birrell, N.D.; Davies, P.C.W. Quantum Fields in Curved Space,
Cambridge University Press, Cambridge, 1982

Brookfield, A. W.; van de Bruck, C.; Hall, L.M.H. 2006, Phys. Rev. D,
74, 064028

Buchbinder, I.L., Odintsov, S.D., Shapiro, I.L. Effective Action in
Quantum Gravity, IOP, Bristol, 1992

Capozziello, S. 2002, Int. J. Mod. Phys. D, 11, 483

Capozziello, S.; De Laurentis, M., 2011, Phys. Rept., 509, 167
Capozziello, S.; Francaviglia, M., 2008, Gen. Rel. Grav., 357

Clifton, T.; Ferreira, P.G.; Padilla, A.; Skordis, . 2012, Phys. Rept.,
513, 1

Cognola, G.; Elizalde, E.; Nojiri, S.; Odintsov, S.D., Sebastiani, L.;
Zerbini, S. 2008, Phys. Rev. D, 77, 046009

De Felice, A.; Tsujikawa, S. 2010, Living Rev. Rel., 13, 3

Hu, W.; Sawicki, I. 2007, Phys. Rev. D, 76, 064004

Maeda, K. 1988, Phys. Rev. D, 37, 858

Nojiri, S.; Odintsov, S. D. 2007, Int. J. Geom. Meth. Mod. Phys., 4,
115

Nojiri, S.; Odintsov, S. D. 2011, Phys. Rept. 59

Saharian, A.A. 1999, Class. Quantum Grav., 16, 2057

Saharian, A.A. 2000a, Astrophysics, 43, 92

Sotiriou, T.P.; Faraoni, V. 2010, Rev. Mod. Phys., 451

Starobinsky, A.A. 1980, Phys. Lett. B, 91, 99

Will C.M., Theory and Experiment in Gravitational Physics, Cam-
bridge University Press, Cambridge, 2018

R. M. Avagyan et al. 302



Communications of BAO, Vol.2 (LXV), 2018, Is.2, pp.303-314

WR galaxies and PAH: observations and modeling

A. Yeghikyan'*, J. Martirosyan?

INAS RA V. Ambartsumian Byurakan Astrophysical Observatory (BAO), Armenia
2Yerevan State University, Armenia

*E-mail: ayarayeg@gmail.com

Abstract

This report analyzes the archival data of the Spitzer observatory
for 9 WR galaxies showing PAH emission lines at 6.2 and 7.7 . For
these galaxies, the effective radii of the emitting regions and the total
number of hydrogen ionizing quanta were calculated on the base of the
fluxes corrected for interstellar extinction. Using the observed values
(which are obtained using SDSS data), and taking as an example stars
of the WNh type (Ts = 50000 K, R = 20 Rg), the number of massive
WR stars in the cluster and the distance to the nearest neighbor are
determined. With these data, the theoretical Cloudy models, in par-
ticular, the distribution of H and He, C, O, Ne atoms and ions along
the radius are calculated. The theoretical intensities of the character-
istic PAH bands at 6.2 and 7.7 pu were obtained for two types of PAH
(containing 15 and 120 carbon atoms, respectively). The corpuscular
radiation doses accumulated in PAH molecules due to hard irradiation
by MeV protons were calculated and it was shown that such molecules
had to decay for a time less than the lifetime of the cluster. A con-
clusion is drawn about the permanent source of PAH, most likely, the
remnants of supernova explosions.

Keywords: WR galazies — PAH — observations — Cloudy modeling — ener-
getic particles — PAH survivability.

1. Introduction

The activity of galaxies with a high star formation rate is characterized
by the birth of a large number of stars of large mass in one cluster (Crowther
et al. 2005). If the mass of the O class star exceeds 25 M (with the solar
abundance of chemical elements), the star evolves into a WR phase of no
more than 0.5 Myr lifetime, characterized by a very high mass loss rate
(of the order of 107® M, /year) and speeds of 500-5000 km/s, but mostly,
1500-2000 km/s (Meynet and Maeder 2005). In this case, the lifetime of
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massive O stars stage does not exceed 5 million years (at a mass loss rate
of about 107% Mg /yr). If the number of very massive stars in one cluster
is sufficiently large, then many stars can also be caught in the WR phase
at the same time, since the number of stars in the WR phase is comparable
to the number O of stars (Crowther et al. 2005). This circumstance is
confirmed in the spectra of many active galaxies with characteristic features
of WR stars. First of all, it is a characteristic emission component in the
spectrum with a width of about 40-50 Aat a center at 4650 A (for WN stars)
which is a superposition of 3 lines, He II 4686 A, NellIl 4640 Aand CIII/IV
4650 A. A feature of 5808 A(for WC stars) related to CIV 5808 Ais also
possible. With these features, such galaxies are called WR galaxies (Conti
1991), and they are good indicators of the star formation rate, since the
lifetime of massive O stars does not exceed 5 million years (Meynet and
Maeder 2005). Upon completion of evolution, they explode in the form of
supernovae Ib, c. Perhaps they are also associated with the predecessors
of GRB (Vinkl et al. 2011). The active regions of these galaxies, and the
WR galaxies themselves, include a morphologically diverse range of objects
with an increased star formation rate (SB), for example, giant HII regions in
spiral arms, irregular galaxies, blue compact dwarf galaxies, bright galaxies
in the process of merging, galaxies with active nuclei, etc. (Brinchmann et
al. 2008). The number of massive stars in one (active) cluster is estimated as
100-100000 (Crowther et al. 2005). It is interesting to note that the intensity
of the emission ”bump” in the spectra of WR galaxies depends on the degree
of "metallicity”: the lower the metal content, the less intense wind can
generate a WR star, since it is the radiation pressure in the resonance lines of
the C, N, O ions that accelerates the wind to the observed speeds. However,
the “bump” is also observed in objects with a very low “metallicity”, for
example, in Izw18 (Crowther et al. 2005, Brinchmann et al. 2008), although
it requires the presence of very massive stars with a mass more than 80 Mg
(with a metallicity of 0.05).

In the spectra of many galaxies, including active ones, characteristic
bands of many molecules are observed, for example, water, carbon monox-
ide, polycyclic aromatic hydrocarbons (PAHs), etc. In particular, PAHs are
also observed in the spectra of WR galaxies (Martirosyan, Sargsyan 2012),
in this case, the emission is provided by PAH molecules with a relative
concentration to hydrogen (in all forms) of the order of 2-10~7 — 21078
and a carbon to hydrogen ratio of about 3 - 10~ (Ferland et al. 2017). In
the theoretical interpretation of the spectra of PAHs, the number of carbon
atoms is usually in the range from 15 to 120 (Ferland et al. 2017). PAHs
are very sensitive to the intense radiation fields, which makes it possible to
use the equivalent widths of PAH emission lines as an indicator, allowing to
distinguish galaxies with active nuclei (PAH lines are very weak or absent)
from galaxies with intense star formation (lines are relatively strong) (Mar-
tirosyan, Sargsyan 2012). From an evolutionary point of view, the question
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of PAHs sources in active galaxies in general, and in WR galaxies in particu-
lar, is very interesting and directly related to the conditions of their survival
in the presence of hard electromagnetic and corpuscular radiation. The ex-
act estimation of the UV radiation field depends on many parameters, e.g.
on the amount of neutral gas in the cluster, the theoretical value of which is
strongly model-dependent, and there is no observational data for WR galax-
ies (Risaliti et al. 1999). This article is devoted to the calculation of PAH
radiation doses by corpuscular radiation from massive stars in a WR galaxy,
the problem of the survival of PAH molecules under these conditions, and a
discussion on the issue of PAH sources in the such galaxy .

2. Observational data

There are 570 WR galaxies, 422 of which are SB (Brinchmann et al.
2008). In (Martirosyan, Sargsyan 2012), 22 WR galaxies were selected from
this list, for which Spitzer observations in the region of 5.2-14.5 p and 14-
38 p are known, including emission lines of PAHs at 6.2 and 7.7 u. For
these galaxies, also known are the SDSS data (sdss.org 2018) on the main
emission lines in the visible region, which allowed us to carry out standard
diagnostics of the HII regions associated with the WR regions of galaxies. In
particular, the electron concentrations and temperatures were determined,
as well as the interstellar extinction values for 9 galaxies according to the
formulas (Crowther 2007):

F(Ha) _ I(Ha) | o—c(Hy)a(Ho)—o(Hs)] 1)

E(B—V)=0.77-c(Hg), [#(H,) — x(Hg)] = 0.346, Ry = 3.1 (2)

I(Ha)
:2.86,m:m0bs—Av,AV%3-EB—V 3
F(Hg) =3-10"7 - W(Hg) - 107%™ (erg/cm?/s) (4)
L(Hg) = 4nd*F(Hp), (d — distance to the galaxy). (5)

All initial values of 9 galaxies (from 22 galaxies) are shown in Table 1.

Further, since the data on interstellar extinction are known only for 9
galaxies then we will carry out all calculations only for these objects. So,
according to the luminosities in the Hg line corrected for the interstellar
extinction and the calculated values of the emission coefficient in the same
line (in the unit volume of the HII region) we have well known relation (with
the value of by(7T,) defined in (Ferland et al. 2017)):

E(Hg) =22.4-107% (RE£§§§ZE)69814/TE (erg/cm?/s). (6)
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WR number ra dec z EW, PAH 6.2 1, A
31 12 53 05.96 | -03 12 58.94 | 0.02276 0.01
40 17 35 01.24 | 457 03 08.55 | 0.04722 0.01
48 00 55 27.46 | -00 21 48.76 | 0.16741 0.09
108 09 38 13.49 | +54 28 25.03 | 0.10213 0.21
190 10 34 10.15 | +58 03 49.06 | 0.00749 0.15
277 11 05 08.11 | +44 44 47.24 | 0.02154 0.3
288 13 28 44.05 | +43 55 50.51 | 0.02795 0.37
292 1522 38.09 | +33 31 35.81 | 0.12529 0.26
296 10 16 24.51 | +37 54 45.96 | 0.00394 0.02

Table 1: Observational values of WR galaxies with PAH data

Then one can determine the effective volume of radiation as a ratio

L(Hp)
e = 5 7
1= By (7)
and the effective radius
Repy = 3/ Vess - (8)

Now we can determine the number of ionizing hydrogen quanta by the

known formula
YN(L.) =q-N(Hp), 9)
where ¢=10.97 at 7,=10000 K and N(Hg) = L(Hg)/hv(Hg) s~! — number
of quanta in the Hg line, with the energy of a single quantum equal to
hv(Hg) = 4.09 - 10'2 erg. To estimate the hardness of photon radiation, the
parameter U is usually used (Ferland et al. 2017):
IN(L.)

U= . 10
4mc-ne - (Refy)? (10)

The values of N(L.) and U are given in Tables 2.

WR number | n.,cm ™ | T., K | ¥N(L.),s™! Ny R, pc 1g(U)
31 390.7 19830 2.310+57 2.310+7 | 2.199+21 | 0.5113
40 254.7 9581 1.9424-54 19420 3.408+20 | -0.7588
48 302.7 9077 1.623+54 16230 2.564+20 | -0.6647
108 60.59 15300 | 9.508+53 9508 6.3314+20 | -0.9835
190 62.59 12490 5.8124+51 58 1.384+20 | -1.8905
277 80.19 15750 2.321+53 2321 3.268+20 | -0.1432
288 94.53 8708 3.034+53 3034 3.237+20 | -1.0899
292 204.3 24970 5.054+54 50541 4.884+20 | -0.5604
296 15.07 10360 | 3.248+51 32 3.136-+20 | -2.2354

Table 2: Observed and calculated data for WR, galaxies
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3. Young stellar clusters in WR galaxies

The number of stars in the cluster can be estimated by the ratio N; =
YN(L.)/N(Lc), where ¥N(L.) is the total number of quanta ionizing hy-
drogen in the nebula, and N(L.) is the number of such photons emitting
from one star per unit time. Taking, as an example, WN type stars with
the presence of hydrogen (Ts = 50000 K, Rs = 20 R, but the presence of
hydrogen is not important in this case), we have the amount of such quanta
by the relation

or (kT \?
N(L.) = 4nR? - ci; ( ; ) 5 =18-1005"1 (11)
where 2, "
o ridx T, eV
5= =-° k. =86-10"° — 12
/xo v — 17 136" K’ (12)

while according to calculations based on stellar atmospheric models, N(L.) =
1.0-107%%~! (Crowther 2007; Hamann et al. 2006). So, we get an estimate
of the number of massive stars in the cluster, for 9 WR galaxies, for which
interstellar extinction data are known. The results are shown in Table 2.
With three exceptions, the number of massive stars in the cluster was sev-
eral thousand or tens of thousands. As cluster sizes from Table 2 are about
100 parsec, these clusters are close to the super-associations according to
(Ambartsumian 1964). Being less (in the sense of the classical definition)
in size, absolute luminosity and age, and not quite coinciding in the type of
host galaxies, these systems with a large number of massive hot and young
stars, mostly coincide with the definition of V. Ambartsumyan and are one
of the most important star formation activity indicators. So this term also
will be used below - superassociation, as a young cluster of a very large
number of very massive stars. At present, they are also called Super Star
Clusters (Crowther et al. 2005).

Further, Table 3 shows the distances to the nearest neighbor star, cal-
culated for a sphere uniformly filled with similar stars, using the obvious
formula R

_ Iteff
d= IN (13)

Then, models of the ionization structures of nebulae associated with
WR clusters were calculated. The parameters of the model have already
taken the distances to the nearest neighbor as the characteristic thickness
of the nebula, ng =~ n. as the characteristic concentration of hydrogen,
the ionization parameter U, the blackbody temperature T = 50000 K, the
effective radius R.rs as the characteristic radius of the incident radiation,
chemical composition was assumed to be equal to solar, and the value of the
turbulent velocity in the medium about 10 km/s. It is easy to show on the
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base of calculations of ionizational structures that at a distance of more than
1 pc, the medium at such a density becomes neutral and then molecular,
protecting the PAH molecules from destruction by UV photons. The same is
true for other galaxies from the list. Let us get started, therefore, to estimate
of the degree of impact of corpuscular irradiation on PAH molecules, since
for energies of the order of 1 MeV and higher, nebulae in WR clusters are
transparent for such radiation.

4. Corpuscular radiation fluxes, radiation doses and
survivability of PAH

There are a large number of analytical and numerical models describing
intensities of energetic particles accelerated at the shock that is formed dur-
ing the interaction of a fast stellar wind with a given nebula (in this case,
with a super-association nebula) (Drury 1983; Decourchelle 2008). Detailed
calculations take into account the many features of the process, such as the
formation of a spectrum of particles, the orientation of the magnetic field
vector with respect to the normal to the front, the presence of sources of
super-thermal particles experiencing acceleration by the Fermi 1 diffusion
mechanism. These theories predict reasonable values of particle intensities,
in particular, galactic cosmic rays, and are now generally accepted. For ex-
ample, in the case of the heliosphere, that is, the shock wave front at the
interface of the solar wind interaction with the surrounding interstellar gas,
the intensities of the accelerated particles are in good agreement with direct
observations of the Voyager 1 and 2 probes (Yeghikyan 2018 and references
therein).

According to Yeghikyan (2018), in a time shorter than the dynamic time
of the WR nebulae (about 10° years), the part of the particles energetic
spectrum in the energy range 1-100 MeV will have quite time to form. It
should be emphasized that with the expansion of the nebula, that is, with
an increase in its inner radius, its ability to produce energetic particles can
be estimated by a semi-analytical relation (Yeghikyan 2018):

iMfoQ _ /‘Emaz
Tam 4arr? B

Je(E)dE (14)
Eq

where Mf is the rate of mass loss by the WR star (g/s), Vy is the wind
velocity (cm/s), Jg(E) is the differential intensity of accelerated particles
(erg-cm=2-s71.sr71 . MeV~1), and 7 is the fraction of kinetic wind energy
spent on acceleration of protons by a shock wave in the energy range F; <
FE < Ena.- By the way, according to the generally accepted theory of the
origin of cosmic galactic rays in supernovae expanding shell, usually n = 0.1
- 0.3, but according to later observations and numerical calculations larger
values are also possible, n = 0.5 (Ellison et al. 2005).
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It is interesting to compare the estimate (14) for the solar wind with
the measurements of the Voyager 1 probe (Yeghikyan, 2018 and references
therein). Putting

16(8) = 1p(8:) (22) () = 50

(15)

where F1=1 MeV, y=2-4, for the differential intensity of particles with E =
E1=1 MeV, (in units particles-cm 2s~!sr 'MeV~!) we have (Yeghikyan
2018): '

Jp(B)  y—1 1 MV}

J(Ey) = - — . 16
v(E1) B, B2 Tan dmr? (16)

Taking Mf =2-107" Mg /yr, V;=400 km/s, r;=100 a.u., n =0.1, for v =
2,3,4 we get, respectively, J,(F1) 20.8, 1.6, 2.4 particles-cm ™25~ st~ !MeV L,
which coincides with the Voyager-1 measurements up to a factor of 2, namely,
~1.4 in the same units (Stone et al. 2005; Scherer et al. 2008). We under-
line again that the phenomenological estimate (14) gives the same accuracy
(within a factor less than 2), if we choose n = 0.1.

We now turn to the calculation of the differential intensity of ener-
getic protons under WR nebular conditions. Taking M ;= 1075 Mg /yr,
V¢=1500 km/s, r; = 3-10'® c¢m, n = 0.1, then (14) gives values where the
concentration of the fast wind at the shock is determined by the relation
ny = My /4nr?Vim,.

It should be emphasized that the average galactic value (for our Galaxy)
Jp(E1) = 2-107% particles-em ™25~ tsr"!MeV ! (Scherer et al. 2008), that is,
on the inner boundary of the nebula (1 or, say, 5 pc) intensity of energetic
particles which is 1000 or 40 particles-cm™2s'sr~'MeV !, respectively, by
more than several orders of magnitude, (7 or 5) exceeds the mean galactic
one. This is not surprising, since even the heliosphere formed by a much
weaker wind nevertheless causes the appearance of similar accelerated par-
ticles by 4 orders of magnitude greater than intensity of the average galactic
one (Scherer et al. 2008).

Thus, WR nebulae can be a very powerful local source of energetic par-
ticles (with not very high energies) and it would be interesting to investigate
their possible observational manifestations in the nebula itself.

We emphasize that the most interesting from the point of view of energy
sources for chemical reactions are particles with energies of 1-10 MeV, since
even with the minimal observed exponent (v & 2.3), the spectral steepness
is quite noticeable, and in the integrals describing, for example, the frac-
tion of the absorbed energy, particles with energies greater than 10-20 MeV
practically do not contribute. Therefore, when using formulas describing
the energy spectra, one should always keep in mind the reservations with
which they were obtained, especially in the case of relativistic particles.
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Due to the high values of the fluxes of energetic particles in the WR
nebulae, it is interesting to estimate the doses (absorbed energy) of PAHs in
these nebulae. We have for the intensity of accelerated particles expression
(14), in the energy range of 1-100 MeV, important in the irradiation of differ-
ent species, as well as in the ionization of Hy. Assuming M = 1075Mq Jyr,
V;=1500 km/s, for the differential intensity of the energetic protons with
FE1=1 MeV, one can write for two values of the inner radius ;=1 or 5 pc:

particles
cm?-s-sr-MeV '

Thus, at standard values of the parameters of the WR nebulae, the obtained
estimates of the intensity at the inner boundary of the nebula are 5-7 orders
of magnitude larger than the average galactic one (Scherer et al. 2008, their
Fig.2):

Jp(E1) = 40 — 1000 (17)

particles
cm? - s-sr-MeV '

The influence of the magnetic field (if present) can be twofold: on the
one hand, protons can be reflected from magnetic inhomogeneities, and, de-
pending on the intensity and geometry of the magnetic field (1-10 uG), the
flux can be decreased by 1 order (Schekinov 2005, and references therein).
On the other hand, non-thermal protons of relatively low energies may pos-
sibly be accelerated to values of 1-10 MeV in the presence of magnetohy-
drodynamic turbulence with a specific spectrum (Fermi-2 process) (Hendrix
et al. 2016; Monnier et al. 2007). Thus, in this case, the actual parti-
cle intensity at the outer edge of the nebula can decrease, at most (tak-
ing into account the geometric divergence), by 2 orders of magnitude to
Jp(E1) = 0.1 — 10 particles/(cm? - s - st - MeV).

It has already been noted above that the distances to the nearest neigh-
bor are calculated for a sphere uniformly filled with stars of the same type,
using the obvious formula (13). Since all massive stars of the cluster are
considered similar, we will also be interested in half of this distance, that is,
T, = d/ 2.

These values are necessary for calculating the total corpuscular radiation
field from the winds of WR stars, because if the flux from one WR star at a
distance r is Fy/r2, then from N such stars in super-association with radius
Ry with uniform filling will be

Jp(F1) =1.0-1074

(18)

FQ N 4 3 NFQT Fo’l”
N 21 _p3 3" Ny N
r §7['R€ff3 Reff d

(19)

where Fj is the flux at a distance of 1 pc from the star. At the boundary,
when r = R, the flux will be determined by the expression

NF

R2

=~ .
eff

(20)
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By the formula (20) the lower limit of the flux is determined at any point
of the cluster. The method of calculating Fj is given above, and now we
will explain the need for calculating the total flux. The fact is that the
super-associations have dimensions R.fy ~ 100 pc, while the distance to
the nearest neighbor is about d ~ 10 pc (that is 7,/ = d/2 ~5 pc, see
Table 3). When a gas concentration is of about of several 10 — 100 cm—3, a
neutral, HI, and then molecular, Hs layers are formed on sizes =2 d protecting
PAH from hard UV radiation. This can be easily verified by calculating
the ionization structure of super-association regions with sizes = d using
the Cloudy computer model (Ferland et al. 2017). Everywhere, at half the
distance of the nearest neighbor d, the medium is neutral, or even molecular,
and can protect PAHs molecules (Yeghikyan, Martirosyan 2019).

But at densities and sizes about of R, s, the medium of super-association
is practically transparent for protons with energies of 1-100 MeV and higher.
Such protons are formed at the shock where the stellar wind interacts with
the interstellar medium (Yeghikyan 2018). The advantage of formula (20)
is that despite its inaccuracy (for use at any point of super-association),
it is nevertheless quite suitable for our purposes, namely, determining the
lower boundary of the flux to solve the question of the survival of PAH
molecules. Even more accurate relations can be used if we take into account
the fact that the given star in the cluster is surrounded by 6 nearest stars at
a distance d, and at the point r; = d/2 the radiation comes first from two
nearest stars and second from 4 stars with distances v/5d/2. Thus, the lower
boundary value of the flux is estimated, and the inaccuracies associated with
the determination of the flux at ;=1 pc are mutually compensated.

Now it is possible to calculate dD,/dt, that is the rate of PAH irradiation
by energetic protons in WR nebulae using a simple relation (Yeghikyan 2018,
and references therein):

Es
ne - M(ny) - % — / F(E)S(E)E, D, = P2 ¢ (21)
t B dt

where F(E) = 4nJ,(E) and S(F) = —dFE/dz is the particle energy loss
during the passage of the path dz (in units keV/u) in the dust particle with
the concentration n; and molecular weight M (n;) (accordingly, S(E) that is
the amount of energy absorbed by the dust particle per unit length will be
positive). S(F) in the energy range of 1-100 MeV can be easily calculated
by the Bethe-Bloch formula, using the SRIM computer program (Ziegler
et al. 2003). For PAHs, for example, anthracene, C14Hyg, energy losses
calculated by SRIM can be found in (Ziegler et al. 2003).

Further, choosing the least steep type of the spectrum, F(E) = F(Ey) -
(E1/E)?%, we obtain dD,/dt = 2.263 - 10~ eV /s/a.m.u. at a distance of r;
= 1 pc from the star. It is possible to calculate the total radiation dose of
dust D, for the values of distances r;=1 pc and d/2, respectively, taking into
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account the (minimal) possible number of nearby stars. In particular, for the
characteristic time interval t=500000 years at ;=1 pc, the irradiation dose
is Dy(1pc) = (dDp/dt) -t - (1 +6/(d — 1)?) eV/a.m.u. For larger distances
comparable to distances of order d, for example, when r; = d/2 pc, the
irradiation dose is Dy(d/2pc) = Dy(1pc)-11.2/(d—1)? eV/(a.m.u.). Values
D,, are given in Table 3 for the above distances. We emphasize that in the
table shown are the lower limits of dose values.

According to experiments (van der Burgt et al. 2018; Dunne et al. 2017),
the irradiation of anthracene with low-energy electrons (5-100 eV) leads to
its fragmentation, starting from approximately 45 eV. It should also be true
for protons (including higher energies), and when the corresponding dose is
accumulated in the molecule, and for other PAHs (Champeaux et al. 2014;
van der Burgt et al. 2018).

With a deficit of hydrogen in the stellar wind, that is, with the prevalence
of helium, the resulting value should be multiplied by 10, since the energy
loss of a-particles is an order of magnitude greater (Ziegler et al. 2003), and
doses can reach 1000 eV /a.m.u. and higher.

WR number | XN(L.),s! N, Regp,em | d,pe | Dp(lpe),eV/a.m.u. | Dy(d/2),eV/a.m.u.
31 2.314+57 2.310+7 | 2.199421 | 2.50 1307 6487
40 1.94+-54 19420 | 3.408+20 | 4.11 578.8 670.7
48 1.62+454 16230 | 2.564+420 | 3.28 768.5 1653
108 9.514-53 9508 | 6.331420 | 9.69 385.5 57.23
190 5.81451 58 1.384+20 | 11.6 376.2 37.60
277 2.32+53 2321 3.268+20 | 8.00 400.8 91.65
288 3.03+53 3034 3.2374+20 | 7.25 412.0 118.3
292 5.05+54 50541 | 4.884420 | 4.28 556.1 578.5
296 3.254+51 32 3.1364-20 | 32.0 359.3 4.183

Table 3: Dose rates and doses of PAH molecules in 500000 years

We should bear in mind the fact that these values can be at least doubled,
since radiation from the previous stage O of the star, whose power is an order
of magnitude less (M; = 10"6Mg /yr), but the duration is ten times more
(t = 5 million years). Thus, everywhere in the WR nebulae PAHs receive
the dose of more than 50-100 eV and should have been destroyed. Galaxy
N 296 probably is an exception, but of course with such galaxies (and of
course, N 31) one should be dealt separately.

Thus, the PAH molecules should have disintegrated in a time less than
the lifetime of the cluster. This leads to the conclusion that a permanent
source of PAH molecules exists in a nebula associated with a cluster of
young and very massive stars. Most likely, these PAH molecules are formed
in supernova remnants in the same cluster.

The origin of dust, which is observed in WR nebulae, is still under dis-
cussion (Hendrix et al. 2016), it is possible that dust (and PAH) is produced
under conditions of the colliding winds of massive WR pairs (Hendrix et al.
2016), but in the case of PAHs, as we found out, this is impossible due to
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inevitable destruction during the star lifetime.

5. Conclusion

In this paper, we analyzed the conditions in WR galaxies, and for 9 of
them the numbers of hydrogen ionizing photons were calculated based on
the observed fluxes corrected for interstellar extinction. Then, the effective
volume and effective radius radiation of nebulae were calculated, and as-
suming the number of massive stars in the cluster was equal to the number
of WR stars, and, knowing also the theoretical number of hydrogen-ionizing
photons from one star, the numbers of WR stars in each cluster were calcu-
lated. Further, the distance to the nearest neighbor (with a uniform distri-
bution) turned out to be of the order of several parsecs, and besides based
on the theoretical models calculated by us the gaseous medium at such a
distance is already neutral, and even molecular completely protecting the
nebula from UV radiation. However, the medium is exposed not only to
electromagnetic, but also to corpuscular irradiation from protons with en-
ergies of 1-100 MeV, which arise in the processes of diffuse acceleration at
the shock in the Fermi-1 process. The accumulated doses of radiation from
these protons, calculated during the lifetime of the super-association, were
everywhere in the nebula more than 50-100 eV, which should lead to the de-
struction of PAHs. However, PAHs are observed in WR galaxies, therefore,
we came to the conclusion that PAH sources are permanently exist, most
likely in supernova remnants.
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Abstract

We investigate the cosmological constant induced by quantum fluc-
tuations of a bulk charged scalar field on a brane in background of
locally anti-de Sitter spacetime with toroidally compact spatial dimen-
sions. Along compact dimension quasiperiodicity conditions are im-
posed with general phases and, in addition, the presence of a constant
gauge field is assumed. The latter gives rise to Aharonov-Bohm type
effect on the characteristics of the scalar vacuum. The renormalization
of the vacuum energy density on the brane is done by making use of
the generalized zeta function technique. The behavior of the cosmo-
logical constant is studied as a function of the location of the brane,
of the length of the compact dimensions and of the magnetic flux en-
closed by the compact dimension. In particular, it is shown that the
cosmological constant is a periodic function of the magnetic flux with
the period equal to the flux quantum.

Keywords: cosmological constant - braneworld scenario - anti de Sitter
spacetime - Casimir effect.

1. Introduction

The braneworld models (for reviews see Brax 2003) and Maarten (2010)
provide an interesting alternative to the standard Kaluza-Klein compact-
ification of the extra dimensions. In the corresponding constructions the
standard model fields are localized on a hypersurface (brane) in a higher-
dimensional spacetime. As a consequence of that, the observational restric-
tions on the size of extra dimensions are much weaker. The introduction
of large extra spatial dimensions may provide a solution to the hierarchy
problem between the gravitational and electroweak mass scales. The main
idea to resolve the large hierarchy is that the small coupling of four di-
mensional gravity is generated by the large physical volume of extra dimen-
sions. Braneworlds naturally appear in string/M-theory context and provide
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a novel setting for discussing phenomenological and cosmological issues re-
lated to extra dimensions. The problem of the cosmological constant has
been considered as the most serious mass hierarchy problem in modern par-
ticle physics (see, for instance, Martin (2012) and many attempts addressing
this fine tuning issue can be found in the literature. The braneworld theories
may give some alternative discussion of the cosmological constant.

The investigations of quantum effects in braneworlds are of consider-
able interest in particle physics and cosmology. An inherent feature is the
presence of boundaries and the fields that propagate in the bulk will give
Casimir-type contributions to the vacuum expectation values (VEVs) of
physical observables (for reviews of the Casimir effect see Milton (2002),
Bordag et al. (2009), and Casimir Physic (2011)). In particular, vacuum
forces arise acting on the branes which can either stabilize or destabilize
the braneworld. The Casimir energy gives a contribution to both the brane
and bulk cosmological constants and, hence, has to be taken into account
in the self-consistent formulation of the corresponding models. Motivated
by these issues, the quantum vacuum effects induced by branes in AdS bulk
have received a great deal of attention (see references cited in Bezerra de
Mello et al, (2015)). The VEV of the energy-momentum tensor has been
investigated in Knapman & Toms (2004).

In manifolds with boundaries the energy-momentum tensor in addition
to the bulk part contains a contribution located on the boundary (see Sa-
harian (2004) for a real scalar field). In Saharian (2004, 2006) and Saharian
et al. (2018)the VEV of the surface energy-momentum tensor is evaluated
for a massive scalar field subject to Robin boundary conditions on branes
in AdS bulk. It has been shown that in the Randall-Sundrum models the
cosmological constant induced on the visible brane by the hidden brane can
serve as a model for dark energy. In the present paper we investigate the
VEV of the surface energy-momentum tensor for a charged scalar field in
locally AdS background spacetime with a codimension-one brane parallel to
the AdS boundary and with an extra compactified dimension (generalized
1-brane Randall-Sundrum model). In addition, the presence of a constant
gauge field is assumed. It is shown that the vacuum expectation value of
the surface energy-momentum tensor on a brane gives rise to a cosmological
constant type contribution from the point of view of an observer living on
the brane.

2. Problem setup

In Poincaré coordinates, the metric tensor for a (D +1)-dimensional AdS
spacetime is given by the line element

ds? = gpdrida® = e_Qy/anw,dx“dx” — dy?, (1)
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where 7, = diag(1,—1,...,—1) is the D-dimensional Minkowski metric,
w,v=20,1,...,D —1, and the indices 7, k run over 0 to D. In what follows,
we use lowercase Latin letters to denote indices running from 0 to D, and
lowercase Greek letters to denote indices running from 0 to D—1. In addition
to the coordinate y, —oo < y < +o00, we introduce the coordinate z, defined
as z = ae¥/®, 0 < z < co. In terms of the latter the line element is written
in a manifestly conformally flat form ds? = (a/z)? (uvdatda” — dz*). In
terms of the coordinate z, the hypersurfaces z = 0 and z = oo correspond
to the AdS boundary and horizon respectively. The Ricci scalar R and the
cosmological constant A are related to the AdS radius a as R = D(D+1)a ™2
and A = —D(D —1)a"2/2.

The local geometry we are going to consider here is that of AdS, given
by , however the global properties differ. It will be assumed that the
coordinate ! is compactified on a circle S* with the length L, 0 < 2P~ <
L. For the remaining coordinates, as usual, we take —oco < ! < o0,
i =1,...,D — 2. Note that the proper length of the compact dimension
measured by an observer with fixed y is given by L, = aL/z = e v/af,
The latter is decreasing with increasing y.

We are interested in quantum effects on the vacuum state for a complex
scalar field ¢(x) induced by compactification of the dimension 2”~!. Assum-
ing the presence of an external gauge field A;, the corresponding equation
of motion reads

(9" DiDy +m? + €R) o(x) = 0, 2

with D = Vi + ieA; being the gauge extended covariant derivative op-
erator. We assume that along the compact dimension the field obeys the
quasiperiodicity condition

cp(t,xl, ... ,:cD_l + L,y) = ezﬁiago(t7x1, .. ,Q:D_ljy), (3)

with a constant phase «. Here we consider a gauge field configuration with
constant A;. In this case the corresponding field strengths are zero. However
due to the nontrivial spatial topology the field A; leads to physical effects.
In the geometry under consideration, in the presence of constant external
gauge field the VEVs of the current densities along the compact dimensions
are investigated in Bezerra de Mell et al. (2015), where it is shown that
Aharonov-Bohm like effects arise due to the non-trivial topology. In the
same geometry with the presence of branes the VEV of the current density
is investigated in Bellucci et al. (2015, 2016).

With constant A;, by the gauge transformation ¢(x) = e "X/ (1),
A; = AL+ 9;x(z), with x(z) = A;x’, one passes to a new gauge, where
Al = 0. However, the vector potential does not completely disappear from
the problem: it enters into the quasiperiodicity condition for the new field

Sol(t7 xl? A 7"BD71 + L7 y) = e2ﬂldgp/<t7 xl? et 'rDil? y)7 (4)
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where & = a + eAp_1L/(27). In what follows we will work in the gauge
(¢'(x), A}) with A, = 0, omitting the primes for the sake of simplicity.
In this gauge, the field equation takes the form with A; = 0. Note
that the shift in the phase induced by the gauge field can be written as
eAp_1L/(2m) = —® /P, where ® is the gauge field flux enclosed by compact
dimension and ®g = 27/e is the flux quantum. In addition, we assume the
presence of a brane located at y = yg. On the brane the field obeys the
Robin boundary condition

(1+ B9l Vi)p(a) =0, (5)

where 3U) is a constant and n‘ ., is the normal to the brane. In general, the
coefficients in the boundary condition can be different for the left and right
surfaces of the brane. The superscript (j) differentiates between the right
surface, y = yo + 0 (j = 1), and the left surface, y = yo — 0 (j = 2), of the
brane.

We are interested in the VEV of the surface energy-momentum tensor
TZ.(]:) for the complex scalar field (), localized on the brane. The expression
for the latter can be found in a way similar to that used in Saharian (2004)
for a real scalar field. On the background of a (D4 1)-dimensional spacetime
region M with timelike boundary dM; the surface energy-momentum tensor
has the form

T = §(2;0M,) |€00' K — (€ — 1/4) haen!' Vi (001)| (6)

where h;j, = gir, + ning is the induced metric, n’ is the inward pointing unit
vector field normal to OMg, §(x; 0M;) is the one-sided delta function, and
K, = héhznvlnm is the extrinsic curvature tensor of the boundary.

Let us denote by {cp((f) (), gp(f)(aj)} a complete set of positive and nega-
tive energy solutions of the field equation obeying the periodicity condition
and the boundary condition . The collective index o specifies the set
of quantum numbers specifying the solutions. For the background geometry
under consideration the mode functions can be taken as

D—1
e (z) = P72 [C10,(Az) + CoY, (Az)] expli Z ! F iwt], (7)
=1

where J,(\z) and Y, (A\z) are the Bessel and Neumann functions, w? =

A2+ 2k and

v =1/D?/4— D(D +1)¢ + m2a?. (8)

If the order v of the cylinder functions is imaginary the corresponding vac-
uum state is unstable [?]. For this reason we will consider only the values
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for the parameters in the problem for which v > 0. For the components of
the momentum one has —oo < k; < +o0, for Il =1,...,D — 2, and

n+a

kp—1 =k(n) =2r i

,n=0,£1,+2,... (9)
The complete set of quantum numbers o consists of the components of mo-
mentum k,, r =1,2,...,D — 1, and the "radial” quantum number .

The nonzero components of the induced metric on the brane y = yo and
the corresponding extrinsic curvature tensor are given by h,, = g,, and
K., = —nYg,,/a, where n") = 1 and n(® = —1. For Dirichlet boundary
conditions, SU) = 0, the surface energy-momentum tensor vanishes and in
the following discussion we will assume that 5U) # 0. By using the boundary
condition , for the VEV of the surface energy-momentum tensor @ one

obtains <0|Tl55)”\0> = d(x; (9M5)<Tl§j)y>, where

) (4) 26 —1/2
Gy — _gv™ (e 28— 1/= fy.

<7—u > 6u a (5 n(J)B(ﬂ) a) <90<;0 >]‘ (10)
Hence, the problem is reduced to the evaluation of the VEV of the field
squared on the brane <gog0T>y:y0. The VEV (10) is diagonal and all the
non-zero components are equal. For the observer living on the brane the

corresponding energy density ¢; (the energy per unit physical volume on

the brane) and the stresses p; are given by €; = <7‘éj)0> and p; = —¢;. These
quantities do not depend on the coordinates on the brane and correspond

to a source of the cosmological constant type for the observer on the brane.

3. Regularized VEV of the field squared

The main problem in is that the expression in the right-hand side di-
verges and some regularization procedure is required with subsequent renor-
malization. Here we follow the zeta function regularization technique. The
consideration in the regions y > yo (R-region) and y < yo (L-region) will be
presented separately.

3.1. R-region

We start with the R-region. From the boundary condition for the
mode functions for the coefficient Cs one gets

02 = —Cljl(,l)()\ZO)/Yy(l)()\Zo), Z0 — aeyo/a. (11)
Here, for a given function F'(x) we defined the notation

_ W) L)
FU(z) = A;jF(z) + BjaF'(z), A; = 1—|—§n(])6—, B; =nWE—. (12)
a a
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The coefficient C is determined from the normalization condition in a way
similar to that given in Bellucci et al. (2015).
As aresult, the VEV of the field squared on the right surface of the brane,

after integrating over the angular part of K = (ky,...,kp_2), is presented
as
21-Dp2, D ql-D
o D-3
(e DT ( D/2_1 Z / dK K

e 2 0m0) 5 T g
/odM VI H K21 E(n) (13)

In this and the following sections we will omit the y = yy subscript to the
VEV. The expression in the right-hand side of is divergent and requires
the regularization with the further renormalization.

For the regularization we define the function

94-D 41D DB2 oo Ad\
Pi(s) = 7D2HL (D)2 — 1) s 1L nzoo/ 20) + V2 )
00 D-3
X/ KP7°dK , (14)
0 [N+ K2+k2(n)|—/?

where p is an arbitrary mass scale introduced to keep the dimensionality of
the expression. The computation of the VEV of the field squared requires
the analytic continuation of the function ®(s) to the value s = —1: (ppf); =
®1(s)|s=—1. Evaluating the integral over K we obtain

@1 (s) = (M f n_zof (15)

where the generalized partial zeta function is defined as

2B1T(—a) /°° A2 + k2 (n)]¥dX (16)
0

¢ n(3> = - 7 )
W w2 (=s/2)pt Joo % (Az0) + VY% (Az0)
where ag = (D + 5)/2 — 1. Presenting the integrand in terms of the Hankel

functions and rotating the integration contour in the complex plane )\, the
following integral representation of the zeta function is obtained

T e e S
Conl®) = =R + 1) /,C(n)d“w B ey 07

valid in the slice —D < Res < 1 — D of complex plane s.
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3.2. L-region

In the L-region, from the regularity condition on the AdS boundary z =0
one gets Cy = 0 and the coefficient C is determined from the normaliza-
tion condition. From the boundary condition at y = g it follows that the
eigenvalues of \ are the roots of the equation j,EQ) (Azp) = 0. We will denote
these roots by A = X\, I = 1,2,.... For the corresponding regularized VEV
one finds

D
‘132(5)— (47r CE n_ZOOC@ (18)

where the generalized partial zeta function is defined as

B )\2+k2 )% T, (Aiz0)
n(s) = — 3/2 sHZ; TP (19)

Taking into account the fact that x = X\;zp is a simple zero of jy)(:c) and
using the residue theorem we get the representation

I'(—as o Ju(uz
C(Q)n(s) = _le“((—s/Q))uSH /Cdu U[’U,Z + kQ(n)] SM7 (20)

where C' is a closed counterclockwise contour in the complex plane u, en-
closing all the zeros \;. Deforming the contour C, the following integral
representation

—s—1

Can(s) = I'(as Jfl)l“(—s/2) /k(n) DN — B ]

IV(/\Z())
I (Az0)

(21)
is obtained in the —D < Res < 1 — D slice of complex plane s.
We combine the expressions and into a single expression

@) s o0 Fy(Ax
C(jym(s) = Tlaw s 1§‘F(78/2) /k(n) dAAN — kz(n)]aspy(j)((;o)). (22)

In this expression F' = K when j =1 and F = I when j = 2. Thus, for the
functions ®(s) we have

B a1 Dzo

n=—oo

This expression is valid in the slice =D < Res < 1 — D and with the
condition that )(u) does not have real zeros. To obtain the value at the
physical point s = —1, an analytic continuation is needed.
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4. Renormalization and the energy density

For non-zero Bj and for large values of u, the ratio in the integrand has
the following asymptotic expansion

F,(u) I & vl(F’j)
N (24)
F;SJ)(U) Bj lz; ul

The coefficients for I,,(u) and K, (u) are related as UZ(K’j) = (—1)lvl(1’j). The
first four coefficients in the series are

2 2
(Lj) _ a1 A a3 A A
’Ul —1, ’02 —5—7, U3 —§—7+ijz—?,
9 3
)3 A oy, 34 AT 25
vy 8+Bj(y )+2Bj2 B? V. (25)

For non-zero Kaluza-Klein modes k(n) we subtract and add to the frac-
tion under integral in Eq. the N leading terms of and integrate
the added part explicitly

n(j)ZO—QO‘s—2 oo uGj(u)
n = - d 2 —_ k2 2 Cl{s#
C(J) (S) F(_S/2)'us+1 ~/k(n)zo U [U (n)ZO] F(Oés + 1)

N (Fd)
T(1/2 — oy — 1
. vy Tl2-a )}, (26)

2B; £ T(1/2) (¥ (n) )22

with the notation

N (Fj
Ul( )

_ Fy(u) 1
G(u) = ) _EZ - (27)

If a zero mode k(n) = 0 exists, then we separate it from the sum in Eq.
and divide the corresponding integral into parts over the regions (0,1) and
(1, 00) and apply the same procedure for the integral over the latter interval.
As a result the following expression is obtained

iy 1—-D —s—1,D—2-"2a
nWa B 2 s

(4m)D/2-10(—s/2)T (a5 + 1)L

+o0 [e'e)
¢ 3 / duufu? — k2 (n)=2]% G (u)

n=—oo

Pi(s) = —

X

Dlas+1) ZN: oI (12 = s = 1) G0 (1/2 — @ — 1)

2B; 2 T (1/2)

(28)

=1
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where u, = k(n)zo0 + dox(n) and the part with

N (F.7)

F,(u) 1 v
dyw®@t1 =220 — (29)
/ (.7)( ) B] = 20és+2—l

comes from the zero mode and should be omitted if the problem at hand
does not have a zero mode. The local zeta function (p(z) in is defined as

1400
Co(x) = Z e 1/k%*(n), where the prime on the summation sign means

that the zero mode k(n) = 0 is excluded from the sum.

The integral under the second sum on the right of is convergent if
N > D+ Res — 1, and the sum over k(n) is convergent when N > D + Res.
Thus, if N > D the divergencies in at the point s = —1 come from the
first term in the square brackets (a simple pole contained in the summand
[ =D —1) and from the term with the local zeta function. In what follows
we will restrict ourselves to discussing the case & # 0. So for the phase
& we assume the range 0 < @ < 1. For the local zeta function one has
Co(x) = (L/2m)* S (n+ @)%, and consequently

n=—oo

Co(x) = (L/2m)*" [Cu (22,1 — &) + Cu (2, @), (30)

where (g (x;p) is the Hurwitz zeta function. The local zeta function enters
into the expression for the VEV in the form

P(z,p) =T() [ (22,p) + Cu (22,1 —p)], 0<p<1l. (31)
It can be seen that the function P(z,p) has a single simple pole located at
x=1/2.
For general N, we have the following expansion around the point s = —1:
(j)(2 )1—D (F.5)
n a v
P.(s) = D il e 32
where the dots stand for the terms vanishing for s = —1 and for the finite

part one has

<soso*>j,f:—2(r(27 ot S [ )

k(n)zo

n=—0oo

(j) ,1—D p N, Fdp .\ _
ij(u)—n a (2m) /vl ( /ZO)P(Z D+170~é>

20 | (Lf2)P & (2m)T(i/2) 2

~fiar (o= eam(5))].

The prime on the summation sign over [ means that the summand corre-
sponding to I = D for which the argument of the Hurwitz zeta functions

(33)
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becomes 1 is omitted. The structure of the pole term in allows us to
absorb them into the corresponding counterterms. For the finite part of the
surface energy density one gets

) 2% —1/2
Ejt = —nT (5 : 5(3/ > (ool s (34)

To obtain the total energy density on the brane the contributions coming
from the two sides of the brane should be summed. One can see, that for
odd D and boundary conditions with nM 31 = n(2 5@ = g the pole parts
in the expression of energy density coming from the two sides of the brane
cancel each other and finite expression remains

1 26 —1/2 2(4m)(1=D)/2 8
E__aD<£_ ; “){r(( D-1)/2)La Z/n)zo
[N/2 (12)

K, (u I,(u
<[u? — 23K2(m)] 7 I_(yf(:) +j£2§(3 . Z

(1,2) a1
vy (L/20)* [ (20-D+1 _
+(L/ZO)D = 211“(1)(27)21 P ( 5 ,Oé) : (35)

uzz

o D-1/21/2

Here [N/2] means the integer part of N/2. Note that the expression ({35
does not depend on the mass scale p. The energy density is an even
periodic function of the magnetic flux ® enclosed by compact dimension
with the period equal to the flux quantum ®.

The cosmological constant measured in units of the AdS curvature scale
a, aPe, depends on the ratio 3/a, on the parameter &, determining the mag-
netic flux enclosed by the compact dimension and on the ratio L/zy. Note
that the energy density depends on the length of the compact dimension and
on the location of the brane in the form of the combination L/zp. The latter
property is a consequence of the maximal symmetry of the AdS spacetime.

5. Conclusion

We have investigated the VEV of the surface energy-momentum tensor
for a charged scalar field, induced on a brane in background of a locally AdS
spacetime with a compact spatial dimension. The brane is parallel to the
AdS boundary and the field operator obeys Robin boundary condition on
it. In general, the Robin coefficients on the left and right hand sides of the
brane are different. The VEV of the surface energy-momentum tensor is
expressed in terms of the VEV for the field squared. The latter is divergent
and a regularization is required with the further renormalization. Here we
have used the generalized zeta function regularization scheme. In this way,
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Figure 1: The dependence of a”e (determined by the eq. ([35)) on the
ratio 5/a with fixed values of zp/L =1, & = 0.45, for minimally (a) and
conformally (b) coupled massless scalar fields (m = 0).

for both regions y > yo (R-region) and y < yo (L-region) the VEV of the
field squared on the brane is decomposed into the pole and finite parts. The
finite parts depend on the normalization mass scale y. This dependence dis-
appears in the total energy density on the brane for odd values of the spatial
dimension if the Robin coefficients for the R- and L-regions are related as
81 = —[2. In this special case, the VEV of the surface energy density is
given by (4.17) and for the corresponding pressures one has p = —e. This
corresponds to a cosmological constant induced on the brane by quantum
effects.
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Abstract

Models of static spherically-symmetric stellar configurations are
discussed within the framework of the Bimetric scalar-tensor theory
of gravity. The latter, in addition to the metric tensor and the scalar
field, contains a background metric tensor as an absolute variable of
the theory. The simplest variant of the theory with a constant coupling
parameter and with a zero cosmological function is considered. The
analysis includes both the white dwarfs and neutron stars. It is shown
that, depending on the value of the theory parameter, the correspond-
ing masses can be notably larger than those in general relativity.

Keywords: scalar-tensor theories — bimetric theories — superdense stars.

1. Introduction

The scalar-tensor theories are among the most popular alternatives of
general relativity (for reviews see Will (2018), Fujii & Maeda (2009)). The
gravitational sector in this theories, in addition to the metric tensor contains
a scalar field, usually referred as a gravitational scalar. The recent interest
to scalar-tensor theories is related to the fact that a scalar field directly inter-
acting with curvature of the spacetime appear in a number of fundamental
theories. The latter include Kaluza-Klein type theories with extra spatial di-
mensions, supergravity and superstring theories. The scalar fields also play
an important role in recent cosmology. In particular, in a large number of
inflationary models the accelerated expansion of the Universe at early stages
of the evolution is driven by the stress-energy of a scalar field (inflaton). In
a class of cosmological models, scalar fields are responsible for accelerated
expansion of the Universe at recent epoch. The scalar-tensor theories may
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also provide alternative models for dark matter and dark energy. Another
class of modified gravity theories, the so-called f(R)-gravities (for recent
reviews in various types of modified gravity theories see Will (2018), Clifton
et al. (2012), Schmidt-May & von Strauss (2016)), are presented in the form
of a scalar-tensor theory with the potential for a scalar field determined by
the f(R) function in the gravitational Lagrangian density.

The bimetric (or tensor-tensor) theories present another class of theories
alternative to general relativity. In these theories the additional field is a
second rank tensor. The latter can be either dynamical or non-dynamical
(absolute). Among the first examples for bimetric theories is the Rosen
theory. Recent activity in considering theories of gravity with two metric
tensors is partially related to non-linear extensions of Fierz-Pauli massive
gravity (for a review see Hinterbichler (2012)). In these models the second
tensor is required for the construction of non-linear generalizations of the
Fierz-Pauli mass term.

In Grigorian & Saharian (1990a, 1990b, 1990c, 1991) we have suggested
a variant of scalar-tensor theories involving a second non-dynamical metric
tensor: bimetric scalar-tensor theory (BSTT). The BSTT belongs to the
class of

metric theories of gravity and consequently obeys the Einstein equiva-
lence principle (for a general review see Will (2018)). Here we consider a
static, spherically symmetric configuration of gravitating masses within the
framework of BSTT. In a variant of the theory with a constant coupling
function and zero cosmological function the corresponding solution outside
the matter distribution (external solution) has been found in Grigorian &
Saharian (1990b). The results for a numerical integration of the internal
equations were presented in Grigorian & Saharian (1990b) and Grigorian et
al. (2018) and Avakian et al. (1991) for some special cases of the equation
of state for gravitating masses.

2. BSTT action and the field equations

The BSTT belongs to the class of metric theories of gravity with a pre-
ferred geometry. In addition to the curved metric tensor g¢;. it contains
a dynamical scalar field ¢(z) and a nondynamical metric ;. The latter
is the absolute variable of the theory. We will denote by Fﬁk and f‘ik the
Cristoffel symbols for the metrics g;r and ~;, respectively. Though these
quantities are not tensors, their difference, fék = Fék —fﬁk, is a tensor (affine
deformation tensor). It can be written as

_ 1 X . X
Tl = lem (vigmk + Vigmi — vaik) 7 (1)

where V; stands for the covariant derivative with respect to the metric ;.
As a consequence of the latter property, in theories with two metrics it is

L.Sh.Grigorian et al. 328



Superdense stellar configurations in the Bimetric scalar-tensor theory of gravity

possible to construct a Lagrangian density for the gravitational field from
the metric tensor and its first derivatives. In the bimetric formulation of
general relativity, up to a coefficient, the corresponding scalar is given by

Ag = gik <fén_kl - fékfﬁl) . (2)

This scalar differs from the Ricci scalar R for the metric g;x by a total
divergence, R = Ay + V! with w! = gikf‘ék — glkfﬁk. As a consequence of
the latter property, the field equations obtained from (2) coincide with the
Finstein equations for the gravitational field in general relativity. By the
standard variational procedure with respect to the background metric v;,
from (2) we can construct the energy-momentum tensor for the gravitational
field (see, for example, Babak & Grishchuk (1999)).

The BSTT is constructed on the base of general relativity in bimetric
formulation in a way similar to that the usual scalar-tensor theories are
constructed from general relativity with the Lagrangian density proportional
to the Ricci scalar. The action of the theory, in its general form, reads (here
and below we use the units ¢ = 1)

5= [ dov=g |~ 5+ §2 6 000010 = M) + Lot Vi)

20
(3)
where ((¢) is a dimensionless coupling function, A(y) is the cosmological
function, L,, is the Lagrangian density for nongravitational fields collec-
tively denoted by q,, V; is the covariant derivative operator with respect to
the metric g;;. The simplest variant of the theory corresponds to a constant
coupling function ((¢) = ¢ = const and to the zero cosmological function
A(p) = 0. In the nongravitational part of the Lagrangian density the gravi-
tational field enters through the metric tensor g;;. only and, hence, the theory
obeys the Einstein equivalence principle. In usual scalar-tensor theories in-
stead of A, in (3) the scalar curvature R for the metric tensor g, appears.
Though the difference R — A, is a total derivative, because of the spacetime
dependence of ¢, the field equations following from (3) differ from those for
scalar-tensor theories.
The field equations for the metric tensor and the scalar field, obtained
from (3), have the form

PR + Tipdip — T 009 — C(0)ipdrp/e = Tix — gixT/2 = A(9) gins
20 () ViVlip + [/ (@) — C (@) /@] VieVie = —p 20 (9) +Ag],  (4)

where Tix = (2/v/—9)0(v/—9gLm)/dg" is the metric energy-momentum ten-
sor for the nongravitational matter, " = ¢""T},,, the prime means the
derivative with respect to the field ¢ and the brackets in the index ex-
pression of the first equation mean the symmetrization with respect to the

L.Sh.Grigorian et al. 329



Superdense stellar configurations in the Bimetric scalar-tensor theory of gravity

indices included. By using the first equation in (4), the equation for the
scalar field can also be written in the form

Vi |2¢ (0) Vip — ot | = ¢ (9) VipVip = T +4A (p) — 20N (p).  (5)

From the equation for the nongravitational matter, §L,,/dq, = 0, it follows
that VkTi”C = 0. Note that, unlike to the usual scalar-tensor theories, in
BSTT the latter equation does not follow from the field equations. This is
a consequence of the presence of nondynamical metric ;5. Another con-
sequence is that in BSTT the gravitational field is characterized by the
energy-momentum tensor (Grigorian & Sahakian 1990d, 1994).

The first step to check the validity of the gravitational theory is to con-
sider the Newtonian and post-Newtonian approximations and to compare
the predictions of the theory with the observational data, in particular, for
the gravitational effects in the solar system and in double pulsar systems.
The gravitational effects are expressed in terms of the PPN (parametrized
post-Newtonian) parameters of the theory. Under the condition |¢(pg)| > v?
the PPN parameters of BSTT coincide with those for general relativity.
Here ¢ = g = (87G)~! is the value for the gravitational scalar at the
recent stage of the Universe expansion, G is the Newtonian gravitational
constant, v ~ P/p (P/p ~ 107 in the solar system) is the velocity in a
post-Newtonian system with the pressure P and the energy density p. In
particular, in contrast to most other bimetric theories, the PPN parameters
of BSTT do not depend on the cosmological connection coefficients. This is
related to the fact that the background metric ;. enters in the action of the
theory through its Cristoffel symbols only. Note that in the Brans-Dicke the-
ory (the simplest variant of scalar-tensor theories with {(¢) = ¢ = const and
A (¢) = 0) for the post-newtonian parameter v one has v = (1 +¢)/(2 + ()
and the observational data within the framework of the solar system strongly
constrain (mainly from Cassini measurements of the Shapiro time delay) the
theory parameter: ¢ > 4-10%. This difference between the two scalar-tensor
theories is related to that in the Brans-Dicke theory the scalar field is sourced
by the scalar curvature R (in the equation for the scalar field, that is the
analog of the second equation in (4), R stands instead of A,) which is of the
order v? and, hence, the same for the variations of scalar field. In BSTT,
the scalar field is sourced by A, which has the order v* and related to that
the variations of scalar field in post-Newtonian systems are of the order v
if the theory parameter is not too small (in the variations the parameter ¢
enters in the form 1/¢ (see, for example, (19) below)).

The gravitational waves in BSTT have been analyzed in Saharian (1993a,
1993b). In this theory, the velocity of weak perturbations of the curved met-
ric coincides with the speed of light in the vacuum. In a variant of the theory
with zero cosmological function, the same is the case for the scalar field. Sim-
ilar to general relativity, the BSTT is of class Ny in F(2) classification of
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the gravitational waves polarization of metric theories of gravity. In partic-
ular, this means that in BSTT the weak perturbations for metric and scalar
field propagate independently. In usual scalar-tensor theories (for example,
in Brans-Dicke theory) the equation for weak perturbations of the metric
tensor contain a contribution from the scalar field as well (see, for example,
Will (2018)). As a consequence of that the scalar and metric perturbations
are mixed and the theory belongs to the class N3. Related to the presence
of a scalar degree of freedom, in addition to the standard quadrupole gravi-
tational radiation, in BSTT there is also dipole gravitational radiation. The
corresponding Peters-Mathews parameters for the radiation from a grav-
itating system with small velocities and nonrelativistic internal structure
have been determined in Saharian (1993a). The corresponding formalism
for a system of gravitating bodies with small velocities but with relativistic
internal structure (modified Einstein-Infeld-Hoffmann formalism) has been
considered in Saharian (1993b).

3. Spherically symmetric static configurations

Consider a static spherically symmetric stellar configuration described
by the energy-momentum tensor

T = (p+ P) ujur, — Pgig. (6)

Here p and P are the energy density and the pressure of the matter and wu;
is the corresponding four-velocity. In the coordinate system (t,r,6, ¢) with
the background metric

yir = diag(1, —1, —r2, —r%sin? 9), (7)
the curved metric tensor is presented as
gir = diag(e”, —e, —r2et, —r2et sin? 0), (8)

where v(r), A(r), p(r) are functions of the radial coordinate tending to zero
at large distances from the configuration. The scalar field depends on the
radial coordinate alone: ¢ = ¢(r). We will consider the variant of the theory
with ((¢) = ¢ = const and A(y) = 0.

From the equation (4), for 0 < r < oo we get

(1 — e*ﬂ) [90" + ¢ <i + v ;r X)] =¢' (N —=4), (9)

where the prime stands for the derivative with respect to r. The integration
of this equation leads to the result

(eu—)\ _ 1) 7"2()0/6(V+)\)/2 = const. (]‘O)
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Assuming that ¢/(0) is finite from here we find u(r) = A(r). With this
relation, the spatial part of the metric tensor (8) is conformally flat (this
corresponds to isotropic coordinates in general relativity). Introducing the
notation z = (v + A)/2 and the functions

M(r) = 47r/0 drr? (p+3P) e, B(r) = 47r/0 drr?Pe3* 7V, (11)

the remaining equations are presented in the form

M —z / —z
Vo= 7(7”)26 ,C£+2z':73ﬁ(r)2€ 7
4mrep ® dmrep
v 9 2 ¢ (,0/ 2 P
P/ - _ P 12 g v 5[ :722—1/ 192
IV e

In addition, the equation of state p = p(P) should be given. For nongrav-
itational sources obeying the strong energy condition one has p + 3P > 0
and the function v(r) is monotonically increasing.

Let us denote by 71 the radius of the configuration. Then, in the region
r > r; one has p = 0 = P. In this region M(r) = M(r1) = M, B(r) =
B(r1) = B and ¢(r) — ¢o = 1/(87G) for r — oo. The latter condition
is required to ensure the limiting transition to the Newtonian gravity for
weak fields. Note that the Tolmen formula for the mass M = M(rq) of the
configuration, obtained in general relativity, is valid in BSTT as well (see
Avakian et al. (1991)). In the case ¢ # 2 the corresponding solution for the
function v = v(r) is given by

¢’ = exp [\}a <2&rctan2l_\/aa/< - wﬂ , (13)

for a > 0 and by

1
21 — —v—al|v=e
o — |20/ ar, (14)
2l —a/C++/—a
for a < 0. Here l =r/ry, ry = 2GM, and
127 (™ 1-a? 1
a= ﬁﬂ ; drriPe¥*™", a = ZCa -1 (15)

For the remaining metric component and the scalar field we get the
expressions

A ’ 412 “exp[c+2(a—l)]
2l —a/¢)*+a 2—¢ ’
Y 412 = (au)
wo ’(2[—@/{)24-& Pl (16)
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As seen, the external solution, in addition to the mass M, is determined by
the parameter «. In the special case ( = 2 the solution is specified to

e = |1—a/2¥", = |1— a2V exp <1+2;/a> :
i% — |1-a¢2u5“1ﬁ”2eq)<—1‘t;/a>. (17)

Under the condition —(/2 < a? < 1 — (/2 the external solution is regular
for all 1. For the values of the parameter a outside this region the external
solution is singular at

. _Lfa 1 1-a?
o\ c Va2 )

if r1 < lcrg. In the limit ¢ — oo one has a = —1/4 and the solutions (14),
(16) reduce to the Schwarzschild solution in general relativity in isotropic

coordinates:
, I—1/4\? 1\*
e _><l+1§4> ,e/\—><1+4l> , P — 0. (18)

In these coordinates the horizon corresponds to the spherical surface r =

re/4.
At large distances from the spherically symmetric configuration one has

evzl_ﬁ+ﬂ(rﬁ)2’e’/%1+i‘7,£m —%. (19)
T 2 T T 9o qr

Similar to the post-Newtonian considerations, in the expansion for the ggg
component of the metric tensor we have also kept the next-to-leading correc-
tion. As seen, the theory parameter enters into the corrections in the form
of the ratio o/¢. For a < ¢ (this is the case for nonrelativistic sources and
for ¢ 2 1) the variation in the scalar field is much smaller than that for the
metric tensor components. Note that in the solar system o < 5-1075. For
this type of matter sources one has [, =~ (1/4) /1 — 2/( and the spherical
surface [ = [ is inside the Schwarzschild horizon in general relativity.

4. Superdense stellar configurations

In this section we consider models of superdense configurations based on
the numerical integration of the equations (12). It is convenient to use the
pressure as an independent variable and to consider the equation of state
of the form p = p(P). For a given value of the central pressure P(0), the
quantities (0), A(0), ¢(0) and the mass M are determined by the matching
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conditions for the external and internal solutions on the surface of the grav-
itating body r = r1, where P(r;) = 0. Figure 1 presents the dependence of
the mass (in units of the solar mass Mg) of a superdense configuration as
a function of P(0) for different values of the theory parameter ¢ (numbers
near the curves). In the numerical integration we have used the equation
of state from Sahakian (1974), Grigorian (1983), and Sahakian (1995). The
curves with { = oo correspond to configurations in general relativity.

0.4

0““\““\““\ T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

arctan [IgP33(0)]

Figure 1: The mass of a superdense star as a function of the central pressure
P(0). The numbers near the curves correspond to the values of the BSTT
parameter ¢ and P33 = P/10%3%erg - cm 3. The curve ¢ = oo corresponds to
configurations in general relativity.

In general relativity, the configurations corresponding to the monotoni-
cally increasing segment on the left of the first local maximum correspond
to white dwarfs. The monotonically increasing segment between the first
and second local maxima corresponds to configurations which are unstable
against radial perturbations. The monotonically increasing segment between
the second and third local maxima corresponds to neutron stars. Note that
in BSTT the issue of stability of the static configurations requires an addi-
tional investigation. As seen from the graphs, depending on the value of the
theory parameter ¢, in BSTT the masses of the corresponding configurations
for a fixed value of the pressure at the center can be essentially larger com-
pared with the corresponding values in general relativity. For large values
of the parameter, ( > 1, the curves in BSTT and in general relativity are
practically indistinguishable. Note that the study of neutron star masses,
presently has attracted a considerable interest both in the fields of theory
and observations (see, for instance, Ozel & Freire (2016), Horvath et al.
(2017)). This, in particular, was motivated by the observation of neutron
stars with masses near 2M,.
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In addition to the mass of the configuration, the external geometry
is determined by S = S(r1). In terms of this parameter one has o =
36/M. In figure 2 we have plotted the ratio 3/Mg as a function of P(0)
for { = 0.1,0.4,00. For configurations corresponding to white dwarfs one
has /Mg < 1. The numerical analysis shows that the difference of the
external solution from that in general relativity with the same value of the
mass is rather small. The numerical integration shows that for ( > 2 the
parameters of the configurations in BSTT are very close to those for general
relativity.

o2sf

[ 04
0.20} ]

o 0.15¢ 1
s [

!
8

0.10F 1

0.05; 01 1

0.00 | e
15 -10 -05 00 05 10 15

arctan [IgP33(0)]

Figure 2: The dependence of the ratio 5/Mg on the central pressure. The
numbers near the curves correspond to the values of the BSTT parameter

.

Figure 3 presents the radius of the configuration versus the central pres-
sure for different values of the parameter ( (numbers near the curves). The
graphs show that, depending on the value of (, the radii of the configurations
may notably exceed the corresponding values in general relativity.

5. Conclusion

We have investigated static spherically symmetric configurations of grav-
itating masses in the simplest version of BSTT with a constant coupling
function and with the zero cosmological function. The constraints on the
coupling constant, obtained from the observations within the framework
of the post-Newtonian approximation, are essentially weaker than those in
usual scalar-tensor theories (Brans-Dicke theory). The corresponding exter-
nal solution is given by (13), (14) and (16). In addition to the mass, the
solution depends on the parameter « that is determined in terms of the in-
tegral involving the pressure of the gravitating matter. For the integration
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Figure 3: The radius of a superdense star versus the central pressure. The
numbers near the curves correspond to the values of the parameter . The
curve ( = oo corresponds to the results in general relativity.

of the field equations inside the configuration we have used the equation of
state from Sahakian (1974, 1995) and Grigorian & Sahakian (1983). The
corresponding numerical data are presented in figures 1-3. These results
show that, for strong gravitational fields, depending on the value of the
BSTT parameter  the characteristics of the superdense configurations may
essentially differ from those in general relativity. Note that we have consid-
ered spherically symmetric solutions with variable gravitational scalar.
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Abstract

We examine the range of rest-mass densities, temperatures and
magnetic fields involved in simulations of binary neutron star mergers
(BNSM) and identify the conditions under which the ideal magneto-
hydrodynamics (MHD) breaks down using recently computed conduc-
tivities of warm, magnetized plasma created in such systems. While
previous dissipative MHD studies of BNSMs assumed that dissipation
sets in due to low conduction at low rest-mass densities, we show that
this paradigm must be shifted: the ideal MHD is applicable up to the
regime where the hydrodynamic description of matter breaks down.
We also find that the Hall effect can be important at low densities and
low temperatures, where it can induce a non-dissipative rearrangement
of the magnetic field. Finally, we mark the region in temperature-
density plane where the hydrodynamic description breaks down.

Keywords: binary neutron star mergers - magnetohydrodynamic simu-
lations - magnetic-field decay - electrical conductivity - Hall effect

1. Introduction

The recent detections of gravitational waves by the LIGO and Virgo
detectors have opened a new chapter in multimessenger astronomy. The
observations of GW170817 and GRB170817A provided the first direct ev-
idence that a class of short gamma-ray bursts (GRB) can be associated
with the inspiral and merger of binary compact stars. As the magnetic field
plays a central role in the generation of the GRBs, the physics of inspiral
and merger of magnetized neutron stars can now be constrained directly by
observations. The general-relativistic MHD simulations of these processes
have advanced steadily over the recent years (Faber 2012, Paschalidis 2016,
Baiotti 2016) and can be carried out either in the case of ideal (Rezzolla
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2011, Kiuchi 2014, Palenzuela 2015, Kawamura 2016, Ruiz 2016, Kiuchi
2017, Ruiz 2018) or resistive MHD (Dionysopoulou 2012, Palenzuela 2013b,
Palenzuela 2013a, Dionysopoulou 2015).

The aim of this work is to investigate the conditions under which the
non-ideal MHD effects can be important in the contexts of BNSMs and the
evolution of the post-merger object. For doing so, we first discuss briefly the
relevant time- and lengthscales over which the physical parameters evolve
in the simulations of magnetized BNSMs. Characteristic timescales of sim-
ulations set the upper bound 7y over which the relevant quantities need to
change to be relevant dynamically. The current highest resolution simu-
lations of the merger process (Siegel 2013, Kiuchi 2015, Kiuchi 2017) are
limited in time after merger due to numerical costs. Lower-resolution simu-
lations can be carried out up to the point of the collapse to a black hole or
the formation of a differentially rotating and unstable neutron star, and last
typically tens of milliseconds (Dionysopoulou 2012, Dionysopoulou 2015).

To extract the relevant lengthscales we use an ideal MHD simulation of
the merger of an equal-mass magnetized binary system with a total ADM
mass of Mapm = 3.25M¢ and initial orbital separation of 45 km. The finest
resolution of the simulation is lp &~ 227m, and the merger takes place at
tmg ~ 3.5ms after the start of the simulation (see ref. Harutyunyan 2018
for details).

The main features of the ideal-MHD simulations which are important
for our estimates are: (a) the characteristic lengthscales over which the
magnetic-field variations can be significant are A\p ~ 1km or less, with
the lower limit obviously given by the resolution of the simulation; (b) the
characteristic lengthscales over which the rest-mass density variations can
be significant are A\, ~ 10km, i.e., the density of matter is approximately
constant over the lengthscales of variation of magnetic field; (c) the charac-
teristic timescales relevant for the simulations are of the order of 7y ~ 10 ms.

We start this review by collecting the relevant formulae for the char-
acteristic timescales which describe the evolution of the magnetic field in
Sec. 2. In Sec. 3 we present our numerical results and identify the density-
temperature regimes where the ideal MHD approximation as well as MHD
description of plasma are justified. Our results are summarized in Sec. 4.

2. Ohmic diffusion and Hall timescales

As is well-known, the MHD description of low-frequency phenomena in
neutron stars is based on the following Maxwell equations

10B 47

E: B:*AE 1
V x o V x _OF, (1)
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where & is the electrical conductivity tensor. Eliminating the electric field
E, we obtain an evolution equation for the magnetic-field

0B
= -V (2VxB). @)
ot
where 0 is the electrical resistivity tensor defined as ¢ = (¢?/4m)6~1.
In the case of isotropic conduction ;; = d;;0, and Eq. (2) reduces to
4o OB
——— = AB. 3
cz ot (3)
For qualitative estimates we approximate |[AB| ~ B/)\% and |0B/0t| ~
B/14, from where we find an estimate for the magnetic field decay (Ohmic
diffusion) timescale 74

Ao \2
2. (4)

In the presence of strong magnetic fields the electrical conductivity and
resistivity tensors can be decomposed as (by = By/B)

Td =
c

Okj = O0kjo0 — €kjmbmor + bpbjoa, (5)
Oik = 0ik00 + €ikmbmor + biby02. (6)

The components of the resistivity tensor p are related to those of & by

62 oy} 02 01 62 U%—UOUQ

= "5 5 01 = ———5 5 02
4 o3 + 0%’ 4T o} + o}’

: (7)

€0 " 4o 08 + a%
where 0 = gg + 02 is the longitudinal conductivity, i.e., the electrical con-
ductivity in the absence of magnetic field. The three components of the
conductivity tensor are given by the following Drude-type formulas (Haru-
tyunyan 2016)

et o (weT)o

O = ———"—, (o) g1 = m = (WCT)O'O. (8)

5 1 (wer)?’
Here n. is the electron number density, e is the elementary charge, c is the
speed of light, 7 is the electron mean collision time, w, := ecBe~! is the
cyclotron frequency, and ¢ is the characteristic energy-scale of electrons.
From Egs. (7) and (8) we obtain the following estimates for the compo-
nents of the resistivity tensor

02

00=-—", 01= (%7')907 02 ~ 0. (9)

Now, upon using Egs. (6) and (9) and approximating again ;B ~ B/Ap,
we estimate the right-hand side of Eq. (2)

B
|0 VXxB| ~max(1,w.T) 00— (10)
B
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In the case of small magnetic fields w.7 < 1 we recover the isotropic case
from Egs. (2) and (10). The evolution of magnetic field is then determined
by the Ohmic diffusion timescale 74 given by Eq. (4). Conversely, in the
strongly anisotropic regime, where w.7 > 1, the magnetic field evolution is
determined by the characteristic timescale 75 given by

T4 47mee)\23 47rep)\23 Z

= . 11
WeT cB cB Am,, (11)

B =

In the last step we used the condition of the charge neutrality, which implies
ne = Zp/(Amy,), where Z and A are the charge and the mass number of
nuclei, respectively, and m,, is the atomic mass unit.

Thus, in the strongly anisotropic regime which is realized for sufficiently
high magnetic fields and low rest-mass densities the characteristic timescale
over which the magnetic field evolves is reduced by a factor of w.r due to
the Hall effect. We see from Eq. (11) that the timescale 7p decreases with
an increase of the magnetic field and, in contrast to the Ohmic diffusion
timescale 74, is independent of the electrical conductivity o. The physical
reason for this difference lies in the fact that the Hall effect per-se is not
dissipative. Note however that it can act to facilitate Ohmic dissipation. For
instance, the Hall effect may cause the fragmentation of magnetic field into
smaller structures through the Hall instability, which can then accelerate
the decay of the field via standard Ohmic dissipation (Gourgouliatos 2016,
Kitchatinov 2017).

3. Results

In order to estimate the Ohmic diffusion timescale given by Eq. (4) we
use the following fit formula for the electrical conductivity o (Harutyunyan
2016, Harutyunyan 2017)

1.5 x 1022 Tk a TN/ T ¢
— — — +d) st 12
g Z (1 MeV) <1F> <2F+ > > ( )

where T and T = 0.511[\/1 + (Zps/A)*/3 — 1] MeV are the temperature
of stellar matter and the Fermi temperature of electrons, respectively, pg :=
p/(10% g cm™3), and the fitting parameters a, b, ¢, d are functions of Z.

At low-density (pg < 1) and high-temperature (7" 2 1MeV) regime of
stellar matter where we are mainly interested, the matter consists mainly
of hydrogen nuclei. In this case a = 0.924, b = 0.507, ¢ = 1.295,d =
0.279 (Harutyunyan 2017), and, approximating also Tr ~ 0.25 pg/ S MeV <
T in Eq. (12), we find the following estimate for Eq. (4)

. p 0.1 T \% /2y \2
~ 1 — . 1
7a =510 (1 gcm3> <1MeV> <1km) i (13)
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Figure 1: Dependence of the Hall timescale 7 on the rest-mass density
for two values of the magnetic-field scale-height Ap = 1 km (left panel), and
Ap = 1m (right panel). The solid horizontal lines correspond to the typical
timescale of 79 = 10ms. The shaded areas where 75 < 7( are the regions
where the Hall effect becomes important.

This timescale is clearly much larger than the typical timescales 79 >~ 10 ms
involved in a merger. Given the current limitations on the resolution to the
order of a meter and choosing the most favorable temperature and density
values we can obtain an effective lower limit on 74 by substituting in Eq. (13)
Ap = 1m, p~103gcm™3, and T = 0.1 MeV, in which case 74 ~ 10%s,
which is still much larger than 7y (although smaller rest-mass densities can
be reached in BNSMs, for Ap = 1m and T = 0.1 MeV the MHD approach
breaks down already at p < 1073 g cm™3; see the discussion in Sec. 3.1).
Thus, our analysis suggests that resistive effects do not play an important
role in the MHD phenomenology of BNSMs and the ideal-MHD approxima-
tion in BNSM simulations is always justified as long as the MHD descrip-
tion itself is valid. Our conclusion is in contrast with the previous paradigm
of onset of dissipative MHD in low-density regime (Dionysopoulou 2012,
Dionysopoulou 2015) where the nearly zero-conductivity of matter would
have implied 7, — 0.
In a similar way we express the Hall timescale 75 given by Eq. (11) as

2
-~ -1 P AB
ey () (22 "

where Byy := B/(10'*G). Clearly, the timescale 75 is much shorter than
the diffusion timescale and it can be in the relevant range of milliseconds
for sufficiently low densities and large magnetic fields.

The dependence of 7 on the rest-mass density is shown in Fig. 1 for
Ap = 1km and Ag = 1m for several values of the magnetic field. At low
densities (the shaded areas in the figure) we have 75 < 7¢, therefore in
these regions the magnetic field can be subject to the Hall effect, which will
change its distribution on a timescale 7. It is seen from Fig. 1 that, e.g., for
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log(p) [gem™) log(p) [gem™]

Figure 2: Regions of the wvalidity of MHD and ideal MHD on the
temperature-density plane for A\p = 1km (left panel), and Ap = 1m (right
panel). The value of the magnetic field is fixed at Bj4 = 1, and the typical
timescale is taken 79 = 10 ms. Areas shaded in dark-orange are the regions
where the ideal-MHD approximation holds; areas shaded in dark-violet are
the regions where the Hall effect becomes important. Above the solid black
line Ap = Angp the MHD description of matter breaks down.

By4 = 1, g reaches the value 79 = 10 ms for Ap = 1 km at very low densities
p <1073 gem™3, while for A\ = 1m the value 73 = 10ms is reached already
at the densities p < 103 gcm™3, in agreement with the scaling 75 o p/\ZB.

3.1. Validity of the MHD approach

After having assessed the ranges of validity of ideal MHD, we can now
turn to the next natural question: what limits the applicability of the MHD
approach in the present context? Clearly, at very low rest-mass densities
the mean free path of electrons A,g = 7v becomes large and the validity
of the MHD description of matter itself can break down. We recall that
hydrodynamic description of matter breaks down whenever A\pnp > Ap.

At low densities and high temperatures we can obtain a simple estimate
for Amfp [the arguments are similar to those leading to Eq. (13)]

p ~0.9 T \18
Amfp 2 4.2 | ——— . 1
fp (1 gcm3> (1 MeV) o (15)

Now the condition of applicability of MHD description, i.e., Amg, < Ap, can
be written as

2 —1.1
>1.4x%x107° r B =3 16
priax 1MeV ) \1km sem (16)

It follows from Eq. (16) that the higher the temperature or the smaller
the typical lengthscale g, the higher the rest-mass density below which the
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MHD description breaks down. Figure 2 shows the regions of validity of the
MHD description in the temperature-density plane for Ap = 1km and Ap =
1m. The low-temperature and high-density region corresponds to the regime
where ideal MHD conditions are fulfilled. Adjacent to this, a lower density
region emerges where the MHD is applicable, but the Hall effect should be
taken into account; the exact location of this region depends on the strength
of the magnetic field. It moves to lower rest-mass densities for the weaker
magnetic field. Above the separation line Ap = Ay, the low-density and
high-temperature region features matter in the non-hydrodynamic regime,
i.e., in a regime where the MHD approximation breaks down and a kinetic
approach based on the Boltzmann equation is needed.

4. Summary

Motivated by recent developments of multimessenger astronomy started
with the observations of GW170817 in electromagnetic and gravitational
waves, we addressed in this work the role of dissipative processes in the
MHD description of BNSMs. Using recently obtained conductivities of
warm plasma in strongly magnetized matter we analysed the timescales for
the evolution of the magnetic field under the conditions which are relevant
for BNSMs. We found that the magnetic-field decay time is much larger
than the relevant timescales for the merger process in the entire density-
temperature range characteristic for these processes. In other words, the
ideal MHD approximation is applicable throughout the entire processes of
the merger. This conclusion holds for lengthscales down to a meter, which is
at least an order of magnitude smaller than currently feasible computational
grids. Our finding implies a paradigm shift in resistive MHD treatment of
BNSMs, as these were based on the modeling of conductivities which vanish
in the low-density limit (Dionysopoulou 2015). We have demonstrated that
the ideal MHD description does not break down due to the onset of dissi-
pation, rather it becomes inapplicable when the MHD description of matter
becomes invalid.

We have demonstrated that the Hall effect plays an important role in
the low-density and low-temperature regime. Thus, the ideal MHD descrip-
tion must be supplemented by an approach which takes into account the
anisotropy of the fluid via the Hall effect. As is well-known, the Hall effect
can act as a mechanism of rearrangement of the magnetic field resulting in
resistive instabilities (Gourgouliatos 2016, Kitchatinov 2017). We hope that
our study will stimulate MHD simulations which will include these effects.
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Abstract

In some galaxies there are magnetic fields of several microgauss.
Their evolution is connected with dynamo mechanism which is based
on joint action of alpha-effect and differential rotation. The equations
of the dynamo theory usually include some averaged kinematic charac-
teristics of the interstellar turbulence. This approach is quite suitable
for galaxies with ”calm” interstellar medium. As for the galaxies with
intensive star formation or supernovae explosions it will not give proper
results. For this case the HII regions are quite small, exist for small-
time and their localization can be assumed random. So it is useful to
take the dynamo equations with random coefficients, which take one of
two values (the first one is connected with HI regions, and the second
one — with HIT). We have studied the magnetic field evolution in the
stochastic dynamo model for some typical cases. From the mathemat-
ical point of view, the results show some special effects. Firstly, the
magnetic field evolution demonstrates the intermittency effect: higher
statistical moments of the field grow faster than the lower ones. More-
over, the magnetic field in this model can have large fluctuations, so
we have also described the correlation function of the field.

Keywords: galazies - magnetic fields — dynamo — intermittency — correla-
tion function.

1. Introduction

Nowadays it is no doubt that some of the galaxies have large-scale mag-
netic fields of order of microgauss (Beck et al. 1996). From the observational
point of view, they are studied by the measurements of Faraday rotation of
polarization plane of radiowaves on modern radio telescopes, such as VLA,
LOFAR and SKA (in future). Also their existence is proved by synchrotron
emission spectra. It is thought that the magnetic field has two different com-
ponents: the first one (small-scale) is fully random and it has the typical
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lengthscale of 50-100 pc, and the second one has the lengthscale comparable
with the whole galaxy. It can be obtained as a result of averaging the full
magnetic field, and it is called regular, or large-scale magnetic field.

As for theoretical description, the galactic magnetic fields evolution is
usually connected with the dynamo theory (Arshakian et al. 2009). As for
the large-scale field, the dynamo mechanism is based on joint action of alpha-
effect and differential rotation. Alpha-effect is connected with vorticity of
the interstellar turbulent motions (it makes the radial component of the
magnetic field from the angular one). The second effect characterizes non-
solid rotation of the galaxy, and it transforms the radial magnetic field to
the angular one. They compete with the turbulent diffusion, which makes
the field decay. If the joint intensity of the alpha-effect and differential
rotation is higher than the dissipative processes, the magnetic field grow,
else it decays. So the dynamo mechanism is threshold: the field evolution is
characterized by so-called dynamo number, and the field enlarges only for
some of its values.

The evolution of the regular magnetic field is described by the Steenbeck
— Krause — Rédler equation, which is quite difficult to be solved both ana-
lytically and numerically. So the equations are usually solved using different
simplified models for the field. One of the most important approaches is
connected with so-called no-z approximation. It takes into account that the
galaxy disc is quite thin, so some of the derivatives can be changed by the
algebraic expressions. The equations of the no-z approximation include coef-
ficients constructed of averaged characteristics of the interstellar turbulence
(Moss 1995; Phillips 2001).

This method is quite well for modelling the magnetic field in ”calm”
galaxies, where the parameters of the interstellar motions are well described
by averaged one. However, there are a lot of galaxies where there are such
intensive processes as star formation, supernovae explosions, outflows from
stars etc. The interstellar turbulence can differ very much from the effec-
tive characteristics. There are two different ways of modelling the magnetic
fields in such objects. On the one hand, we can parameterize the velocity of
the interstellar motions, typical lengthscale of turbulence and another values
(Mikhailov et al. 2012). On the other hand, the star formation (and other
active processes) are quite rapid and they are localized in some small regions.
Roughly it can be said that the localization of these regions is random. So
it would be useful to describe the magnetic field evolution taking the model
with random coefficients. The estimates of the magnetic field evolution have
been made in some previous works (Mikhailov & Modyaev 2015; Mikhailov
& Pushkarev 2018). It is also interesting to study the correlation function
for the magnetic field, which can connect the values of the field at different
times. In this work we give the results for the magnetic field evolution for
the model with random coefficients and for the correlation function.
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Figure 1: Evolution of the magnetic field. Solid line shows p = 0.00, dashed
line — p = 0.05, dotted line — p = 0.20.

2. Basic equations
The galactic magnetic field H contain two main parts:
H=B+b,

where b is the small scale magnetic field, which has the same lengthscale as
the turbulent motions, and B is the large-scale component of the field. The
evolution of this component is described by Steenbeck — Krause — Rédler
equation (Steenbeck et al. 1966):

%]? = curl[V, B] + curl(aB) + nAB,;
where V is the large-scale velocity of the interstellar medium (usually it is
connected with rotation of the galaxy), « characterizes the vorticity of the
turbulent motions, 7 is the turbulent diffusivity.

In the no-z approximation it is assumed that the magnetic field nearly
lies in the equatorial plane, and for the field components we have:

By (1,0, 2,t) = By, (r, 9,0,t) cos (g—;) ,
where h is the half-thickness of the galaxy disc. So the z-derivatives of the
field will be the following;:

0’Bry mBrp

022 4h?
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Figure 2: Momentums of the magnetic field. Solid line shows the typical
field, dashed line — mean field, dotted line — mean square field.

As for the alpha-effect, it is often used that o = ap7, where ap = QTF

Usually it is convenient to use the dimensionless time measured in units of
h? /n. If we neglect the dissipation in the disc plane, for the magnetic field we

have the equations (Moss 1995; Phillips 2001; Mikhailov & Modyaev 2015):

0B, kB,
= - OcB - ;
ot RaB, 4
0B, kB
~Qa, — wBr - 50’
ot R 4

where R, characterizes alpha-effect, R, — differential rotation. The coef-
ficient k depends on the velocity of the turbulent motions. The values of
k =1 can characterize "calm” galaxies, and k ~ 3 is connected with regions
of star formation.

3. Model with random coefficients

If we solve the eigenvalue problem for no-z approximation equations, we
obtain that the field can grow with velocity of

2L
1=— +VD,

where D = Ry R, is the dynamo-number which described the possibility of
the field generation. Usually for such galaxies as Milky Way or M31 D = 10,
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Figure 3: Correlation function for the field. Solid line shows T" = 0.1,
dashed line — 7' = 1.0.

so if the star formation is weak (k = 1), the field can grow. If we have more
intensive turbulent diffusivity, the field will decay.

To model the magnetic field, we use the equations with random coef-
ficient k. It is constant during time intervals [0, At), [At,2At), ..., [(n —
1)At,nAt), ... and it takes random values:

b k1 with probability p;
| ko with probability (1 — p)

We take k1 = 3.5 (for HII regions) and k2 = 1.0 (for HI). The probability p
can be connected with star formation rate ¥ (Mikhailov 2014):

p 123,

where ¥ is measured in Mgkpe=2yr~!. The field evolution is shown on Fig-
ure 1. We can see that the magnetic field can grow if p < 0.12, else large-
scale structures decay. It is connected with intensive turbulent dissipation
processes, which destroy regular structures of the field.

It is also interesting to study the statistical momentums of the solution,
which characterize the field evolution (Figure 2). We can see the intermit-
tency effect: mean square field grows faster than the mean one. This is
connected with rare, but very large solutions of the equations (Zeldovich et
al. 1987).

Such effects can be studied better using the correlation function of the
field, which connects its values for different time momentums:

K(t,T)=<B(t),B{t+T)>.
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Figure 4: Normalized correlation function for the field. Solid line shows
T = 0.1, dashed line — T = 1.0.

The typical results are shown on Figure 3. The main part of the correlation
function is connected with the exponential growth. To study the connection
between the field for different times, it is much better to use the normalized
correlation function:

K(t,T)

K(t,0)

K,(t,T) =

It is shown on Figure 4.

4. Conclusions

We have studied the magnetic field evolution in the galaxies with inho-
mogeneous interstellar medium, using the model with random coefficients.
We have shown that for intensive star formation the large-scale structures of
the field can be destroyed. This effect can be supported by the observations
of the magnetic field in NGC 6946: the field in this galaxy is concentrated
between the spiral arms, where there is quite intensive star formation (Beck
& Hoernes 1996).

The magnetic field also demonstrates the intermittency effect in this
model: the higher momentums grow faster than lower ones. We have studied
the correlation function for the field, too. It shows that in our model the
values of the field for different momentums are quite close.

It would be interesting to study another random effects in the dynamo
model. For example, we can study the fluctuations of another governing
parameters, or injections of the magnetic field (Moss et al. 2014).
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Abstract

To study some characteristics of the interstellar medium, observa-
tional data of pulsars with large Faraday rotation values ( |[RM| > 300
rad / m2) were used. It was suggested and justified that large |RM|
values can be due to the contribution of the regions with increased
electron concentration, projected on the pulsar. Most likely these are
the HII regions, dark nebulae and molecular clouds. In these objects
the magnetic field can be oriented in the direction of a large-scale field
of the Galaxy, or simply is a deformed extension of the galactic field.
It was shown that the Galactic distribution of rotation measures of
pulsars with |[RM| > 300 :7‘1‘—51 corresponds to the circular model of the
magnetic field of the Galaxy, with the counter-clockwise direction of
the magnetic field in the galactocentric circle 5 kpc < R < 7 kpc.

Keywords: Faraday rotation, distribution of pulsars, radio pulsars, circular
model of the magnetic field, magnetic field

1. Introduction

The study of the magnetic fields of galaxies and, in particular, of our
Galaxy has a great importance for explaining many dynamical and active
processes taking place in these objects (see, for example, Pacholczyk 1973;
Andreasyan 2011; Van Loo Sven 2015 ). The presence of the magnetic
field of the Galaxy can explain the transportation of cosmic rays through
the interstellar medium, as well as synchrotron background radiation in
the Galaxy (Fermi E. 1949; Kiepenheuer 1950). The magnetic field of the
Galaxy was studied using observational data of various types, such as in-
terstellar polarization of starlight, Zeeman splitting of spectral lines of HI
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and different molecules in the radio range, data on Faraday rotation of ex-
tragalactic radio sources and pulsars (see, for example, Andreasyan 1989;
Vlemmings 2008; Manchester R. 1980). It is known that pulsars, for which
numerous and diverse observational data were obtained, can be considered
probes for studying the interstellar medium. In particular, data on disper-
sion measures (DM), which practically are known for all known pulsars, and
about measures of Faraday rotation (RM) (of the order of 1150 pulsars) are
very important for studying the magnetic field of the Galaxy. These data
are directly derived from observations of pulsars. Theoretically they are ex-
pressed by the electron density n. in the interstellar medium through which
the polarized radio emission of the pulsar passes and the projection of the
magnetic field BL (in Gauss) in this medium, using the following formulas:
. DM=/[n.dL (1),

RM =a [ n.BrdL , (o= 8.1.105) (2) .

In these formulas, integration is carried out over the entire traversed
path of radiation (L in parsecs) from the pulsar to the observer. Formula
1 makes it possible to determine the distance of a pulsar with the known
electron density distribution in the Galaxy, and formula 2 together with
formula 1 makes possible to determine the average component of the tension
of interstellar magnetic field [Br] on the line of sight in micro gauss (uG).

[Br)=} B = 1.23 B4 (3)

RM and DM data were used to study the structure and magnitude of
the magnetic field of the Galaxy, since 1970s, when the rotation measures
were known for only 3-4 tens of pulsars (Manchester 1972; Ruzmaikin 1977).
As the amount of RM data increases, more detailed studies have been car-
ried out and various models have been proposed for the plane component
of the Galactic magnetic field (Rand 1989; Rand 1994; Han 1994; Vallée
2005 ), as well as for the magnetic field in the Halo of the Galaxy (see, for
example, Andreasyan 1988; Han 1997; Han 2006). In particular, in the work
of Andreasyan and Makarov 1988, where the model of the two-component
magnetic field of our Galaxy was proposed, for the first time it was shown
that the data on the rotation measures of pulsars and extragalactic radio
sources are in good agreement with the model when the magnetic field of
the plane component of the spiral arms is embedded in the magnetic field of
the galactic halo with the dipole configuration, which is deformed due to the
differential rotation of the Galaxy. In [2], using the data of RM, DM and the
distance of pulsars, we constructed a two-color map of the plane component
of the magnetic field of the Galaxy, on which large-scale regions with regular
magnetic fields, approximately corresponding to the spiral structure of the
Galaxy, were clearly distinguished.
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It should be noted that in all the works mentioned above, three models
of the plane component of the magnetic field of the Galaxy are mainly
discussed: 1) a bisymmetric spiral (BSS), in which the magnetic field in
neighbor spiral arms has opposite directions; 2) an axially symmetric (ASS)
structure with two changes in the direction of the field inside the solar circle;
3) concentric circular model. In particular, it was shown in [14] that in
the general galactocentric magnetic field, which is directed clockwise, the
magnetic field in the ring with a galactocentric distance of 5-7 kpc directed
counterclockwise is mainly emitted. There were also proposed models in
which the spiral structure of the magnetic field roughly coincides with the
inter arm regions of the Galaxy. There are also works (see, for example,
Men H. 2008) in which it is shown that none of these models correspond
to observational data better than the other. It should be noted, that in
addition to the spiral arms inside the solar circle, magnetic fields outside
this circle were also discussed, for example, in the Perseus spiral arm and
in the local Orion arm, which is probably a branch from the Perseus arm.
The magnetic fields in these arms (see, for example, Andreasyan R. R. 1989)
have a direction opposite to the inner spiral arm of Sagittarius, in which a
fairly regular magnetic field is directed toward the observer.

Note that inside the solar circle, in addition to the spiral arm of Sagit-
tarius, there are two other spiral arms (see, for example, Han 2006; Cordes
2002; Hou 2014), whose magnetic fields are also studied using the data of
RM of pulsars located inside or further of these arms see Fig. 1).

Figure 1 shows the distribution of the electron density n, in the Galactic
plane, taken from Cordes 2002. As follows from Fig. 1, the polarized radia-
tion of distant pulsars observed by us passes through several spiral arms and
carries total information on the magnetic field of these arms. These data are
used to construct the above-mentioned models of the plane component of
the Galactic magnetic field. If we take into account the fact that the error in
determining the distances of distant pulsars in directions closer to the center
of the Galaxy due to this model of electron concentration can reach tens of
percents Cordes 2002, as well as the presence of small-scale fluctuations of
the magnetic field, the intensity of which reaches (or even exceeds) the same
values as in regular fields, it becomes clear that the task of choosing a more
plausible model of the magnetic field from the above is very difficult or even
impossible at the present time.

In this paper, to study the magnetic field in regions inside the solar circle,
we will use pulsars with large rotation measures |RM| > 300 %l , closer to
the center of the Galaxy. It is clear that: firstly, distant pulsars basically
have large rotation measures, and, second, the numerous data of pulsars with
small values |RM| and with significant errors in the distances, can clutter
the graphs very much, from which important details of the distribution of
the magnetic field can be lost. The limitation |RM| > 300 ’;:—g is also due
to the fact that, as will be seen later, these pulsars are mainly concentrated
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Figure 1: Distribution of electron concentration n. in the Galactic plane.
In the vicinity of the Sun n, ~ 0.019 e¢m™3. The largest electron concentra-
tion corresponds to the darkest part in the figure.

in the region around the galactic center in Galactic longitudes 0° < 1 < 90°,
and 270° <1 < 360° (in directions to the anti-center of the Galaxy we have
only 6 this kind of pulsars), and, consequently, they can be used to study
the magnetic field in regions inside the solar circle of the Galaxy.

2. Distribution of pulsars along galactic longitude

The data from the ATNF pulsar catalog are used in the work Manchester
R. N. 2005. In this paper we use data from 199 pulsars with |[RM| > 300
%}l, selected from 1133 pulsars with known rotation measures. It turns
out that pulsars with large values of |RM| basically (with the exception of
10 pulsars) are concentrated near the plane of the Galaxy in a layer of +
500 parsecs. Figure 2 shows the distribution of Faraday rotation measures

over galactic longitude 1. In constructing the plot, almost all pulsars with
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|RM| > 300 rad were used. For the compactness of the figure, 6 pulsars

m2
with |[RM| > 2000 %ﬁ, as well as 6 pulsars that are in the directions of the
galactic longitude 90° < 1 < 270° (in the direction of the anticenter) were
excluded from consideration. In the figure, the galactic longitudes —90° < 1
< 0° correspond to the coordinates - (360° -1).
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Figure 2: Distribution of Faraday rotation measures |RM| > 300 % over
galactic longitude 1.

It can be seen from Fig. 2 that the magnitudes of the rotation measures
with respect to the galactic coordinate’s 1 are distributed rather chaotically.
Sometimes pulsars with angular distances less than one or two degrees have
rotation measures that differ even in sign. There are more than twenty such
examples in the list of used pulsars and on the graph. Therefore, we can
assume that the characteristic size of the chaotic distribution of the rotation
measures corresponds to angular distances in the order of 1-2 degrees. In
many spatially close pulsars, even if the Faraday rotation signs coincide,
their magnitudes sometimes differ by several times. This can mean that
such rotation measures can not be formed in the large-scale magnetic field
of the Galaxy.

We note that when analyzing the map of the magnetic field of our Galaxy
(Andreasyan 2003), we showed that one of the largest formations with a
fairly regular magnetic field in the Galaxy is the spiral arm of Sagittarius.
But even in this direction the magnetic field does not reach such large values.
A regular magnetic field in the direction of Sagittarius’s spiral arm is also
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seen in Fig. 2 in galactic longitudes 30°-70°.

From the foregoing, it can be assumed that a very large rotation measure
of pulsar is probably due to the influence of one nearby object (relative to
the pulsar), which has large electron concentrations n., and perhaps also
a large value of the average magnetic field strength Br. Such objects are
projected on pulsars, and the polarized radiation of pulsars passing through
them acquires a large Faraday rotation. In this connection we note that in
our early work (Andreasyan 1982) it was shown that large rotation mea-
sures |RM| unidentified extragalactic radio sources located in directions
close to the plane of our Galaxy can also be explained by the passage of
polarized radio emission of these radio sources through the HII regions lo-
cated in the Galactic plane. The conclusion that pulsar radiation can pass
through nearby objects with large electron concentrations n. can also be
based on certain features of the distribution of pulsars with large rotation
measures. For example, the majority of pulsars with large rotation mea-
sures are mainly located near or inside a 4 kpc ring with a large electron
concentration (Cordes 2002). It can be assumed that this ring is patchy and
consists of numerous condensations with dimensions of about 100 parsecs
or less. At distances of the majority of the used pulsars, such dimensions
correspond to one or two angular degrees, that is, of the order of the char-
acteristic distance of the chaotic distribution of the rotation measures (see
Fig. 2). Passing through such condensations, the polarized radiation of pul-
sars can undergo additional Faraday rotation of different signs and different
magnitudes, depending on the magnetic field in these objects. However, in
most cases it is most likely that this additional Faraday rotation is due to
the effect of only one condensation. Such an assumption can be justified by
the following arguments: from the analysis of rotation measures (RM) and
dispersion measures (DM) of pulsars with large Faraday rotation values, it
turns out that the magnetic field averaged over the entire path is 1-3 micro
gauss, as in other sections in the interstellar medium (see formulas 1, 2 and
3, and also Fig. 3).

From formula 2 it follows that the dispersion measure is additive, and
increases when the pulsar radiation passes through each new condensation.
However, the rotation measure does not have such an additive property
(see formula 1), because, in addition to the electron concentration, it also
depends on the direction and magnitude of the magnetic field. Assuming
that both the rotation measure and the dispersion measure are formed due to
passage of the pulsar radiation through several condensations, the dispersion
measure DM would increase after each passage in a linear manner, while the
rotation measure RM would decrease due to compensation of the Faraday
rotation by separate condensations with different directions of the magnetic
field, or even increased, it will be more slowly. This is due to the fact
that it is difficult to imagine that several clouds with the same direction of
the magnetic field are located on the line of sight, while a few clouds are
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Figure 3: The dependence |RM | from DM for pulsars with |[RM| > 300%

also located in the very close direction, but with the opposite direction of
the magnetic field. It follows from the above that when a polarized radio
emission of a pulsar passes through several clouds, there should not be a
noticeable positive correlation between |[RM| and DM, while in Figure 4
there is a noticeable correlation between them. Although this correlation
is weak (the correlation coefficient is in the order of 0.5), this too can be
considered as indirect evidence in favor of the assumption that in most cases
the additional Faraday rotation is due to the influence of one condensation.

3. Distribution of pulsars with large RMs in the
Galactic plane

In the previous section it was suggested that the large Faraday rotations
of pulsars are in most cases due to the contribution of one cloud (presumably
HII regions, molecular clouds or dark nebulae) located between the pulsar
and the observer. The magnetic field in this cloud can be oriented along the
direction of a large-scale field of the Galaxy, or simply a deformed contin-
uation of the galactic field. Consequently, data on pulsars with large |RM |
can contain information about the galactic magnetic field and can be useful
for studying the large-scale magnetic field of the Galaxy. Figure 4 shows
the distribution of pulsars with |RM| > 300 x—gd on the plane of the Galaxy.
The coordinate axes pass through the center of the Galaxy. The coordinates
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of the Sun, indicated by an asterisk - (0 kpc; 8.5 kpc). Pulsars are indicated
by circles. The black circles correspond to pulsars with positive values of
RM (the projection of the magnetic field is directed toward the observer),
and the white circles correspond to pulsars with negative values of RM. The
figure clearly identifies the ring located between galactocentric circles with
radii R about 5 and 7 kilo parsec. In this ring, almost all pulsars on the
right side (with the exception of 3 pulsars) have Faraday rotations with a
positive sign, and on the left side, except for 4 pulsars, all the others have
a RM with a negative sign. This distribution of the signs of the pulsars
RM in an excellent manner corresponds to the direction of the magnetic
field counterclockwise in the ring with 5kpc < R < 7 kpc (case of 7 pulsars,
which are an exception to this scheme, can be investigated separately). In
the remaining areas, it is difficult to highlight a sufficiently large-scale region
with such a clearly marked direction of the magnetic field. This probably
can be a consequence of the fact that in the direction of the center of the
Galaxy, where the line of sight passes through several galactic arms, the
error in determining the distances of pulsars is larger.
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Figure 4: Distribution of rotation measures of pulsars in the plane of the
Galaxy. Black circles denote pulsars in RM > 300 ;‘:—g (the projection of the
magnetic field on the line of sight is directed toward the observer), white
circles - in which RM < -300 :n%i (the projection of the magnetic field is
directed from the observer).

Thus, the analysis of pulsar data with |[RM| > 300 :r‘:—zd partially corre-
sponds to the model of the magnetic field of the Galaxy proposed in (Vallée
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2005), which proposes a circular model of the magnetic field of the Galaxy,
directed clockwise, with a unique change in the direction of the field in the
galactocentric ring with 5 kpc < R < 7 kpc, where the magnetic field is
directed counter-clockwise. Once again, we recall that we were supposed
that large | RM| are due to the contribution of regions projected on the pul-
sar with an increased electron concentration in which the magnetic field is
oriented along the direction of the large-scale field of the Galaxy, or simply
is a deformed extension of the Galactic field.

4. Identification of pulsars with large RM

As was suggested in the previous sections, large rotation measures of
pulsars can be caused by clouds with an increased concentration of free
electrons through which the polarized radio emission of pulsars passes. To
determine what these clouds represent, we searched for interesting objects
in the region of 5 angular minutes around pulsars with large RM-s. To
search for objects, we used the database ”SIMBAD”. At distances of the
considered pulsars, the 5-minute region is a circle with a diameter of the
order of 10-15 parsecs. So, if these objects are closer to us than the pulsar
and fall into this region, then they probably have dimensions of the order of
10-15 parsecs, or less. Thus, searches were carried out around 199 pulsars
with the |[RM| > 300 ;‘1‘—;1. As a result, around 70 pulsars, nebular objects
were found, mainly: HII regions ~ 35 .°/,, dark nebulae ~ 45 .°/,, and
molecular clouds ~ 20 .%/,.

It is known that the characteristic sizes of HII regions and dark nebulae
are larger or of the order of 10-15 parsecs, and since the electron density
ne is much larger in them than in the interstellar medium (on average 0.03
em~3) and the magnetic field strength is greater or in the order of the mean
field of interstellar medium (2-3 micro gauss), then indeed part of the large
rotational measures of the mentioned 70 pulsars can be explained by the
passage of polarized radio emission of pulsars through HII regions and dark
nebulae. Simple estimates show that the contribution to the RM of the HII
region or the Stremgren zones around young O-B stars which radius can
reach about 100 parsecs, the electron concentration n, is in the order of 1
ecm ™3, and the magnetic field, as in the interstellar medium, is in the order
of 2-3 micro gauss, can be in the order of 320-480 %l. Similar estimates
can be obtained for dark nebulae whose dimensions are smaller than the size
of the HII regions, but the electron concentration is probably much larger
than in the HII regions. This means that the contribution of HII regions,
molecular clouds and dark nebulae to the large value of the Faraday rotation
of the pulsar can be decisive.
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5. Conclusion

In conclusion, we note that using the observational data of pulsars with
large Faraday rotation values, several results have been obtained in this
paper. First, it was shown that the galactic distribution of the pulsars with
rotation measures |[RM| > 300 ;j—g better corresponds to the circular model
of the magnetic field of the Galaxy (Vallée 2005), with the counterclockwise
direction of the magnetic field in the galactocentric circle 5 kpc < R < 7
kpc. It was also suggested and justified that large |RM| may be due to the
contribution of regions with an increased electron concentration (probably
HII regions, dark nebulae and molecular clouds), projected on the pulsar.
In these objects, the magnetic field can be oriented along the direction of
a large-scale field of the Galaxy, or simply be a deformed extension of the
galactic field.

Note that in order to study the large-scale magnetic field of the Galaxy,
data from more than 150 HII regions and molecular clouds in which the
magnetic fields were estimated by different methods (mainly by the Zeeman
splitting of spectral radio lines) were also used in (Han 2007). It was also
suggested that the magnetic fields in these objects can be a relic of the
magnetic field of the Galaxy. We made an attempt to identify these objects
with ours, but the direction of none of them coincided with the coordinates
of the pulsars in this paper.

It should also be noted that from the conclusions of this paper a new
possibility arises for estimating magnetic fields and some other characteris-
tics of those HII regions, molecular clouds and dark nebulae that are closer
than the pulsar, but are projected on it. This can be done by estimating the
contribution of these nebular objects in the Faraday rotation of this pulsar.
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Abstract

Exploring the “Principle of invariance” and the method of “Lin-
ear images”, the simple nonlinear conservative problem of radiative
transfer is analyzed. The solutions of nonlinear reflection-transmission
and internal field problems of one dimensional scattering-absorbing
medium of finite optical thickness are obtained, whereas both bound-
aries of medium illuminated by powerful radiation beams. Using two
different approaches — a direct and inverse problem, the analytical so-
lution of the internal field problem is derived.

1. Introduction

The properties of the scattering-absorbing medium in the linear theory
of radiation transfer are assumed to be known in advance. While by solving
the radiative transfer equation, the random walk properties of radiation can
be determined from the analysis of the multiple interactions between the
radiation and matter. But in nonlinear theory of radiative transfer, due
to multiple interactions between the radiation and matter (Ambartsumian
1964a), the initial optical properties of both the radiation and absorbing-
scattering medium are mutually affecting each other, in self-consistent man-
ner. Indeed, if the intensity of an exciting radiation is higher, then some
statistically measured fraction of atoms in medium is permanently resided in
excited state, i.e. they do not absorb photons. This consequently decreases
the value of absorption coefficient of each elementary volume of the medium,
until the latter becomes more transparent (Ambartsumian 1964b). In non-
linear case, therefore, it is necessary to take into account the dependence of
optical parameters of medium from the intensity of external exciting radia-
tion. The Fig. 1 schematically plots the photon diffusion processes in linear
(right) and nonlinear (left) cases. The unshaded circles denote the atoms
being in the excited state, which are already eliminated from the multiple
absorbing-scattering processes of the medium.
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Figure 1: The photon diffusion processes in linear (right) and nonlinear
(left) cases.

A goal of this report is to show on the example of simple one-dimensional
conservative and isotopically scattering medium of two-level atoms: a) the
affection of the mentioned above a non-linearity feature (including also the
induced radiation) on properties of the solution of reflection-transmission
problem, and on the internal field intensity in medium of a finite optical
thickness; b) an efficiency of the implications previously introduced con-
cept of “Linear Images (LI)” (Pikichyan 2016, 2014) together with Ambart-
sumian’s principle of invariance (Ambartsumian 1964a, Pikichyan 2010) for
analyzing nonlinear problems of radiative transfer theory.

2. Two properties of “inverse” and “direct” formu-
lation of the same internal field problem

Let us to consider the one-dimensional, conservatively and isotropically
absorbing-scattering medium of a finite optical thickness, consisted of two-
level atoms (Fig. 2). The medium is continuously illuminated from its both
boundaries by powerful beams of exciting radiation of the given intensities
z (left) and y (right). It is required to find internal I* and outgoing u,v
intensities of diffuse radiation field.

We may invoke the Boltzmann kinetic equation, written for the ”pho-
ton gas” (the radiative transfer equation), usually formulating the ”two-
point” boundary value problem for determining the radiation intensity I+ =
I* (1,2,1,70), at the optical depth 7, for the medium of finite optical thick-
ness 79 (7 € [0,70]) :

(1)

H. V. Pikichyan 365



Analytical solution of the simple nonlinear radiative transfer problem

Figure 2: The one-dimensional isotropic, conservatively and isotropically
absorbing-scattering medium of finite optical thickness.

where -
£ (7+ 17— -
I, 17) = 2
) =T 1] 2)
is the known specified form of “integral of collisions” and
h-v
dr = ko(l)dl, le [0, lo] s ko(l) =n (l) 7312,
3
p= Bzt Ba c? 1492 ()
o 2A91 4hy3 g1 .

The [ and [y are geometrical parameters of one-dimensional medium,
respectively, depth and thickness. Also, the micro quantities are given in
conventional notations (Ivanov 1969).

The Cauchy problem for the same radiative transfer equation can be
formulated as an “inverse” one:

=+
4= = La*(11,17)

4
{ I+‘T:0:x7 I_|7_:0—U, or I+| I~ | ()

=1u, TT()_y'

T=T0

Here the v = v (z,y) = v(z,y,70) and v = u(z,y) = u(z,y,7) are
”known” solution of reflection-transmission problem for the same medium
(Fig.3). That is, we have an inverse problem of a restoration of internal
field intensity by means of known external radiation, given only at the one
boundary (left or right) of medium.

X = e y
PRe) S
—wr.wg_»f .spg.v‘ f;ﬂi:’{:};s‘—
QPR R T LT —)
0 Ty

Figure 3: The “known” solution of reflection-transmission problem for the
medium [0,7¢]

H. V. Pikichyan 366



Analytical solution of the simple nonlinear radiative transfer problem

Direct problem formulation of obtaining the same internal field intensi-
ties I and I~ can be readily constructed by exploring the nonlinear version
of the Ambartsumian’s “layers addition method” (Ambartsumian 1964a).

X

Figure 4: Addition of layers [0,7] and [7,7¢].

If the reflection-transmission properties of two separate layers [0, 7] and
[T, T0], respectively, of the finite optical thicknesses 7 and (79 — 7) are known
(Fig.4), than the solution for the composite medium [0, 7] problem can be
recast (Pikichyan 2014)] in the form:

{ It =u(z,I,7)

Im=v({ty,70—1) (5)

Hence, it is obvious that for a determination of the internal field I* of
radiation in quest, by means of both inverse or direct methods, we need to
obtain in advance a solution of reflection-transmission problem u (or/and

V).

3. Solution of reflection-transmission problem

Non-linear form of Ambartsumian’s principle of invariance (Ambartsum-
ian 1964a) (see e.g. . Bellman, Kalaba, Wing 1960) give us two differential
equations of invariant imbedding for the function u (y,z) (Pikichyan 2010):

ou ou

aim_a(uay)aiy—i—a(y:u)v (6)
ou ou _
87’0 a(” .fU) 81177 ’U([I?,y) = U(y,l‘) . (7)

Eliminating the terms which include differentiation over the layer thickness,
we obtain the functional equation of Ambartsumian’s complete invariance:

- aluy) g =, )

a(v,x)

In the linear case,
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and the equation (8) becomes the Ambartsumian’s known relation for co-
efficients of reflection and transmission of finite medium (Ambartsumian
1944):
R? —2?1% 1=T°

To solve the equation (8), we may use the method of, so-called, “linear
images” (Pikichyan 2016, 2014). The solution u (z,y, 79) is found as a linear
combination of the two auxiliary functions - T'= T (z,y) =T (x,y, 1) and
R= R(z,y) = R(z,y,70). They are called the “linear images” of required
solution u (x,y,7):

u=T-z+R-y. 9)

In the linear case, the quantities 7' and R are constants, and they are
identical to real reflection and transmission coefficients of medium, illu-
minated only from one side. In a conservative case, we have A = 1 and
R+ T =1. We can easily derive, from relations (8) and (9), a symmetrical
functional equation for determining the linear image 71" in quest:

kE(z+v)—k(y+u)

0 0
k(w—l—v)%—i-k(y—l—u)ay T=-T- pra—y , (10)

where k (§) = Ifi(é% . Integration of (10) shows that, in the case at hand,
the linear image T' depends only on the sum of its arguments T (z,y) =

T (z+y)="T(). It can be written explicitly as

1+be  2(1+b8)
1+gbé  10+2(1+0bE)

) =q

(11)

".1:‘ !Id-.“ - T
'@" .
-+

*
S LAY

(=
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Figure 5: Physical meaning of Linear Image T(x,y,7o)

The linear image T' (£, 79) has a clear physical mining (Fig.5), namely it
is the light transmission probability of the layer which has the ”limiting”
optical depth 7y (be relative to linear case, i.e. non-exited medium), whereas
a single photon or unit beam of radiation falls on to one boundary of medium,
but layer is continuously under the bilateral influence of external incident
intensities (z,y), respectively. Solution of nonlinear reflection-transmission
problem can be written in terms of the linear image as

u(r,y)=y+(x—y)-T(x+y), (12)
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note that v (x,y) = u (y,z). So we see that the function u (x,y) (or v (z,y)),
which depends on two energy variables, can be expressed through the new
axillary function 7' (§) of only one variable £ = = + y.

4. Internal field solution as an inverse problem

Using the forms (11) and (12), we see that the solutions of both Cauchy
problems (4) give us the same result (see also Pikichyan 2018)

IF=I"+@—y)-TE+y), A-(I)+BI -C=0, (13)

where the coefficients and free member of the quadratic equation set forms
(Er=n+y):

A=b[ro+2(14+b")], B=m+2(1+b") (1+067),

C=ro(14+bx)z—7(1+bT)E +2y(1+0bx) (L+bT).  (14)

Physical solution of the quadratic equation corresponds to a positive sign of
the discriminant of the quadratic Trinomial in (13), because it satisfies the
linear limit of the problem. Linear task formally corresponds to b = 0.

Thus, the functional equation of “Ambartsumian’s complete invariance”
(8) was derived from principle of invariance for determination of outgoing
radiation u (z,y, 7). The last one is then transformed to (10) for LI T (£, 9),
which is solved analytically (11). Solution of “reflection-transmission” prob-
lem in explicit elementary form (12) was obtained through the LI. Presence
of this solution is now a sufficient condition to formulate the Cauchy prob-
lem (4), which can be solved analytically in order to "restore” a radiation
field inside the medium (13). Thus, the sequence for final determination of
unknown quantities is (£ =z + y)

T (557—0) — U (‘T7y’7—0) - I:t (T’xvvaO) . (15)

5. Internal field solution as a direct problem

Implications of the concept of LI and formulas (11), (12) in the system
(5) for the solution of direct problem give the form

{ (1+gbx)(IT =T )+ (I - ITT)gb=—q- I~ + (1+bx) g2

(1 + QTO—Tby) (I+ - I_) - (I+ ' I_) QTO—Tb = q7'0—TI+ - (1 + by) qro—1Y
(16)

where the value g3 = 2/ (8 + 2) is the solution of the linear transmission

problem for the layer [0, 3]. Solution of this algebraic system leads to the

same expressions (13), which we have already obtained in the inverse prob-

lem.
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6. Plot illustrations

Below we bring three diagrams of diffuse radiation field intensity de-
pendence of increase of intensity of external radiation (in all calculations
conventionally b=1). Fig. 6 shows the change of the unit beam intensity
which is passing through the medium of given optical thickness, while the
total exciting power of external radiation increases. Here the initial value
(£=0) of transmitted radiation corresponds to the linear

Figure 6: Evolution of medium transmittance T'(£,7).

case, i. e. it refers to an unexcited medium. During growth of excitation
level (€—00), the transmittance of medium increases (Ambartsumian 1964b)
and it becomes more enlightened up to achieve the level of full transparency
lim T'(&,79) — 1 (17)

£—o0

Fig.7 shows the dependence of the transmitted radiation u (x,y, ) of
growth of right-hand external irradiation y, while x =2, 7p = 1 and ¢ = 10

The solid curves correspond to nonlinear case, and the dotted curves
represent the solutions of linear problem. In comparison with linear case,
an increase of radiation field in nonlinear theory is more slowly, because of
medium enlightenment phenomena (Ambartsumian 1964b). The deviation
between the curves of linear and non-linear tasks continuously increases.

The same, but on a larger scale we see on curves of internal field problem.
The Fig.8 shows the progress of the internal field intensity I* (7, z,y, 79) in
dependence on growth of external radiation, with 7 = 0.5 and 79 = 1, while
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10
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Figure 7: The progress of transmitted radiation u(z,y,7¢)

x =y (i.e. in the middle of medium of unit optical thickness), when both
external boundaries of the slab irradiated with the same value of beams.

120

100

80

40

20

‘CO: 1.0
T=0.5

10

Figure 8: Behavior of internal radiation field I (7,2, v, o).

7. Concluding remarks

In this report, we further expose on the simple example the assertions

made in non-linear problem:

1) A definition of linear structures in the solution of nonlinear problem

H. V. Pikichyan
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of radiative transfer by means of a concept of “linear images” presents
a good opportunity for simplification of the solutions of the problems
of inverse or direct formulations. In some simple cases, the solution
may brought up to an explicit analytic form.

2) When analyzing the fields of diffuse radiation only by means of linear
problems of multiple scattering, there is a deficiency of over-estimate
of values of real fields of the diffuse radiation, as well as the optical
parameters of the medium, even in case of relatively small values of
external excitation fields.
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Abstract

Diffusive shock acceleration (DSA) is a very efficient mechanism of
high energy particle acceleration in heliosphere, supernova remnants,
stellar winds and gamma-ray bursts. We present microscopic simula-
tion of particle injection and diffusive shock acceleration which is per-
formed with 3D divergence-conserving second-order accurate hybrid
code “Maximus”. Hydrogen plasma with admixture of various heavy
ions is considered. The injection process is found to start through
shock reflection for both hydrogen an heavier ions. However, the re-
flection process depends on charge-to-mass ratio. While hydrogen ions
reflection appears at shock ramp and is governed by the cross-shock po-
tential, the reflection of ions with greater A/Z proceeds deeper down-
stream via gyration in perpendicular magnetic field component. The
heavy ions appear to inject into the DSA preferentially, but this chem-
ical enhancement saturates with growing A/Z. The protons injection
efficiency is estimated within various approaches, and it is shown that
about 20% of initial flow energy goes into accelerated particles.

Keywords: Cosmic Rays - Diffusive Shock Acceleration - injection.

1. Introduction

The Cosmic Rays (CR) — extremely energetic space particles - are ob-
served both directly in the vicinity of the Earth and via X-ray and gamma-
ray observations in distant sources (See, e.g., Aharonian et al. 2012). The
latter observations confirm that the Supernova Remnant (SNR) shocks are
effective CR accelerators and can be considered as the major Galactic CR
sources. The other astrophysical collisionless shocks can effectively acceler-
ate particles as well. The main mechanism proposed for this process is DSA
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(first order Fermi mechanism), which consists of particles multiple reflec-
tion upstream and downstream of the shock. This process leads to constant
energy gain of particles and the formation of the power law spectrum with
depending on shock compession (Bell 1978).

The details of the DSA process are extensively studied in the last decades
(see, e.g., Caprioli & Spitkovsky 2014, Sundberg et al. 2015), mostly by
means of numerical modeling. Particularly, the special attention is payed to
the investigation of injection and acceleration of ions heavier than protons
(see, e.g., Caprioli et al. 2017). The detailed investigation of this topic can
help to resolve the kinetics of heavy ions in collisionless shocks, estimate
the fluxes of accelerated heavy ions from supernova shocks and, therefore,
better understand the observed anomalies in cosmic rays composition. The
existing works (Caprioli et al. 2017, Hanush et al. 2017, 2018) confirm
the preferential injection of ions with high mass-to-charge ratio, but do not
show consistency in dependency of the injection enhancement on A/Z. Also
the individual heavy ions trajectories and kinetics were not addressed yet.
So in the current paper the results of (Caprioli et al. 2017) are extended
to the heavy weakly charged elements, and the saturation of the injection
enhancement with growing A/Z, in consistency with (Hanush et al 2017,
2018), is shown.

Also the analyses of individual particles trajectories are performed, re-
vealing a slightly different injection mechanism for the ions with high A/Z.
The multispecies collisionless shock is simulated by means of the 3d second
order accurate divergence-conserving hybrid code “Maximus” (Kropotina
et al. 2018). Such type of codes is well suited for kinetic simulations of
ion-governed processes (see, e.g., Winske 1985).

The overall cosmic rays acceleration efficiency, defined as the fraction of
bulk kinetic energy going into accelerated particles, is also of special interest.
This parameter plays a crucial role, e.g., in simulations of stars and galaxies
formation and evolution. So the new technique of CR acceleration efficiency
is proposed, revealing nearly 20% efficiency of bulk kinetic energy conversion
to energetic particles.

2. Simulation

Collisionless shock simulation was performed with the three-dimensional
second-order accurate divergence-conserving hybrid code “Maximus” (Kropo
tina et al. 2018). The dimensionless quantities, measured in units of
the far upstream proton inertial length (I;), gyrofrequency (£2;), alfvenic
velocity(V,) and plasma density, were introduced. Shock was initialized via
the wall reflection of the super-alfvenic flow moving in negative x direction
(the so-called rigid piston method). The initially uniform magnetic field was
inclined by 6 = 10° to the shock normal (the quasi-parallel configuration is
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believed to be optimal for the effective DSA process (Caprioli & Spitkovsky
2014)). Shock parameters, characteristic for the supernova remnant for-
ward shocks, were chosen: the initial flow afvenic Mach number Ma=10 (in
the downstream frame), the upstream ratio of thermal to magnetic pressure
B = 1.0. The hydrogen plasma with negligible admixture of various heavy
ions (namely He(+2), He(+1), C(+3), C(+2), C(+1), O(+1)) was consid-
ered. Simulation was performed in 2d rectangular box of size 40000 x 1 x 100
proton inertial lengths until time T = 280092-_1. So long time ensured that
the DSA spectrum completely formed for most ions.

3. Heavy ions injection enhancement

H(+1)
He(+2) |

Figure 1: Various ions energy spectra far downstream of the shock with
M,=10,0=10°6=1

The resulting far downstream ions spectra are shown in fig. 1. The
distribution functions of various sorts are normalized by unit to compare
injection efficiency. The maxwellian core and nonthermal power law parts
of the spectrum are clearly distinguishable for all sorts. However, it should
be noted that the most heavy and weakly charged ions (C(+1) and O(+1))
still show prominent deviations from both maxwellian distribution in the
low-energy part and simple power-law at high energies. This behaviour just
reflects the fact that all processes with such ions are much slower than those
for the protons, and they have not relaxed to the steady distributions yet.
Some ions with smaller A/Z (C(+3), C(+2)) showed similar features at ear-
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lier times, so C(+1) and O(+1) are expected to relax later.

The chemical enhancement (growth of the power law normalization with
A/Z) can be seen. This effect was first shown by Caprioli et al. 2017, where
authors considered sorts with A/Z up to 8 and proposed linear growth of
the enhancement with A/Z. At the same time the 1d simulations in Hanush
et al. 2018 showed the saturation and further decrease of the chemical
enhancement for A/Z > 8. The latter results are confirmed by our two
dimensional model.

4. Tons injection process

In previous works (Capriloli & Spitkovsky 2014, Caprioli et al. 2015)
the protons injection process was studied by means of individual particle
trajectories analyses. The general conclusion was that the injection into the
DSA process proceeds via reflection of a fraction of bulk particles during
the first shock encounter. After that the reflected ions enter the shock drift
acceleration (SDA) process, when they move along the electric field in the
shock surface and gain sufficient energy to eventually escape upstream and
enter the DSA. In current work the trajectories of accelerated heavy ions
were analysed as well, showing that the principal injection mechanism re-
mains the same for all sorts. At the same time, the injection details differ
for ions with high A/Z.

Fig. 2 shows the phase space trajectories of accelerated particles at times

—10

V[Va
E[ByV,/c|, B[By)

30 L L L L L 25 L L L K
-15 -10 -5 0 5 10 15 20 -200 -100 0 100 200 300 400

x[l;) x[l;)

Figure 2: Trajectories of the accelerated protons and O(+1) ions in the
same shock (the corresponding electromagnetic fields are shown for clarity).

close to their first front reflection. The corresponding perpendicular mag-
netic field and parallel electric field are shown in the same figure (right
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axes). From the left panel it is clear that the reflection point of hydrogen
ions coincides with both B and FE, maxima. This means that the shock
transition is governed by the protons reflection and in turn tuned for it. It
is actually hard to distinguish the which reason leads to the protons refec-
tion — locally perpendicular magnetic field or cross-shock potential, as they
operate together.

5. Injection efficiency

The ion injection efficiency can be estimated in various ways. The first
one considers just the normalization of the power law tail (Caprioli et al.
2017, Hanush et al. 2017, 2018). However, it does not illustrate the percent
of bulk energy going into the accelerated particles. The second way suggests
to simply take a ratio of the downstream energy density (or pressure) in the
non-thermal part of the spectrum to the total one. This means just an
integration of E - f(E) (see fig. 1) from some arbitrary chosen threshold
to the maximum energy. However, the downstream distribution function
evolves with time, and the power-law tail grows, which means that the
estimated injection efficiency grows as well and is limited only by the system
size. Moreover, this method does not take into account those accelerated
particles which currently reside in the upstream region. In the current paper
we suggest a self-consistent way of estimating the injection efficiency from
the hybrid simulations. To do it the time evolution of the energy in particles
with £ > Fy = 10F,, and of the total kinetic energy is calculated at
each time step. Both appear to grow up nearly linearly after ¢ ~ 100€2; L
This means that their averaged slopes ratio is constant in time and can be
treated as the ions injection efficiency. For the considered shock its value
corresponded to about 20%. The same value can be obtained from the
approximate downstream temperature, which appears to be about 75-80%
of that expected from the Hugonio relations. This means that the rest of the
energy came into magnetic field amplification (which usually takes about a
few percent) and CR acceleration.

6. Summary

The hybrid code “Maximus” was used to simulate collisionless shocks in
hydrogen plasma with the admixture of various heavy ions. The injection
process was found to start through the shock reflection for both hydrogen
an heavier ions. However, while hydrogen ions reflection appears at shock
ramp and is governed by the cross-shock potential, the reflection of ions
with greater A/Z proceeds deeper downstream via gyration in perpendicu-
lar magnetic field component. The heavy ions appear to inject into the DSA
preferentially, but this chemical enhancement saturates with growing A/Z.
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The protons injection efficiency is estimated within various approaches, and

it is shown that about 20% of initial flow energy goes into accelerated par-
ticles.
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Abstract

We present an analysis of the impact of spiral density waves (DWs)
on the radial and surface density distributions of core-collapse (CC) su-
pernovae (SNe) in host galaxies with different arm classes. For the first
time, we show that the corotation radius normalized surface density
distribution of CC SNe (tracers of massive star formation) indicates
a dip at corotation in long-armed grand-design (LGD) galaxies. The
high SNe surface density just inside and outside corotation may be the
sign of triggered massive star formation by the DWs. Our results may
support the large-scale shock scenario induced by spiral DWs in LGD
galaxies, which predicts a higher star formation efficiency around the
shock fronts, avoiding the corotation region.

Keywords: supernovae: general - galaxies: kinematics and dynamics -
galazies: spiral - galaxies: star formation - galazies: structure.

1. Introduction

According to the pioneering work of Lin & Shu (1964), semi-permanent
spiral patterns especially in grand-design (GD) galaxies, i.e. spiral galaxies
with prominent and well-defined spiral arms, are created by long-lived quasi-
stationary density waves (DWs). The results of many observational studies
are consistent with the picture where the DWs generate large-scale shocks
and trigger star formation, as originally proposed by Roberts (1969), causing
massive star formation to occur by compressing gas clouds as they pass
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Figure 1: Distributions of the dz distances of Types Ibc (blue), II (green) and Ia (red)
SNe relative to the peaks of spiral arms (normalized to the arm semi-width) versus the
deprojected and normalized galactocentric distance (RSN/R25). Filled and open circles
respectively show SNe in GD and NGD galaxies. In all figures, the linear fits are given for
the full (solid), GD (dashed), and NGD (dotted) samples. The inner and outer edges, as
well the peaks of spiral arms are shown with parallel lines. Because of the selection effect
near the center of host galaxies, the region to radius Rgn/R2s = 0.15 (dashed vertical
line) is excluded. This figure is from Aramyan et al (2016), the reader is referred to the
original paper for more details.

through the spiral arms of GD galaxies (e.g. Cepa & Beckman 1990; Knapen
et al. 1996; Seigar & James 2002; Grosbgl & Dottori 2009; Martinez-Garcia
et al. 2009; Cedrés et al. 2013; Pour-Imani et al. 2016; Shabani et al. 2018).

In this contribution to the international conference “Instability Phe-
nomena and Fvolution of the Universe” dedicated to V. Ambartsumian’s
110*" anniversary (Yerevan-Byurakan, Armenia, 17-21 Sep, 2018), we briefly
present the results of Karapetyan et al. (2018) on the possible impact
of spiral DWs (triggering effect) on the distribution of supernovae (SNe)
in discs of host galaxies, when viewing in the light of different nature of
Type Ia and core-collapse (CC; Types Ibc and II) SNe progenitors, i.e. less-
massive/longer-lived and massive/short-lived stars, respectively.

Although based on small number statistics, the early attempts to study
the distribution of CC SNe within the framework of DW theory were per-
formed by Moore (1973); McMillan & Ciardullo (1996) and Mikhailova et al.
(2007). In our recent paper (Aramyan et al. 2016), we studied the distribu-
tion of 215 SNe relative to the spiral arms of their GD and non-GD (NGD)*
host galaxies, using the Sloan Digital Sky Survey (SDSS) images. We found
that the distribution of CC SNe (i.e. tracers of recent star formation) is af-
fected by the spiral DWs in their host GD galaxies, being distributed closer
to the corresponding edges of spiral arms where large-scale shocks, thus star
formation triggering, are expected (Fig. 1). Such an effect was not observed

!These galaxies with flocculent arms appear to lack global DWs, instead their spirals
may be sheared self-propagating star formation regions (see review by Buta 2013, and
references therein).
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Figure 2: Left panel: distributions of deprojected and normalized galactocentric radii
(Rsn/R2s5) of CC SNe in LGD (red solid), SGD (green dotted), and NGD (blue dashed)
host galaxies. The mean values of the distributions are shown by arrows. Right panel:
surface density distributions of CC SNe in the mentioned hosts. The fitted exponential
surface density profiles are estimated for the inner-truncated discs (outside the shaded
area). For better visibility, the distributions and profiles are shifted vertically sorted by
increasing the mean Rsn/Ras as one moves upwards, and also slightly shifted horizontally.
To visually compare the distribution of CC SNe in LGD hosts with the fitted profile in
NGD galaxies, the latter is also positioned with the central surface density matched with
that in LGD hosts. This figure is from Karapetyan et al. (2018), the reader is referred to
the original paper for more details.

for Type Ia SNe (less-massive and longer-lived progenitors) in GD galaxies,
as well as for both types of SNe in NGD hosts (Fig. 1).

In Karapetyan et al. (2018), we expanded our previous work, and for the
first time checked the triggering effect at different galactocentric radii and
studied the consistency of the surface density distribution of SNe (normal-
ized to the optical radii [Rgs)?, and for a smaller sample also to corotation
radii [Rc] of hosts) with an exponential profile in unbarred GD and NGD
galaxies.

2. The sample

From the coverage of SDSS Data Release 13 (Albareti et al. 2017), we
used a well-defined and homogeneous sample of SN host galaxies (Hakobyan
et al. 2012, 2014, 2016) with different spiral arm classes according to the
classification scheme by Elmegreen & Elmegreen (1987). The sample con-
sists of 269 relatively nearby (< 150 Mpc), low-inclination (i < 60°), mor-
phologically non-disturbed and unbarred Sa—Sc galaxies, hosting 333 SNe in
total. In addition, we performed an extensive literature search for corotation
radii, collecting data for 30 host galaxies with 56 SNe. For more details of
sample selection and reduction, the reader is referred to Karapetyan et al.
(2018).

2The Ras is the SDSS g-band 25" magnitude isophotal semimajor axis of galaxy.
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Figure 3: Rc-normalized surface density profile of CC SNe in LGD host galaxies. The
black solid and red dashed lines are the best maximum-likelihood fits of global and inner-
truncated (from 0.48 corotation radii outwards to avoid the obscured inner region [grey
shaded]) exponential surface density models, respectively. The inset presents the his-
togram of SN radii (the mean value is shown by arrow). This figure is from Karapetyan
et al. (2018), the reader is referred to the original paper for more details.

3. Summary of the results and conclusions

The main results and conclusions concerning the deprojected and inner-
truncated (Rgn/R2s > 0.2) distributions of SNe in host galactic discs are
the following:

1) We found no statistical differences between the pairs of the Ra5- nor-
malized radial distributions of Type Ia and CC SNe in discs of host
galaxies with different spiral arm classes, with only one significant ex-
ception: CC SNe in long-armed GD (LGD)? and NGD galaxies have
significantly different radius distributions. The radial distribution of
CC SNe in NGDs is concentrated to the centre of galaxies with rel-
atively narrow peak and fast exponential decline at the outer region,
while the distribution of CC SNe in LGD galaxies has a broader peak,
shifted to the outer region of the discs (left panel of Fig. 2). The
distribution of SNe in short-armed GD (SGD)* hosts appears to be
intermediate between those in NGD and LGD galaxies.

2) The surface density distributions of Type Ia and CC SNe in most of the

3The underlying mechanism that explains the lengths of arms and their global sym-
metry in these galaxies is most probably a DW, dominating the entire optical disc (e.g.
Elmegreen et al. 1992).

4The short inner symmetric arms in these galaxies might be explained by the DW
mechanism, dominating only in the inner part of the optical disc (e.g. Elmegreen et al.
1992).
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Figure 4: Galactocentric positions of normalized corotation radii (black points) with
their errors for SNe host galaxies. SGD and LGD galaxies are separated by horizontal
dashed lines. The spiral arm classes (ACs) of host galaxies correspond to the classifica-
tion by Elmegreen & Elmegreen (1987). The filled diamond, triangle, and circle are the
corresponding mean values of the corotation radii (with their standard deviations). For
each host galaxy, galactocentric positions of Type Ia (red empty squares) and CC (blue

empty
reader

circles) SNe are also presented. This figure is from Karapetyan et al. (2018), the
is referred to the original paper for more details.

subsamples are consistent with the exponential profiles (e.g. van den
Bergh 1997; Wang et al. 2010; Hakobyan et al. 2009, 2016). Only the
distribution of CC SNe in LGD galaxies appears to be inconsistent with
an exponential profile, being marginally higher at 0.4 < Rsn/Ras <
0.7 (right panel of Fig. 2). The inconsistency becomes more evident
when comparing the same distribution with the scaled exponential
profile of CC SNe in NGD galaxies (upper blue dashed line in the
right panel of Fig. 2).

Using a smaller sample of LGD galaxies with estimated corotation
radii, we showed, for the first time, that the surface density distribu-
tion of CC SNe shows a dip at corotation, and enhancements at *5
corotation radii around it (Fig. 3). However, these features are not
statistically significant. The CC SNe enhancements around corota-
tion may, if confirmed with larger samples, indicate that massive star
formation is triggered by the DWs in LGD host galaxies. Consider-
ing that the different LGD host galaxies have various corotation radii
(Fig. 4) distributed around the mean value of (Rc/Ra5) = 0.4240.18,
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the radii of triggered star formation by DWs are most probably blurred
within a radial region including ~ 0.4 to ~ 0.7 range in units of Rags,
without a prominent drop in the mean corotation region (right panel
of Fig. 2).

These results for CC SNe in LGD galaxies may, if confirmed with larger
samples and better corotation estimates, support the large-scale shock sce-
nario (e.g. Moore 1973), originally proposed by Roberts (1969), which pre-
dicts a higher star formation efficiency, avoiding the corotation region (e.g.
Cepa & Beckman 1990; Seigar & James 2002; Cedrés et al. 2013; Aramyan
et al. 2016).

When more information will become available on corotation radii of SN
host galaxies, it would be worthwhile to extend our study, by comparing
the Rc-normalized radial and surface density distributions of Type Ia and
CC SNe in LGD galaxies. This will also allow to check the impact of spiral
DWs on the distribution of less-massive and longer-lived progenitors of Type
Ta SNe. Moreover, similar analysis of SNe in SGD galaxies can help to
understand the role of DWs in star formation triggering, if any.
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Abstract

The Copernican principle has been the motivation for the present
study on the number density of galaxies. In this work we have carried
out a number count of galaxies in the 2MRS catalog in the K, H and
J bands. The results presented here have obtained on volume-limited
samples with equal widths or redshift bins. The main result of this
study is the number count of galaxies which have been plotted in con-
centric spherical shells with the observer at the center. The obtained
result in the three bands show a similar behavior up to a distance of
1.7 x 102 Mpc and behave differently from there on.

Keywords: Number Count - J, H, K Band - 2Mass Redshift Survey - Coper-
nicious Principal.

1 Introduction

The Copernican principle states that the Earth is not at a preferred
position in the universe, thus one might study if observational data are
consistent with this assumption? The importance of the principle is closely
connected to the Cosmological principle, stating that the universe must be
homogeneous and isotropic. In recent years many authors have discussed
the question if the principle holds, cf. (Labini 2010; Jia et al. 2008; Uzan
2009; Uzan et al. 2008; Caldwell et al. 2008; February et al. 2013) .However
they have not explicitly studied whether the Copernican principle stands up
to observational tests.
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2 The Database

We chose the 2MRS (2Mass Redshift Survey) for the purpose of our
study. This catalog is currently one of the most comprehensive surveys
of the galaxies, which has been compiled in the near infrared. For the
completion of this survey, the spectra of some of the around a million galaxies
of the original 2Mass (2 Micron All Sky Survey) have been taken, and the
recession velocity has been measured at three wavelengths, (J 1.24 um), (H
1.66 pum), (Kg 2.16 pwm). The resulting catalog, at which our study was
aimed, comprises a number of 43533 galaxies, for each 25 parameters have
been reported in the data. For our analysis the following parameters are
relevant: Identity code, right ascension and declination, galactic coordinates,
the photometric magnitude in the J, K, H bands together with their errors,
galaxy type, redshift (or recession velocity) and its error. Other parameters
such as distance, apparent magnitude, distance modulus, ... for each galaxy
have been calculated in the analysis, as detailed in the next section. (cf.
Huchra et al. 2011; Tekhanovich et al. 2016)

3 Data analysis and calculations

In order to obtain the number counts and the corresponding number den-
sities, we have assumed concentric circles with the Milky Way at the center.
The spaces between two such spheres are consecutive spherical shells, defin-
ing the examination volumes. After applying the selection criteria, we have
counted the galaxies in each spherical shell, determining the number density
of the galaxy types at each distance. Thus in this section we describe how
the calculations are made and the selection criteria are applied. Part 1 deals
with the calculation of the distance, part 2 the volume, the volume-limiting
schemes, and accordingly the denominator of the number counts. Part 3
describes the way the magnitude limits have been applied to calculate the
numerator of the number counts and in part 4 the results and the diagrams
are presented. (cf. Shafieloo et al. 2010; Stefanon et al. 2013)

3.1 Distances

Given the redshifts of each galaxy z, we require a relation to convert the
redshifts to a distance, which we take from eq. 10 in Riess et al. 2004 and
Bassett et al. 2015 as:

cz 1 1 9 .\ 9 3
di(z) = Fo[l + 5(1 —qo)z — 6(1 —qo =3¢ +jo)2* +O(z%)] (1)
Here Hy and jg are the Hubble and the jerk parameters, respectively. Here
the values Hy = 70.8 km.Mpc~'.s7!. and jo = 1 have been assumed ac-
cording to Pop Lawski 2006. O(z3) denotes terms of third and higher orders
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in the Taylor expansion. ¢ is the deceleration parameter, determined by
%Qm — Qp . The values which we have entered here are 0.6911 and 0.3089
(cf. Springel et al. 2006; Riess et al. 2004) and thus added two columns to

the original catalog.

3.2 Volume

For the calculation of the number density as a fraction of number divided
by volume, we need to subdivide the total volume according to distance of
the farthest galaxy in the catalog. If we draw concentric spheres with the
milky way at the center, each with a radius of ca. 12.7 Mpc larger than the
previous one, there will be around 40 spheres up the furthest point. Then
we take the volume between two consecutive spheres as a shell.

The shell volumes are calculated as:

4 4

V(spher) = Vila, — Vila, = gwd{’ - gwdg’. (2)
The conic volumes which have to be excluded are:
Slg, — S
V(roll) = (Slay = Slay) 5 ) X (dz — dv), (3)
With Sg =2nd x D and D = %52((’;5) finally giving:
V(each 1) = V(spher)|; — V(roll)|;. (4)

Taking into account the part of the sky obscured by dust in the Milky
Way, the conic volume representing the zone of avoidance, and consequently,
a conic section must be subtracted from each spherical shell. The subtracted
conic sections and the distribution of the galaxies in declination and right
ascension are shown in Figures 1 and 2 respectively. The volumes of the
spherical shells takes into account the distances and the corresponding po-
sition angles of the galaxies.

3.3 Magnitudes

The number of galaxies in each shell represents the numerator of the
number density fraction. Thus the number of the galaxies in each shell has
to be normalized. The normalization is carried out by taking into account
the magnitude limit as the criterion. For the determination of the critical
magnitude limit in each shell, we take the galaxy with highest absolute mag-
nitude and calculate the corresponding apparent magnitude by the relation:

my = My + 5log(d;) + 25 + eg, (5)

where ey, is error.
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DECdeg

Figure 2: Angular distribution of galaxies

We take my as the as the critical magnitude limit of that shell Riess
et al. 2004 . If a galaxy fulfills the condition m; < my, the galaxy with
the magnitude is kept and otherwise excluded. This procedure ensures that
galaxies in each shell are selected with the same limit in absolute magnitude,
in other words each shell is a volume-limited subsample. This procedure is
repeated for all three wavelengths.

3.4 Results

We have obtained the number of galaxies in each shell according to the
above described procedure separately. This procedure is repeated for all
three wavelengths J, H, K. The number densities of each shell have been

S. Arbabi Bidgoli et al. 388



Number count of 2MRS galaxies in the J, H, K bands

16 T T T T T T T T T
Hband O
Jband °
K band
Mg Mock Samples
12
10 -
v}
5 [+ ]
2 ] i o
5 s ©
B '3 %0
‘e 6 oo
7 v o BB
-% p O@vg?-;,_\, —
g , : ng"’ff———
=3 ! 7 =
g 2 'g"Q&g' A 3
829 o'g® 1.
g [y ;
2 = 898,
o ?’J e =
8%
0 = =t
_2 b
-4 | | I | 1 I 1 1 1
[i] a5 1 15 2 25 3 35 4 45 5
Redshilt{z)

Figure 3: Density of Numeber in J, K, H Band and Mock Sapmles

plotted against the mean redshift of each shell in figure 3, and has been
compared to corresponding mock distributions. The first step in the gener-
ation of mock samples is a 3 dimensional distribution of points with x, vy,
z coordinates between 0 and 1, which are created with a random number
generator. On this basis we create a 3 dimensional map of mock galaxies,
each with a right ascension, a declination and a luminosity. Different from
the positions, the luminosities are generated with a distribution to comply
with the Schechter function(cf. Singh et al 2016):

(My—M)

®(M)dM = 0.41og(10)®, 1004 M=) (a=1) 107 M (6)
The normalization is:

®, = 0.002(ho5)>MPc™> + 10%
With the magnitude is:

M, = —21.0+ 5logyo(hos) £ 0.25

And the slope parameter is:

a=120=+0.1.
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4 Conclusions and discussion

According to the results obtained in the three wavelengths as shown
in figure 3 we conclude that this data may be used for the study of the
Copernican principle. Such a study requires a comparison of real data from
the 2MRS with repeatedly generated mock catalogs, with the same selection
criteria as the observations. Mock catalogs can be designed conforming to
the Copernican principle or to violate it in some certain predefined way.
This study is currently underway.
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Abstract

We analyse the oxygen and nitrogen abundance and specific star
formation rates (sSFR) in Markarian galaxies from Sloan Digital Sky
Survey (SDSS) spectra. The Data Release 7 (DR7) of SDSS contains
photometric data for more there 1000 and spectral information for
more then 700 Markarian objects. The Mrk sample has played a cen-
tral role in the task of distinguishing between the astrophysical different
types of phenomena that occur in AGNs. In the course of the Markar-
ian survey, more than 200 Seyfert galaxies, and hundreds of starburst,
blue compact, and H II galaxies were discovered. The Markarian sur-
vey remains perhaps the best-known source of such objects in the local
universe. We have measured their line fluxes and derived the O and N
abundances using recent calibrations. We have compared the oxygen
and nitrogen abundances derived from global emission-line Sloan Digi-
tal Sky Survey (SDSS) spectra of galaxies using (1) the Te method and
(2) two recent strong-line calibrations: the ON and NS calibrations.
The behavior of the [N/H] ratio in under abundant regions gives strong
support to a partially primary origin of nitrogen. The star formation
rate (SFR) is one of the main parameters used to analyse the evolu-
tion of galaxies through time. In the local Universe, the H, luminosity
derived from IFS observations can be used to measure SFR, at least in
statistically significant, optically-selected galaxy samples, once stellar
continuum absorption and dust attenuation effects are accounted for.

Keywords: galazies, Markarian galazxies, spectra.

1. Mark galaxies

The First Byurakan Spectral Sky Survey (FBS), also commonly known
as Markarian Survey, was initiated in 1965. It was the first systematic
objective-prism search for galaxies with strong ultraviolet (UV) continuum
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emission. The observations were carried out with Byurakan Astrophysical
Observatory (BAO, Armenia) 1m Schmidt telescope equipped with a low-
dispersion (25004 at Hg and 18004 at Hg) 1.5° objective prism. It was
mostly used with Kodak Ila-F plates to detect galaxies with excess UV ra-
diation (UVX, UV-excess). The survey consisted of 1133 fields (each having
4°x4° size) and covered 17,056 deg? north of -15° declination, excluding some
regions within 15%-20° of the Galactic plane. It was completed in 1978 and
published in a series of 15 papers including 1500 UVX objects (Markarian
et al. 1981 and references therein).
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Figure 1: An all sky Hamer-Aitof projection of the 1500 Mark galaxies in
Galactic coordinates (1, b)

The Mrk sample has played a central role in the task of distinguishing
between the astrophysical different types of phenomena that occur in AGNs.
For example, the original stratification of Seyfert galaxies into two types
by Khachikian and Weedman (1971) was based largely on measurements of
emission-line widths in spectra of a small number of galaxies discovered very
early in Mrk survey. Later among MRK galaxies were discovered LINERS
(Heckman 1980), galaxies with spectra that resemble HII regions (French
1980) (HII galaxies). Active galactic nuclei which appear to be the result of
a short-lived outburst of star formation have become known as starburst
galaxies (Weedman et al. 1981).
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Figure 2: Velocity distribution of Mark galaxies.
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Figure 3: a)distribution of Syl & intermediate galaxies, b)distribution of
Sy2 galaxies, c)distribution of SB galaxies, c¢)distribution of HII galaxies

The 70% region of the sky covered by the FBS is represented in the SDSS
catalog (Sloan Digital Sky Survey; http://www.sdss.org). The Data Release
7 (DR7) of SDSS contains photometric data for more there 1000 and spectral
information for more then 700 Markarian objects. The following emission
lines are observed in the spectra of these galaxies: H,, Hg, [OIIT]AN4959A,,
5007A, [NIT]AN6548A, 6584A, [OIT]AN 3726A, 3729A, [OI]A6300A, [SII] A\
6717A, 6731A, etc. The majority of starburst nuclei have [OIIT]AN 4959,
5007 emission-line widths less than 250 km/s full width at half-maximum
(FWHM), with a median FWHM of 140 km/s. This is to be compared with
the median FWHM of Sy [OIII] emission lines, 375 km/s for Sy 1 galaxies
and 510 km/s for Sy 2 galaxies.
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Figure 4: AGN selection in the Lee diagram (2008) for Mark galaxies from
SDSS DR7
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Figure 5: Examples of SDSS spectra of different subsystem type of Mark
galaxies

2. The determination of electron temperatures and
oxygen and nitrogen abundances in Mark Galax-
ies

Accurate metallicity play a key role in many investigations of galaxies.
Gas-phase oxygen and nitrogen abundances are broadly used to measure
these metallicity. It is believed (e.g., Stasinska 2006) that emission lines due
to photoionization by massive stars are the most powerful indicator of the
chemical composition of galaxies, both in the low- and intermediate redshift
universe. Accurate oxygen and nitrogen abundances in H II regions can be
derived via the classic Te method, often referred to as the direct method.
This method is base on the measurement of the electron temperature t3
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within the [O III] zone and/or the electron temperature t2 within the [O II]
zone. The ratio of the nebular to auroral oxygen line intensities [O IIT](A
4959+X 5007)/[O IIIJA 4363 is usually used for the t3 determination, while
the ratios of the nebular to auroral nitrogen line intensities [NIIJ(A 6548 +
A 6584) /[N IIJA 5755 or [O IIJ(A 3727 + A 3729)/[O IIJ(A 7320 + X 7330)
are used for the t2 determination. In high-metallicity Hii regions, however,
the auroral lines become too faint to be detected.

To select accurate measurements of HII regions in spiral galaxies, we require
that the deviation of the oxygen abundance of the HII region from the
general linear relation that describes the radial oxygen abundance gradient
in the disk to be less than ~0.1 dex. works. As a result, the abundances from
different works are not homogeneous and cannot be directly compared to
each other. Therefore, the abundances from different works can be compared
and analysed only after those abundances are homogenised, i. e., all the
abundances are redetermined in a uniform way. Spectroscopic measurements
of H II regions in nearby galaxies were carried out in many.

Spectroscopic measurements of H II regions in nearby galaxies were carried
out in many works. The H II regions in one or several galaxies are usually
measured and the element abundances are estimated. The different methods
for abundance determinations are used in different works.

3. Star Formation Rate

Studies of the star formation rate (SFR) in galaxies are important for
understanding their formation and evolution. Many indicators for determin-
ing the SFR in various parts of the electromagnetic spectrum are currently
known. The SFR is widely determined using ultraviolet (UV) continuum
emission (Bell & Kennicutt, 2001), far infrared (FIR) emission (E. F. Bell,
2003) and emission in the radio frequency range (E. F. Bell, 2003), as well as
the emission of recombination and forbidden lines in the visible (Moustakas
et. al. 2006). One of the most widely used indicators for determining the
star formation rate is the H, line, which is formed in the gaseous medium,
after absorption and reprocessing of the emission from young stars beyond
the Lyman series limit. It is known that in most galaxies with an ultraviolet
excess, the strong UV emission originates mainly in the thermal radiation
from young OB-stars. Thus, studies of star formation activity in the nuclei
of these galaxies are important.

The results of detailed investigation of physical conditions and chem-
ical abundances about 759 Mark galaxies from SDSS DR7 - DR9 will be
published in our extended article.
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Investigations of the extended radio galaxy NGC
6 1 and the galaxies in the environment
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Abstract

The environment of one of the most extended radio galaxies, NGC
6251, has been studied. The surface density of the environment galax-
ies in the region with the radius 300 arcmin around a radio galaxy
NGC 6251 is 0.0315 in one arcmin?. In the distances less than 180
arcmin, the density of galaxies decreases, which is most likely due to
the strong radio loudness and the interaction of radio galaxy with its
surroundings.

Keywords: radio galaxies — NGC6251 — density of galazies.

1. Introduction

There is a strong interaction between extended radio galaxies and galax-
ies in the neighborhood. In the vicinity of extended radio galaxies, there is
a great number of objects that probably are connected together. The neigh-
borhood of 35 investigated extended radio galaxies differs from the common
field, as well as from each other. But the difference of behavior of each other
mainly is not so strong. Around 4 objects from the 35 extended radio galax-
ies there is a deficiency of galaxies in a such large scale that we can think
about the existence of large scale voids in the space. For the detailed study
of these regions will be dedicated a separate work. In the vicinity of some
other extended radio galaxies, there is great number of abundance of objects
comparing with the field. The results of investigation of these regions are
also very interesting, but it needs a study of another character.

2. The environment of the radio galaxy NGC 6251

This work is dedicated to the investigation of one of the most extended
radio galaxies, NGC 6251. Around the extended radio galaxy NGC 6251,
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the density of neighboring galaxies is similar to majority of radio galaxies. 28
of the above-mentioned 35 extended radio galaxies exhibit similar behavior.
NGC 6251 is the largest radio galaxy in the Northern sky. Its sizes reach
up to 1.2 degrees (Waggett 1977). This radio galaxy is one of the most
active ones in the region of all electromagnetic waves and has also large
morphological varieties (Cohen 1977; Mingo 2014; Aswathy 2018; Croston
2018; Tseng 2016; Hovatta 2014; Babyk 2018).

We have investigated the environment objects of NGC 6251 (double
galaxies, triples, groups, clusters, quasars), the density of these objects de-
pending of the distances from the radio galaxy.

In the Table 1 there are galaxies and the densities of galaxies in the
region of 300 arcmin around NGC 6251.

Region | Galaxies | Density

90-120 225 0.0114
120-180 613 0.0108
180-240 1303 0.0218
240-300 5981 0.0588

Table 1: Galaxies and the densities of galaxies in the region of 300 arc.min.
around NGC6251

The distance of NGC 6251 is about 100 Mpc and its linear dimension is
about 2 Mpc. We discus the existence of galaxies in the region 20-25 Mpc
around the radio galaxy. As we have not all distances of galaxies in this
region, so we use the angular distances for the environment galaxies. The
galaxies of this region have a large influence on the radio galaxy, and the
radio galaxy in turn has a strong influence on the galaxies around. This
influence is large on the activity as well as on the morphology of galaxies.
We suppose that in spite of the fact that these influences are significant, but
most of the properties of galaxies are initial and exist from the beginning of
formation of these objects.

The surface density of galaxies in the region with the radius 300 arcmin
around the radio galaxy NGC 6251 is 0.0315 in one arcmin?. In the distances
less than 180 arcmin, the density of galaxies decreases, which is most likely
due to the large proportion of radio loudness and the interaction of radio
galaxy with its surroundings.
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Abstract

In the present study, the dependencies of the morphological types
of the first and second ranked group galaxies on the magnitude gap
were studied.

It is shown that there is no increase in the relative number of ellip-
tical galaxies among the first and second ranked group galaxies with
large magnitude gaps (in comparison with the expectation, by assum-
ing that the morphological type of these galaxies does not depend on
the magnitude gap). This result contradicts the merger hypothesis.
The hypothesis proposed by Ambartsumian does not contradict this
result.

1. Introduction

Works relating to groups of galaxies are inclined to prove that in these
groups the main mechanism of evolution of galaxies is associated with the
merging of galaxies.

It should be noted that there is another hypothesis proposed by V. Am-
bartsumian in the Byurakan Observatory, in which the evolution of galaxies
is interpreted in a diametrically opposite way (V. A. Ambartsumian 1956;
1964).

Many observational facts can be explained by both mechanisms, but
the dependences of the characteristics of galaxies from the magnitude gap
of the groups might enable us to understand which of these two opposite
mechanisms, in fact, makes a big contribution to the evolution of galaxies.

As the first characteristic, we can take the observed morphological type
of galaxies. According to the merging scenario, the mass (or luminosity) of
the central galaxy of the group must grow with the time, and the central
galaxy must take an elliptical form. According to Ambartsumian’s version

A. P. Mahtessian et al. 401
DOI: 10.52526/25792776-2018.2.2-401



Dependences between the magnitude gap of groups and the morphology of two brightest galaxies

of the evolution of galaxies, no assumption is made about the morphology
of the central galaxy.

Thus, from the point of view of the adherents of the merging
hypothesis, a large magnitude gap of group means a long dynami-
cal evolution. From the point of view of the formation of galaxies
from protogroup matter through disintegration, this gap is either
not related to the dynamical evolution of the groups or there must
be an inverse relationship, i. e., a large gap mi;2 means a short dy-
namic age.

In this paper we consider the dependence between magnitude gap and
the morphological types of the first and second ranked galaxies of groups.

2. Sample

We have used the list of groups of galaxies suggested by Mahtessian &
Movsessian (2010). The study area is limited to the following: 1000km/s <
V < 15000km/s, |bIT| > 20°.

2.1. Completeness of the sample

The CfA2 survey is complete up to m = 15.5 (Mahtessian 2011). In this
paper, the completeness of the samples of galaxies with measured morpho-
logical types has also been studied and it is shown that the completeness does
not depend on the morphological types. The identification of the groups was
carried out independently of the morphological types of galaxies (see Maht-
essian & Movsessian 2010). On the other hand, initially, the definition of
morphological types of galaxies is completely independent of their belonging
to groups or from the magnitude gap mis. Therefore, our sample can be
considered as representative for studying this problem.

3. Results

Let us estimate the dependence of the morphological type of a first
ranked galaxy on the magnitude gap mis. The results are shown in Ta-
ble 1. In the table, the galaxies are grouped according to the morphological
types of the first ranked galaxies, as follows:

E,L (T'= -7+ —1) — elliptical and lenticular galaxies,

S,I (T = 0+ 20) — spiral and irregular galaxies.

In the table, for a given subsample of galaxies, the observed number and
the expected number (in parentheses, based on the assumption that there
is no correlation between the morphological type of the first ranked galaxy
and the magnitude gap) are given, and the frequency of appearance of mi2

A. P. Mahtessian et al. 402



Dependences between the magnitude gap of groups and the morphology of two brightest galaxies

is given below. In the last row, regardless of the morphological type, the
distributions of the number and the relative number of gaps mio are given.

In the case of elliptical and lenticular galaxies, the statistical significance
of the difference between the distributions of the observed and expected
numbers is 0.15 by the x2 method. In the case of spiral and irregular galax-
ies, this is ~ 0.4. This means that between these distributions there is no
significant statistical difference.

Thus, we can state that the relative number of brightest elliptical galaxy
in groups does not increase with increasing magnitude gap mqo.

The continuation of Table 1 shows that this applies to extremely larger
gaps also.

This casts doubt on the mechanism of merging.

Table 2 shows the distribution of the magnitude gap mis in groups,
depending on the morphological type of the second ranked galaxy. It can
be seen from the table that in the transition from groups with small gap
to groups with large gap, the number of elliptical and lenticular galaxies
decreases with respect to the expected number. The statistical significance
of the above, based on the x? criterion, is higher (< 0.01).

This applies to extremely larger gaps also (see continuation of Table 2).

This fact cannot be explained by the mechanism of merging.

Let us consider the same question by dividing the sample by mqs into
two parts. Table 3 gives the corresponding data for the brightest galaxy for
mis < 2.0 and mqo > 2.0.

Table 3 shows that the relative number of elliptical and lenticular galaxies
among a first ranked galaxy groups with mis > 2.0 is even smaller than the
expected number (but its statistical significance is small, ~ 0.3, estimated
by a method x2, as well as with using a normal approximation).

Table 4 gives the corresponding data for second ranked galaxies for the
cases mio < 2.0 and mqs > 2.0. From the table, it can be seen that in
the groups with the magnitude gaps mio > 2.0 among the second ranked
galaxies there is no observed large relative number of elliptical and lenticular
galaxies in comparison with the expected one. It seems that the opposite
phenomenon is observed, but its statistical significance is small (a ~ 0.2).

A similar result was obtained when in Tables 1-4 instead of S,I(T =
0 = 20) galaxies only spiral galaxies S(T' = 0 =+ 9) were considered.

Thus, it can be confidently asserted that the relative number of elliptical
and lenticular galaxies among the first and second ranked galaxies does not
increase with respect to the expected when the gap mjs increases (when
it is assumed that there is no connection between the morphological types
the first and second ranked galaxies and the magnitude gap mj2). This
contradicts the merger hypothesis. As concerning the hypothesis proposed
by Ambartsumian about the origin of galaxies due to the division of super-
dense proto-stellar matter, there is no contradiction here. However, more
research is needed. The followings are possible topics for further investiga-
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Table 1. Distributions of magnitude gap in groups, depending on the first
ranked galaxy morphology type

mio 0+-0.5 0.5+1.0 1.0+-1.5 > 1.5 All gap

E L 217(230.9) 146(125.7) 71(69.1) 41(49.3) 475
0.45 0.31 0.15 0.09

S, 1 472(458.0) 229(249.3) 135(136.9) 106(97.7) 942
0.50 0.24 0.14 0.11

Allrype 689 375 206 147 1417
0.49 0.26 0.15 0.10

continued

mis > 2.0 > 25 > 3.0

E. L 17(21.5) 10(10.7) 4(5.0)
0.036 0.021 0.008

S, I 47(42.5) 22(21.3) 11(10.0)
0.050 0.023 0.012

Allrype 64 32 15
0.045 0.023 0.011

tion: a detailed morphological study of the first and second ranked galaxies,
the study of dynamical conditions in groups, the study of X-ray, infrared,
radio emission of groups and these galaxies, star formation, etc. We will
carry out this research in the future.
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Table 2. Distributions of magnitude gap in groups, depending on the second
ranked galaxy morphology type.

mig 0+0.5 0.5+1.0 1.0+1.5 >15 All gap
E L 173(149.9) 66(67.7) 25(34.1) 12(24.3) 276
0.63 0.24 0.09 0.04
S, 1 420(443.1) 202(200.3) 110(100.9) 84(71.7) 816
0.51 0.25 0.13 0.10
Allrype 593 268 135 96 1092
0.54 0.25 0.12 0.09
continued
E L 7(11.1) 2(5.6) 1(2.5)
0.025 0.007 0.004
S, 1 37(32.9) 20(16.4) 9(7.5)
0.045 0.025 0.011
Allpype 44 22 10
0.040 0.020 0.009
Table 3. The same as table 1 for m12 < 2.0 and mi2 > 2.0
mi9 0=+2.0 >2.0 Allgap
E. L 458(453.5) 17(21.5) 475
0.964 0.036
S, 1 895(899.5) 47(42.5) 942
0.950 0.050
Allrype 1353 64 1417
0.955 0.045
Table 4. The same as table 2 for m1s < 2.0 and mio > 2.0
mi2 0=2.0 > 2.0 Allgap
E. L 269(264.9) 7(11.1) 276
0.975 0.025
S, I 779(783.1) 37(32.9) 816
0.955 0.045
Allrype 1048 44 1092
0.960 0.040
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Abstract

In order to understand how galaxies have formed and evolved in
dense environments, and how these environments themselves evolve,
we use the method of optical photometric survey of the field around
radio galaxies. For this purpose, a statistical significant sample of ra-
dio galaxies consisting of 3 size radio source subclasses — GPS, CSS
and FRI/IT is selected for observations at the 1m Schmidt telescope
of the Byurakan Astrophysical Observatory. This method will allow
us not only to detect distant clusters of galaxies, but also watch the
sequence of development of these clusters — how changes their com-
pactness, richness, and so on.

Keywords: Radio Galazies — Galaxies Clusters — Galaxies Formation
- Galazies Evolution — AGN.

1. Introduction

One of the main problems of extragalactic astronomy is the understand-
ing how galaxies have formed and evolved. There are two basic approaches
to solve this problem. One of which, that is widely accepted in the literature
is so called standard scenario (e. g. Benson, 2010), and the other, which
is less disseminated in the scientific literature, is Ambartsumian’s concept
(Ambartsumian 1958).

It is a fact that yet more than 60 years ago Ambartsumian (Ambart-
sumian 1958) stressed the role of AGN in galaxies formation and evolution.
In recent years many works appear where importance of the role of AGN in
galaxy formation and evolution have been revealed (e. g. Morganti et al.
2009). But the role of AGN in the above mentioned approaches is essentially
different.

In the standard scenarios, it is believed that injection of matter and oth-
ers types of activity are secondary phenomena, and a primarily phenomenon
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is the gravitationally binding energy released from accretion of diffuse mat-
ter onto galaxies nuclei, which contain super massive black holes (SMBHs),
and is discussed the efficiency with which AGN can transfer energy to the
surrounding gas.

According to Ambartsumian’s concept, the source of energy is effect of
interior property of nuclei of galaxies, and a mechanism by which it can be
transferred is still open.

Essentially, a key question, which arises when clear up a problem of for-
mation and evolution of galaxies, irrespective of approaches, is the question
of energy: what is the source of energy of AGN and its budget owing to
formed galaxies and provide its subsequent development?

The main aim of our project is clear up this question. Our research is
based not on preconceived opinion, but mainly on the observational data.
When analyzing observational data, one bears in mind the following cir-
cumstance: the state of a galaxy is to be explained in terms of the entire
activity of the nucleus over the preceding period that is the whole history
of the nucleus. This means that the state of the galaxy should correlate
with the present state of the nucleus (Ambartsumian 1965). These data,
particularly collected during the last 10-15 years are the following;:

— determination of the correlation of the integral parameters of the nuclei
with those of the galaxies (e. g. Ferrarese & Merritt 2000),

— collected data about stellar populations of galaxies galaxies (e. g.
Hicks et al. 2010),

— growing evidence for the AGN intermittent activity (e. g. Saikia &
Jamrozy 2010,

— evolution of radio sources (e. g. O'Dea and Baum 1997).

Research should be made, including a thorough analysis of the above-
mentioned factual material and by correctly summarizing the results ob-
tained. It will allow us to discover the patterns of galaxies development and
approach the problem of their origin (even with one step). In addition to
the mentioned research, bellow is presented an observational program that
can be implementing with medium and large telescopes.
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2. Search for Galaxies Clusters Around Radio Galax-
ies with Different Linear Sizes. Objectives and
sample selection

Clusters represent the largest gravitationally bound and densest struc-
tures in the universe. As such, they provide a unique context for studying
the formation of both galaxies and large scale structure. In order to under-
stand how galaxies form and evolve in dense environments, and how these
environments themselves evolve, it is important to trace the origins of galaxy
clusters.

Many studies show that radio quiet AGN, which are usually associated
with less massive spiral galaxies, are less clustered than radio loud AGN,
which are associated with more massive elliptical galaxies (e. g. Falder et al.
2010). So, the method of detecting cluster of galaxies around radio galaxies
is very effective (e. g. Miley & De Breuck 2008).

The sizes of the most powerful radio emitters in the Universe vary from
less than 1 pc to more than 1 Mpc. This large range of sizes has been
interpreted as evidence for the evolution of the linear sizes of radio structure
(e. g. O'Dea & Baum 1997). A crucial element in the study of their evolution
is the identification of the young compact counterparts of “old” FRI/FRII
(B. L. Fanaroff & J. M. Riley 1974) extended objects. Good candidates
for young radio sources are those with peaked spectra (Gigahertz Peaked
Spectrum — GPS, linear sizes < 1 kpc and Compact Steep Spectrum — CSS,
linear sizes between 1 kpc and 20 kpc. In the general scenario of the evolution
of powerful radio loud AGNs, GPS sources evolve into CSS sources and these
into super galactic-size FR I or FR II objects. The dynamic evolution of the
double-lobed radio sources, characterized by the total extent of the source,
advance speed of the hotspots and the dependence of the density distribution
of the interstellar and intergalactic medium along the way of the propagating
jets and lobes, predicts the increase of the radio power with the linear size
of the source in the GPS and CSS phase until they reach the 1-3 kpc size.
Then the larger CSS objects should start to slowly decrease their luminosity
but the sharp radio power decrease is visible only in the FR I and FR II
phase of evolution (K. R. Kaiser & P. N. Best, 2007). Finally, after the cut
off of the material supply to the central engine of the galaxy, the sources
begin their fading phase. They can come back on the main evolutionary
sequence after the re-ignition of the radio activity (C. Konar et al. 2012).

If it is true that GPS and CSS sources are young version of the large
radio sources, it means that large scale radio sources host galaxies must live
GPS-CSS phase. Therefore, the method of detecting the cluster of galaxies
around radio galaxies with different linear sizes will enable not only discover
clusters of galaxies, but also watch the sequence of development of these
clusters — how changes their compactness, richness, and so on.
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For this purpose, we selected from literature four type of radio galaxies:
— GPS radio sources, linear sizes are within the range of galactic nuclei,

— CSS radio sources, linear sizes are within the optical dimensions of the
galaxies,

— FR IT and FR I radio sources, linear sizes are larger in optical dimen-
sions of the galaxy and can reach up to several Mpc.

3. Research Methods

An efficient technique for finding clusters of galaxies is an optical narrow-
band survey of the field around radio galaxies. This observational program
can be realized with modernized 1m Schmidt telescope of the Byurakan
Astrophysical Observatory of the National Academy of Sciences of Armenia
(Movsesian et al. 2018). The 4k x 4k Apogee (USA) liquid-cooled CCD with
RON 11.1e-, a pixel size of 0.868 arcsec, and field of view of about 1 degree
was mounted in the focus of the telescope. The detector is equipped with
a turret bearing 20 intermediate-band filters (FWHM = 250 A) uniformly
covering the 4000-9000 A wavelength range, five broadband filters (SDSS u,
g, 1, 1, z) and three narrow-band filters (5000 A, 6560 A and 6760 A, FWHM
=100 A).

4. Expected Results and Summary

The method of detecting the cluster of galaxies around radio galaxies
with different linear sizes will enable us not only discover clusters of galaxies,
but also watch the sequence of development of these clusters. Averaging
richness, compactness of clusters of galaxies over the size subclasses enables
us to investigate correlations between mean properties of clusters of galaxies
and radio sources sizes.

To specify in more concrete terms, we expect to obtain in the course of
this project the following results — photometry of galaxies, obtaining their
photometric redshifts, estimating richness and compactness of clusters of
galaxies. So, this data will enable not only discover clusters of galaxies, but
also watch the sequence of development of these clusters — how changes their
compactness, richness, and so on.

This project is open for collaboration.
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Abstract

In this study we carry out detailed spectral classification of 123
AGN candidates from the Joint HRC/BHRC sample, which is a combi-
nation of HRC (Hamburg-ROSAT Catalogue) and BHRC (Byurakan-
Hamburg-ROSAT Catalogue). These objects were revealed as opti-
cal counterparts for ROSAT X-ray sources, however spectra for 123
of them are given in SDSS-III, IV without definite spectral classifica-
tion.We studied these 123 objects using the SDSS spectra and revealed
the detailed activity types for them.Three diagnostic diagrams and
direct examination of the spectra were used to have more confident
classification. We also made identification of these sources in other
wavelength ranges and calculated some of their parameters.

Keywords: X-ray; AGN candidates; spectral classification; activity types

1. Introduction

ROSAT data are mainly listed in two catalogs: ROSAT Bright Source
Catalogue (BSC) (Voges 1999) and ROSAT Faint Source Catalogue (FSC)
(Voges 2000). They are clearly distinguished from each other by X-ray
flux expressed in count-rate (CR; the number of particles registered by the
receiver per unit time, namely per 1 sec).

Among the identification works, the ROSAT Bright Sources (RBS, Schwope
2000) is well-known. 2012 BSC sources with CR > 0.20 and |b| > 30° have
been optically identified. However, most of the identified sources come from
the Hamburg Quasar Survey (HQS, Hagen 1995), which was used as a basis
for optical identifications.

Two main projects have been carried out: Hamburg-ROSAT Catalogue
(HRC, Zickgraf 2003) and Byurakan-Hamburg-ROSAT Catalogue (BHRC,
Mickaelian 2006). HRC is based on ROSAT-BSC and BHRC is based on
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ROSAT-FSC fainter sources (down to CR=0.04 to have confident X-ray
sources) at |b| > 20° and ¢ > 0° area.

In both catalogues, the selection of optical sources was made due to the
following advantages of HQS:

1. The survey covers the entire extragalactic northern sky with § > 0°
and |b| > 20°.

2. Spectra were received with the help of an objective prism with a dis-
persion 1390 A /mm allowing follow spectral energy distribution (SED) and
notice some broad emission and absorption lines.

3. All plates of the survey are digitized with high quality and are acces-
sible for studies.

4. HQS allows a quick identification of objects and finding their data in
other catalogues.

We combined these two Catalogues and created a new homogeneous and
complete catalogue of X-ray selected AGN, which covers all the northern
sky limited by high galactic latitudes (6 > 0°, |b| > 20°), and with CR >
0.04. After some checks from various available catalogs, we have excluded a
number of objects and included some missed AGN and finally it contained
4253 AGN or their candidates.

Out of the 4253 HRC-BHRC objects, 3369 sources were confirmed as
AGN by means of optical spectral classifications; the main criteria in VCV-
13 and BZCAT (Veron-Cetty 2010, Massaro 2012), 173 in Paronyan (2019)
and the rest 711 are left as AGN candidates.

Out of these 711, for 123 AGN candidates in our sample there are spectra
from SDSS-III and IV; we are carrying out a detailed spectral classification
thus introducing new AGN or rejecting some objects.

2. Observing material

As observing material we had 123 spectra of HRC-BHRC objects from
SDSS DR10-14 (Ahn 2014, Alam 2015, Albaretti 2017, Abolfathi 2018).
Spectroscopic redshifts, intensities (assigned as “heights”) and equivalent
widths of spectral lines for 123 of them from SDSS DR10-DR14 are available.

Very often SDSS measurements from their spectra are based on very low-
quality lines at the level of noise. These automatic measurements give some
artificial numbers that indicate non-real data. So, one needs to carefully
check the spectra along all wavelengths and decide which measurements
should be used for further studies. Especially important are those, which
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are being used in the diagnostic diagrams (Hj, [OILI] 5007 A, [OI] 63004,
Ha, [NII] 6583A, and [SII] 6716+67314) (Veilleuxand 1987).

3. Classification Principles

We have used several methods for classification of our spectra
e By eye examination (taking into account all features and effects).
e By diagnostic diagram using [OIII]/HS and [OI]/Ha ratios.
e By diagnostic diagram using [OIII]/HA and [NII]/Ha ratios.
e By diagnostic diagram using [OIII]/HfA and [SII]/Ha ratios.

Classification by eye has been done to compare with the classification
by diagnostic diagrams and because not all objects appeared on them. Be-
sides, the broad emission line component is not taken into account on the
diagnostic diagrams, and this may be crucial for the classification of Seyfert
1.2-1.9 subclasses. Roughly, we distinguish Seyferts from LINERs by the
criteria: [OIII]/HS > 4, and AGN from HII by [NII]/Ha > 2/3, [OI]/Ha >
0.1 criteria.

4. Results of Study of Spectra and Classification

We started studying spectra with identifications of spectral lines. We
have used only lines having intensities 30 over the noise level. Hg also
appears in absorption on most of these spectra.We studied the influence of
Hp absorption component on the emission one, which is important for using
of the numerical data given in SDSS tables. After identifications of the
emission lines we decided which of them should be used to build diagnostic
diagrams (Veilleuxand 1987).

On diagnostic diagrams the narrow-line AGN are separated into 3 main
groups (HII, Sy, LINER). In addition, there are objects in intermediate
areas, which have been classified as Composites (Veilleuxand 1987) having
both AGN and HII features.

5. Summary and Conclusion

We have created sample of X-ray selected AGN candidates and carried
out spectroscopic investigation for those objects having SDSS spectra. 123
objects appear in this list and we have classified them by activity types
using three diagnostic diagrams and eye examination of the spectra (to be
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complete in classification of broad line AGN). Many Seyferts, LINERs, Com-
posites and Starburst have been revealed. We have applied all possible pa-
rameters for fine classification to distinguish between narrow and classical
broad line Seyferts, and to identify all details related to Seyfert subtypes
depending on the strength of their broad components. We have introduced
subtypes of NLS1, namely NLS1.0, NLS1.2, NLS1,5 and NLS1.8, giving
more importance to these details (Osterbrock 1980, Winkler1992, Oster-
brock 1985, Heckman 1980, Ho 1997, Weedman 1977, Veron 1997). Further
accumulation of statistics may provide possibilities to understand the phys-
ical differences.

These 123 objects have been cross-correlated with GALEX (Bianchi
2011), SDSS, 2MASS (Skrutskie 2006) NIR, All WISE (Cutri 2013) , IRAS
PSC (Beichman 1988), aFSC (Moshir 1992), NVSS (Condon 1988), and
FIRST (Becker 1997) catalogues.

We have calculated all possible physical parameters of the studied ob-
jects: radial velocities, distances, absolute magnitudes, luminosity, etc.

One of the most intriguing class of objects among the X-ray sources are
absorption line galaxies. The brightest ones may just appear in this sample
due to their integral high luminosity, however we find that many such objects
have low luminosity and still appear to be strong X-ray sources. We consider
these objects as possible hidden AGN. The optical spectra do not show any
signatures of emission.
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Abstract

A possible correlation between the characteristic parameters of
physically coupled galaxies with ultraviolet excess is discussed. It is
known that for mutually independent combinations the observed num-
ber of galactic pairs with Markarian components is greater than ex-
pected. It is shown, that the most of nearby Kazarian galaxies with
ultraviolet excess form physical systems.

Keywords: galaries — ultraviolet excess — physical connection — spectra.

The observational data indicate that characteristics of this galaxy largely
depend on the characteristics of the surrounding galaxies, that is to say the
correlation exists between characteristic of the shown galaxy and the char-
acteristics of the members of the system in which this galaxy is included
(Smirnov 1980, Giuricin 1985, Mahtesyan 1985). In the groups with rel-
atively high density the galaxies are redder in the systems with relatively
high number of elliptical galaxies, and elliptical galaxies are bluer in the sys-
tems where increased quantity of spiral galaxies is observed. There are also
differences observed between isolated galaxies and galaxies that are mem-
bers of multiple systems of galaxies. There are more emission galaxies in
the galactic pairs and groups, and normal galaxies dominate among the iso-
lated galaxies (Shuder 1981, Markarian 1882) whereas majority of galaxies
belonging to pairs are peculiar (Sahakian 1975, Stoke 1978). There is an
observed excess of galaxies with ultraviolet excess among the components
of the galactic pairs, and with mutually independent combinations the ob-
served number of pairs with Markarian components is distinctly larger than
expected (Karachentsev 1981; 1984).

The above-mentioned suggests a possibility of correlation between char-
acteristic parameters of physically coupled galaxies with ultraviolet excess.
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The subject of a possible physical link between nearby galaxies with ultravi-
olet excess from the Kazarian list was considered (Kazarian 1979a,b, 1980,
1982). Taking into consideration only those pairs, which simultaneously are
galaxies from the Kazarian list, the distribution of the angular distances on
the celestial sphere of the first three near-neighbors for all Kazarian galaxies
were considered. The observed and the Poisson distributions of the first,
second and third near-neighbors of the Kazarian galaxies did not coincide.
It was seen from the distribution that in 25% of the galaxies the angular dis-
tances of the first near-neighbors are less than 10". Tt was assumed that the
majority of nearby galaxies with the ultraviolet excess from the Kazarian
lists with angular distance less than 10" compose physically related systems
(Yeghiazaryan 1987). The first research data of the spectroscopic study of
the first near-neighbors for 27 Kazarian galaxies demonstrated that 12 out
of 14 binary systems which angular distances between components are less
than 10" form the physically related systems, which is consistent with the
expected results (Kazarian 1987; Yeghiazaryan 1986a; 1986b; Yeghiazaryan
& Khachikian 1988a; 1988b).

The catalog of Kazarian galaxies with ultraviolet excess, published in
2010, consists of 706 galaxies, of which the values of redshifts for 502, and
the activity classes for 150 galaxies are given (Kazarian et al. 2010). Among
them there are 28 pairs and 2 triplets of physically connected galaxies. Fur-
ther studies of the Kazarian galaxies have shown that notable groups of the
Kazarian galaxies are indeed observed (Yeghiazaryan 1995; 2016; 2018).

Figure 1 shows the spectrogram of the galaxy Kaz 195, and the figure
2 shows the spectrogram of the galaxy Kaz 197, obtained in 2017 with the
2.6m telescope of the Byurakan Astrophysical Observatory.
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Figure 1: Spectrum of the galaxy Kaz 195
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Figure 2: Spectrum of the galaxy Kaz 197

Kaz a 1) SMC m R V
195 | 18" 14m 01™ | 70° 187 05" | s3 | 17.1 | 146.4 | 10980
197 | 18" 14m o™ [ 70° 17 38" | 2 | 17.2 | 146.1 | 10950

Table 1: Parameters of galaxies Kaz 195 and Kaz 197

Table 1 shows the parameters of galaxies Kaz 195 and Kaz 197 (Kaz
number, equatorial coordinates o and ¢, activity class, apparent isophotal
magnitude, distance in Mpc, radial velocity in km/sec).

If classified, the studied galaxies with UV excess by their spectral fea-
tures, among them there are many double systems with similar spectral
characteristics of their components. Conducting a comprehensive study of
closely spaced galaxies with ultraviolet excess would be beneficial in order
to find out the correlation between individual physical characteristics and
morphological features of the components of physically connected active

galaxies.
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